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Abstract 
 

Application of Tolerance Management to Civil Systems 
 

by 
 

Colin Thomas Milberg 
 

Doctor of Philosophy in Civil & Environmental Engineering 
 

University of California, Berkeley 
 

Professor Iris Tommelein, Chair  
 
 

The negative impact of variability on civil systems projects is investigated in research in 

Lean Construction. However, geometric variability has received little focus. Geometric 

variations due to tolerances can have costly direct and indirect impacts in civil systems, 

which include architecture, engineering, and construction (AEC) projects. 

Nevertheless, AEC practitioners and researchers, overall, lack an understanding of 

how tolerances and tolerance problems propagate throughout a project. In contrast, 

investigation into manufacturing reveals more advanced techniques and strategies for 

tolerance management that have resulted in significant improvement in manufacturing 

efficiency and product quality. This research investigates the application of 

manufacturing tolerance management techniques and strategies to civil systems. 

The author looked at many industry practices and reports in-depth on three case 

studies. The first case investigates structural steel bolt connections on the seismic retrofit 

of a steel suspension bridge. The second looks at the interface between windows and 

cast-in-place concrete in a multi-story building. The third deals with the connection 
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between steel roof girders and soldier piles within a slurry wall on a highway tunnel 

project. 

Through the application of tolerance mapping, tolerance analysis, vector modeling and 

tolerance standards to civil systems, the author demonstrates that manufacturing tolerance 

management techniques successfully predict potential tolerance problems within an 

existing design. The author further demonstrates that these techniques can direct 

generation of new designs, design alternatives, or tolerance reallocations that mitigate or 

prevent tolerance problems in civil systems. In addition, the author provides the 

requirements of a good tolerance specification. Finally, the author develops a novel AEC 

Tolerance Management Theory, which is based on identification of six specific tolerance 

failure modes and provides the blueprint for managing tolerances in civil sys 
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1 Introduction 

1.1 Problem Statement & Magnitude 

Tolerances are a tool for describing variability, such as time, human behavior, cost, gas 

mileage, geometry, etc. Tolerances describe the limits of variability to achieve 

serviceability, that is: the desired goals under a given set of circumstances. Tolerances 

typically refer to tolerances on geometric variation. Geometric and dimensional 

tolerances, or geometric dimensioning and tolerancing (GD&T), describe the design-

specified limits of the geometric variability of a feature, component or assembly to 

achieve serviceability. GD&T also describe process capabilities, which are the 

probability distribution of a feature’s geometry output from a particular process under 

operating conditions. Tolerances describe the reality of the world translated from the 

perfect world depicted in product and process plans, drawings, and specifications. 

1.1.1 Current Tolerance Practice 

Architecture, engineering, and construction (AEC) practitioners typically don’t explicitly 

acknowledge tolerances in design. They often specify point solutions and assume that 

design codes and common practice automatically provide allowances for tolerances. For 

example, structural engineers in California may argue that the variability in plumb-ness 

of an erected structure and the redistribution of loads potentially resulting from it is 

practically immaterial compared to the dynamic loading conditions they consider for 

seismic design. This may very well be the case, but nonetheless, codes and common 

practice provide a minimum standard: they cannot cover all conceivable structures 

(Milberg and Tommelein 2002). 
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Experienced owners, architects, engineers, contractors, and facilities managers 

understand that it is critical to check AEC systems plans for consistency and lack of 

conflict. Consistency requires that components for the system are not located in the same 

space or that a resource isn’t used in two different places at the same time (Akinci et al. 

2002). The cost of conflict can significantly propagate throughout the lifecycle of the 

system (Tommelein 2000, Olgesby et al. 1989). However, when components and 

resources are checked for conflict during the design phase, the check assumes that 

components’ positions are fixed at the design-specified location rather than variable. 

Making this assumption does not account for the fact that the components’ actual position 

in space and time is always uncertain during the construction phase, so conflicts still 

occur. Furthermore, even if plans were checked for tolerance-related variations, any 

conflicts found would be discovered late in the detailed design phase. This only results in 

further design iterations, which are wasteful and sub-optimal (Ballard 2000). Tolerances 

specifications should be integrated within the design process before plans are produced. 

While some AEC practitioners may specify tolerances for components, the 

specifications can be ambiguous and seldom consider tolerance interactions. Review of 

the AEC literature and discussions with AEC practitioners as well as academics show a 

general lack of vocabulary and conceptualization to describe tolerances and how they 

impact systems performance. This lack is reflected in our practices, teaching, standards, 

and software tools including those for 4D CAD modeling, which are inadequate in terms 

of reflecting alternative futures (Tommelein 2000). This is likely due to industry 

fragmentation, lack of AEC process variability data, lack of adequate understanding of 

tolerances, inadequate standards, and limited training.  
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Miscommunication and accumulation of tolerances results in structures that can’t be 

assembled as designed, or structures that don’t meet the requirements of codes and 

standards or customer expectations. Hence, the reliance on craftsmanship to deal with 

changes during construction, to show flexibility in applying multiple or non-standard 

operations procedures, and to remedy problems that could have been avoided by more 

judicious decision making upstream in the process (e.g., Tsao et al. 2000 and Slaughter 

1993). Too often, last minute changes result in increased cost, lower product quality, and 

increased maintenance (Milberg and Tommelein 2002). 

As an engineer in the field, the author encountered a multitude of tolerance-related 

problems that resulted in additional costs in fabrication, procurement, and installation; a 

compromised ability to both install and inspect essential components, potentially 

reducing their durability; increased overall costs and risks of degradation; and overall 

project completion delays. These experiences only scratch the surface of the impact 

tolerances problems have in AEC practice. 

Despite the significant impact of tolerance problems the author encountered, 

however, the construction literature has turned up little documentation of problems 

associated with tolerances. Talking with contractors indicates that they feel it is part of 

their job to resolve tolerance-related issues and that the problem is either under control or 

minor. AEC practitioners appear to have internalized the effects of tolerances. They have 

established systems or rules of thumb to absorb or minimize the conflicts due to 

tolerances that are incorporated into standards or passed on through ‘received tradition’ 

(Schmenner 1993). Thus, tolerance problems continue to be mitigated in the field and 

remain undocumented. For example, it has become standard practice for the interface 
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between the walls and the ceiling, floor, windows, and doors to have trim around them: 

such trim is used to cover the gap at the interface between these components. The gap 

accommodates the variations in size, position, orientation, and form of the components 

due to the tolerances associated with creating and assembling those members according 

to their functional specifications.  

The extent to which similar practices are regularly employed is evident from the 

number of filler products used in the field. Also, most residential construction materials 

are designed to be easily formed on the site to meet the custom needs of the house, 

including the tolerances associated with the process. Although this requires the additional 

effort of skilled labor, however, the fixes are no longer thought of as fixes but as standard 

practice. As a result, they are accordingly included in the normal cost of doing business. 

The efforts associated with the fixes are viewed as necessary parts of the typical system 

instead of waste. In fact, when designs do not employ these practices, i.e., when a design 

does not allow for trim between the wall and floor, contractors become vocal about the 

challenge of achieving the required specifications (Horvath 2003).  

These received traditions may not be efficient at close inspection. For example, pre-

fabricated or modular homes, which have better tolerance control, are less expensive, can 

be assembled faster, and require less skilled labor. The processes for assembling 

components built atop these prefabricated components are also less variable. They don’t 

need to be adjusted for the underlying variation and are thus less wasteful in terms of 

time, cost, quality, and resource utilization. Also, new designs with new combinations of 

components and new technologies are created every day to meet changing and increasing 

demands so that the standards, rules of thumb, and systems may not translate or even 
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apply. For example, inexpensive laser-based systems for guiding excavation equipment 

can achieve tighter grading tolerances faster than standard practices resulting in less 

overall costs (Olgesby 1989). 

In the author’s opinion, the number of tolerance problems that occur in practice, and 

their impacts, are grossly underestimated due to the preponderance of received traditions, 

contractors’ associated pride in mitigation, and subsequent lack of documentation, as well 

as an overall lack of understanding of how tolerances and tolerance problems propagate 

throughout a project. Geometric variations can have costly impacts to AEC projects both 

directly, in terms of causing rework, and indirectly, by increasing variations in the 

durations and quality of the associated activities. However, geometric tolerances are 

mostly ignored by AEC practitioners and researchers.  

When tolerances are not ignored they are ineffectively applied and managed, 

inefficiently mitigated or tacitly mitigated. Ignored or not, practitioners and researchers 

remain unaware of a large set of interdependencies between components of the system, 

due to tolerances, leading to rework at all stages of a projects life from design through 

use. In addition, tolerance problems contribute to the propagation of variability and 

uncertainty in other forms, such as activity sequence and duration, product performance, 

and maintenance requirements (Milberg and Tommelein 2003a). Baker, former ACI 

president, in his introduction to the 2003 reprinting of the 1971 Birkeland and Westhoff 

paper, captures the many issues related to tolerances, their magnitude and the tendency to 

underestimate that magnitude: 
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“One indicator of a Landmark paper is content that’s as important and 

relevant today as it was when it was written. Consider these conclusions 

from the Birkeland and Westhoff paper written more than 30 years ago: 

• Tolerances actually obtained in construction are much larger than 

commonly expected; 

• Most real problems with tolerance arise from unrealized expectations; 

• Both designers and constructors appear to believe buildings are 

constructed much more accurately than they really are; 

• Nobody seems to know what tolerances are realistically obtainable, 

nor what tolerances are actually required to obtain a satisfactory 

building; 

• There is little understanding of how tolerances should be considered in 

design, controlled during construction, and enforced by inspection; and 

• Tolerances now cause us more trouble than we like to admit. 

This paper marked the beginning of as-built data collection for existing 

buildings. Reprinting the paper may encourage others to collect and share 

as-built data so–30 years from now–we won’t be stating the same 

conclusions regarding construction tolerances.” 

 

Clearly, further investigation is required into the extent of tolerance problems and the 

applications of fixes. However, few answers are to be found in the AEC literature as 

current AEC research rarely even discusses the problem. Investigation into techniques 

found in manufacturing reveals not only that more advanced analyses and strategies have 

been developed, but more importantly it also reveals that the use of these techniques has 

led to great improvements in manufacturing efficiency and product quality (Ulrich et al. 

2000). Although the problems are similar, manufacturing techniques and strategies have 
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not been systematically or consciously applied to AEC systems. Investigating application 

of manufacturing tolerance management to AEC projects is the subject of this research. 

1.2 Research Framework 

This research views projects as one form of production systems. A project production 

system is different from a continuous production system because it uses a temporary 

organization to provide a unique product or service in a limited time frame (Wikipedia 

2006a, PMI 2004). For this research, the impacts of tolerances and potential solutions on 

AEC project performance will be evaluated using TFV theory. TFV stands for 

transformation, flow and value, each representing a different view of production systems 

and their performance (Koskela 2000). The balancing of these three views of production 

to optimize the overall value of the project from all three views combined is the 

definition of TFV theory and what is meant by Lean Construction. In order to discuss 

both current practice and the alternative application of TFV theory, one needs a general 

understanding of the three production system views on which project management is 

based. The following descriptions include each view’s model of the production system, 

optimization function, and concept of waste. 

The transformation view models project production as the conversion of inputs to 

outputs. The technique is to decompose the project into manageably-sized sub-processes, 

treat them independently, and optimize them each (Koskela 2000). Project performance is 

optimized by optimizing each sub-process. The optimization function for a sub-process is 

to minimize the inputs required per unit of output. Inputs represent project resources such 

as labor, equipment, and materials. Outputs are project components or information 
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operated on by the sub-process and available for the next sub-process. For example, the 

onsite work for a construction site would have materials – such as steel beams, bolts, 

concrete, etc., and equipment – such as cranes, labor, procedures, etc., as inputs. These 

are converted into outputs, such as the completed structural frame of a building.  

In the transformation view, waste results from inefficient processes or use of 

resources. Some examples are: using a larger crane than needed; using a steel beam with 

a higher weight per linear foot than another with the same section modulus; or conducting 

a more refined finite element analysis than needed. Often, low resource utilization is used 

as a simple measure of waste. The transformation view outlines the predominant divide-

and-conquer view currently held in construction. 

Exclusively relying on the transformation view tends to increase inventory and work-

in-progress (Hopp and Spearman 2001). Work is done in large batches when a large 

stockpile of materials is available to ensure maximum utilization of resources. To over 

simplify, the transformation view reduces the impact of variability on resource utilization 

by establishing time and resource buffers. The problem is that the cost of buffers quickly 

exceeds the benefits of high resource utilization. Both in manufacturing and in 

construction it has been shown that exclusive application of the transformation view often 

increases overall project costs more than it improves them (Hopp and Spearman 2001, 

Ballard 2000, and Koskela 2000).   

The flow view models the project production systems as a flow of resources that 

converge to execute a transformation process. By looking at the flow of resources, the 

model also characterizes what the resources are doing in between their transformation 

processes – including moving, waiting, and inspecting (Koskela 2000). Project 
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performance is optimized by maximizing the percentage of time a resource spends 

participating in activities that add value. From the flow view, value adding activities must 

be transformation processes, though not all transformation processes are value adding. 

The flow model also distinguishes transformations that produce output that add value 

from those that do not, such as reworking. Waste from the flow view is seen as the 

expenditure of resources in non-value adding steps. From the flow view, variability is a 

major source of waste because: in terms of timing, it reduces the coordination of resource 

flow paths, thus increasing waiting and moving; and in terms of material properties, it 

increases the need for inspection (Hopp and Spearman 2001, Koskela 2000, and Shingo 

1988). 

The value view models the production system as a conversion process where the 

inputs are customer requirements and expectations, and the outputs are value in the form 

of products and services. Project performance is optimized by minimizing the difference 

between the input and output. In other words, the objective of the value view is to ensure, 

to the best degree possible, that the customers’ expectations, whether tacit or explicit, are 

fulfilled by every aspect of the product, associated service, and corresponding production 

process. Ensuring fulfillment of customer requirements necessitates the following: 

capture of all customer requirements; care and transparency in flow-down and translation 

of customer requirements to product specifications; and sufficient process capability to 

achieve the product specifications. Waste as perceived in the value view is deviation in 

the product and service from customer expectations. 

Current practices in AEC industry appear to be largely based on any one, or several 

of, these three production system views in different ways. Koskela and Howell (2002) 
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illustrate how most current project management practices represent attempts to design, 

plan, control, or arrange the project to optimize execution of the project according to only 

one view at a time. Typical optimization objectives are time, cost, quality and safety. 

More often in practice, however, the project objectives after the design phase are to 

achieve the planned cost, schedule, and quality rather than to optimize them. Due to the 

industry’s fragmentation and incentives that drive individual performance, most project 

management practices to improve project execution come from only one participant’s 

perspective, which is often conflicting with those of other participants.  

In contrast, the optimization of project execution based on TFV theory represents a 

more holistic approach. First, TFV theory adopts a systems perspective, and recognizes 

that project execution includes activities starting at the definition of the project all the 

way through to de-commissioning or re-use. Second, TFV theory attempts to balance 

value for all project participants as this tends to optimize project value for the customer. 

Third, optimizing for value not only encompasses the inherent trade-offs between time, 

cost, quality, and safety, but also other objectives of the customer whether explicitly 

acknowledged or not. 

Optimizing for value means pursuing continuous improvement, always striving for 

opportunities to add value throughout the project. This is in contrast to optimizing project 

time, cost, quality, and safety based on the assumption that decisions made earlier in the 

project are fixed, which can result in missed opportunities to improve other objectives. 

Stated another way, such efforts assume that optimum project execution is represented by 

a limit of what is achievable at any given phase of the project, assuming prior decisions 

are fixed. However, because the objectives of the customer can be tacit and/or evolving, 
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throughout the course of the project, optimizing for value for all participants means 

striving toward a limitless ideal where opportunity for improvement always remains.  

Finally, TFV theory recognizes that there are trade-offs in value to be made when 

pursuing the three views of production. TFV theory compares project performance to the 

ideal by identifying waste as deviation from that ideal. Overall project value is achieved 

by balancing project decisions for optimal performance from the three views to minimize 

waste. 

1.3 Research Questions 

The main research questions of this dissertation are: 

1. What are the types of tolerance problems in civil systems and how do they 

manifest? 

2. Can various manufacturing tolerance management tools be used to predict civil 

tolerance problems? 

3. Can we use tolerance maps and the information they provide to identify tolerance 

problems and potential solutions? 

4. Can the information generated by application of manufacturing tolerance 

management tools be used to direct initial design and/or redesign and tolerance 

allocation and/or reallocation to mitigate or prevent tolerance problems? 

1.4 Hypothesis 

Application of tolerance mapping, tolerance analysis, manufacturing tolerance 

specifications, and vector modeling to AEC systems can predict potential tolerance 

problems within an existing design, and help direct generation of new designs, design 

alternatives, or tolerance reallocations that mitigate or prevent tolerance problems, thus 

improving overall project performance according to TFV theory.   
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1.5 Objectives 

The aim of this research is:  

1. To identify, categorize, and understand interactions of tolerances and tolerance 

problems found in AEC systems. 

2. To identify what tolerance management techniques are available and what they 

do. 

3. To establish the appropriateness of incorporation of tolerance management 

techniques into product and process design and define generalized procedures for 

using them with the ultimate goal of improving project performance and reducing 

waste. 

4. To identify necessary adaptations of manufacturing tolerance management tools 

given the inherent differences between manufacturing and construction. 

1.6 Scope 

This research is exploratory in nature as the author was unable to identify much prior 

research on tolerance management in AEC. In order to make the scope more manageable, 

only a select few tolerance management tools from manufacturing are investigated in 

detail. The tools selected are those predicted to have the greatest impact on project 

performance. 

Each case analyzes one instance of an individual sub-assembly that is repeated many 

times over within the case project. Although the cases deal with only very small portions 

of the respective projects from which they come, the methodology the author develops in 

this dissertation to analyze these small portions is also applicable to each of the larger 

projects in their entirety. In addition, the analysis of impacts of tolerance problems and 
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benefits of alternative solutions based on TFV theory in the cases focuses primarily on 

waste generated in the construction phase of the project for activities immediately related 

to the sub-assembly analyzed. Discussion of design improvements indicated by the 

tolerance management tools deals only with changes within the assembly modeled with 

the tools.  

1.7 Methodology 

Given the exploratory nature of this research, an element of discovery was involved in 

the research process. The preliminary discovery involved: investigation into the problem 

magnitude, development of a conceptual framework for application of tolerance tools, 

and selection and adaptation of tolerance tools for more detailed investigation. According 

to Naoum (1999), exploratory research is used for diagnosing a situation, screening 

alternatives and discovering new ideas which describes the objectives of the research. It 

is not possible for exploratory research to identify the necessary data in advance; the 

specific questions evolve with the research and the data gathering and analysis are 

combined (Yin 1994). Understanding how tolerances accumulate and impact AEC 

systems and understanding what tools to use to analyze and mitigate tolerances were 

integrated in this research. For this type of research, the data tends to be a transcript of 

interviews and conversations or a description of observations (Naoum 1999 and Yin 

1994).  Therefore, a case-based approach was selected using data gathered in the form of 

unstructured interviews, direct observations, and existing case documents. 

Experimentation with various tolerance management tools from manufacturing by 

applying them directly to AEC cases made it possible to determine how tolerances 



 14 

accumulate, how they impact AEC systems, which tools are the most useful in their 

application to AEC systems, and how those tools need to be adapted. Preliminary 

discovery resulted in the author’s adaptation of tolerance networks into a novel Tolerance 

Mapping tool using vectorial dimensioning and tolerancing concepts (Milberg and 

Tommelein 2005, 2004, 2003a, 2003b, and 2002). In addition to the Tolerance Map, 

tolerance analysis using vector models was selected for further investigation. Tolerance 

Maps in combination with vector models and tolerance analysis models were then applied 

to AEC cases from industry with known tolerance problems. 

The selected tools were then applied to the cases’ original designs: 

1. to identify challenges in their application and potential further adaptations, 

2. to identify in what project phases, and more importantly in what design phases, 

these tools should be applied proactively instead of retrospectively, 

3. to determine if tolerance problems could be predicted, and 

4. to identify modifications to the design or alternative tolerance allocations that 

mitigate or eliminate any predicted problems based on manufacturing tolerance 

management strategies and principles. 

More specifically, analysis of each case involved the following steps: 

1. Creation of a three-dimensional CAD model of the assembly for analysis. 

2. Creation of an assembly diagram. 

3. Creation of part diagrams. 

4. Creation of a Tolerance Map, which represents the integration of the assembly 

diagram and the part diagrams. 

5. Creation of the vector loop model. 

6. Tolerance variation analysis of the tolerance loop associated with the known 

tolerance problem encountered in the case. The analysis uses a sample model 
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based on a Monte Carlo simulation of the assembly to check for consistency with 

the design requirements and design intent. 

7. Tolerance sensitivity and contribution analysis also using the sampled model to 

identify opportunities for tolerance reallocation or target components for redesign. 

8. Map evaluation for application of tolerance principles and opportunities for 

application of tolerance management strategies. 

9. Discussion of the potential benefits and drawbacks of re-design or re-allocation 

opportunities to mitigate the observed tolerance problems indicated by the map 

evaluation and tolerance analysis results. 

Additionally, for the Bolt Case, worst-case and statistical analyses models were 

conducted and compared to the sample model. For the Slurry Wall Case, process 

capability data was collected and analyzed and the flow of tolerance-related information 

was analyzed. 

The cases were selected mostly based on availability but also to represent a cross-

section of the AEC industry and materials. The three cases contained in this dissertation, 

in combination with the Drywall Case in the referenced conference papers used for 

preliminary discovery, cover examples of heavy civil, commercial, and residential type 

construction and also represent examples of steel, concrete, and wood frame construction. 

Generalizations from cases can be limited. However, as will be shown, few of the 

generalizations drawn from the cases relate to case-specific data. Instead, most of the 

conclusions from the cases relate to design practices that are not likely to be case-

specific. Also, all interviews with industry practitioners and standards committees 

conducted during the research, as well as the small body of literature regarding 

construction tolerances, further support the generalization of the conclusions.  
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1.8 Dissertation Structure 

Chapter 2 provides background on tolerance terminology, concepts, and tools found in 

manufacturing. Chapter 3 describes where this research falls within related research areas 

within project management. Application of the selected tolerance tools and concepts to 

cases is presented in chapters 4, 5, and 6. The author’s most significant contribution, an 

AEC Tolerance Management Theory, is discussed in detail in Chapter 7. The author 

includes contributions to knowledge, implications, successes, and limitations of the 

research, and future research opportunities in the Conclusion in Chapter 8. The 

dissertation ends with a list of references and several appendices including: some project 

documentation for the cases in chapters 4, 5, and 6; a full description of the Tolerance 

Mapping System; and a description of the Excel spreadsheet used in tolerance analyses. 
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2 Manufacturing Tolerance Concepts 

Tolerance, in general terms, is currently defined as the acceptable variation in the actual 

performance of a component or system from a nominal value for a parameter of interest. 

However, our focus is on dimensional and geometric tolerances, “the range of variation 

permitted in a specified dimension or location without impacting structural integrity, 

operating capability, or abutting components” (CII 1993). As implied by this definition, 

the primary purpose of geometric tolerances is to define limits to ensure product function 

for both a part and an assembly (Salomons et. al. 1995 and Henzold 1995 p. 179). Proper 

function is a critical aspect of product value and quality. 

2.1 History 

Manufacturing tolerances emerged during the industrial revolution from the invention of 

interchangeable parts – parts that can be swapped without impacting the function and 

quality of the assembly (Gerth 1997 p. 65). With interchangeable parts, a product may be 

conceptually broken down into pieces that are fabricated separately and then assembled, 

without requiring adjustment, to form the overall functional product (Thornton and Tata 

2000 and Salomons et. al. 1995). The concept of interchangeable parts was concerned 

with proper assembly to speed manufacturing and repair. With interchangeable parts, 

assemblies can be quickly repaired using a stock of standard parts, often with minimal 

skill. Parts of an assembly can be fabricated in parallel and then assembled, speeding up 

fabrication. Previously, craftsmen built up unique assemblies in a serial operation, so that 

each part was custom fitted to the previous part (Hopp and Spearman 2001). 
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Manufacturing interchangeable parts requires a specification of geometric limits, or 

tolerances, within which a part can vary and still be interchangeable (Gerth 1997 p. 65).  

Tolerances supported the implementation of the “reductionist” view of production, in 

which each part could be engineered and fabricated individually as long as it maintained 

the required tolerances to work within the assembly. Interchangeable parts were a major 

stepping stone for division of labor and mass production. Division of labor meant 

separation of design and manufacturing, trade separation within manufacturing, and task 

separation within a trade (Hopp and Spearman 2001). With interchangeable parts, a 

designer can specify the tolerances for all the parts. Specifications for a part are 

communicated to a worker, allowing division of labor both between and within trades, 

and a reduction in craft skill required by any given worker (Hopp and Spearman 2001). 

Thus tolerances become the major form of communication between design, fabrication, 

and inspection (Chase and Parkinson 1991). 

Around the 1980s, manufacturing moved away from the “reductionist” view and 

replaced it with Lean manufacturing, total quality management and systems engineering 

(Hopp and Spearman 2001 and Gerth 1997 p. 65). Tolerances have proven to be an 

integral tool for all. Major contributors to the quality revolution in manufacturing were:  

1. the application of statistical process control (SPC), which is based on statistical 

data from measured deviations in the output of a process for a parameter of 

interest in relation to tolerance limits;  

2. process improvement, which was the effort to reduce variation, i.e., to achieve 

tighter tolerances; and  
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3. focus on internal quality, which means ensuring that components meet tolerance 

specifications that allow for proper assembly within the manufacturing process 

(Hopp and Spearman 2001).  

The focus on internal quality led to more detailed investigation of variations in geometry 

that could impact function both in terms of customer use and assembly within the 

manufacturing process (Thornton and Tata 2000).  

With the systems view, attention was given to how variations in components of a 

product, production system, and their environments impacted the performance of the 

product and production system as a whole (Thornton and Tata 2000, Gerth 1997 p. 66, 

Tsai and Cutkosky 1997, and Chase and Parkinson 1991). In manufacturing systems, 

applying Lean Manufacturing and achieving internal quality became critical to the 

manufacturing system’s success (Hopp and Spearman 2001). The systems view 

underlined the importance of understanding how component tolerances impacted 

assembly parameters (Gerth 1997, Prasad 1996 p. 329, and Chase and Parkinson 1991). 

From a systems view it was clear that the way in which tolerances are specified impacts 

the sequence of fabrication and assembly, the method of fabrication and the method of 

inspection (Thornton and Tata 2000, Soderberg et al. 1999, Gerth 1997 p. 95, Tsai and 

Cutkosky 1997, and Chase and Parkinson 1991). Efforts such as Concurrent Engineering 

look at the specification of tolerances as a task involving design, manufacturing and 

inspection considerations (Thornton and Tata 2000, Gerth 1997, Tsai and Cutkosky 1997, 

Prasad 1996 p. 394, and Chase and Parkinson 1991). Tolerances previously specified by 

past designs and rules of thumb are now specified after consideration of the production 
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system (Gerth 1997 and Chase and Parkinson 1991). Thus, tolerances are truly a 

production system parameter. 

In manufacturing, there are three categories of geometric tolerances, each serving 

their own specific purposes:  

1. Functionally-related tolerances specify limits for product function.  

2. Manufacturing- & assembly-related tolerances specify limits on variations, 

derived from functionally related tolerances and resulting from steps in a 

manufacturing, fabrication, assembly or erection process, for process control, and 

optimization. 

3. Inspection-related tolerances specify limits on variations, derived from 

functionally related tolerances, for inspection control (Thornton and Tata 2000, 

Gerth 1997, Tsai and Cutkosky 1997, Prasad 1996, and Henzold 1995).  

Properly specified tolerances communicate an understanding of product, process, and 

inspection design intent, for both process and inspection planning, and execution 

(Thornton and Tata 2000, Gerth 1997, Tsai and Cutkosky 1997, and Chase and Parkinson 

1991). To communicate this understanding, tolerances require a clearly defined 

vocabulary (representation scheme) and rules for tolerance application (Davidson et. al. 

2004 and Tsai and Cutkosky 1997). 

2.2 Types of Tolerances 

The current vocabulary for most tolerances is defined by ANSI/ASME Y14.5M in the 

US, ISO 1101 in Europe, and DIN 4760, 7184, and 7186 T.1 in Germany. Although these 

different standards represent slightly different vocabularies, in general the main concepts 

are the same (Henzold 1995, Salomons et. al. 1995). In all cases, tolerances apply to 

features, which are geometrical elements of a part, such as: lines, planes, circles, 
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cylinders, cones, spheres, helixes, tori, and mathematically defined curves and surfaces 

(profiles). Every feature has a nominal geometry – a geometrical ideal description of the 

geometry (Tsai and Cutkosky 1997 and Henzold 1995). Many tolerances are specified 

relative to a datum. A datum is a geometrically ideal reference geometry, other than the 

feature being toleranced, which is used to describe the nominal geometry of the feature 

being toleranced (Tsai and Cutkosky 1997 and Henzold 1995).  

The main characteristics of a feature and a geometry are its size, form, orientation, 

and location (Tsai and Cutkosky 1997 and Henzold 1995). The main categories of 

tolerances for geometrical variation are: size, form, profile, orientation, location, and run-

out. Size tolerances are referred to as dimensional tolerances, while form, profile, 

orientation, location and run-out tolerances are referred to as geometric tolerances (Tsai 

and Cutkosky 1997 and Henzold 1995). The following sections will describe the main 

tolerances for the geometric dimensioning and tolerancing system (GD&T) used by 

almost all the standards. However, run-out tolerances will not be included because: 1) all 

the run-out tolerances can also be described by various form tolerances (Henzold 1995); 

and 2) run-out deviations are associated with moving parts, which is not a typical concern 

in civil system design. An overall hierarchy of geometric tolerances is shown in Table 

2.2-1. 
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Table 2.2-1: Manufacturing tolerance taxonomy (Tsai and Cutkosky 1997 and Henzold 
1995) 

Linear / Distance 

Radial 

Size Tolerance 

Angular 

Dimensional Tolerances 

Straightness 

Roundness 

Flatness 

Form Tolerance 

Cylindricity 

Line Profile 

Self-
Referenced 
Tolerance 

Profile 
Tolerance Surface Profile 

Perpendicularity 

Parallelism 

Orientation 
Tolerance 

Inclination/Angularity 

Coaxiality 

Position 

Symmetry 

Location 
Tolerance 

Distance 

Total Run-Out 

Cross-
Referenced 
Tolerance 

Run-Out 
Tolerance Circular Run-Out 

Geometric Tolerances 

2.2.1 Geometric Dimensioning and Tolerancing (GD&T) Size 
Tolerance 

The following is a discussion of Geometric Dimensioning and Tolerancing (GD&T) 

related concepts, which are illustrated in figure 2.2.1-1. The ‘Nominal Size’ of any 

feature is its geometrically ideal size. Size tolerance limits deviation in the local size of a 

feature from its nominal size. ‘Local Size’ is the distance between any two opposing 

points, on or between features, on the same or different parts, as measured in the direction 

of the specified size or distance (2.2.1-1). Unfortunately, interpretation of the direction of 

the specified size varies and is not definitively specified in the standards. As a result, the 

use of size tolerance without any other tolerance designation is discouraged (Henzold 

1995 and Salomons et. al. 1995). The usefulness of size tolerance in combination with 

other tolerances will be discussed later in this chapter.  
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Local size deviation is the difference between the specified nominal size and any 

local size. Size tolerances include linear, radial, and angular dimensions of a feature:   

• Linear size tolerance applies to linear measures such as the distance between: 

two points, corners, centers, or ends of the same or different lines; two lines, axes, 

or edges of the same or different surfaces; two surfaces of the same or different 

parts.  

• Radial size tolerance applies to radial dimensions of features such as: arcs, 

circles, cylinders, spheres, helix, and tori.  

• Angular size tolerance applies to angular measures such as the angle between 

two points on any circular feature, two intersecting lines, or two intersecting 

planes (Henzold 1995). 

 

 

Figure 2.2.1-1: GD&T tolerances (Henzold 1995) 
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As an example for a size tolerance, imagine figure 2.2.1-1 is showing the face of a 

floor slab. The line labeled ‘Feature’ is the top edge and the line labeled ‘Datum Feature’ 

is the bottom edge of the slab. Assume that the ‘Nominal Size’ (i.e., the thickness or 

height of the slab in this case) of the face of the slab is 1’. For this example, assume that 

the toleranced feature is the slab’s face, and its height is the size characteristic being 

toleranced. A linear size tolerance for the height of the face (toleranced feature) would 

limit the maximum local size deviation. In this example, the maximum local size 

deviation is the difference between the maximum height of the face (distance between the 

lines labeled ‘Datum Feature’ and ‘Feature’) and the nominal height (size) of 1’. Size 

tolerances are referred to as self-referenced tolerances because the nominal geometry is 

defined without reference to features other than the toleranced feature (Tsai and Cutkosky 

1997).  

2.2.2 Geometric Dimensioning & Tolerancing (GD&T) Form and 
Profile Tolerance 

Form tolerance limits the deviation of the form (shape) of a feature from its nominal 

form. Form, in this context, relates only to the shape of a feature. As pictured in figure 

2.2.1-1, ‘Local Form Deviation’ is the distance from any point on the feature to the 

‘Nominal Form’, as measured perpendicular to the ‘Nominal Form’. ‘Total Form 

Deviation’ is the maximum distance between any two points on the feature, as measured 

perpendicular to the ‘Nominal Form’. The form tolerance is the maximum allowable 

total form deviation. Form tolerance controls form characteristics including: straightness 

of a line, roundness of a circle, flatness of a plane, and cylindricity of a cylindrical 

surface (shaft or hole) (Henzold 1995).  
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Using figure 2.2.1-1 as an example again, a line feature with form deviation is 

pictured. Again, imagine the line labeled ‘Feature’ is the edge of a floor slab (toleranced 

feature) that was specified as straight. A straightness form tolerance would limit the 

maximum ‘Local Form Deviation’ (maximum distance to nominal) of the floor’s edge 

from an imaginary perfectly straight line (‘Nominal Form’) through the edge and oriented 

such that the maximum distance from any point on the edge to the theoretical line is 

minimized. By positioning the ‘Nominal Form’ in this way, only deviation in the shape of 

the floor’s edge is being controlled. Notice also that the ‘Nominal Form’ is defined 

without reference to other features. Therefore, the tolerance is a self-referenced tolerance. 

In fact all form tolerances, like size tolerances, are self-referenced (Tsai and Cutkosky 

1997 and Henzold 1995). Profile tolerances are really another type of form tolerance. 

Profile tolerances deal with deviation in the form of a line profile or surface profile from 

its design specified nominal profile. 

2.2.3 Geometric Dimensioning & Tolerancing (GD&T) 
Orientation Tolerance 

Orientation tolerance limits deviations in the orientation of a feature from its nominal 

orientation. ‘Orientation Deviation’ is the maximum distance between any two points 

on the feature, as measured perpendicular to the ‘Nominal Orientation’ (figure 2.2.1-1). 

The orientation tolerance is the maximum allowable orientation deviation. Orientation 

tolerance controls the following orientation characteristics: perpendicularity, parallelism 

and angularity of a feature. However, an orientation cannot be defined without reference 

to other geometry. It is insufficient to say that a line is perpendicular, parallel or at a 45˚ 

angle. The question becomes perpendicular, parallel, or at an angle, to what? Orientation 
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tolerance is specified relative to a datum (ideal reference geometry) and is thus referred to 

as a cross-referenced tolerance (Tsai and Cutkosky 1997 and Henzold 1995).  

Again referencing figure 2.2.1-1, assume the floor’s edge (‘Feature’) was specified as 

parallel to a level line, in this case, the ‘Datum.’ A parallel orientation tolerance would 

limit the ‘Orientation Deviation’ (twice the maximum distance to the ‘Nominal 

Orientation’) of the floor’s edge from an imaginary perfectly straight and level line 

(having nominal form and orientation) through the edge (‘Feature’) and positioned such 

that the maximum distance from any point on the edge to the theoretical line (‘Nominal 

Orientation’) is minimized. By positioning the ‘Nominal Orientation’ in this way only 

deviations in form and orientation are being controlled (Henzold 1995). The ‘Nominal 

Orientation’ as described is positioned so that it is centered on the overall ‘Orientation 

Deviation’, which is why the ‘Orientation Deviation’ is twice the maximum distance to 

the ‘Nominal Orientation’.  

2.2.4 Geometric Dimensioning & Tolerancing (GD&T) Location 
Tolerance 

Location tolerances limit deviations in the location of a feature from its nominal 

location. Location deviation is the maximum distance from any point on the ‘Feature’ to 

the ‘Nominal Location’, as measured perpendicular to the ‘Nominal Location’ (figure 

2.2.1-1). The location tolerance is twice the maximum allowable location deviation. 

Location tolerance controls location characteristics including: position, coaxiality, and 

symmetry of a feature relative to other features. Like orientation tolerances, location 

tolerances cannot be defined without a datum and are thus also cross-referenced 

tolerances (Tsai and Cutkosky 1997 and Henzold 1995).  
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Assume in figure 2.2.1-1 that the floor’s edge (‘Feature’) was specified at 10’ above 

sea level, which is represented in this example by the ‘Datum.’ A position location 

tolerance would limit the location deviation (maximum distance to the ‘Nominal 

Location’ from any point on the ‘Feature’) of the floor’s edge from an imaginary 

perfectly straight line, parallel to sea level and located 10’ above sea level (having 

nominal form, orientation, and location). 

2.3 Geometric Dimensioning & Tolerancing (GD&T) 
Tolerance Zones 

From the information on the different geometric tolerances, a logical question is: What is 

the difference between linear size tolerance and position location tolerance, and angular 

size tolerance and angular orientation tolerance? The difference is the concept of a 

tolerance zone. Linear, radial, and angular size tolerances apply only to local dimensions 

(‘Local Size’) and thus do not define zones (figure 2.2.1-1). Form, orientation, and 

location tolerances all define tolerance zones represented in figure 2.2.1-1 by the areas 

between the lines labeled ‘Location Tolerance’, ‘Orientation Deviation’, and ‘Total Form 

Deviation’.  

Tolerance zones are two-dimensional areas (or three-dimensional spaces), within 

which all of a toleranced feature must be contained (Henzold 1995). Zones can take on 

many shapes depending on the feature and characteristic being toleranced.  

• Zones for surfaces can be spaces between two coaxial cylinders, between two 

equidistant (equally space from nominal) faces for surface profiles, between two 

parallel planes, or within two sets of intersecting parallel planes (parallelepiped). 
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• Zones for lines or circles can include any of those listed for surfaces, as well as: 

areas between concentric circles, areas between two equidistant lines for line 

profiles, areas between two parallel straight lines (figure 2.2.1-1), or spaces within 

a cylinder.   

• Zones for points can include any of those listed for surfaces and lines, as well as 

areas within a circle or spaces within a sphere (Henzold 1995 p.25).  

The shape of zones for surfaces is inherently determined by the nominal surface being 

toleranced. However, when lines or points are the toleranced features (in three-

dimensional space) the shape of the zone is not as obvious. Tolerances for lines or points, 

except for roundness of circles and form of a line profile, must specify if the shape of the 

zone is round or straight. The length of a tolerance zone is assumed to apply to the entire 

feature. However, a zone can apply to generic segments of a specific length or a specific 

segment of a feature if so specified. In all cases, the width of the tolerance zone must be 

specified (Henzold 1995). 

Depending on the shape, the zone may limit variation in one or more of the six 

degrees of freedom (DOFs), i.e., translation and rotation about three perpendicular axes. 

For example, for a surface, a zone between two parallel planes limits form deviation and 

translation of the surface along the axis perpendicular to the planes defining the zone and 

rotation about the two axis parallel to the planes defining the zone. For a line, a 

cylindrical zone limits form deviations and translations, and rotations in the directions of, 

and about the two axes perpendicular to the cylindrical surface. For a point, a spherical 

zone limits translation about all three axes (Davidson et. al. 2004, Chase 1999, and Tsai 

and Cutkosky 1997).  
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Form, orientation, and location tolerances define the boundaries of the zone. We have 

discussed the form/shape, size, and length of the zone but not the orientation of the zone 

and the location of the boundaries. The default assumption is that the boundaries of the 

zone are equally spaced from, and parallel to, nominal (Henzold 1995). For the location 

tolerances, the orientation, and location of the ‘Nominal Location’ and thus the 

orientation and location of the zone’s boundaries, are defined by the design specification. 

For orientation tolerances, the ‘Nominal Orientation’ and zone’s orientation are defined 

by the design specification but their locations are un-defined (Davidson et al. 2004 and 

Henzold 1995).  

For the previous example with figure 2.2.1-1, the location of the ‘Nominal 

Orientation’ for the orientation tolerance was determined by the toleranced ‘Feature,’ 

such that the maximum distance from the ‘Nominal Orientation’ to any point on the 

feature was minimized. In the example, the ‘Nominal Orientation’ was a line, but the rule 

is the same when the form is a circle or planar, cylindrical or profile surface. This rule, 

called the minimum requirement, gives the feature the greatest chance of being within 

the orientation tolerance zone. This also means that only deviations in form and 

orientation of the feature can contribute to the feature exceeding the orientation zone 

(Henzold 1995).  

For form tolerances, the ‘Nominal Form’ orientation and location as well as the 

zone’s orientation and location are undefined (Davidson et al. 2004 and Henzold 1995). 

Looking at the previous example with figure 2.2.1-1, the location and orientation of the 

‘Nominal Form’ for the form tolerance was determined by the toleranced ‘Feature’ 

following the minimum requirement that the maximum distance from the ‘Nominal 
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Form’ to any point on the ‘Feature’ was minimized. Similarly, by following this rule the 

‘Feature’ has the greatest chance of being within the form tolerance zone, which means 

that only deviations in form of the feature can contribute to the feature exceeding the 

form zone represented in figure 2.2.1-1 by the ‘Total Form Deviation’ (Henzold 1995). 

The difference is that for the orientation tolerance only the location of the ‘Nominal 

Orientation’ is set by the minimum requirement while for the form tolerance, both the 

orientation and location of the ‘Nominal Form’ are set by the minimum requirement 

(Henzold 1995). 

From figure 2.2.1-1 and the descriptions of form, orientation, and location tolerances, 

a hierarchy of tolerances and deviations is evident. Form deviations are contained within 

orientation deviations, which in turn are contained within location deviations. Equation 

2.3-1 describes this relationship. 

Equation 2.3-1: 

Form Deviation T Orientation Deviation T Location Deviation 

A location tolerance zone controls the deviations of location, orientation, and form. An 

orientation tolerance zone controls the deviations of orientation and form. A form 

tolerance zone only controls form deviations. If a feature is within the location tolerance 

zone, then the orientation and form tolerance zones are within the location tolerance 

zone. If a feature is within the orientation tolerance zone then the form tolerance zone is 

within the orientation tolerance zone. Thus, one cannot specify either a form tolerance 

larger than the orientation tolerance, or an orientation tolerance larger than a location 
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tolerance. If only a location tolerance is specified, orientation and form zones are 

assumed to have the same boundaries as the location zone. If only location and 

orientation are specified, the form zone is assumed to have the same boundaries as the 

orientation zone. The zones and deviations are not additive but hierarchically contained 

within each other. Size tolerance, however, is not part of the hierarchy and is additive 

with form, orientation, and location (Davidson et al. 2004 and Henzold 1995).  

2.4 Geometric Tolerances on Axis and Median Planes 

The relationship between a feature’s surface and its axis or median plane impacts the 

features’ geometry when applying geometric tolerances to the axis or median plane. For a 

cylinder, the location of the actual axis at a given cross-section is the center of the circle 

formed by the cross-section. The circle at the cross-section will have form variation. The 

center can be determined by the minimum requirement, the maximum inscribed circle for 

a concave or negative feature (i.e., a hole), the minimum circumscribed circle for a 

convex or positive feature (i.e. a shaft), or the Gaussian circle (minimum sum of squares 

of deviation). The actual axis is a line through the centers determined by one of these 

methods on all the cross-section of the cylinder (Henzold 1995 p. 39).  

Admittedly this definition is ambiguous, as the direction of the cross-section is 

defined as perpendicular to the actual axis – which is not known when the cross-section 

needs to be taken. Similarly, the actual median plane is the surface defined by the 

midpoints between opposing points on the two planar surfaces defining the median plane. 

The problem is the ambiguous definition of opposing points. To resolve this issue, 

opposing points are defined as perpendicular to a substitute median plane of perfect form. 
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The substitute median plane is the median plane between ideal interpretations of the 

two defining planar surfaces. The ideal interpretations can be determined by the least 

squares method or the minimum rock method, which is explained later in section 2.7 

(Henzold 1995 p. 41).  

Form, orientation, and location tolerances, applied to an axis or median plane, define 

a zone in which the actual axis or median plane must be contained. Note, that there can 

be significant differences in the size of the cross-sections or distance between opposing 

points without impacting the actual axis or median plane (Henzold 1995 p. 39). For 

example, with an axis, the surface of the feature could be a bowl or a cylinder and still 

have the same actual axis, whether a geometrical tolerance is applied to the axis or not. 

Straightness, orientation, and location tolerances applied to a cylinder’s axis do not 

control the geometry in the same way as cylindricity, orientation, and location tolerances 

applied to a cylinder’s surface. Likewise, flatness, orientation, and location tolerances 

applied to a median plane do not control the defining planar surfaces in the same way as 

flatness, orientation, and location tolerances applied to either of the defining surfaces. 

2.5 Tolerance Envelopes 

The function of a feature may depend not only on individual tolerances for the feature, 

but also on the combined effects of all the tolerances on a feature. As mentioned, form, 

orientation, and location tolerance do not combine with each other, but each or several 

can combine with size tolerances (Henzold 1995). As an example, a cylindricity form 

tolerance on a shaft’s outer surface states that the surface fit within the space between 

two concentric cylindrical surfaces with a difference in radius equal to the tolerance 
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magnitude. It says nothing about the size of the radius of either cylinder. It just specifies 

the difference between their radiuses (Henzold 1995). A size tolerance for the shaft only 

controls local diameters. The shaft could be bent in a U shape and still be within size 

tolerance (Tsai and Cutkosky 1997 and Henzold 1995). If the shaft had to fit inside a hole 

with a fixed diameter, just specifying a cylindricity form tolerance or a size tolerance 

would be insufficient to communicate the limits on a shaft that will fit in the hole (Tsai 

and Cutkosky 1997 and Henzold 1995).  

For example, suppose the nominal size of the shaft has a diameter 1” less than the 

diameter of the hole. From a functional perspective of fitting in the hole, it doesn’t matter 

if one specifies: a size tolerance of ± 1” and a 0” cylindricity tolerance; a cylindricity 

tolerance of 1” and a 0” size tolerance; or something in between. All that matters is that 

the sum of the maximum size according to the size tolerance and the form tolerance does 

not exceed 1”. To specify limits for the combination of size with form, orientation or 

location tolerances, like the example just given, envelopes are defined (Henzold 1995). 

A tolerance envelope is like a tolerance zone in that it defines areas and spaces 

within which all points of a feature must be contained (Henzold 1995). In the example, 

the boundary of the envelope is a perfect cylinder with a diameter equal to the hole’s 

diameter. Because the areas and spaces defined by the envelope limit the combined 

impact of multiple tolerances, it establishes a relationship between them (Henzold 1995). 

In the example, the relationship is that the sum of the shaft’s maximum allowable size 

and the form tolerance cannot exceed 1”. Therefore, to ensure fit, the size tolerance can 

be specified anywhere between ± 0” and ± 1”. As the specified size tolerance is increased 

from ± 0” toward ± 1”, the specified form tolerance magnitude must be decreased from 
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1” toward 0” and vice versa. The same is true for combinations of size and orientation or 

size and location (Henzold 1995) (figure 2.5-1). 

 

Figure 2.5-1: Fit by size tolerance, form tolerance, and both with maximal material 
envelope  

Like tolerance zones, envelopes must have a defined shape, orientation, location, and size 

(width). The manufacturing standards define three types of envelopes: maximal material 

virtual condition (MMVC), least material virtual condition (LMVC), and envelope 

condition (E) (Henzold 1995). The MMVC and LMVC envelopes are specified with a 

form, orientation or location tolerance and the shape, orientation, and location of the 

envelopes are the same as that for the tolerance zone with which they are specified 

(Henzold 1995). The envelope condition is specified with a size tolerance and the shape 

of the envelope is the same as the nominal form of the feature (Henzold 1995).  

Shaft ∅ X-1” ±1”   

Hole ∅ X Shaft ∅ X-1” ±1”  /O/  0  M 

Shaft ∅ X-1”  /O/ 1” 
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The orientation and location of the envelope depend on the feature and are 

determined by the minimum requirement, the same as for a form tolerance. The size of an 

envelope however depends on the type of envelope and the type of feature (Henzold 

1995). Two types of features are positive features that define space taken up by material, 

such as a shaft, and negative features that define space without material, such as a hole. 

To understand the size of the envelope, additional terms need to be defined. Maximum 

material size (MMS) is the limit from the size tolerance where the feature has the most 

material. For a positive feature, such as a shaft, the MMS is the limit where the shaft is 

the largest, i.e., has the most material. For a negative feature, such as a hole, the MMS is 

the limit where the hole is the smallest, i.e., the part containing the hole has the most 

material. Least material size (LMS) is the limit from the size tolerance where the feature 

has the least material, i.e., the smallest shaft or largest hole. For a positive feature, the 

size of the MMVC is the MMS plus the form, orientation or location tolerance for which 

the MMVC is applied.  

In the example given before, the size of the MMVC was the maximum shaft size 

according to the size tolerance plus the cylindricity tolerance. For a negative feature, the 

size of the MMVC is the MMS minus the tolerance for which the MMVC is applied. For 

a positive feature, the size of the LMVC is the LMS minus the tolerance for which the 

LMVC is applied. For a negative feature, the size of the LMVC is the LMS plus the 

tolerance for which the MMVC is applied (Henzold 1995). The size of the envelope 

condition is equal to the MMS, the limit where the feature has the most material. The 

envelope condition thus achieves the same thing as specifying a 0 form, orientation, or 

location tolerances with a MMVC. When the envelope condition is applied with a size 
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tolerance, any form, orientation, or location tolerance specified separately must be less 

than the total magnitude of the size tolerance (Henzold 1995). 

When any envelope is applied to a tolerance, the size of the form, orientation or 

location tolerance (zero for the envelope condition) can increase beyond the specified 

tolerance as long as the feature remains in the envelope (Davidson et al. 2004 and 

Henzold 1995). In the example, if the actual size of the shaft is at the LMS, the limit 

indicated by the nominal size, which is - 1”, the cylindricity variation can increase to 2” 

and still fit in the hole. For MMVC and envelope condition, the form, orientation, or 

location tolerance can increase by any amount that the size moves toward the LMS. For 

LMVC, the form, orientation or location tolerance will increase by any amount that the 

size moves toward the MMS (Henzold 1995).  

A reciprocal requirement can be applied to MMVC and LMVC envelopes, which 

permits the size tolerance to increase if the form, orientation or location variations move 

toward zero, thus adding more flexibility in the distribution (Henzold 1995). The 

reciprocal requirement is not applied to the envelope condition because the envelope 

condition specifies the form, orientation or location tolerances at zero already, meaning 

the size tolerance is as large as it can be to permit function. 

2.6 Tolerance Purposes 

Envelopes define a relationship between size and other tolerances based on functional 

criteria, typically fit criteria, such as a shaft in a hole, but do not define fixed values for 

the form, orientation, and location tolerances. A specification that indicates the 

magnitude of the size tolerance and the magnitude of the form, orientation, or location 
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tolerance along with an envelope requirement is defining a fixed relationship between the 

tolerances but making only a recommendation as to the distribution between those 

tolerances. Envelopes are only concerned with function and give maximum flexibility for 

the relative contributions of the feature’s characteristics of size, form, orientation, and 

location. Thus, envelopes are referred to as function-based or functional tolerances 

(Henzold 1995).  

Every feature can have multiple functions and any of the feature’s characteristics 

(size, form, orientation, or location) may impact one or more functions, making them 

functional tolerances. When different characteristics impact different functions, those 

characteristics must be specified separately as functional tolerances (Tsai and Cutkosky 

1997, Salomons et. al. 1995, and Henzold 1995). For example, a table top requires a 

certain size (e.g. thickness) limit to ensure it is strong enough not to break and light 

enough to be moved. The table top also requires a flatness (form tolerance) to allow flat-

based objects to sit on it without rocking or falling over. In addition, the table top needs 

to be reasonably level (orientation tolerance) so that objects don’t slide off or tip over. 

Finally, the table top needs to be at a reasonable height from the floor (location tolerance) 

so that it is comfortable to sit at. Here, every tolerance acts as a functional tolerance. 

In many cases, the characteristics impact the same function, or some don’t impact any 

function at all, which indicates that specifying one zone is sufficient to communicate 

limits necessary for proper function (Henzold 1995). For example, you need to fit a wood 

block between two shelves. You don’t care whether the height of the box is maintained 

by limiting the straightness of the top face, the orientation of the top face relative to the 

bottom face as a datum, or the location of the top face relative to the bottom face as a 
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datum. A position location tolerance for the top face with the bottom face as a datum will 

communicate the limits necessary to fit on the shelf (e.g., the function). Here, only the 

location is a functional tolerance and the relative contributions of orientation and form 

variations are left flexible. However, specific tolerances of size, form, orientation, and 

location may be defined for manufacturing design even when their magnitudes are left 

flexible by the functional tolerance specification (Tsai and Cutkosky 1997).  

Geometric variations are the result of steps in the fabrication and assembly process. 

Variations in a feature’s different characteristics can have different sources and can be 

from different steps within the process (Thornton and Tata 2000, Cai et al. 1997, Henzold 

1995, Schmenner 1993, and Chase and Parkinson 1991). One characteristic can be more 

costly to control than another for a given process (Thornton and Tata 2000 and Soderberg 

et al. 1999). Therefore, for fabrication and assembly design, it can be helpful to specify 

tolerance limits for all the characteristics of a feature at different steps in the process – 

whether or not they are explicitly specified by the functional tolerances – to ensure the 

functional tolerances are met by the end of the process. The manufacturer takes the 

functional tolerance specification, such as an envelope, and assigns values for size, form, 

orientation, and location tolerances that together meet the envelope requirements 

(Henzold 1995). 

This more detailed tolerance specification can dictate information such as the 

procedure and equipment required to those executing the fabrication (Thornton and Tata 

2000, Soderberg et al. 1999, Cai et al. 1997, Gerth 1997, Tsai and Cutkosky 1997, and 

Chase and Parkinson 1991). These tolerances are referred to as manufacturing-based 

tolerances. The decision on how to assign tolerances to the individual characteristics 
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based on the flexibility in the functional tolerances can be based on manufacturing cost, 

schedule, and shop logistics, producibility of the characteristic or other manufacturing 

considerations (Thornton and Tata 2000, Soderberg et al. 1999, Gerth 1997, and Chase 

and Parkinson 1991).  

Tolerances can also be specified to govern the type of inspection desired (Tsai and 

Cutkosky 1997, Henzold 1995, and Chase and Parkinson 1991). In some cases, the 

tolerances governing the function or manufacturing of the product are difficult or 

impossible to inspect, to inspect accurately or to inspect at a reasonable cost (Gerth 1997 

and Henzold 1995). In these cases, additional tolerance requirements may be added to the 

product specification to guide inspection requirements. These tolerances are referred to as 

inspection-based tolerances. Any functional- or manufacturing-based tolerance can be 

an inspection-based tolerance as well. Thus, inspection-based tolerances may be specified 

by envelope, size, form, orientation, or location tolerances (or any combination thereof) 

as needed to specify the characteristics to be measured. The type of tolerance used 

indicates to some degree the type of inspection method or process (Gerth 1997, Tsai and 

Cutkosky 1997, Henzold 1995, and Chase and Parkinson 1991). 

To summarize, function-based tolerances are any tolerance specification that relates 

directly to a specific function of the product either for final use or assembly. 

Manufacturing-based tolerances are any tolerance specification derived from the 

function-based tolerances that relate to limits for processes within the fabrication process 

but do not alone relate to a required function. Finally, inspection-based tolerances are any 

tolerance specification derived from the function- or manufacturing-based tolerances that 

indicate the required method of inspection. Most inspection-based tolerances are also 
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function-based or manufacturing-based as well. The only time they are not is when the 

feature or assembly properties inspected are different from those in the function- or 

manufacturing-based tolerance specifications from which the inspection-based tolerances 

were derived. 

2.7 Datum 

The nominal for cross-referenced tolerances of orientation and location are specified 

relative to a datum. Nominal orientation is at a specified angle from a datum. Nominal 

location is specified at a theoretical exact location from one or more datum. Like nominal 

geometry, a datum is a geometrically ideal geometry. A datum can be a point, line, plane 

or other surface. For round surfaces, the datum can also be the center point or axis rather 

than the surface itself. For profiles, the datum is usually the origin of the coordinate 

system used to define the profile (Henzold 1995).  

Datum can be specified as a theoretical point, line or plane within a given coordinate 

system or defined by a physical property such as gravity. For example, a theoretical 

column line defined within a project coordinate system or a level plane can be datum. 

Datum can be specified as a theoretical point, line or plane defined by specific areas, 

lines or points on one or more features called datum targets. Datum targets are exact 

locations specified on features used to establish a datum (Henzold 1995).  

For example, the AISC manual for steel construction (2000) defines the working line 

(theoretical axis) of a steel section as a straight line between two datum targets at the 

midpoints of the web centerlines at the two ends of the steel section. Datum can also be 

defined by a feature (Henzold 1995). For example, the top surface of a floor can define a 
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datum for the location of a window sill, or the edge of a floor slab can define a datum for 

the orientation of an opening in the slab. A feature, when being used to define a datum, is 

called a datum feature. However, the datum features are not the actual datum except 

when the feature is a point. Two- and three-dimensional features are not geometrically 

ideal because they have size, form, orientation, and location deviations.  Therefore, a 

datum has to be interpreted from the datum feature (Henzold 1995).  

For datum features where the nominal form is a straight line, plane, or cylinder, the 

location of the datum is defined by an ideal line, plane or cylinder, longer than the datum 

feature, contacting the external side of the feature. For a shaft, a contacting cylinder is the 

minimum circumscribed cylinder. For a hole, a contacting cylinder is the maximum 

inscribed cylinder. For a convex datum feature, the orientation of the datum is determined 

by orienting the contacting line, plane or cylinder such that the possible rocking of the 

contacting geometry in any direction, while contacting the datum feature, is equalized. 

This orientation is referred to as the minimum rock requirement because at this median 

orientation, the ability of the contacting geometry to rock in any given direction is 

minimized. For a concave datum feature, the contacting geometry is stable and the 

orientation of the datum is that stable orientation (Henzold 1995) (figure 2.7-1). 

 

Figure 2.7-1: GD&T tolerances, minimum rock requirement (Henzold 1995) 
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2.8 Datum Reference Frame (DRF) 

When more than one datum is used to define a nominal geometry, they can form a datum 

system. Datum within the system can have different priorities (primary, secondary, and 

tertiary) (Henzold 1995). When primary, secondary, and tertiary datum are all specified 

to define the nominal geometry of a feature, they establish a datum reference frame 

(DRF) in Cartesian space and sometimes in polar space (Chase 1999, Tsai and Cutkosky 

1997, and Henzold 1995). A tolerance definition for a given feature cannot have more 

than three datum of different priority, i.e., one DRF. A DRF is akin to a local coordinate 

system established to define the geometry of a specific entity in a CAD system. 

For a DRF, a primary datum establishes the XY plane of the DRF. For a DRF, the 

primary datum must define a plane. The plane can be established by a planar datum 

feature or by multiple features or geometry, such as three points, two intersecting lines or 

a line and a point. The lines defining the plane can be defined theoretically, by contacting 

lines with datum features such as edges or by the axes of contacting cylinders with datum 

features. The points defining the plane can be defined theoretically, by specified datum 

targets or by datum features such as center points or corners. A primary datum defined by 

a planar datum feature is a contacting plane oriented according to the minimum rock 

requirement (Henzold 1995). For two-dimensional geometry, the primary datum can be 

assumed as the plane on which the geometry lies. 

The secondary datum establishes the XZ plane of the DRF which is always 

perpendicular to the primary datum plane. The secondary datum need only establish the 

direction of the X-axis. The direction of the X-axis can be determined by the intersection 

of the primary datum plane with a plane perpendicular to the primary datum and defined 
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by the secondary datum. The secondary datum plane can be defined in two ways: 1) a 

plane perpendicular to the primary datum plane, contacting a planar secondary datum 

feature, oriented about the Z-axis according to the minimum rock requirement; or 2) a 

plane perpendicular to the primary datum plane, containing a line that is not normal to the 

primary datum plane and either defined theoretically, used to define the primary datum 

plane or defined by a linear secondary datum feature. In the case of the linear secondary 

datum feature, the line is defined by contacting lines with datum features or by axes of 

contacting cylinders with datum features (Henzold 1995). 

The tertiary datum establishes the YZ plane of the DRF, which is always 

perpendicular to the primary and secondary datum planes. The tertiary datum need only 

establish the location of the origin. The location of the origin can be determined by the 

point of intersection of the X-axis with a plane perpendicular to the primary and 

secondary datum planes and defined by the tertiary datum. The tertiary datum plane can 

be defined in two ways:  

1.  a plane perpendicular to the primary and secondary datum plane, contacting a 

planar tertiary datum feature; or  

2. a plane perpendicular to the primary and secondary datum planes, containing a 

point either defined theoretically, by a specified datum target or by a tertiary 

datum feature (Henzold 1995). 

2.9 Tolerance Accumulation within Parts 

A single part, more often than not, consists of multiple features. A part as simple as a nail 

has: a cylindrical feature for both the head and shaft; a torus feature between the head and 

shaft; and a conical feature for the tip. Tolerances can accumulate between the features to 
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form the final geometry of the part and the relationships between features (Henzold 

1995). Tolerance accumulation is the same principle as error accumulation (Gerth 1997). 

Given a function defined by the sum of several variables, the error in the result of the 

function will be the sum of the errors in each of the variables. Tolerances accumulate in 

each of the six degrees of freedom (DOFs) (translation and rotation about three 

perpendicular axes) for a given coordinate system (Davidson et al. 2004, Chase 1999, 

Tsai and Cutkosky 1997, and Salomons et. al. 1995).  

For example, a linear or angular size tolerance can have components of variation in 

multiple degrees of freedom if the linear size or axis of rotation for angular size is not 

parallel to one of the axes of the coordinate system chosen to evaluate the accumulation. 

Figure 2.9-1 is a simple one-dimensional illustration (translation along the X-axis only) 

of tolerance accumulation between features of a part. The coordinate system for the 

accumulation was chosen with the XY plane parallel with the page and the X axis parallel 

to all the tolerance variations. 

 

Figure 2.9-1: Linear tolerance accumulation between features within a part. 
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In figure 2.9-1, feature “a” is a line with a straightness tolerance of 0.05 and is a datum 

feature used to define datum “A”. Datum “A” is a straight line contacting the outside face 

of feature “a”. Note that one edge of the straightness tolerance zone is coincident with 

Datum “A” and that the other edge is 0.05 units in the positive X direction.  

Feature “b” is a circular hole whose center is located by a theoretical exact location 

with a positional tolerance of 0.10 relative to datum “A”. The nominal center location of 

feature “b” is located 6 units from datum “A” and has a positional tolerance zone 

between two parallel lines that are 0.10 apart, perpendicular to the X-axis and equidistant 

from the nominal center of the hole. This means that in the X direction, the center of 

feature “b” can be located between 5.95 and 6.05 units measured from datum “A”.  

Feature “c” is a circular hole whose center is located by a nominal size of 9 units with 

a size tolerance of ±0.10 units, for the space between the center of feature “b” and the 

center of feature “c”. The toleranced feature is the space between the centers along a 

common centerline. Thus, the center of feature “c” can be located between 8.90 and 9.10 

units from the center of feature “b” along their common centerline. The positional 

tolerance for feature “b” and size tolerance for the space between features “b” and “c” 

accumulate to form the relationship between the center of feature “c” and Datum “A”. 

Thus, the center of feature “c” can be located between (5.95 + 8.9) = 14.85 and (6.05 + 

9.10) = 15.15 units from Datum “A”.  

Features “d”, “e”, and “f” are located in the same way as feature “c” – by the nominal 

size and size tolerance for the space between the centers of features “c” and “d”, the 

space between the center of feature “d” and the centerline of feature “e”, and the space 

between opposing points on the centerline of feature “e” and feature “f” respectively. 
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Note that the drawing dictates that the centerline of feature “e” is 90 degrees or 

perpendicular to the X-axis.  

Dimension α can be the relationship between Datum “A” and feature “f”, or between 

feature “a” and feature “f” depending on whether it is treated as a location dimension or 

(local) size dimension respectively (figure 2.9-2). Regardless of type, the nominal value 

for α is the sum of all the nominal dimensions that make up dimension α, i.e., the 6, 9, 7, 

8, and 5 dimensions, which equals 35 units.  

The upper worst case limit for α is the sum of all the values for each contributing 

dimension that would make α largest, i.e., 6.05, 9.10, 7.05, 8.15, and 5.05, which equals 

35.40 units. For the upper limit in this case, it doesn’t matter if α is a location or size 

dimension because datum “A” by definition is contacting feature “a” on the outside edge, 

i.e., the limit on the straightness deviation in feature “a” that would tend to increase α. 

The lower worst-case limit for α as a location dimension is the sum of all the values for 

each contributing dimension that would make α smallest, i.e., 5.95, 8.90, 6.95, 7.85, and 

4.95, which equals 34.60 units.  

The straightness deviation in feature “a” is not included because it is already 

accounted for by the definition of datum “A” and the location tolerance for feature “b”. 

As a size dimension, α can be the dimension between any point on feature “a” (any point 

in the straightness zone) and any point on feature “f” measured in the x-direction. The 

straightness tolerance allows points on feature “a” to be as much as .05 units from datum 

“A” and thus is included in α as a size tolerance, resulting in a lower worst-case limit of 

34.55 units (figure 2.9-2).  
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Figure 2.9-2: Linear accumulation between features within a part with form zone.  

The example shows how tolerances in the same DOF accumulate in a tolerance chain 

(both within and between parts):  

• when a size tolerance is connected to another size tolerance by a common feature 

like feature “c” in the examples;  

• when a size tolerance is connected to a datum or toleranced feature like feature 

“b”; and  

• when a toleranced feature becomes the datum feature for another toleranced 

feature like feature “a” being the datum feature for datum “A” used to tolerance 

feature “b” (Davidson et al. 2004, Chase 1999, Gerth 1997, Tsai and Cutkosky 

1997, Chase and Parkinson 1991, and Bjorke 1989). 

2.10  Part, Assembly, and Project Reference Frames 

A part can have multiple datum reference frames (DRFs) as the multiple features of the 

part may have different DRFs. A part also has a part reference frame (PRF), which is a 
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DRF consisting of the core datum of the part from which all other datum, datum features, 

and features of the part are either directly defined or indirectly defined through a chain 

with the core datum as the first links. Remember that tolerances form a chain when a 

toleranced feature is used as a datum feature to define a datum for a tolerance on another 

feature which is used as a datum feature, and so on. In figure 2.10-1, notice that datum 

“D” and “F” are determined relative to datum “A”, “B”, and “C”, while datum “G” is 

determined relative to datum “B”. Thus, all datum are determined relative to datum “A”, 

“B”, and “C”, making them the core datum of the part and defining the PRF.  

 

Figure 2.10-1: Base plate with multiple datum  

Establishing a PRF becomes important for analyzing tolerance accumulation in 

assemblies. In some cases, not all features of a part may be relevant or contribute to the 

accumulation of tolerances within an assembly. In these cases, the PRF should be chosen 
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based on the core datum defining the relevant or contributing chain of features (Chase 

1999). A PRF is like a local coordinate system in a CAD system that is used to define all 

the working geometry necessary to define all the geometry that will define all the features 

that will make up the part. 

Assemblies can also have an assembly reference frame (ARF). An ARF is also a 

DRF defined theoretically in a virtual space or by datum targets or datum features within 

the assembly. In assemblies, features of one part are located relative to features, datum 

features or datum of another part or the ARF. An ARF is often the PRF of the first part in 

the assembly. The assembly reference frame does not necessarily reference real space. 

However, if the features defining the ARF are objects in the real world then it also 

represents the project or real reference frame. The project reference frame is most like 

the global coordinate system of a CAD system. Figure 2.10-2 is illustrates an example of 

the different reference frames. The example in the figure shows the reference frames as 

separate to help illustrate the concepts but it is possible for all four to be the same.  

 

Figure 2.10-2: Datum, part, assembly, and project reference frames  
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2.11 Tolerance Accumulation in Assemblies 

Tolerances can accumulate between features of different parts in an assembly in a 

tolerance chain, the same way they accumulate between features within a part. In figure 

2.11-1, circle feature “c” from figure 2.9-1 has been replaced by an edge forming the left 

part. Similarly, circle feature “d” from figure 2.9-1 has also been replaced in figure 2.11-

1 by an edge forming the right part while all the tolerance relationships have remained 

the same. In this simple, one dimensional example, the tolerances accumulate in the 

assembly in the same way as they did for the part to produce the same result on 

dimension α as in figure 2.9-1.  However, for assemblies there are some additional 

concepts and ways in which tolerances accumulate. 

 

Figure 2.11-1: Linear tolerance accumulation between features within and between parts. 
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2.11.1 Erection Tolerances, Mating and Kinematic Joints 

In assemblies, tolerances that describe the permissible deviations in the location and 

orientation of one part, or a feature of a part, relative to other parts or features of other 

parts are called erection tolerances (PCI 1985). They are called erection tolerances 

because the source of variation comes from the erection or placement of the part in space. 

In figure 2.11-1, the nominal size and size tolerance of 7 + .05 is an erection tolerance. 

Alternatively, a part can be located and oriented relative to other parts by mating 

relationships, i.e., contact between features. Mating features form a variety of kinematic 

joints. Different types of joints restrict different translations and rotations in different 

degrees of freedom, thus defining the location and orientation of the mating part in the 

restricted degrees of freedom (Chase 1999, Tsai and Cutkosky 1997 and Salomons 1995). 

For example, in figure 2.11.1-1, the planar feature on part ‘a’ mating the planar 

feature/part ‘b’ restricts part ‘a’ from translation along the y-axis perpendicular to the 

mating planes as indicated by the straight arrow marked ‘F’ for fixed. Thus the mating 

relationship defines the location of part ‘a’ along the y-axis. Part ‘a’ is also restricted 

from rotation about the x- and z-axes parallel to the mating planes, as indicated by the 

curved arrows marked ‘F’, which defines the orientation of part ‘a’ about the x- and z-

axes. The location and orientation of part ‘a’ in the other degrees of freedom can by 

defined by additional mating relationships or erection tolerances or can be left free to 

move and rotate (Chase 1999). A full listing of kinematic joints from Chase (1999) can 

be found in Appendix B. 
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Figure 2.11.1-1: Degrees of freedom for kinematic motions and geometric feature 
variations (Dabling 2001) 

When mating relationships, i.e., connections or joints, allow movement in a degree of 

freedom (DOF) and no other relationships are specified between the mating parts or their 

associated assemblies in that DOF, variations in that DOF do not accumulate through the 

joint (Chase 1999 and Tsai and Cutkosky 1997). For example, in figure 2.10-2, the 

bottom beam can deviate in the Y-direction without causing a deviation in the upper 

beams in the Y-direction. However, if we define a nominal relationship between the 

visible vertical face of the lower beam and the ends of the upper beams with an erection 

tolerance, for example that they are 6 units apart with a ± 1 unit, then variation of the 

bottom beam in the Y-direction due to tolerances will propagate through the joint, 

causing variation in the Y-direction of the upper beams.  

When multiple mating relationships or combinations of mating and erection 

tolerances are used to define the location and orientation of a part, the priority of the 

b 

a 
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relationships is important, just as with datum (Davidson et al. 2004, Soderberg et al. 

1999, and Gerth 1997). The relationship that is used to restrict the most DOFs (typically 

three) is primary; equal or second-to-most is secondary (typically two or one); and equal 

or less-than-secondary is tertiary (typically one). Theoretically it is possible to have lesser 

(quaternary and quinary) priority relationships. The type of kinematic joint formed can 

depend on the priority of mating relationships, which is why indicating the priority is 

important. The priority of relationships can also be impacted by the sequence of assembly 

(Davidson et al. 2004, Tsai and Cutkosky 1997, and Chase and Parkinson 1991). If a part 

is not yet installed, it cannot define a primary mating relationship of a part being installed 

earlier in the assembly sequence.  

2.11.2 Kinematic Variations 

 

Figure 2.11.2-1: Kinematic adjustments due to dimensional and geometric variations 
(Chase 1999) 

Variations in the size, form, orientation, and location of the mating features also create 

kinematic variations, variation in the location and orientation of the mating part to 

accommodate the dimensional and geometric variations of the contacting features (Chase 
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1999, Tsai and Cutkosky 1997, and Chase and Parkinson 1991). Figure 2.11.2-1 shows 

how variations in size and/or form (‘DR’) and location (‘DA’ and ‘DQ’) result in 

kinematic variations in location (‘DU’). 

Kinematic variations also add to tolerance accumulation within an assembly. The 

geometric variations of form, orientation, and location will create kinematic variations in 

rotation and translation in the DOFs restricted by the kinematic joint formed by the 

mating relationship as shown in figures 2.11.2-1 and 2.11.2-2 (Davidson et al. 2004, 

Chase 1999, and Tsai and Cutkosky 1997). 

  

Figure 2.11.2-2: Impact of geometric variation for mating features (Dabling 2001) 

2.12 Tolerance Analysis 

A common question for design and manufacturing is determining the impact of feature 

tolerances and their accumulation on “critical dimensions” of a part or an assembly 

(Davidson et al. 2004, Soderberg et al. 1999, Chase 1999, Schultheiss et. al. 1999, Gerth 
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1997, Tsai and Cutkosky 1997, and Chase and Parkinson 1991). A critical dimension is 

simply a dimension within a part or assembly that is of interest, usually because it is 

critical to a function. In assemblies, critical dimensions are also referred to as assembly 

tolerances. This question is answered through tolerance analysis. Tolerance analysis is 

the analysis of the relationship between variations in a critical dimension and variations 

in and between the individual features of the parts within an assembly. 

The three types of tolerance analysis are sensitivity, variation, and contribution 

analysis. Sensitivity analysis determines the ratio of a small change in a features 

dimension or geometry to the resultant change in the critical dimension. Variation 

analysis describes the total variation in the critical dimension due to all permissible 

variations in all the contributing features. Variation analysis can be: worst-case – which 

provides the limits of variation for the critical dimension; statistical – which provides the 

distributions of variation for the critical dimension; or sampled – which also provides a 

distribution of variation but basis it on a simulated sample. Contribution analysis gives 

the ratio of variation in the critical dimension due to the total range of variation or 

variance in a contributing feature to the variation in the critical dimension due to the total 

range of variation or variance in all contributing features.  

Tolerance analysis allows the designer to check the appropriateness of the variation in 

the critical dimension resulting from the nominal geometry and feature tolerances and 

provides additional information to guide modification of the geometry or feature 

tolerances if necessary (Davidson et al. 2004, Chase 1999, Soderberg and Lindkvist 1999, 

Schultheiss et. al. 1999, Gerth 1997, and Chase and Parkinson 1991).  
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2.12.1 Assembly Equation 

The first step in all tolerance analysis is the determination of the assembly equation with 

the critical dimension as the dependent variable. The assembly equation is the 

expression of the critical dimension as a function of the geometry with toleranced 

features treated as independent random variables (Chase 1999, Gerth 1997, and Chase 

and Parkinson 1991). As mentioned, tolerances accumulate in a chain of features 

connected by tolerance constraints, or a tolerance chain. Defining the assembly equation 

involves finding the chain of constraints that is closed by the critical dimension. The 

critical dimension closes the chain by connecting the starting and ending features of the 

chain to form a tolerance loop (Davidson et al. 2004, Chase 1999, Soderberg et al. 1999, 

Gerth 1997, Tsai and Cutkosky 1997, Henzold 1995, Chase and Parkinson 1991, and 

Bjorke 1989). The sum of the component of variation in each degree of freedom (DOF) 

around the loop will equal zero. Solving for the critical dimension gives the assembly 

equation (Chase 1999 and Soderberg et al. 1999).  

For even simple two- and three-dimensional assemblies, determining the assembly 

equation in terms of the know feature variables without software can be difficult (Gerth 

1997). The assembly equation is a function of the following (Soderberg et al. 1999, Gerth 

1997, and Chase and Parkinson 1991): 

1. The type of tolerance specifications for each feature. 

2. The geometry of the system. 

3. The datum selected. 

4. The type of connections. 

5. The order of feature fabrication. 

6. The order of assembly. 
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In the linear example, in figure 2.9-1, all the dimensions and tolerances impact translation 

along the X-axis and connect the features in a chain, with dimension α closing the loop 

by connecting feature “f” back to feature “a”. Assigning variables to the toleranced 

features:  X1 is the straightness tolerance on “a” or the distance between any point on “a” 

to datum “A”, X2 is the positional tolerance on “b” converted into a bilateral tolerance, 

±0.05, X3 is the size of the space from “b” to “c”, X4 from “c” to “d”, X5 the space from 

“d” to “e” and X6, the space from “e” to “f”. Choosing the positive direction to the right 

and starting at feature “a”, we move left X1 units to datum “A”, right 6 units, right X2 

units when X2 is positive, right X3 units, right X4 units, right X5 units, right X6 units 

and left α. The sum will equal zero. The resulting equation 2.12.1-1 can be solved for α 

to get the assembly equation 2.12.1-2 

Equation 2.12.1-1: 

-X1 + 6 + X2 + X3 + X4 + X5 + X6 - α = 0 

Equation 2.12.1-2: 

α = -X1 + 6 + X2 + X3 + X4 + X5 + X6 

2.12.2 Sensitivity Analysis 

The sensitivity analysis is done by taking the partial derivative of the assembly equation, 

f (xi), with respect to each variable xi, df (xi)/dxi
. In this case, f (xi) = α and the partial 

derivative  dα
/dx1

 is – 1, as an increase in X1 results in a equal decrease in α. The other 

partial derivatives are all + 1, because increases in X2 to X6 result in an equal increase in 

α. For most two and three dimensional cases, the assembly equation is non-linear. 
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Sensitivity analysis is used to make decisions about how to adjust or allocate individual 

feature tolerances in order to achieve acceptable variation in the critical dimension. 

In both manufacturing and AEC, the assembly equations are usually non-linear 

because they include trigonometric functions. The accepted practice in manufacturing is 

to linearize the equations using a first-order Taylor series expansion about the nominal 

values (Chase 1999, and Gerth 1997, and Chase and Parkinson 1991). The approximation 

is reasonable if the variations in the features are small, as is typically the case for most 

tolerances because the assembly equation is likely to be approximately linear over such a 

short range (Chase 1999 and Gerth 1997). For example, when a beam’s orientation can 

vary ± 5˚, the sine function is very linear within that range. In addition, the cosine 

function, which is treated unilaterally because it gives the same value regardless of the 

sign of the angle, is also relatively linear in the range from 0˚ to 5˚. 

2.12.3 Variation Analysis 

Variation analysis as mentioned can be based on worst-case, statistical or sampled 

models of variation. Variation analysis allows the designer to ensure that the variation in 

the critical dimension is acceptable for proper function of the assembly given the 

individual feature tolerances specified. In AEC, the failure to conduct a variation analysis 

is a major reason why tolerance problems are not identified until the construction phase 

as will be seen in the cases. 

Worst-case variation analysis is conducted by substituting in the values for each Xi 

that result in the maximum α (min X1 and max X2 to X6) for the upper limit and 

minimum α (max X1 and min X2 to X6) for lower limit (Chase and Parkinson 1991, 



 59 

Chase 1999, Davidson et al. 2004, Gerth 1997 and Henzold 1995)). Substituting in the 

respective values results in: nominal α = 35; max α = 35.40; min α = 34.55. In general, 

after computing the nominal value for the critical dimension, if all tolerances are bilateral 

and the assembly equation has been linearized by a first order Taylor series 

approximation, assuming the variables are independent, the worst-case variation in the 

critical dimension is the given by formula 2.12.3-1. 

Formula 2.12.3-1: 
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Where 
ixtol  is the value of the bilateral tolerance, i.e., for  ± 5, 

ixtol  is 5 

(Chase 1999, Gerth 1997, and Chase and Parkinson 1991) 

Statistical variation analysis considers the distribution of the variation in each of the 

component variables. If all tolerances are bilateral and the partials are determined from 

the first-order Taylor series approximation, assuming the variables are independent, the 

statistical variation (sigma) in the critical dimension is the given by formula 2.12.3-2. 

Formula 2.12.3-2: 
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(Davidson et al. 2004, Chase 1999, Gerth 1997, and Chase and Parkinson 1991) 
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Sampled variation analysis uses Monte Carlo simulation which can handle non-linear 

equations (Soderberg et al. 1999, Gerth 1997, and Chase and Parkinson 1991). On the 

one hand, when many features are involved, worst-case variation analysis is overly 

conservative because the probability that all elements are at the extreme values to 

contribute to maximum variation in one direction is very small. On the other hand, 

statistical variation analysis has been shown to underestimate variation because it 

typically assumes variables are independent and that variable distributions are normal and 

centered on their mean. Although these are reasonable assumptions, the world is not 

ideal. Various methods have been used to adjust for the statistical analysis assumptions in 

order to better reflect real world behavior (Gerth 1997, Henzold 1995, and Chase and 

Parkinson 1991). Using the sampled analysis avoids these problems by allowing 

dependent variables and using more representative distribution if known. 

2.12.4 Contribution Analysis 

The contribution analysis gives the percent contribution of each feature variation to the 

overall variation in the critical dimension. The contribution of a feature variation is a 

function of both the partial derivative with respect to that feature variable and the 

magnitude of the tolerance (Soderberg et al. 1999, Gerth 1997, and Chase and Parkinson 

1991). Contribution analysis provides additional information used to make decisions 

about how to adjust or re-allocate individual feature tolerances in order to achieve 

acceptable variation in the critical dimension. The worst-case contribution for Xi is given 

by formula 2.12.4-1. The statistical contribution for Xi is given by formula 2.12.4-2. 
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Formula 2.12.4-1 (Chase 1999 and Gerth 1997): 
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Where 
ixmagtol  is the total magnitude of the tolerance, i.e., for ± 5, 

ixmagtol  is 10, and where cmagtol  is the total magnitude of the 

tolerance for the critical dimension as calculated from the variation 

analysis.  

Formula 2.12.4-2 (Chase 1999 and Gerth 1997): 
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2.12.5 Process Capability and General Tolerances 

Statistical tolerances and tolerance analysis are based on process capability. Process 

capability is a measure or description of the variations introduced in the parameters of a 

feature created by a particular process. The process capability index CP represents the 

ability of a process to produce acceptable features, in terms of the tolerance and the 

variance of the process for a given parameter.  

Equation 2.12.5-1 (Thornton and Tata 2000, Gerth 1997, and Chase and Parkinson 1991): 

CP = (USL-LSL)/6σ  

Where the USL and LSL are the upper and lower specification limit or 

upper and lower tolerance limit respectively and σ is the standard 

deviation. 
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The sources for variations are often broken down into the 6 M’s: Material, Machine, 

Manufacturer, Method, Measurement, and Maintenance (e.g., Henzold 1995 and 

Schmenner 1993). These sources should equally apply to AEC. In manufacturing, large 

amounts of detailed data have been collected on process capabilities and the factors that 

influence them (Thornton and Tata 2000).  The author has yet to find published CPC data 

or evidence of the use of such data in any interviews. Certainty and inspection data is 

collected, but is not organized as PC data.  

Given the standardization of many processes and the amount of supporting process 

capability data, the ISO standards define general tolerances. General tolerances are set 

sufficiently large that it would be difficult for a shop with normal shop accuracy to 

exceed them. One note assigns general tolerances to all features where no other tolerance 

specification is given (Henzold 1995).  

Where no manufacturing data is available in order to conduct statistical tolerance 

analysis, it is assumed that CP = 1 (Davidson et al. 2004, Thornton and Tata 2000, Chase 

1999, Gerth 1997, Henzold 1995, and Chase and Parkinson 1991). Size and location 

tolerances are often assumed to have normal distributions centered on the nominal value 

(Thornton and Tata 2000, Soderberg et al. 1999, Gerth 1997, Henzold 1995, and Chase 

and Parkinson 1991). In contrast, form and orientation tolerances are often assumed to be 

logarithmic with a mean greater than the nominal because they are typically unilateral 

with a nominal of zero (Henzold 1995). The author, in the cases, instead uses a Weibull 

distribution, which is a generalized Extreme Value distribution and in this case represents 

the impact of form distributions as discussed in the Slurry Wall Case, chapter 6, section 

3.4 (Wikipedia 2006b). 
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2.13  Tolerance Allocation 

Sometimes the requirements for the critical dimensions or assembly tolerances are known 

and the requirements for the individual parts and features need to be determined. 

Tolerance allocation is the inverse of tolerance analysis, i.e., the assignment of 

tolerances to individual parts and features based on the required assembly tolerance or 

limits on variation in the critical dimension. Sensitivity analysis and process capability 

data provide important information for making decisions about nominal geometry and 

trade-offs in the allocation of tolerances among contributing features. However, an 

infinite number of allocations exist that could satisfy a given assembly tolerance 

requirement. Typically additional objectives and information are needed to guide 

allocation decisions, beyond producibility considerations illustrated by process capability 

data. Therefore, various tools and strategies exist for deciding on initial or improving 

existing allocations, including optimization methods for additional considerations such as 

manufacturing cost (Roy et al. 2003, Thornton and Tata 2000, Chase 1999, Soderberg et 

al. 1999, Gerth 1997, and Chase and Parkinson 1991). Chase (1991) provides a more 

thorough yet concise discussion of tolerance allocation tools and strategies. For our 

purposes, however, it is sufficient to understand the concept. 

The concept of tolerance allocation for cost considerations can be illustrated with the 

simple linear example from figure 2.9-1. The same basic process applies for allocating 

tolerance for producibility of individual features or any other objective. Given the only 

datum, “A”, is on the left and the remaining dimensions are chain dimensioning 

connected to datum “A”, the order of feature fabrication is implied as left to right from 

“A”. The tolerance on assembly dimension α will be 35 units + .040 and - 0.45 units, the 
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same as before. Therefore, the allocation of tolerances shown in figure 2.9-1 is one 

potential allocation.  

Now assume that the feature tolerances will be reallocated based on cost. The part 

consists of a narrow bar with circular and rectangular holes fabricated from a long stock 

bar of the correct width and thickness. Assume the in-house, available methods for 

fabrication are drilling for the circular holes, punching for the rectangular hole, and 

mechanical cutting to achieve the proper length. The cost of each process is dependent on 

the required tolerance. In general, the cost of a single fabrication process increases with 

tighter tolerances (Thornton and Tata 2000, Soderberg et al. 1999, Gerth 1997, Henzold 

1995, and Chase and Parkinson 1991).  

For this example, assume for simplicity that for all the processes, cost as a function of 

tolerance, is a step function because at certain threshold tolerances, additional preparation 

and materials are required. An example would be installing a new and straight (i.e., not 

worn) drill bit more frequently, or setting up guides to help support the piece. For the 

drilling, assume that to achieve a ± 0.05 unit tolerance on the dimension to the center of a 

hole costs C, to achieve smaller costs 2C, and to achieve a tolerance of ± 0.75 units or 

greater costs C/2. For punching, assume that to achieve a ± 0.15 unit tolerance on the 

dimension to the centerline of a square hole costs C, to achieve smaller costs 4C, and to 

achieve a tolerance of ± 0.75 units or greater costs C/2. For cutting, assume that to 

achieve a ± 0.10 unit tolerance on the dimension from a straight line to any point on the 

cut face with a straightness tolerance of 0.05 is C, to achieve smaller for either the size or 

the straightness costs 3C, to achieve a tolerance of ± 0.75 units or greater on the 

dimension costs C/2, and increasing the straightness tolerance has no impact on cost. 
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First, from the sensitivity analysis already done, the sensitivities of α to variation in 

all the component variables Xi are equal. Remember, the sensitivities are the partial 

derivatives of the assembly equation and functions of the nominal geometry. Therefore, a 

reduction or increase in the tolerance for any of the features will have the same impact. 

When the sensitivities are different, it is often useful to concentrate on keeping the 

tolerance for the features with the largest sensitivities small and increasing the others 

(Chase 1999, Soderberg et al. 1999, Gerth 1997, and Chase and Parkinson 1991). For this 

case, any reduction in one feature tolerance can be allocated by an equal increase in 

another feature tolerance without changing the variation in α. Note that the tolerance on 

component variable X3, the space between features “b” and “c” can be reduced to ± 0.05 

from ± 0.10 without increasing the cost. This allows the tolerance on component variable 

X6, the size from the centerline of the square hole to any point on feature “f”, to be 

increased from ± 0.05 to ± 0.10, reducing the cost of cutting from 3C to C. Here, the re-

allocation of feature tolerances reduced the cost of the overall fabrication of the part. 

2.14   Inconsistent Tolerance Loops 

Tolerancing of a design given multiple functions from different perspectives as well as 

manufacturing and inspection considerations can result in over-specified or over-

constrained designs (Davidson et al. 2004 and Tsai and Cutkosky 1997). A design is 

over-specified when more than one chain of tolerances impacting the same degree of 

freedom (DOF) connects the same two features, thereby forming a tolerance loop. This 

is equivalent to saying that the tolerance for a critical dimension, connecting the starting 

and ending features of a tolerance chain, is specified along with the tolerances for all the 



 66 

individual features in the chain instead of being a dependent variable (Tsai and Cutkosky 

1997). Often these loops are unknowingly formed and – if not identified and checked – 

can be inconsistent.  

A loop is consistent for a given critical dimension if the variation in the critical 

dimension, as determined by a variation analysis on the loop with the critical dimension 

as the dependent variable, does not exceed the specified tolerance for the critical 

dimension. Otherwise, the loop is inconsistent for that critical dimension. The 

consistency of the loop can be dependent on which tolerance constraint in the loop is the 

critical dimension. In an over-constrained loop, theoretically any tolerance constraint can 

be the critical dimension. If the fabrication or assembly process is given, the feature on 

which you start and the directions you traverse the loop is determined by the sequence of 

feature fabrication within a part or the sequence of assembly of parts (Tsai and Cutkosky 

1997). 

Inconsistent loops are particularly problematic because they can be unknowingly 

created and remain unnoticed during fabrication and assembly, causing failure to meet 

tolerances in the critical dimension. Designs should be checked using variation analysis 

for inconsistent loops, which then should be eliminated by changing the nominal 

geometry, the tolerance allocation for a given manufacturing or the assembly sequence or 

the sequence for a given allocation. If the intent of keeping inconsistent loops in the 

design is to give the manufacturer flexibility in deciding the sequence of fabrication and 

assembly and/or how to allocate feature tolerances to achieve a consistent design, then 

potential inconsistent loops for various critical dimensions should be flagged in the 

design documents to ensure the manufacturer is aware of them. 
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2.15  Vectorial Dimensioning and Tolerancing (VD&T) 

The vectorial dimensioning and tolerancing (VD&T) system is an alternative 

specification system to the geometric dimensioning and tolerancing (GD&T) system that 

is more easily related to data generated by coordinate measuring machines (Henzold 1995 

p. 77). In VD&T, the form tolerance zone is very similar to GD&T. However, VD&T 

does not define zones for orientation and location. In the VD&T system, orientation, and 

location are more akin to linear and angular size tolerances (figure 2.15-1). In VD&T, the 

location and orientation of the nominal geometry is specified by vectors within a given 

DRF for the feature with three datum. 

 

Figure 2.15-1: VD&T System (Henzold 1995) 
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In VD&T, ‘Local Form Deviation’, ‘Orientation Deviation’, and ‘Location Deviation’ are 

assessed relative to a ‘Feature’s Substitute Element’ representing the feature’s nominal 

form (figure 2.15-1). A substitute element is determined from a feature by the Gaussian 

(least sum of squares of deviations) algorithm (Henzold 1995 p. 82). The Gaussian 

algorithm produces different results than the minimum requirement in GD&T for locating 

and orienting a feature’s nominal form. In figure 2.15-1, the feature’s nominal form, 

represented by the ‘Feature’s Substitute Element’, is a line. Therefore, the ‘Feature’s 

Substitute Element’ is the best fit line through the ‘Feature’ as determined by the least 

sum of squares of deviations (RSS).  

Like the GD&T system, the ‘Local Form Deviation’ is the maximum distance from 

any point on the ‘Feature’ to the ‘Feature’s Substitute Element’, as measured 

perpendicular to the ‘Feature’s Substitute Element’. The ‘Total Form Deviation’ is the 

maximum distance between any two points on the ‘Feature’, as measured perpendicular 

to the ‘Feature’s Substitute Element’ (figure 2.15-1). The form tolerance and tolerance 

zone are the limits on the range of the ‘Total Form Deviation’ centered on the ‘Feature’s 

Substitute Element’ (Henzold 1995 p. 87). 

For VD&T, a unit vector within the feature’s datum reference frame (DRF) defines 

the nominal orientation of the feature; one could also say that the ‘Nominal Geometry’ 

defines a unit ‘Nominal Orientation Vector’ in the feature’s DRF. The ‘Feature’s 

Substitute Element’ defines a unit ‘Substitute Orientation Vector’. The direction of the 

orientation vector depends on the feature’s nominal form. For planar surface features, the 

nominal and substitute orientation vectors are perpendicular to, and in the direction of, 

the outer face of the nominal and substitute planes respectively, i.e., the normal vectors of 
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the planes. For linear features, the nominal and substitute orientation vectors are along 

the nominal and substitute lines or axes respectively (Henzold 1995 p. 85).  

In figure 2.15-1, the ‘Nominal Geometry’ is parallel to the x-axis of the datum 

feature’s coordinate system, i.e., the ‘Datum Feature’s Substitute Element’ and thus has a 

‘Nominal Orientation Vector of (1, 0, 0). In the same figure, the ‘Substitute Orientation 

Vector’ is a unit vector parallel to the ‘Feature’s Substitute Element’. The ‘Orientation 

Deviation’ is the difference between the ‘Substitute Orientation Vector’ and ‘Nominal 

Orientation Vector’. The deviation can also be described as the angle measured between 

the ‘Nominal Geometry’ and the ‘Feature’s Substitute Element’ (figure 2.15-1).  

The orientation tolerance is the difference between the maximum allowable 

orientation deviations given as component vectors. The orientation tolerance can also be 

stated as the difference between the maximum allowable angles between the ‘Feature’s 

Substitute Element’ and the ‘Nominal Geometry’. Orientation tolerances are given by 

limits on deviations from nominal in two of the DRF coordinate directions. The deviation 

in the third is determined by the fact that ‘Substitute Orientation Vector’ has a magnitude 

of 1 (Henzold 1995 p. 86). 

A feature’s nominal and substitute element locations are defined by vectors from the 

‘Datum Feature’s DRF Origin’ to the ‘Feature’s Nominal Origin’ and ‘Substitute 

Element’s Origin’ respectively (figure 2.15-1). The ‘Location Deviation’ is the difference 

between the ‘Substitute Location Vector’ and nominal location vector. The ‘Location 

Deviation’ can also be described as the distance from the ‘Feature’s Nominal Origin’ to 

the ‘Substitute Element’s Origin’ (figure 2.15-1). The ‘Feature’s Nominal Origin’ and 

‘Substitute Element’s Origin’ depend on the feature’s nominal form.  
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For a sphere or other feature with a center point, the feature’s nominal and substitute 

origin are at the center of the nominal and substitute feature respectively. For point 

features, the feature is the substitute element and the nominal and substitute origin. For 

linear features, including axes, the ‘Feature’s Nominal Origin and ‘Substitute Element 

Origin’ are at the respective intersections of, the ‘Nominal Geometry’ and ‘Feature’s 

Substitute Element’, with a plane, that is: defined by two of the Datum Feature’s DRF 

axes, neither of which can be parallel to either the ‘Nominal Geometry’ or ‘Feature’s 

Substitute Element’; and located by a nominal coordinate along the third datum feature 

DRF axis. In figure 2.15-1, the two axes defining the plane are datum feature’s DRF Y- 

and Z-axes oriented up and out of the page respectively and the nominal coordinate is 0 

along the datum feature’s DRF X-axis (i.e., the ‘Datum Feature’s DRF Origin’). Note, the 

nominal and substitute origins of a linear feature will always lie within this same plane 

meaning that the location deviation can only occur within that plane (e.g., in only two of 

the coordinate directions).  

For planar features, the feature’s respective nominal and substitute origins are the 

intersection between the nominal or substitute plane and a line parallel to one of the 

datum feature’s DRF axes and located by nominal coordinates in the other two datum 

feature’s DRF axes. The nominal and substitute origins of a planar feature will always lie 

on this line meaning that the location deviation can only occur on this line (e.g., in only 

one of the coordinate directions).  

The location tolerance is the difference between the maximum allowable location 

deviations given along the three component axes of the datum feature’s DRF. Location 

tolerances are given by limits on deviations from nominal along each of the DRF 
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coordinate directions in which deviation can occur for the toleranced geometry type 

(point, line, or plane) (Henzold 1995 p. 85). 

In VD&T, preferably only circular features such as circles, cylinders, spheres, and 

tori have a nominal size defined by their nominal radius and a substitute size defined by 

the radius of the substitute feature. Size deviation is the difference in the magnitude of the 

substitute and nominal radii (Henzold 1995 p. 84). Instead of defining sizes for 

rectangular features, in VD&T, the edges of planar surfaces are preferably defined by 

their intersection with other surfaces and the ends of lines are preferably defined by their 

intersections with other lines or planes.  

In the VD&T system, size, form, orientation, and location deviations are additive 

instead of hierarchical (Henzold 1995 p. 93). Figure 2.15-1 shows the cumulative effect 

of form, orientation, and location deviations. For the cumulative effect of size, form, 

orientation, and location deviations, imagine a cylindrical hole in a block and:  

1. move the location of the substitute element’s origin (on its axis) within the 

location tolerance,  

2. rotate the substitute element’s axis about the substitute origin within the 

orientation tolerance,  

3. vary the size of the cylindrical hole on its moved and rotated axis within the size 

tolerance and then,  

4. superimpose the form tolerance zone between two concentric cylinders over the 

surface of the hole.  

The different tolerances are also independent instead of hierarchical. Each tolerance only 

controls the characteristic that defines it. For example, VD&T location tolerances only 

limit location deviations, not location, orientation, and form deviations as with GD&T 
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(Henzold 1995 p. 93). The independency of VD&T in some ways makes it conceptually 

easier to understand and lends itself better to mathematical representation and process 

control then GD&T. However, it makes it more difficult to express common functional 

requirements while maintaining flexibility in how those requirements are met in terms of 

the distribution of variation among the different characteristics (Henzold 1995 p. 104). 

Envelopes or virtual boundaries can be applied in the VD&T system to limit the overall 

combined impact of the various characteristics (Henzold 1995 p. 91 and Salomons et. al. 

1995). However, limits on the relationships between sub-groups of characteristics remain 

undefined, given the independence of the tolerance characteristics. For example, if the 

combination of form and orientation deviations impact function, irrespective of size or 

location, the relationship cannot be expressed in the current system. 

2.16  Tolerancing Principles 

Several principles and good practices for specifying tolerances (list follows) are either 

explicitly defined or implied in the manufacturing tolerance standards and literature. The 

principles help to ensure that: the functional, manufacturing, and inspection intents are 

clear; the individual specifications form a consistent set of specifications with clear intent 

and priority; the specifications are realistic in the sense that they are producible and 

measurable; and unnecessary accumulation is minimized.  

1. A feature or part should be completely toleranced. Nothing is made perfectly; 

plans and specifications should specify dimensional and geometrical tolerances 

needed to limit permissible variations of every characteristic (size, form, 

orientation, location) of every feature either directly or indirectly by a hierarchical 

relationship or relationship as a dependent variable (Davidson et al. 2004 and 
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Henzold 1995 p. 179). Tolerances are a communication of design, manufacturing, 

and inspection intent. Therefore, tolerance specifications should also be complete 

in the sense that the intent is unambiguous (Tsai and Cutkosky 1997).  

2. Every specified tolerance must be met independently unless one of the 

envelope relationships is specified (Henzold 1995 p. 182). This principle, called 

the principle of independency and found in ISO 8015, is intended to deal with 

tolerances of different characteristics, but it also applies to multiple tolerances 

over the same characteristic. Multiple tolerances are sometimes specified over the 

same characteristic of a feature due to different functional considerations (Tsai 

and Cutkosky 1997 and Salomons et. al. 1995). When this happens the more 

restrictive tolerance can be missed or assumed to be an error. The principle helps 

prevent unintended accumulation by making it clear that all tolerances apply and 

the most restrictive will govern. 

3. Datum should be minimized within a tolerance loop. The part in figure 2.9-1 

employed chain dimensioning which effectively made each feature a datum for 

the next from ‘a’ to ‘f’. If function permits, it would be better if each feature was 

dimensioned and toleranced from datum ‘A’ as baseline dimensions. The result on 

the assembly equation would be that X2 through X6 would be eliminated and one 

new dimension X7 from datum ‘A’ to feature ‘f’ would be added, leaving only X1 

and X7 contributing to the variation in α. In general, using baseline dimensions, 

i.e., using the same datum for more of the dimensioning, tends to reduce the 

accumulation of tolerances in critical dimensions (Soderberg et al. 1999 and Gerth 

1997). 

4. Datum features with less variability (higher quality) should be selected where 

function permits. If a feature that is highly variable with respect to a DRF is used 

as a datum for fabrication, then the feature toleranced from that datum will be 

even more variable with respect to the same DRF. The variability of the 

toleranced feature to the DRF is the accumulated tolerance for the feature and the 

datum feature relative to the DRF (Soderberg et al. 1999 and Gerth 1997).  
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5. Datum that are more robust for a given critical dimension should be selected 

where function permits. Often different datum can be used to specify the 

location or orientation of a feature and capture the required function. Given the 

geometry of the part or assembly, the critical dimension may be more sensitive to 

variation in one set of datum than a different set as reflected by the partial 

derivatives in the respective assembly equations. A set of datum is more robust if 

the critical dimension is less sensitive to variation in that set of datum than an 

alternative set of datum. Often the robustness of the datum can be assessed simply 

by looking at or experimenting with the geometry before design parameters are 

fixed allowing this principle to be applied during the initial design iteration 

(Soderberg et al. 1999 and Cai, et al. 1997). The same principle of robustness can 

also apply to the selection of nominal values for the geometry. The principle is 

based on Taguchi’s general principle of robust parameter design (Chase and 

Parkinson 1991). 

6. Select connection types that eliminate large variations contributing to the 

critical dimension in the assembly equation. Sometimes variations in certain 

degrees of freedom can be eliminated by selection of connections that are free to 

move in that DOF during assembly (Chase 1999). Like datum robustness, often 

the benefit of different connection types can be assessed simply by looking at or 

experimenting with the geometry before design parameters are fixed allowing this 

principle to be applied during the initial design iteration. 

7. Tolerance analysis should be done to ensure variations in dependent critical 

variables are acceptable. If they are not, design should be modified until they 

are acceptable (Gerth 1997, Soderberg 1997 and Chase and Parkinson 1991).  

Similarly, analysis should be done to identify over-constrained loops and ensure 

that they are consistent (Tsai and Cutkosky 1997). If the loops are not consistent 

the design should be modified so that it is, or the loop should be clearly labeled as 

inconsistent. 

8. Last, functional tolerances should be specified such that the implied sequence 

of fabrication, fabrication methods, and inspection methods are achievable 
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and reasonable where possible (Thornton and Tata 2000, Soderberg et al. 1999, 

Gerth 1997, Tsai and Cutkosky 1997, and Chase and Parkinson 1991). It is often 

the case that the function of a part dictates that a feature be specified from a 

particular datum (Davidson et al. 2004, Gerth 1997, Tsai and Cutkosky 1997, and 

Henzold 1995). Sometimes due to the geometry of the part, the datum feature 

cannot be used to support, locate or orient the part for fabrication of the feature or 

be used to inspect a feature’s deviation (Gerth 1997 p. 95 and Henzold 1995). For 

example, the datum may be an internal feature of the part. Sometimes due to 

practical limitation in the fabrication shop, the datum feature may not be 

fabricated yet when a feature that is toleranced from that datum feature is to be 

fabricated. Sometimes the datum is too small to provide an accurate reference 

from which to measure. Where function permits, these situations should be 

avoided by selecting alternative datum from which to tolerance the feature (Gerth 

1997, Tsai and Cutkosky 1997, and Henzold 1995). This is equivalent to saying 

that every specified tolerance should preferably be able to be directly controlled 

or inspected using reasonable fabrication and inspection processes (Gerth 1997 

and Tsai and Cutkosky 1997). Under this same principle, where a choice must be 

made between which tolerances to directly control, preference for direct control 

should be given to the tolerances that have a greater impact on higher priority 

functions (Gerth 1997). The principle also implies that functional tolerance 

magnitude should have a basis in manufacturing process capability. The tolerance 

must be producible, i.e., there must be a process with sufficient process capability 

to meet the specified tolerance (Thornton and Tata 2000, Soderberg et al. 1999, 

Henzold 1995, and Chase and Parkinson 1991). If a specific process is specified 

the CP should be acceptable for the proper functioning of the manufacturing 

system. 

2.17 Conclusions  

Manufacturing tolerance management is an area of ongoing research that has helped 

generate significant improvement in the manufacturing industry over the last 30 years.  
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Dimensional and geometric tolerance management is a combination of tolerance or 

variation description, representation, analysis, allocation, measurement, process control, 

and design principles for a production system parameter. Together, these elements 

represent a manufacturing tolerance theory that both presents a cohesive set of definitions 

and relationships, and provides a discrete set of rules for tolerance application. Many 

more details can be found in the literature on all aspects of tolerance management. 

However, the basic concepts of tolerance management described herein provide the 

vocabulary used in this dissertation. More importantly, these concepts must be defined 

and understood in order to apply tolerance management to civil systems and to evaluate 

its potential to create similar improvements in the civil industry. Specific methods for 

tolerance management will be discussed and compared in more detail for their 

appropriateness for civil application based on the differences between manufacturing and 

civil systems. 
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3 Review of Tolerance Management in Civil 
Systems 

The history of tolerances in the AEC industry is a little different from manufacturing. 

Manufacturing tolerance specification grew out of a focus on the assembly to facilitate 

interchangeable parts and move away from craft production, while the AEC industry in 

many ways remains a craft industry. Tolerance specification in AEC is primarily used to 

communicate functional requirements and design assumptions more so than assembly 

considerations.  

By the 1970’s, tolerance specifications were distributed both among different AEC 

industry standards and within each standard based on the component being toleranced. 

The tolerances in the standards were, and are, most often based on consensus opinion of 

the committee participants – not on data. The industry’s tradition, which is still found in 

practice for dealing with assembly concerns, is to rely on craftsmen to custom-shape 

components to work with each other, much the same as manufacturing before 

interchangeable parts. Around the same time that tolerance specifications were 

distributed, multiple organizations were beginning to consolidate tolerance specifications 

spread throughout their individual standards into one section in order to address 

increasing issues related to conflicts and interactions between tolerances. The revised 

standards stated the need to coordinate tolerances between adjacent components and 

check for accumulation of tolerances in critical dimensions.  

Practitioners, however, frequently lack an understanding both of how component 

tolerances are related and how they accumulate. As a result, practitioners tend to ignore 
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tolerances, continuing instead to rely on craftsmanship. Meanwhile, at the same time in 

manufacturing, the ASME tolerancing standard was updated to include geometric 

tolerances; statistical tolerance analysis and computer-aided tolerancing were already 

being used. The lag in the development of tolerance concepts in AEC is due to the focus 

on tolerance specification, industry fragmentation, and a lag in the adoption of production 

concepts of quality management, systems engineering, and Lean Construction. 

3.1 AEC Literature on Tolerances 

There is little literature that deals directly with geometric dimensioning and tolerancing 

(GD&T) management in construction. What literature is found is consistent in the 

opinion that consideration of tolerances is important to project life-cycle performance 

(Birkeland et al. 2003, Milberg et al. 2002, Palmer et al. 2001, Walsh et al. 2001, AISC 

2000, Septelka et al. 2000, Tsao et al. 2000, Ballast 1994, CII 1993, PCI 1992, O’Connor 

1989, and Feld 1968). In most cases, however, it took a degree of interpretation by the 

author to identify commonalities in the problems discussed, and to then identify those 

problems as tolerance-related, a process which was aided by increasing knowledge and 

exploration of the manufacturing literature and interviews with contractors during the 

research process. Tables 3.1-1 to 3.1-2 represent the author’s distillation of the stated 

problems in the above literature, which the author identified as tolerance-related, their 

impacts, and their suggested solutions. 
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Tables 3.1-1: Tolerance problems and resulting impacts identified in AEC literature 

PROBLEMS: 

Product and Process Inconsistency:  

• Disparity between the recommended tolerances found in codes, standards, and 
specification for AEC and the typical process capabilities of AEC fabricators and 
contractors. 

• Disparity between the design tolerance specification and the specified or selected 
construction process capability. 

• Lack of detailed explicit data on industry process capabilities. 

• Lack of incorporation of construction process capability knowledge in design. 

• Specifications of unnecessarily tight tolerances and thus unnecessarily expensive 
processes. 

• Specification of unnecessarily tight tolerances to attempt to force better process capability. 

Insufficient Understanding: 

• Ignorance of AEC professionals to the tolerances in the codes, standards, and 
specifications. 

• Specification of tight tolerances to transfer risk because don’t know how to evaluate risks.  

• Lack of education, training, and procedures within AEC design for selection and 
integration of tolerances from various codes and standards for a project design. 

• Lack of understanding of the nature of tolerance accumulation (stacking). 

• Lack of feedback from construction and inspection to design on when and where 
tolerances are not met. 

Specification Inconsistency 

• Inconsistency between the tolerances specified within and between the codes, standards 
and specifications. 

Insufficient Specification Standards: 

• Ambiguous tolerance designation and interpretation. 

• Lack of clear design intent. 

• Inconsistency in the presentation of tolerances within and between the codes, standards and 
specifications. 

RESULTING IMPACTS: 

• Miscommunication among project participants. 

• Adversarial relationships among project participants. 

• Litigation. 

• Increased construction costs and schedules. 

• Poor quality or failure in the final product. 

• Increased rework, scrap, inspection, and processing. 

• Inefficient construction processes selection. 

• Contractors ignoring the tolerance specifications. 

• QA/QC efforts not taken seriously. 

• Persistence of unrealistic or suboptimal tolerance design specifications. 

• Later life-cycle evaluations on the performance of the structure that are incorrect due to 
poor assumptions regarding the original geometry. 
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Table 3.1-2: Tolerance solutions identified in AEC literature 

SUGGESTED SOLUTIONS: 

Concurrent Engineering (CE) and Constructability programs that: 

• Check to ensure there are acceptably priced process capabilities to match the potential 
tolerance specification at varying stages of design. 

• Identify manifestations of tolerance problems that have occurred in the past on similar 
designs. 

• Identify potentially tight tolerances on the plans as areas on which to focus communication 
between project participants to ensure that the tolerance specification is understood (i.e., 
intent is communicated) by downstream participants and that the problems encountered 
during execution are understood by upstream participants (i.e., feedback) (Suitar et. al 
2003). 

Specifications regularly updated to: 

• Reflect industry process capability data. 

• Improve details to remove ambiguities in interpretation and intent. 

• Avoid specifications with double dimensioning and with properties that cannot be directly 
inspected. 

• Unify formats of tolerance designation and specification. 

• Describe interactions between specific sets tolerances. 

Design guides and codes updated to: 

• Describe tolerance stacking for certain sets of tolerance specifications.  

• Describe procedures for evaluating specific inconsistencies for certain sets of tolerance 
specifications. 

Application of tolerance mitigation strategies including: 

• Adding a factor of safety to process capabilities presented in the codes and specifications. 

• Redesigning or allocating the tolerances for components to meet the specified or available 
process capabilities, preferably based on an economic evaluation. 

• Redesigning the process steps to improve the process capability to meet the specified 
tolerances, preferably based on an economic evaluation. 

• Redesigning the product to eliminate or decouple tolerance interactions by including the 
following in the design: clearances, increased clearances, adjustable parts, adjustable 
connections, overlapping connections, and filler materials. 

A single reference for construction related tolerance specifications including a description of 

the principle of statistical tolerances. 

Collection and documentation of industry process capabilities. 

 

In addition to reviewing the literature, the author also went into the field to observe 

current AEC practice for examples of strategies and received traditions for dealing with 

geometric variation. Examples shown in the table in Appendix F, illustrate such tolerance 
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strategies. Though these strategies are often applied in AEC, there is no evidence that 

there is a systematic method for selection or application of these strategies. To the 

contrary, discussions with contractors and designers indicated these strategies are applied 

based on experience and received tradition with little or no conscious association with 

tolerances. The author believes that sometimes a less efficient strategy is applied or that 

strategies are applied to the wrong components. With improvements in process capability 

it is also possible some strategies may no longer be required but may continue to be used 

unknowingly. 

3.1.1 Limitations in Current Construction Tolerance Research 

As discussed, the literature does note problems in AEC that are, in fact, tolerance-related. 

However, unlike manufacturing, none of the literature provides a theory of tolerances to 

explain how they interact with the system, nor does it recommend a general methodology 

for dealing with all tolerance problems. As a result, tolerance problems still persist. The 

solutions recommended in the literature fail to address tolerance problems because: 

1. They represent specific solutions or tools for specific sets of tolerances or 

tolerance specifications and present neither a general solution, nor tools for any 

set of tolerances or tolerance specifications. 

2. They do not provide a methodology for selecting from present solutions or 

generating new solutions based on an identified, potential tolerance problem. 

3. Many of the solutions, in particular increased process control, process capability 

improvement and product redesign, can be costly. 

4. There is no methodology presented for evaluation and selection among alternative 

tolerance allocations based on the resultant project performance. 
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Identification of problems does not necessarily provide guidance for solutions, especially 

if there is no theory to explain why the problems occur and how they interact with the 

system. Matching tolerance specifications and process capabilities is difficult without 

clearly defined process capability data. However, process capability information is still 

tacit. There is still insufficient process capability data and that data does not include 

information about the factors that may influence the results from one job to the next. 

Communication may help prevent miscommunications, but it will not solve problems 

inherent in the design of the product or process. 

The updated specifications lack a theory of tolerances to guide improvements or 

identify incomplete specifications. Therefore, tolerances in most cases are still embedded 

throughout the specifications, lack clarity and uniformity, do not reflect industry process 

capabilities, and are not integrated for consistency. Integration for consistency is left up 

to the project designer, who is still unaware of the tolerance specifications contained 

within the standards and the fact that the specifications can conflict, and wouldn’t know 

what to do if they did conflict.  

3.2 Related AEC Literature 

Almost all the current tolerance techniques found in manufacturing are intended to aid 

integration of process/production information and considerations into the product design. 

Such integration is referred to as Concurrent Engineering (CE) (Prasad 1997, 1996). 

Similarly, the incorporation of process information into project design in AEC is found in 

research on Constructability, Concurrent Engineering in Construction (CEC), Lean 

Construction (LC), Quality in Construction (QiC), and other research efforts.  
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The benefits of these efforts are well established. Each of these research areas has at 

least mentioned the impact tolerances can have on project performance in terms of 

quality, cost, productivity, serviceability, constructability, operability, maintainability, 

and/or work-flow. A few have indicated the importance of including tolerance 

considerations in project design and planning. Yet none have suggested strategies or 

methodologies for doing so. Although tolerances are not the main focus of these research 

efforts, their review provides insight into: 

1. Means of understanding and evaluating the impacts of tolerances. 

2. More potential solutions to tolerance problems. 

3. Benefits and drawbacks of potential geometric dimensioning and systems 

(GD&T) solutions. 

4. Important characteristics for any GD&T solution for AEC systems. 

5. Integrating of tolerance considerations with other design constraints. 

6. How, when, where, and why to apply GD&T management techniques. 

These research areas are discussed to illustrate how tolerance management fits within or 

builds upon their theories and frameworks. 

3.2.1 Constructability 

Constructability, defined as the application of construction knowledge to project design, 

may, in the author’s opinion, be thought of as one part of Concurrent Engineering (CE) 

focusing exclusively on the application of construction knowledge to all life-cycle 

considerations. One aspect of construction knowledge is information about construction 

process capabilities, which are a critical part of tolerance management. Additionally, 
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Constructability research identifies tolerances as a potential problem needing to be 

checked as part of the constructability program (CII 1993).  

O’Connor (1989) noted that tighter tolerances result in higher costs, a principle 

considered common knowledge in Manufacturing and also hinted at in other AEC 

literature (Shneur 2003, Carter et al. 2000, and Septelka et al. 2000).  Identification of 

tight tolerances is often part of constructability reviews (CMAA Constructability Course 

2003). However, no tolerance analysis tools are provided to evaluate a design for 

tolerance consistency, or to determine where tolerances could be loosened. Another 

critical part of constructability reviews is coordination of the design documents to prevent 

interferences among components (CII 1993). However, these checks ignore the fact that 

components will not be exactly where they are shown on the plans due to tolerances and 

other factors. 

Constructability practices also include pre-fabrication, pre-assembly and 

modularization. Research on pre-fabrication and pre-assembly has noted that pre-

fabrication reduces some of the environmental variations associated with construction by 

moving them into the shop, thus reducing the associated tolerances. Tolerance 

management would aid in determining if such reductions add value to the project. 

Research focusing on application of modularity, pre-assembly, and pre-fabrication has 

acknowledged the need to consider tolerances associated with the interface of modules or 

pre-fabricated components to other components when evaluating potential alternatives 

(CII 1993). However, the CII research has neither focused on tolerances as a way of 

defining the boundaries for modules or pre-fabricated/assembled parts, nor on the 



 85 

application of tolerance analysis to evaluate module and pre-fabricated/assembled part 

interfaces.  

Constructability research has identified that Constructability efforts have the greatest 

benefit when applied from the start of design (CII 1993). This implies the same may be 

true of tolerance management efforts as well. Constructability research may also help in 

evaluating the impacts that tolerance solutions may have on project goals. 

Constructability research focuses on identifying factors and aspects of a design that may 

impact project performance during construction. Identifying which of those factors are 

associated with tolerance problems or tolerance problem solutions will help us evaluate 

alternative tolerance solutions by identifying tradeoffs with other project performance 

considerations. 

3.2.2 Concurrent Engineering (CE) 

Application of tolerance considerations in product design is a Concurrent Engineering 

(CE) process. Current tolerance management research in manufacturing is driven in part 

by CE principles, and tolerance management tools are an integral part of CE. From 

Prasad (1997 and 1996), for example: 

1. Geometric tolerance tools aid in nine out of Prasad’s (1997) “ten commandments 

of integrated product development deployment.”  

2. Selection of tolerances is considered part of better design and better 

representation for design capture.  

3. Product and process data exchange and manufacturing data collection and control 

are both strategic tools of CE. 
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CE principles related to application of tolerance analysis include (Ulrich et. al. 2000 and 

Prasad 1997 and 1996): 

1. Tolerance management tools should be applied as early as possible in the product 

and process design process to identify potential interferences, interdependencies, 

and tradeoffs. 

2. Tolerance analysis checks should be applied at all phases of design, planning, 

execution and control. 

3. Tolerance mitigation through product and process design is preferable to 

mitigation through process capability improvement, process control, error 

proofing, and inspection. 

4. Tolerance considerations must be evaluated along side and integrated with a host 

of other design for x-ability considerations.  

5. All reduction of variability (which includes variability due to tolerances) is 

beneficial. 

6. Variability is reduced by standardization and modularity.  

7. Clarity of functional intent (thus tolerance specification) is critical to successful 

design and must be transparent at all design, planning, execution and control 

phases. 

8. Modeling and understanding product assembly or aggregation (bottom up) is 

equally as important as product decomposition and function deployment (top 

down) (Tolerance analysis and synthesis). 

9. Identifying the type and source of variation (tolerance) is the first step in 

reduction. 

10. Minimization of interfaces helps reduce propagation of variation (accumulation of 

tolerances). 

11. Robust design principles for tolerance design should be employed. 

12. Design alternatives should be identified more often. 

13. Tolerance decisions should be considered from a systems point of view, 

evaluating tradeoffs. 
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14. Datum selection is a first step in tolerance design. 

15. Process mapping, simulation and graphical representation, and animation are all 

important tools in process analysis. 

16. Establishing and documenting process capabilities are important to tolerance 

design. 

17. Transparency of information and process aids system performance and decision 

making. 

18. Well-documented process procedures and process capabilities are critical to 

tolerance design. 

19. Product models should have multiple representations that serve analysis from 

multiple perspectives and thus integration of perspectives. 

20. Tolerance stacking considerations are equally important as individual tolerances. 

 

Despite the importance of tolerance considerations in CE, some CE researchers feel the 

current tools for tolerance management are not ready for use for incorporation and 

facilitation of concurrent design (Trabelsi and Delchambre 2000). Prasad (1996) also 

acknowledges the limitations of current tolerance tools and states, “One of the major 

problems in functional tolerancing is lack of knowledge concerning the relationships 

between tolerance types and functions.” Good models must identify interactions between 

interdependent components. 

The following list provided by Prasad (1996) states that key information to support 

analytical models of functional design should include: 

• Mechanisms to explicitly represent the artifact’s functional requirements and to 

link them to the associated geometrical elements 

• Means of checking the internal consistency of the physical features of the object 

• Ways to adequately define the topology of the object (feature recognition) 
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• Means of evaluating the design for assembly and disassembly (DFX) violations 

• Consistency and adequacy tests for selective assembly, part mating, and tolerance 

stack-up 

• Criterion to compute assembly clearances under working (loaded or stressed) 

conditions 

• Ways to specify tolerances and surface finishes 

• Means of checking against under- or over-dimensioning 

The tolerance management tools discussed in the manufacturing literature are the best 

tools available to provide this key information. Although the tools cannot presently 

model with accuracy all the desired functional aspects of certain designs, they are able to 

model many of the aspects and approximate others. The importance of this information to 

design practice is not questioned. 

3.2.2.1 Concurrent Engineering in Construction (CEC) 

Concurrent Engineering in Construction (CEC) is the application of CE to the 

construction industry and is still a developing field hampered by the fragmentation of the 

construction industry. With the exception of one paper by the author, CEC has not 

focused directly on tolerances (Milberg and Tommelein 2002). The relevant topics in 

CEC are how, when and in what form information from all lifecycle phases is generated, 

gathered, shared, combined and processed to facilitate optimal project production from 

concept to use. In CEC, the design process is facilitated by the availability of lifecycle 

information and knowledge of the interrelationships between project components, 

processes and participants at the earliest stages of project design.  

To make effective use of tolerance management tools in construction we must first 

understand:  
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• what information the tolerance management tools require,  

• what information the tolerance management tools can provide, and  

• what interrelationships within the project production system are impacted by 

tolerances.  

All three are goals of this research. Armed with that information, additional research 

from CEC can be used to help define methodologies for application of the tolerance tools, 

the best format for information generated by the tolerance management tools and the 

ways to integrate that information with other lifecycle design consideration (Tommelein 

2002). 

3.2.3 Quality in Construction (QiC) 

Study of tolerances and process capabilities is also a subset of the study of quality. The 

study of quality in construction (QiC) has lagged behind the study of quality in 

manufacturing, though the importance of documenting process procedures and 

capabilities has been identified (Walsh 2001). However, the focus for QiC related to 

tolerances is on process capability improvement and control – not on the way in which 

tolerances combine to exceed the specifications (Bea 2002 and Kubal 1994). The focus is 

on process rather than the interfaces both between the processes and between the 

components. This focus is reflected by practitioners as well. Some practitioners have a 

reasonable grasp and appreciation for the need to monitor and improve a single process 

capability in order to achieve the tolerance for the component being produced but have 

little understanding of how to control assembly tolerances (Tipping 2005a). 

Strategies for quality assurance and control (QA-QC) in construction target the 

mitigation of the propagation of negative variation (error) by preventing out-of-
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specification parts from becoming part of the assembly or by preventing an out-of-

specification assembly from being added to before it is corrected. QA-QC strategies for 

construction do not include tolerance principles for product and process design to 

mitigate the accumulation of negative variation as is found in manufacturing (Kubal 

1994). Though the techniques used are narrow in their view of improvement, they still 

identify tolerance problems, and capture process procedures and capabilities related to 

tolerances. This information is critical to the application of tolerance analysis and 

mitigation. Quality tools and techniques relevant to a methodology for application of 

tolerance management, many of which are also directly considered as tolerance 

management tools include (Gryna 2001, Pyzdek 1999, and Juran 1979): 

• Problem identification tools 

• Five whys 

• Fishbone diagrams 

• Pareto charts 

• Time analyses or defect-concentration analysis 

• Multivariate analyses 

• Correlation analyses 

• Process mapping tools 

• Process capability tools 

• Control charts 

• Process capability indices 

• Design of experiments 

• Six sigma goals for process capability improvement 

• Risk assessment 

• FMECA analysis 

• Reliability analysis 
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• Robust design – configuration, excess capacity, correlation, ductility 

• Yield and loss analysis 

• Inspection planning – when, where, what, and how much to inspect  

• Quality metrics for x-abilities - reliability, maintainability, safety, 

Constructability, etc. 

• Solution selection and integration matrices 

3.2.4 Lean Construction (LC) 

Lean Construction (LC) evaluates the AEC production system using the transformation, 

flow, and value (TFV) theory (Koskela 2000) discussed in the research framework. 

Koskela (2000) describes several principles for reducing waste for each of the three 

views. However, the different views can conflict; to integrate the views for a given 

project, waste from all three views are identified and tradeoffs in waste between the 

views are evaluated quantitatively. In considering all three views simultaneously over the 

entire project life-cycle, LC encompasses most of the concepts of Constructability, CEC 

and QiC. 

Research in LC identifies several principles that help reduce waste and generate 

value. Further benefits of, and direction for, application of tolerance management are 

determined by looking at how tolerance management supports these principles in addition 

to how it directly reduces waste. Table 3.2.4-1 compares concepts and principles of 

tolerance management from manufacturing and this research to the Lean principles for 

reducing waste and generating value, showing that the tolerance management concepts 

are subsets of Lean principles, or application of Lean principles to geometric variation 

and tolerances.  
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Table 3.2.4-1: Tolerance management applications of TFV principles 

Principle Tolerance Management (TM) Application 

Decompose the system 
into parts 

Tolerance allocation and network tools aid in achieving and describing 
system decomposition respectively. 

Minimize cost of parts Tolerance allocation tools are developed to allocate tolerances to minimize 
the sum cost of producing parts for a system. Process capability data 
relates tolerances to process cost. 

Buffer the parts Clearances and overlapping joints are the typical TM strategies for 
buffering tolerances. 

Reduce non-value adding 
parts 

Tolerance analysis, network tools, management strategies supporting 
datum minimization and elimination of unnecessary specifications reduce 
non-value adding parts and activities associated with tolerances. 

Reduce lead times Process capability data helps identify tolerance allocations impacting 
process duration and thus lead times. 

Reduce variability Tolerances and process capabilities are a form of variability and so TM 
tools and strategies aid in identifying, describing, and reducing the 
geometric variability. 

Minimize the number of 
steps, parts and linkages 

Datum minimization, connection selection and analysis of the assembly 
equation are essentially the same principle 

Increase flexibility Functional tolerances are designed to maximize flexibility while 
maintaining function. Other TM tools aid in generating product and 
process design alternatives for all stages in production adding flexibility.  

Increase transparency Tolerance analysis and networks describe the interrelationships among 
parts, capturing intent and increasing transparency. 

Ensure requirements 
capture 

Tolerance networks and specification standards are the medium for 
capturing tolerance requirements  

Ensure requirements 
flow-down 

Tolerance analysis is the flow-down of assembly requirement to individual 
components. Tolerance networks and specification standards are designed 
to aid flow-down through clearer communication of intent. 

Ensure 
comprehensiveness of 
requirements 

The rules for creation of tolerance networks, specification standards are 
designed to help ensure comprehensiveness of the specifications. 

Ensure capability of the 
production sub-systems 

Tolerance analysis ensures the capability of the individual tolerances to 
meet assembly tolerances. Checking process capabilities meets the 
required tolerances is a tolerance principle. 

Ensure value 
measurement 

Inspection and gathering process capability data are integral to TM. 

 

In LC, the process of decomposition, which includes integration of product and process 

considerations, is referred to as work structuring. The concept of work structuring is built 

from the fact that product and process design and all the components within a project are 

interdependent (Ballard et al. 2001, Tsao et al. 2000, and Ballard et al. 1999). The goal of 

work structuring is to increase value to the customer and reduce waste. 
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Research on work structuring has gone much further in the application of the 

Concurrent Engineering (CE) and LC manufacturing principles associated with 

tolerances than Concurrent Engineering in Construction (CEC) research. Tolerance 

management could provide valuable information for work structuring, but is 

unfortunately currently un-utilized. One such example is a case study on the installation 

of hollow metal door frames in precast cells (Tsao et al. 2004 and Tsao et al. 2000), 

which identified geometric dimensioning and tolerancing (GD&T) as a critical 

consideration for work structuring decisions and an underlying source of waste 

generation. The hollow metal door case shows that tolerance problems are a subset of 

work-structuring problems. Similarly tolerance information, considerations and tools help 

in work-structuring decisions.  

Without stating it as such, the case study actually conducts a one-dimensional 

tolerance analysis to identify the problem. The case evaluates different solutions to the 

tolerance problem. Several of the recommended solutions, though again not 

acknowledged as such, represented tolerance management strategies relating to the 

assembly function including: connection selection, process re-sequencing, process 

capability improvement, and modification of nominal dimensions combined with filler 

materials. However, these solutions were arrived at using the “5 Whys”, rather than 

tolerance tools. The goal of this dissertation is to develop a methodology for the 

application of tolerance management as one tool within work structuring to 

systematically identify solutions that employ tolerance strategies and that may otherwise 

be missed. In addition, the author’s research allows for evaluation of alternative work 
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structures from a tolerance perspective to avoid selecting solutions that have other 

tolerance problems. 

Although the hollow metal door case solutions represented tolerance strategies as 

mentioned above, they were not applied based on tolerance loop information. The 

difficulty with applying strategies without loop information is seen in the solution in 

which the door frame is cast directly into the pre-cast wall panel. This solution neither 

takes into account the different process capabilities for setting the plumbness of the door 

and the overall wall panel, nor the differences in their requirements for plumbness. Given 

the wall panel plumbness cannot be controlled as well as the door frame can be controlled 

when installed separately, and given the door frame may not be perfectly aligned with the 

wall panel when installed, the door will likely be more out-of-plumb and may hit the 

floor when opened, thereby preventing proper function. Such an example demonstrates 

the importance of using tolerance theory and tools as one basis for guiding the design of 

alternative work structures to ensure that they are robust to the inherent tolerances. Work 

structures derived from tolerance considerations may or may not be the best solutions, but 

the goal during conceptual design is not to miss a more viable alternative, and to have 

and evaluate alternatives from different perspectives to compare and combine. 

With the exception of simple one-dimensional analyses, current research in LC does 

not utilize tolerance analysis tools presented in this research when evaluating the 

tolerances specified for a given work structure. As a result, from a tolerance perspective, 

the evaluations are not complete. For each alternative, all the factors that contribute to the 

interrelationship between components and thus impact various lifecycle considerations – 

including tolerances – need to be identified for both better product and process design, as 
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well as a more efficient design process. The tolerance management tools proposed offer 

another way to generate alternatives and a systematic and a thorough way to identify 

geometric interrelationships between components. 

3.2.5 Conclusions 

As identified through the literature, interviews, and field observations, tolerances are a 

source of many complaints and inefficiencies associated with the AEC industry. 

Tolerance management is an integral tool for achieving the goals and implementing the 

principles of Constructability, CE, CEC, QiC, and LC that remains as of yet under-

utilized. A theory of tolerances and methodology for application of tolerance 

management tools is lacking in AEC literature, research, and practice. The research areas 

discussed provide insight into which tolerance management tools to apply and how, 

when, where, why, and in what form to apply them. A summary of insights for 

application of tolerance management based on the AEC literature includes: 

1. Problem/constraint identification and characterization is the first step. 

2. Tolerance specification should provide clarity of intent. 

3. System maps should support representation of as many viewpoints as possible. 

4. Graphical representations should be used when possible. 

5. Tolerance management tools should be applied early and often (all production 

phases) to identify more potential problems and solutions earlier. 

6. Tolerance management through design / work structuring is preferable to 

tolerance management through process control. 

7. Offsite fabrication or assembly increases process control and improves process 

capability. 

8. Robust tolerance design is the best solution. 

9. Tolerance management should be applied to standardize as much as possible. 
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10. Tolerance management should be applied to minimize interfaces. 

11. AEC practitioners need process capability data. 

12. Tolerance management decisions must be made from a systems perspective 

considering many different factors from all life-cycle phases from a combined 

transformation, flow, and value view. 

The next step is to use these insights to select among and modify tolerance management 

tools for application to civil systems. 
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4 Bolt Case: Structural Steel Bridge Bolts  

4.1 Technical Description 

The Bolt Case study deals with bolt selection, installation, and inspection on a bridge 

retrofit project. The bridge retrofit involved the replacement of rivets for bolts, 

replacement of cross-bracing with diaphragm plates, and installation of additional plates, 

steel tube section cross-bracing, seismic dampers, connection brackets, and more. The 

Bolt Case is concerned with individual bolts at locations where new steel was installed 

for the retrofit, requiring that more than four plies of steel to be bolted together. This 

tended to occur where filler plates were added to accommodate installation of larger 

plates that extended over areas where the existing steel plates did not form a single plane.  

The Bolt Case looks at an assembly of plates in the area around newly-installed rod-

brackets (figure 4.1-1) that occurred at all the floor beams in the deck. The total assembly 

required nine plies of steel to be bolted. The figure shows the steel for the existing floor 

beam at the center with two filler plates on either side near the rod-bracket installation 

used to create a continuous plane for the J-brackets. The J-brackets form the next plies on 

either side of the assembly, followed by the two rod-brackets which form the final plies 

on either side. The sequence of construction for the rod-bracket installation is as follows: 

(1) removing rivets in the existing steel; (2) drilling additional holes in existing steel 

where necessary for bolting; (3) preparing the existing steel surface mostly involving 

repainting; (4) erecting and bolting filler plates and J-brackets to the existing steel; (5) 

erecting and bolting the rod-brackets; and (6) final painting.  
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Figure 4.1-1: Rod-bracket assembly (Company X 2001) 

For the selection of appropriate bolt length for all connections, the project specifications 

required compliance with “Structural Bolting Handbook” (Shaw 2006) and the 

“Specification for structural joints using ASTM A325 or A490 bolts” (AISC 2000). 

Proper length selection is important to ensure that the bolt is neither too short (this would 

First SheerFirst SheerFirst SheerFirst Sheer    

PlanePlanePlanePlane    
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result in either inclusion of threads in the shear plane of the connection (figure 4.1-1) or 

failure to reach sufficient engagement of the nut), nor too long (this would result in 

shanking out). Threads in the shear plane reduce the cross-section of the bolt where it 

encounters shear forces, thereby reducing the capacity of the connection.  

Although required for this case, the need to prevent threads from the shear plane is 

not definitive but depends on the structural requirements of the particular project (slip-

critical, snug-tight, etc). Sufficient engagement of the nut means that the end of the bolt 

must be at least flush with, or sticking out past, the outer face of the nut, thereby ensuring 

that all the treads of the nut are engaged and that the connection has the required strength 

of the bolt (“Specification for structural joints using ASTM A325 or A490 Bolts,” AISC 

2000). Shanking out (when the thread end face is outside the grip) means that the nut 

reaches the end of the threads before the bolt reaches its required tensioned, again 

reducing the capacity of the connection. The criteria for bolt length selection in the 

“Structural Bolting Handbook” are designed to take into account the industry tolerances 

for fastener and steel plate fabrication while simultaneously avoiding the occurrence of 

shanking out, threads in the shear plane and insufficient engagement.  

The AISC standards, referenced in the specifications, allow the use of bolts one size 

increment longer than the size calculated by the handbook if needed to prevent threads 

from occurring in the shear plane. This, then, also requires the use of additional washers 

to prevent shankout. However, the project specifications were more restrictive, and 

superseded the standard by allowing a maximum of only two washers to be placed in the 

assembly: one under the head of the bolt, and one under the nut. The first is to aid in 

proper positioning of the bolt threads within the assembly, and the second is required 
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under the turned element. In addition, the project specifications further required that the 

end of bolt not extend (i.e., have thread stickout) more than ¼” beyond the outer face of 

the nut (the corresponding section of the contractual specification is included in 

Appendix C. The contractor explained that the maximum thread stickout requirement was 

for inspection purposes, to ensure the bolts are not shanked out. The tolerances associated 

with components in the assembly as shown in figure (4.1-1) are listed in table (4.1-1). 

Table 4.1-1: Tolerance ranges for rod-bracket assembly components (Company X 2001) 

Assembly 

Component 
+ Tol. (in.) - Tol. (in.) Tolerance Specification Source 

Phenolic Paint for 
exiting plate 5 only 

.002 .002 Project Special Provisions CCO11 

Steel Plate Thickness .03125 .0104 ASTM A6/A6M 

New Steel Plate 
Flatness 

.03125 0 Project Special Provisions 55-3.05 

New Paint .001 .001 Project Special Provisions CCO11 

Washer .02 .02 ASME B18.2.61996 

Nut .026 .026 ASME B18.2.61996 

Bolt Length 0 .25 ASME B18.2.61996 

In meetings prior to the start of construction, the contractor raised concerns about the 

applicability of the “Structural Bolting Handbook” for selection of bolt length and the 

ability to achieve the stickout requirement in areas for which large numbers of steel plies 

were to occur. According to the contractor, the owner at the time felt the concern was 

unwarranted and dismissed it; the contractor did not pursue it further.  

4.2 Tolerance Problem Description 

Well into the project, a set of bolts were rejected, either because their ends were not flush 

or because there was stickout over ¼”. The bolts were replaced and many were rejected 

again for the same reason. The issue subsequently reached the contractor’s management 

level, where the concern over bolt length in areas with many plies was revisited. The 
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contractor prepared drawings and tables showing various worst-case scenarios for the 

assemblies (figures 4.2-1 to 4.2-4), while the owner performed a similar analysis. The 

drawings and associated analysis performed by the contractor and in line with the 

owner’s findings showed that at the extreme conditions for the assembly, the thread 

stickout varied from -5/16” to +7/16” (not including dimensional variations in the length 

of the bolt itself) when using the required bolt length of 8.25”, rather than just slightly 

more than the acceptable 0 to ¼”, (figures 4.2-1 & 4.2-2).  

When using an 8.5” bolt length, the analysis (again not including variation in the bolt 

length) showed the stickout varying from -1/16” to +17/32” (figures 4.2-3 & 4.2-4). The 

analysis made clear to all parties that the component tolerances did not need to be at the 

extremes to fail to meet the project specifications. In other words, the recommended bolt-

lengths were “somewhat likely” instead of “highly unlikely” to fail to meet the project 

specifications. After consideration of strength reduction  that might occur if the end of the 

bolt were not flush, the owner decided to extend the acceptable range for the bolt stickout 

to -1/16” and + ½” using an 8.5” bolt. According to the contractor this resolved the 

problem. 
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Figure 4.2-1: Rod-bracket assembly with all components except the 8.25” bolt at their 
worst-case lower limits resulting in the maximum thread stickout (Company X 2001) 

 

Figure 4.2-2: Rod-bracket assembly with all components except the 8.25” bolt at their 
worst-case upper limits resulting in the minimum thread stickout (Company X 2001) 
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Figure 4.2-3: Rod-bracket assembly with all components except the 8.5” bolt at their 
worst-case lower limits resulting in the maximum thread stickout (Company X 2001) 

 

Figure 4.2-4: Rod-bracket assembly with all components except the 8.5” bolt at their 
worst-case upper limits resulting in the minimum thread stickout (Company X 2001) 
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4.2.1 Estimated Frequency of Occurrence 

The author asked the contractor if it was possible to estimate how often this problem 

actually occurred on the project. The assembly used in the analysis, as well as most other 

assemblies involving large numbers of plies, were installed from 90’ X 80’ traveling 

work platforms hung from the bridge (figure 4.2.1-1). The contractor had previously 

noted that approximately 1,200 to 1,500 bolts were removed from the platforms between 

each of the platform’s approximately 100 moves. The overall job required installation of 

around 1.2 million bolts. The question about frequency of the problem brought about the 

realization that a large portion of the bolts taken off the platforms were likely ones that: 

(1) had been installed; (2) failed to achieve sufficient engagement or had stickout greater 

than ¼”; (3) were subsequently removed and discarded; and (4) were replaced with new 

bolts (once, or perhaps several times, failure reoccurred and workers kept replacing the 

bolts).  

 

Figure 4.2.1-1: View of traveling platform from under bridge 
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4.2.2 Estimated Cost of Impacts 

Direct Impacts: The direct impacts of the tolerance problem in terms of cost pertain to 

the following tasks: installing, inspecting, removing, and discarding each bolt that did not 

meet the project stickout requirements; updating the project drawings and specifications; 

investigating the worst-case scenarios and developing new acceptance criteria; and 

discussing and resolving the issue in ongoing management meetings. The direct schedule 

impacts were the increased time for installing, inspecting, removing and discarding each 

bolt with out-of-specification stickout. 

The floor beam installation budget item which included the rod-bracket installation 

was over-budget by just over $260,000. Much of the increase was likely due to additional 

man-hours which one could assume was in part due to replacing bolts. The bolt 

installation for this assembly was part of a larger cost item being tracked, so a cost item 

was spelled out in the contractor’s estimate for other areas for bolt installation. The 

budgeted cost for materials plus labor and man-hours for bolt installation was $5.36/bolt 

and 0.11 man-hours/bolt. For comparison, the Means (2005) cost of installation of A325, 

7/8” diameter, 8” long bolts, including materials and labor, without overhead and profit, 

and adjusted for the local project area, is $6.53/bolt with .09 man-hours/bolt. The two are 

reasonably comparable especially given cost increases between 2005 and 1999 when the 

contractor created the budget. Taking the contractor’s budget number, which doesn’t 

even include the cost of removing out-of-specification bolts, we can make a rough 

calculation of the direct impact in terms of cost and schedule due to reworking bolt 

installation. Assuming 80% of the 1,200 – 1,500 bolts wasted were due to failure to meet 

the stickout tolerance, the tolerance problem cost $514,560 and 10,560 man-hours. 
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Copies of the contractor budget information can be found in Appendix D. These impacts 

by themselves are enough to have warranted an investigation at the design phase to 

prevent the problem from occurring in the first place. 

Indirect Impacts: As for indirect impacts, the author did not have the opportunity to 

discuss them with the contractor. However, one could speculate on examples of likely 

indirect impacts based on the project sequence:  

1. The project had limited lay down area and delays in installation could congest the 

yard with deliveries for the next section and increase handling costs.  

2. Work on the bridge involved a sequence tightly coupled tasks performed on 

different platforms and following each other.  

Elaborating on the second example, the sequence consisted of four platforms. On the first 

platform (1), laborers removed rivets. On the second platform (2), the painters sand-

blasted and re-primed the existing steel to prepare it for new steel installation. On the 

third platform (3), ironworkers installed and bolted on the new plates. On the fourth 

platform (4), the painters completed final painting. Platforms 1 to 4 follow each other in 

succession along the bridge moving into the work area completed by the platform ahead. 

A buffer of space is planned between the platforms at the start to accommodate small 

variations in the duration to complete a work area before moving on. Tommelein et al. 

(1999) call such sequences a “parades of trades,” and they show the detrimental impact of 

task duration variability on scheduling performance. In this case, delays in the completion 

of the plate and bolt installation in an area due to the bolt failures would delay the steel 

installation platform (3) from moving to the next area and subsequently delay the 

painter’s platform (4) from moving into the area behind it once the buffer was used up.  



 107 

In this case, the contractor could risk losing the painting sub-contractor to other 

projects, further delaying project completion. In actuality, the painting sub-contractor for 

this project (on platform 2 & 4) was consistently well-behind schedule in preparing the 

existing steel for the ironworker’s platform (3) and painting the completed steel. Thus, 

platform 3 was the one delayed waiting for platform 2 and the buffer between platform 3 

and 4 consistently increased as the painting sub-contractor moved more workers to 

platform 2 to try to stay ahead of platform 3. 

4.3 Map/Model Creation 

In order to evaluate the bolt case and determine the source of the tolerance problems 

according to tolerance theory, the author created a tolerance model, which includes:  

1. A three dimensional CAD model, which helps viewers and modelers to visualize 

the impact of variation due to tolerances on the relationship between features and 

on the joint types between components. Such assessments are needed to determine 

the correct feature relationships and joint types when generating the assembly 

diagram and vector model. 

2. Part diagrams, which are network diagrams developed by the author to describe 

the relationships among features which are subsets of components.   

3. An assembly diagram, which is a network diagram that describes relationships 

among components. 

4. A vector loop model (also in CAD), which provides the inputs for tolerance 

analysis using the simulated model and using the linearized statistical model 

based on the Global Coordinate Method (GCM).  

The part diagrams and the assembly diagram together form the overall Tolerance Map. 

The Tolerance Map defines loops to include in the vector model. Each loop can be 

represented as a vector loop. The loops connect vector paths. Vector paths go between a 
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component’s part reference frame (PRF) and a joint or relationship with another 

component. To illustrate how the process works, the creation of the part diagrams and the 

assembly diagram in one, two, and three dimensions, as well as creation of the one-

dimensional vector loop model, will be described for the assembly in the Bolt Case. 

4.3.1 CAD Model 

The solid model is not strictly necessary because all the relationships between component 

features as well as the joint types between components that are needed for tolerance 

analysis can be determined from the two-dimensional plans and the vector model. 

However, the author has found that having a CAD model is invaluable in the otherwise 

difficult task of visualizing complex variational geometry. The CAD model for the 

nominal rod-bracket assembly is shown in 4.3.1-1. Form variations, such as flatness or 

perpendicularity, are not included in the solid models as they significantly increase file 

size and processing time.  

 

Figure 4.3.1-1: 3D model showing isometric view of rod-bracket assembly 
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4.3.2 Part Diagrams 

To create the part diagrams, we expand each component of the assembly into features.  

Feature nodes represent the individual features of the part. Arcs connecting the nodes 

represent datum-to-feature relationships within the part. Each feature node has an 

associated local coordinate system or datum reference frame (DRF). Frames associated 

with the arcs represent the tolerance specifications associated with the datum-to-feature 

relationship. The values within the frames quantify the specified tolerances along the 

different degrees of freedom (DOFs) in design Tolerance Maps. These values can 

alternatively represent variations based on process capability data, which are used in 

construction Tolerance Maps, or can represent specified inspection tolerances, which are 

used in inspection Tolerance Maps. The given direction of the arc indicates from which 

feature DRF the values in the frames are specified. In the construction map, the direction 

is governed by the sequence of installation, while in the design map it is governed by 

design intent. If the direction of the relationship was reversed either by a design decision 

or change in assembly sequence, the translation values would need to be modified. Please 

note that a visual key for the symbols in the tolerance mapping system, the part tolerance 

diagrams and the assembly diagrams is provided in Appendix A. 

To create a part diagram, it is easiest to start with an obvious feature of the part and 

establish the part’s part reference frame (PRF) with the first couple of relationships, 

which will be illustrated in chapter 4, section 4.3.2.1. Additional features beyond the 

obvious ones, such as edges of surfaces or substitute and nominal features, should be 

added as needed to capture the tolerance relationships specified for the part or the mating 

relationships for the assembly.  
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To illustrate the process more clearly, some of the components have been simplified. 

Some features that are not part of the analysis have been eliminated. For example, the 

brackets are reduced to just the plates that receive the bolts. Also, some tolerances are 

assumed, eliminated or changed because the tolerance information was not available or 

not clearly defined in the associated standards. As the features are described, note that 

each datum-to-feature relationship is represented by an arc between the corresponding 

nodes for the features on the associated part diagrams shown in figures 4.3.2-1 to 4.3.2-5. 

For now, ignore the values in the frames associated with the arcs, but notice where the 

fields are dependent and independent. The values will be discussed after all the part 

tolerance diagram features and relationships have been established. 
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Figure 4.3.2-1: Plate 1 part diagrams 
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Figure 4.3.2-2: Plate 2 part diagrams 
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Figure 4.3.2-3: Washer part diagram 
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Figure 4.3.2-4: Bolt part diagram 
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Figure 4.3.2-5: Nut part diagram 
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4.3.2.1 Establishing Part Relationships and Part Reference Frame 
(PRF) 

Each bracket and plate consists of the following features: (1) the left and right faces; (2) 

the median plane between the two faces; (3) the two hole surfaces; and (4) the axes of the 

two hole surfaces (figure 4.1-1 in the technical description). The plate edges will not be 

considered. For all plates, the median plane is the primary feature for defining their part 

reference frame (PRF) YZ plane. The upper hole’s substitute axis is the secondary feature 

of the PRF. Refer back to chapter 2, section 2.8 for the explanation of the primary, 

secondary, and tertiary features of a reference frame.  

The origin of the substitute axis is at the intersection between the local-actual-

median-plane and the hole’s substitute axis. The line from the origin of the upper hole’s 

substitute axis perpendicular to the median plane represents the upper hole’s nominal axis 

and the PRF X axis. The intersection between the upper hole’s nominal axis and the 

median plane is thus the PRF origin.  

The median plane is the datum for the orientation of the upper hole’s substitute axis 

with a perpendicularity tolerance. The upper hole’s nominal axis and median plane 

together, i.e., the PRF origin, are the datum for the lower hole’s axis, specified by a 

positional tolerance. The projection of the line between the upper and lower holes’ 

substitute axes’ origins onto the median plane defines the plates’ PRF Y-axis completing 

the PRF.  

The upper-hole-substitute-axis is the datum for the upper hole’s axis form boundary, 

which is specified by a form tolerance, as well as for the upper hole’s surface boundary, 

which is specified by a size tolerance. Similarly, the lower hole’s substitute axis is the 
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datum for the lower hole’s axis form boundary, which is specified by a form tolerance, 

and for the hole’s surface boundary, which is specified by a size tolerance.  

Although not shown in the figures herein, the location of the lower hole’s axis is 

specified by a positional tolerance from the PRF origin using the geometric dimensioning 

and tolerancing (GD&T) system. Representing the intent of this positional tolerance in 

the vectorial dimensioning and tolerance (VD&T) system used by the map is not so 

simple. Figure 4.3.2.1-1 is a portion of the three-dimensional vector loop, and helps 

visualize the next set of relationships that capture the positional tolerance. The PRF is the 

datum for the Y location of the lower hole’s substitute axis origin. Another node is added 

to represent the lower hole’s nominal orientation axis, which is an axis perpendicular to 

the median plane of the plate containing the hole. The axis also goes through the 

substitute-axis-origin. As seen in figure 4.3.2.1-2, the substitute-axis-origin is not 

necessarily the nominal Y location of the lower hole because the Y location is 

independent. To locate this axis, the median plane and substitute axis are used as a datum 

for the local-median-plane at the intersection with the lower hole’s substitute axis (also 

the substitute-axis-origin).  
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Figure 4.3.2.1-1: Partial vector model for rod-bracket assembly in three dimensions 

 

Figure 4.3.2.1-2: Plate 1 with form variation and actual lower hole 
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The local-median-plane, in turn, is the datum for the lower hole’s nominal orientation 

axis, whose origin is specified at the axes’ actual end. By rotating the lower hole’s 

nominal orientation axes’ datum reference frame (DRF) independently about its own axis 

and then independently translating along its local DRF Y axis, the variation in the end of 

the substitute axis can be represented.  The lower hole’s nominal orientation axis DRF is 

thus the datum for the lower hole’s substitute axis end. The orientation of the lower 

hole’s substitute axis is determined by the substitute-axis-end-point and origin.  

Continuing with the part tolerance diagram for the plates, the local-actual-median-

plane at the intersection with the upper hole’s substitute axis is the datum for the local-

actual-left-face at the upper hole. This, in turn, is the datum that locates the local-actual-

left-face at the contact between plate 1 and the bolt head for assembly purposes. The 

median plane is the datum for the median-plane-form-boundary, which is specified by a 

form tolerance. The form boundary is then the datum for the left and right faces defined 

by a size tolerance for plate thickness. The left and right face boundaries are defined for 

contact with adjacent plates. It is possible for the left and right plate faces’ substitute 

planes to be rotated from the median plane equally but in opposite directions due to the 

size tolerance. To simplify the case however, the left and right plate faces’ substitute 

planes will be specified as parallel to the median plane with no tolerance.  

Such simplifications are common in tolerance modeling practice where size and form 

tolerances are treated as a single maximum variation to a tolerance zone boundary 

parallel to the datum; they do not result in orientation variations in the surface either 

globally or locally. Here, the simplification is only applied to the size tolerance, but 
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applies to the size tolerances for other features as well. Also, note that several other 

features were added to those originally mentioned to fully describe the plates. 

The nut and washer have been simplified so that they each have the following 

features: (1) a hole; (2) a hole axis; (3) a median plane; (4) an outside edge; and (5) two 

faces. Given the thinness of the parts, the median plane and hole axis for both the nut and 

washer are assumed to have zero form tolerance, and their hole axes to have zero 

orientation tolerance. Similar to the plates, the median plane is the primary feature 

establishing the YZ plane of their PRF. The hole axis determines the PRF X axis. Their 

PRF Y and Z axis directions are not defined because they are circular elements, and thus 

only require one PRF axis to be defined.  

The bolt is simplified to consist of: (1) inside, outside and edge face features for the 

head; (2) a shank feature; (3) an end face feature; and (4) a thread end face feature. The 

primary feature is the shaft axis, which is also the datum for the shaft surface and head 

edge surfaces, all of which are defined by size tolerances with no form tolerance. The 

shaft axis is also the datum for the inside-face-of-the-head (the secondary feature), and is 

defined as perpendicular with no tolerance. The inside-face-of-the-head is the datum for 

the outside-face-of-the-head, and is defined by a size tolerance and the datum for the end 

face defined by a size tolerance representing the bolt length.  

The intersection between the inside face of the head and the shaft axis is the origin of 

the bolt PRF. The end face is the datum for the thread-end-face. The distance between the 

end face and thread-end-face is the thread-length, which has no tolerance associated with 

it. The end face is also the datum for the outside-nut-face. The distance between them 

represents the allowable stickout, and does have a size tolerance. The thread-end-face is a 
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datum for the inside-nut-face. The size tolerance on the gap between them creates a range 

in the size of the gap from 0” to 1.4”. This corresponds to a nut that is both on the bolt 

and not shanked out. The inside-nut-face is, in turn, the datum for the outside-nut-face. 

Their relationship represents the thickness of the nut, which also has a size tolerance. 

None of the features have orientation or form tolerances. 

4.3.2.2 Quantifying Part Relationships 

The next step in completing the part diagrams is to assign values to each degree of 

freedom (DOF), represented by the cells of the tolerance frames, for each arc in the 

diagram, and based on the tolerance information given. Each feature must be fully 

constrained relative to the part reference frame (PRF) considering all arcs connected to 

the feature. If a feature within a part is over-constrained by the given relationships for a 

particular DOF, some of those relationships must be made dependent so that the 

remaining independent relationships perfectly constrain the feature. Otherwise, 

inconsistent tolerance loops may be formed within the part, which results in inadvertent 

failure to meet the specifications.  

Deciding which relationships should be dependent depends on which relationships are 

more critical to the design or on the sequence of component installation. Be sure to make 

note of which relationships were made dependent and their original specifications. In 

general, these relationships should be eliminated from the project documents – but not 

before evaluating them to determine their necessity for communicating intent. If they 

communicated pertinent information about the design, they can be added into the map as 

an additional relationship with a note explaining the intent.  
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Once the feature is perfectly constrained, the remaining unspecified cells in the 

tolerance frames are entered as dependent variables. When an arc is between components, 

the constrained degrees of freedom for the given relationship type should have a 0 with 

no + or – placed in their corresponding cells in the tolerance frame. The unconstrained 

DOFs between components are dependent. Both between components and within a 

feature, a 0 with no + or - represents contact between the features; those features share 

the same values for orientation and location for the degrees of freedom containing the 0. 

To illustrate, a description of how to fill the frames is provided for some of the frames in 

plate 1. 

As an example, look at the part diagram for plate 1 starting at the PRF’s relationship 

to the median plane. The median plane is the PRF YZ plane and thus has a 0 in the cells 

for X translation (all points on the plane are at Zero X) and for rotation about the Y and Z 

axis. The origin of the median plane is for simplicity at the PRF origin and the median 

plane datum reference frame (DRF) is aligned with the PRF indicated by the ± 0 in the Y 

and Z translation and X orientation cells. Since the local coordinate systems of the two 

features are the same, the direction of the relationship is unimportant. 

The PRF is the datum for the lower hole’s substitute axis. The translations and 

rotations associated with a relationship are always defined in the datum’s coordinate 

system. The origin of the lower-hole-substitute-axis is defined above as being in the PRF 

XY plane; thus the value in the Z translation cell is 0. The substitute axis origin’s X 

location in the PRF is dependent on the location of the local-actual-median-plane at the 

intersection with the substitute axis. The substitute axis origin’s Y location in the PRF is 

nominally 3” according to the plans, with some independent variation representing a 
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portion of the positional tolerance specification of ± 1/64”. The value in the Y translation 

cell is left as an “I” with a note referencing the positional tolerance.  

This indicates to the manufacturer that they have a choice of how to divide up the 

positional tolerance into the appropriate individual manufacturing tolerances. The lower 

axis can rotate about its origin. The feature’s local DRF X axis is aligned with the feature 

itself. The limit on rotation is determined from other datum by the positional tolerance, 

combined with the variations in the axis’ form and origin location. Therefore, the 

substitute axis’ DRF axis orientations relative to the plate PRF are dependent.  

The Median plane is the datum for the point representing the local-actual-median-

plane at the intersection with the lower-hole-substitute-axis. For simplicity, the 

orientation of the points DRF has no variation from the DRF median plane, hence the ± 0 

in all the orientation fields of the frame. The X translation field represents the local form 

variation of the plate of ±1/64” normally distributed (a 1/32” form tolerance zone 

thickness).  The variables in the Y and Z translation field are the variation in the Y and Z 

location of the intersection of the actual median plane, with the lower-hole-substitute-axis 

dependent on the substitute axis.  

The local-actual-median-plane at the intersection with the substitute axis is also the 

origin of the substitute axis. Therefore in the relationship between them, all translational 

fields are 0. The only difference is in the orientations of their local DRF, which are not 

independently specified, making them dependent. The local-actual-median-plane at the 

substitute axis is also the datum for the lower-hole-nominal-orientation-axis’ actual left-

endpoint. Getting from the median plane to the endpoint is accomplished by translating, 
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half the maximum thickness of the plate, along the X axis of the local actual median 

plane DRF.  

The maximum thickness of the plate is an independent variation represented by a 

Weibull distribution1 and is the same for the whole plate. This independent variable is 

included in multiple relationships within the part. A note is added to make it clear that it 

is only sampled once and the resultant value is the same for each location of the variable. 

Because the tolerance zone for the orientation tolerance on the lower-hole-nominal-

orientation-axis is cylindrical, the variation in the lower-hole-nominal-orientation-axis’ 

actual left-end-DRF is represented by an independent and uniformly-distributed rotation, 

that is between 0˚ and 360˚ and about the DRF X axis of the local-actual-median-plane at 

the substitute axis. The rotation captures the random direction within the YZ plane, of the 

location variation in the lower-hole’s substitute-axis end, due to the rotation of the 

substitute axis about its origin. 

The lower-hole-nominal-orientation-axis-left-end is then the datum for the lower-

hole-substitute-axis-actual-left-end. An independent translation along the local Y axis 

determines the location of the substitute-axis-left-end. The value for this independent 

translation is part of the positional tolerance on the substitute axis along with the axis 

form variation and origin location variation, and so is represented by an “I” and the note 

to the manufacturer. To get into the lower-hole-substitute-axis DRF requires a rotation 

about the Z axis of the DRF for the lower-hole-nominal-orientation-axis-actual-left-end.  

                                                 
1 It is the maximum thickness not the local thickness of the plate that is being sampled. The distribution of a 
maxima or minimum of a normal distribution is represented by an Extreme Value Distribution. Extreme 
Value distributions are a subset of the Weibull distribution (Wikipedia 2006b). Maximum and minimum 
form variations are also represented by Weibull distributions. 
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The rotation is dependent, because it is defined by the independently located 

substitute axis left end origin. The relationship between the substitute axis DRF and 

substitute axis actual left end is, of course, represented by a dependent translation along 

the substitute axis DRF X axis, which is also determined by the independently 

determined location of the two features. 

Some external relationships, for example between plate 1’s right face and plate 2’s 

left face boundaries, are shown in dashed lines on the part diagram to indicate with which 

features external relationships are formed and to quantify those relationships. 

4.3.3 Assembly Diagram 

A node is created for each of the assembly components as shown in the three-dimensional 

assembly diagram (figure 4.3.3-1). Next, arcs are drawn between components that are 

related by physical joints/mating or by datum to feature relationships defined by a 

dimension. It is important to review all project drawings and documents to determine all 

component relationships. The type of relationship is selected from one of the tables in 

Appendix B to correspond with the mating condition and model dimension (1, 2, or 3). 

Selection of a relationship type is based on the geometry of the mating parts as well as on 

their potential orientations relative to each other, as determined by the priority of 

relationships (as discussed in chapter 2, section 2.11.). The relationships selected are 

important for determining the values in the tolerance frame for the associated arc, the 

vector model creation and the tolerance analysis.  
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Figure 4.3.3-1: Assembly diagram for 3-D model 
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Each joint type has associated kinematic degrees of freedom (DOFs) (Appendix B). 

The DOFs illustrate how the parts are free to move relative to each other given the 

relationship. In the tolerance frame for an arc representing a relationship, those cells 

associated with the DOF which are not specified by the relationship type are dependent. 

Each component must have a combination of relationships which limits all DOFs, thus 

completely defining its location and orientation. Otherwise, the component is under-

constrained.  

It is possible for a component to have multiple relationships which restrict one or 

more of the same DOFs resulting in over-constraint. If so, in order to conduct an analysis, 

some of the relationships must be replaced with dependent relationships, such that the 

component is perfectly constrained by the remaining relationships. The original 

relationships that caused the over-constraint can be left in the diagram, but should be 

shown with broken arcs to indicate that these relationships are not part of the analysis. 

Later, one can check the tolerance analysis results to see if these relationships are 

consistent with the loop they form. Regardless of whether an over- or under-constrained 

relationship exists, those relationships which are independent must be given priority 

ranking based on the importance of the relationships or the expected sequence/method of 

installation. 

To aid in describing relationships, the assembly reference frame (ARF) is defined. 

The ARF is chosen to be the plate 1 PRF. As the bolt is a cylindrical feature, its rotation 

about the ARF does not need to be defined. The primary feature defining the assembly 

coordinate system is also automatically fixed in all DOFs. In truth, the PRF of the 

existing plate is the logical choice for the assembly coordinate system as it relates to the 
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larger scope of the project; for this case, however, we are only concerned with the one 

assembly. Using the left rod-bracket (plate 1) simplifies the reading of the descriptions by 

always moving left to right through the diagram. Similarly, in reality the sequence of 

assembly during construction is out from the existing plate (plate 5) to each rod-bracket; 

again, for the purposes of this example, we will ignore that one of the plates is existing.  

The design and construction sequence of assembly like the descriptions will be taken 

as left to right (1 to 9) for the plates, followed by the bolt, then washer and finally the nut. 

The assembly shown will be simplified to include only the upper nut, bolt, and washer for 

the rod-bracket, and the plates and brackets receiving the upper bolt. The simplifications 

are to help illustrate the modeling process more clearly. 

To create the full Tolerance Map from the assembly diagram and part diagrams, 

substitute all the assembly diagram nodes with their corresponding part diagrams. For 

example, the ‘Plate 1 node’ in figure 4.3.3-1 would be substituted with the plate 1 part 

diagram in figure 4.3.2-1. Each arc entering the ‘Plate 1’ node in figure 4.3.3-1 is 

attached to the feature in the plate 1 part diagram to which the mating relationship 

represented by the arc refers. For example, the arc for the planar relationship entering 

‘Plate 1’ is with the plate’s right-face boundary and so the arc would be connected to 

plate 1’s right-face boundary when the plate 1 part diagram is substitute for the ‘Plate 1’ 

node in the assembly diagram. A frame can then be associated with the arc for the planar 

relationship. The values in the frame will reflect the planar relationship by having a 0 in 

the X translation field and the Y and Z rotation fields. The remaining fields are dependent 

variables.   



 129 

4.3.3.1 Three-Dimensional Assembly Diagram 

For this case in three dimensions, the bolt has a point-slider relationship with plate 1 at 

the contact between the bolt head and the plate. At first one might assume the bolt and 

plate have a planar relationship. However, the local-left-face of the plate could be rotated 

relative to its hole axis due to form variations in the plate such that the bolt would not fit 

through all the holes while the head would still be parallel with the left plate’s left face 

(figure 4.3.3.1-1). Alternatively, the bolt shaft could be rotated within the first plate’s 

hole due to contact with the hole surface of subsequent plates if all the holes are not 

aligned (figure 4.3.3.1-2). Therefore, it is possible that only one point on the bolt head’s 

inside face is in contact with plate 1’s left face. Since planar contact between the bolt 

head and plate 9 is not explicitly required but the shaft being within the holes of all the 

plates is required (primary), the point-slider relationship is used. The nut, when threaded 

on, is essentially part of the bolt. Therefore, the nut has a point slider relationship with 

the right washer at the contact between the nut and washer faces using the same logic as 

between the bolt head and plate. If one accidentally used a planar relationship instead, the 

tolerance analysis would show an inconsistent loop and by analyzing the map one could 

see that changing the relationship could reduce the inconsistency. 

More relationships are needed to fully constrain the components within the ARF. 

Plate 1 has a planar mating relationship to plate 2 at their contacting faces, which has a 

planar relationship to the plate 3, and so on for the remaining plates, in sequence, 

including the right washer. For the assembly, the washer acts just like a plate.  
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Figure 4.3.3.1-1: Point-slider relationship between bolt and plate 1 due to plate 1 local 
form variation 

 

Figure 4.3.3.1-2: Point-slider relationship between bolt and plate 1 due to variation in 
plate hole alignment 

If the plates were rotated relative to each others’ local Y and Z axes, they might have 

edge-slider or point-slider relationships. If other relationships could cause the plates to 

rotate relative to each other, one would have to decide which should be primary (more 

critical to the design): those other relationships or the planar relationships. The only 

relationships that might cause the plates to rotate relative to each other are the 
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relationships between the bolt shaft and hole surface, described later, to ensure the bolt 

fits through all the holes. Though both relationships are critical to the function of the 

assembly, the potential ability to ream the holes makes the planar relationship primary, so 

it is the relationship of choice. The planar relationships between the plates restrict both 

rotation about ARF Y and Z axes, and translation along each plates PRF X axis relative 

to each other. The plates are still free to translate in their local Y and Z and rotate about 

their local X relative to each other. 

The relationships associated with the requirement for the bolt to be within all the 

holes will restrict the plates translation along their local Y and Z axes relative to each 

other and the bolt, thus restricting the plates’ and the bolt’s translation along the ARF Y 

and Z axes. Taking the planar relationship between the plates as primary, the bolt is most 

likely to be able to fit through all the holes, if the midpoints of the upper hole axes are on 

a single line (call it the assembly hole axis) that minimizes all the individual hole axis 

orientation deviations from that line. The expected orientation for the assembly hole axis 

for this case is along the ARF X axis, given the variation in each holes’ orientations 

relative to its associated plate’s median planes is normal. All the plates’ median planes 

are parallel because their substitute faces, which define the orientation of their planar 

contact, are parallel to their median planes. The bolt shaft axis will rotate itself to the 

degree possible within the limits of the assembly hole (the point where it contacts points 

on any two hole surfaces on opposing sides), so that it minimizes the perpendicularity 

deviation from the median plane between the local plate or washer faces that contact the 

bolt head and nut inside faces. 
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The above relationships between the bolt and the plates can be captured for this case 

by the following two kinematic relationships:  

1. The midpoint of each plate’s upper hole substitute axis has a prismatic-spherical 

relationship with the PRF X-axis of the left rod-bracket – thus aligning the holes 

and restricting variation along the plates’ local Y and Z axes relative to each 

other.  

2. The bolt shaft has a center datum to feature relationship with each of the plates’ 

hole-surface edges.  

Given the bolt is a circular feature, the relationship is unilateral and has a nominal 

dimension of 0” and a maximum + 1/32” tolerance (maximum difference in the size of 

the bolt versus the holes), which both ensures the bolts are within the holes for all the 

plates and limits maximum rotation of the bolt relative to the plates’ median planes. Both 

the maximum rotation limit for the bolt relative to the plates and the minimization of the 

bolt’s orientation relative to the median plane between the local contact points restricts 

the rotation of the bolt about the ARF Y and Z axes. Should the maximum allowable 

rotation of the bolt within the holes not be reached, the bolt can vary in the ARF Y and Z 

directions within the smallest resultant zone for the gap between the bolt shaft and any of 

the hole surface edges measured perpendicular to the bolt shaft. To eliminate these DOFs, 

treat that smallest dependent gap as an independent variation within its resultant zone 

based on the other relationships. 

For the plates, only rotation about the ARF X axis is still free. To limit the rotation, 

all the plates have a point-slider relationship between their lower-hole-substitute-axis-

midpoints and the ARF XY plane. Now, all that remains are the rotations and the Y and Z 

translations of the nut. The X translation is limited by the point-slider relationship with 
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the washer. The Y and Z translations and rotations are all limited by a cylindrical 

relationship between the bolt and nut axes resulting from threading the nut onto the bolt. 

Restricting the rotational freedom of the nut or any cylindrical feature about its axis is not 

necessary.  

Finally, there are two rectangular datum relationships between the nut and the bolt. 

Both these relationships form potential inconsistent loops. One represents the inspection 

maximum- and minimum-stickout requirement between the bolt-end-face and the nut-

outside-face. The other represents the design requirement that the bolt is not shanked out 

(minimum of zero distance between the bolt-thread-end-face and the nut-inside-face). 

These relationships are left in as a reminder to check the resultant dependent distances for 

these relationships and compare them to the design and inspection requirements. 

4.3.3.2 Two-Dimensional Assembly Diagram 

Although some mating relationships for three dimensions do not exist in two dimensions, 

for the rod-bracket assembly diagram, the relationship descriptions are basically the same 

in two dimensions as in three (see Appendix B). The only difference is the exclusion of 

translation variations along the ARF Z axis and rotation variations about the ARF X and 

Y axes. Note that given the simplifications, the excluded variations are equally 

represented by the included translational variation in Y and rotation variations about Z, 

which makes analysis on the two and three dimensional maps the same. Figure 4.3.3.2-1 

shows the assembly diagram for the two-dimensional model. 



 134 

 

Figure 4.3.3.2-1: Assembly diagram for 2-dimensional model 
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4.3.3.3 One-Dimensional Assembly Diagram 

 In one dimension however, the only type of mating relationship is contact. For this 

assembly, the one dimension will be along the ARF X axis. In one dimension, only 

relationships causing variation along the axis of the bolt are considered. All rotational 

variations, and translational variations perpendicular to the axis of the bolt, are 

eliminated. For example, all rotational variations of the bolt are eliminated, making it 

parallel to the ARF X axis. Also, the datum to feature relationships from the bolt shaft to 

the plates, which are perpendicular to the axis of the bolt and the PRF X axis, are thus 

eliminated. Contact relationships replace the planar relationships as well as the point 

slider relationships between the bolt and washer or bracket.  

Note that form variations in the plates can prevent contact at hole openings, causing 

variation along the axis of the bolt. Any mating is defined as contact between the 

boundaries of the feature, which includes form variation for models in any dimension. 

Unfortunately, the definition can cause differences between the model and reality, when 

for example two surfaces form variations fit within each other, such as two plates that are 

bowed with the same curvature in the same direction. In such a case, the form variation 

does not physically prevent one of the plates from violating the boundary of the other 

plate as is presumed by the model. 
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Figure 4.3.3.3-1: Assembly diagram for 1-dimensional model 

4.3.4 Vector Model 

The assembly diagram and part diagrams show several tolerance loops, which are 

assigned letters for reference that correspond with those of the vector loops. The vector 

model is a systematic means for creating an assembly equation for specific dependent 
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dimensions in the assembly. Instead of creating one equation, the vector model creates 

six equations for every loop, one for each translational variation and rotational variation 

along each axis of the assembly coordinate systems.  

A vector loop starts and ends at the same point, which means the sum of the vector 

components along each of the assembly system axes will be zero. Similarly, if a local 

coordinate system is rotated through the vector loop such that the X axis is aligned with 

each vector and, after the last vector, the coordinate system is rotated back to its first 

orientation, the sum of the component rotations between coordinate systems about each 

of the assembly system axes will also sum to zero for the loop.  

Using the vector loop method, the assembly equation is represented by the 

combination of all six equations, which includes the dependent variables summing to 

zero instead of a single equation summing to the critical (dependent) dimension. Using 

the direct linearization method based on a first order Taylor series expansion (Chase 

1999), even non-linear systems of vector loops can be converted into a single linear 

assembly equation for any of the dependent variables. 

The vector loops will contain unknown (dependent) variables as determined by the 

tolerance frames associated with the arcs. Sometimes, additional loops may be required to 

solve for the unknowns. For three-dimensional maps, one loop is required for every six 

unknowns in order for a solution to be found (Dabling 2001). For two dimensions, one 

loop is needed for every three unknowns. For one dimension, there must be one loop for 

every unknown. From these equations, tolerance analysis can solve all the unknowns, 

some of which may be critical dimensions of interest for the assembly.  
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If the critical dimensions are not part of the loops, additional vectors can be added 

that represent critical dimensions of interest for the assembly to be solved. As mentioned 

earlier, some of the relationships in the assembly diagram and some relationships in the 

part diagrams which have given tolerances, must be made dependent. These are often the 

critical dimensions of interest. When given relationships are made dependent in this way, 

the loops containing those relationships can be inconsistent. The tolerance analysis for 

the vector loops solves for the dependent variables, which are compared to the given 

tolerances to determine if a loop is inconsistent. 

The vector model is built following the loop paths in the Tolerance Map. For loops 

that go through multiple components, it is best if the loops go through the part reference 

frame (PRF) of each component in the loop and that the loops enter and exit a component 

through different features (Chase 1999). A given arc in the Tolerance Map may be 

represented by one to four vectors. The vectors capture the translational variation through 

variation in their X, Y, and Z components, and rotational variation through variation in 

the component angles between successive vectors. For transparency, it is easier to create 

a separate vector for each independent translational variation within the tolerance frame 

for an arc. Additional zero-length vectors may be needed before the translational vectors 

in order to change the current local coordinate system into the coordinate system used to 

specify the variations in the tolerance frame. Further discussion of the use of zero-length 

vectors can be found in Appendix B. 

The rotational variations or degrees of freedom (DOFs) for the arc going into a node 

represent the change in coordinate system orientation between the connected features. In 

the vector diagram, the change in coordinate system to that of a given node is captured 
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either by the zero length vector or by the difference in orientation between the 

translational vector for the arc leading into that node and the corresponding translation 

vector for the arc leading out of that same node. 

Chase (1999) explains that for proper modeling, an assembly vector loop should do 

all of the following:  

1. enter a component at a joint feature;  

2. follow a datum path to the component PRF;  

3. follow another datum path to a different joint feature;  

4. exit to the joined component’s joint feature; and  

5. repeat the process following the loop established in the assembly diagram until 

returning to the starting joint feature.  

Additionally, per Chase (1999): (1) a single loop cannot pass through the same part or 

joint twice; (2) if a single loop passes the same dimension twice in opposite directions 

those vectors are eliminated from the loop; and (3) all the loops combined should pass 

through every part and joint in the assembly.  

The author defines internal vector loops as loops within a single part. Applying the 

concepts from Chase (1999), the author created the following rules for internal loops: 

1. Internal loops start at a feature with multiple datum; follow a datum path between 

the origins of the datum features back to the component PRF; and follow a 

different datum path back to the starting feature.  

2. Single loops should not pass through the same feature twice  

3. If a single loop passes the same dimension twice in opposite directions those 

vectors are eliminated from the loop 

4. All the internal loops within a single component combined should pass through 

every feature and arc in the component. 
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A portion of the three- dimensional vector model – the loops associated with the lower 

hole surface – were shown in figure 4.3.2.1-1, providing an example of how to convert 

the map into a vector model and also to illustrate the challenge of converting GD&T 

tolerance specifications, such as positional tolerances, into the VD&T tolerances used by 

the mapping system (figures 4.3.2.1-1 and 4.3.2.1-2).  

The two loops from the one dimensional model are shown in tables 4.3.4-1a and 

4.3.4-1b. Loop ‘A’ includes the thread stickout inspection tolerance that caused the 

described problems in the case. Loop ‘B’ includes the distance between the bolt-thread-

end-face and nut-inside-face, indicating if the bolt is shanked out. Both loops start at the 

bolt-end-face.  

Table 4.3.4-1a: Vector properties and sequence for loops A and B 

Loop, 

Vector 

Nom. 

Length 

(in) 

+ Tol. 

(in) 

- 

Tol. 

(in) 

Orient. 

Cosine 

X,Y,Z 

Description, Distribution 

A,1 8.125 1/8 1/8 -1,0,0 Bolt length- end face to inside head face, Normal 

A,2 .005 .001 .001 1,0,0 Plate 1- left face paint thickness, normal 

A,3 1/2 .015 .005 1,0,0 
Plate 1- ½ thickness- local left face to local actual 
median plane at contact with bolt, uniform  

A,4 0 =1,5 =1,5 1,0,0 
Plate 1- local actual median plane to median plate at 
contact with bolt due to form variation, normal (if – 
orient. Also -) 

A,5 0 1/64 0 1,0,0 
Plate 1- median plane to form var. right boundary – ½ 
max form var. width, (1 - 2 X cum. normal) (similar to 
extreme value distribution mirrored about zero) 

1,6 =A,3 0 0 1,0,0 
Plate 1- ½ actual thickness to right face boundary, 
constant 

1,7 .005 .001 .001 1,0,0 Plate 1- right face paint thickness, normal 

1,8 .005 .001 .001 1,0,0 Plate 2- left face paint thickness, normal 

1,9 3/8 .015 .005 1,0,0 
Plate 2- ½ thickness- left face boundary to max. form 
left boundary, uniform  

1,10 0 1/32 0 1,0,0 Plate 2- max form var. width, (2 X cum. normal -1) 

1,11 =1,9 0 0 1,0,0 Plate 2- ½ actual thickness, constant 

1,12 .005 .001 .001 1,0,0 Plate 2- right face paint thickness, normal 

1,13 .005 .001 .001 1,0,0 Plate 3- left face paint thickness, normal 

1,14 3/8 .015 .005 1,0,0 Plate 3- ½ thickness, uniform  

1,15 0 1/32 0 1,0,0 Plate 3- max form var. width, (2 X cum. normal -1) 

1,16 =1,14 0 0 1,0,0 Plate 3- ½ actual thickness, constant 
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Table 4.3.4-1b: Vector properties and sequence for loops A and B continued 

Loop, 

Vector 

Nom. 

Length 

(in) 

+ Tol. 

(in) 

- 

Tol. 

(in) 

Orient. 

Cosine 

X,Y,Z 

Description, Distribution 

1,17 .005 .001 .001 1,0,0 Plate 3- right face paint thickness, normal 

1,18 .005 .001 .001 1,0,0 Plate 4- left face paint thickness, normal 

1,19 11/32 .015 .005 1,0,0 Plate 4- ½ thickness, uniform  

1,20 0 1/32 0 1,0,0 Plate 4- max form var. width, (2 X cum. normal -1) 

1,21 =1,19 0 0 1,0,0 Plate 4- ½ actual thickness, constant 

1,22 .005 .001 .001 1,0,0 Plate 4- right face paint thickness, normal 

1,23 .005 .001 .001 1,0,0 Plate 5 - left face paint thickness, normal 

1,24 7/32 .015 .005 1,0,0 Plate 5 - ½ thickness, uniform  

1,25 0 1/32 0 1,0,0 Plate 5 - max form var. width, (2 X cum. normal -1) 

1,26 =1,24 0 0 1,0,0 Plate 5 - ½ actual thickness, constant 

1,27 .005 .001 .001 1,0,0 Plate 5 - right face paint thickness, normal 

1,28 .005 .001 .001 1,0,0 Plate 6 - left face paint thickness, normal 

1,29 11/32 .015 .005 1,0,0 Plate 6 - ½ thickness, uniform  

1,30 0 1/32 0 1,0,0 Plate 6 - max form var. width, (2 X cum. normal -1) 

1,31 =1,29 0 0 1,0,0 Plate 6 - ½ actual thickness, constant 

1,32 .005 .001 .001 1,0,0 Plate 6 - right face paint thickness, normal 

1,33 .005 .001 .001 1,0,0 Plate 7 - left face paint thickness, normal 

1,34 3/8 .015 .005 1,0,0 Plate 7 - ½ thickness, uniform  

1,35 0 1/32 0 1,0,0 Plate 7 - max form var. width, (2 X cum. normal -1) 

1,36 =1,34 0 0 1,0,0 Plate 7 - ½ actual thickness, constant 

1,37 .005 .001 .001 1,0,0 Plate 7 - right face paint thickness, normal 

1,38 .005 .001 .001 1,0,0 Plate 8 - left face paint thickness, normal 

1,39 3/8 .015 .005 1,0,0 Plate 8 - ½ thickness, uniform  

1,40 0 1/32 0 1,0,0 Plate 8 - max form var. width, (2 X cum. normal -1) 

1,41 =1,39 0 0 1,0,0 Plate 8 - ½ actual thickness, constant 

1,42 .005 .001 .001 1,0,0 Plate 8 - right face paint thickness, normal 

1,43 .005 .001 .001 1,0,0 Plate 9 - left face paint thickness, normal 

1,44 ½ .015 .005 1,0,0 
Plate 9- ½ thickness- left face boundary to max form 
var. left boundary, uniform  

1,45 0 1/64 0 1,0,0 
Plate 9 - max form var. left boundary to median plane, 
(2 X cum. normal -1) 

1,46 0 =1, 45 
=1, 
45 

1,0,0 
Plate 9 - median plane to local actual median plane at 
contact with washer due to form var., normal (if – 
orient. Also -) 

1,47 =1,44 0 0 1,0,0 Plate 9- ½ actual thickness to local right face, constant 

1,48 .005 .001 .001 1,0,0 Plate 9 - right face paint thickness, normal 

1,49 5/32 .02 .02 1,0,0 Washer thickness, normal 

1,50 55/64 .026 .026 1,0,0 Nut thickness, normal 

A,51 D   1,0,0 Nut outside face to bolt end face (stickout), Dependent 

B,52 1.5 0 0 -1,0,0 Thread length-End face to thread end face, constant 

B,53 D    Thread end face to inside nut face, Dependent 

B,50 =1,50 0 0 1,0,0 Nut thickness, Constant 

B,51 =1,51 0 0 1,0,0 Nut outside face to bolt end face (stickout), Constant 
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In the model, as mentioned, all the dimensions have independent tolerances associated 

with them, which means the loops are over-constrained. For analysis, the thread stickout 

dimension and the dimension between the thread-end-face and the inside-face-of-the-nut 

are considered dependent in order to make each loop perfectly constrained, with a total of 

two dependent variables for the two loops combined. These two dimensions are logically 

the appropriate dependent variables.  

Just think of what it would mean to make only one of them independent. One of the 

other dimensions, like the plate thickness or bolts length would have to be dependent. For 

that to work, the dependent part would have to be manufactured perfectly – which is, of 

course, impossible. The results of the analysis, treating the stickout and thread-end-to-nut 

dimensions as dependent, will be compared to their specified tolerances in order to see if 

the tolerance loops are consistent given the tolerances for the other components. 

4.4 Tolerance Analysis 

As a reminder, tolerance analysis includes variation analysis, sensitivity analysis, and 

contribution analysis. Also, the three main types of tolerance analyses models are worst-

case, statistical, and sampled (Chase and Parkinson 1991). The analysis done by the 

owner and contractor shown in figures 4.2-1 to 4.2-4 was a worst-case variation analysis. 

Tolerance analysis can be conducted for all the loops in the Tolerance Map and vector 

model. Here, each of the three tolerance analysis models will be used to analyze the one-

dimensional model of the bolt case along the X-axis of the assembly. For one-

dimensional analysis, sensitivity analysis is not necessary, as all partial derivatives are 

equal to plus or minus one. As such, for one-dimensional models, the contribution 
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analysis is easily obtained directly from the variation analysis by taking the ratio of the 

variance or tolerance range of each component tolerance to the variance or tolerance 

range of the dependent (critical) dimension.  

4.4.1 Worst Case Model Variation Analysis 

A worst case analysis is done by taking the two combinations of individual component 

tolerances that result in the lower and upper limit of variation in the dependent 

dimension. For a one-dimensional model, and thus linear problem, the analysis is done 

by:  

1. summing together the sum of the longest length values of the tolerances for 

vectors nominally in the positive direction and the sum of the shortest length 

values for all vectors nominally in the negative direction;  

2. summing together the sum of the shortest length values of the tolerances for 

vectors nominally in the positive direction and the sum of the longest length 

values for all vectors nominally in the negative direction;  

3. setting the results from steps 1 and 2 equal to zero; and 

4. solving each of the equations from step 3 for the critical dimension which will 

give the upper and lower limits of variation in the critical dimension respectively.  

In the analysis for the first loop in this case, longer values for the positive and shorter 

values for the negative vectors will produce the lower limit of the thread stickout, while 

shorter values for the positive and longer values for the negative vectors will produce the 

upper limit. Thus the worst-case upper and lower limits for the thread stick out are 

+17/32” (.530875”) and -3/8” (-.398375”) respectively.   

Here, both the upper and lower limit of both the original and the revised thread 

stickout inspection tolerances are violated, making the loop inconsistent and requiring 
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redesign. An extra washer under the head of the bolt for the upper limit would take it 

down to +3/8” (.394625”) bringing it within the revised upper specification limit; this 

makes the issues with the lower limit worse, however. Furthermore, the lower limit is of 

more concern because it is not just an inspection requirement but also a design 

requirement to ensure the full strength capacity of the bolt is engaged (i.e., failure will not 

first occur at the threads because the nut was not fully engaged).  

For the second loop, for the gap between the thread-end-face and the inside-nut-face, 

longer values for negative and shorter values for positive vectors produce the upper limit 

and reverse the lower limit, which are +1 1/16” (+1.065”) and +1/16” (0.08375”). Both 

limits are within the tolerance for the gap between the thread-end-face and the inside-

face-of-the-nut, making the second loop consistent. In other words, the bolt cannot shank 

out and the lower limit represents about 3/4 of a full thread inside the grip. An extra 

washer under the head of the bolt takes the lower limit up to 7/32” (.22”), about 2 full 

threads in the grip. The revised requirement allowing 1/2” stickout ensures a little over 

one full thread in the grip. 

4.4.2 Statistical - Root Sum Square (RSS) Model Variation 
Analysis 

The statistical model used will be the root mean square (RSS) model. The model assumes 

the following:  

1. The assembly function is linear or has been linearized by a first-order Taylor 

series expansion.  

2. The variables’ distributions are all bilateral, normal, and independent 
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3. The number of independent random variables within the assembly function is 

reasonably large 

4. The distribution of the dependent variable will be a normal distribution with a 

variance based on equation 4.4.2-1. (This assumption can be changed if more 

representative distributions are known) 

In the statistical analysis, for one-dimensional problems, a vector’s directional cosine is 

the partial derivative of the assembly equation for the variable represented by that vector. 

To get the standard deviations of the independent variables, one assumes that the 

tolerance limits is 3 standard deviations from the mean and that the variables are 

normally distributed. For components like the plates, where some variables are half the 

thickness, the variance for the total thickness of the plate is used. Table 4.4.2-1 shows: 

(1) the a representative distribution type for each component type in loops A and B; (2) 

the width of each component types’ tolerance range; (3) the midpoints of each component 

types’ ranges, which is used as the mean based on the normality assumption for the 

statistical model; (4) 1/6 of each component types’ tolerance range, which is used as their 

standard deviations for the normality assumption; and (5) the percentage contribution of 

each component types’ tolerance to the overall variation in thread stickout resulting from 

a contribution analysis using the statistical model. The range used for the plate local form 

thickness is the actual mode of the plate maximum form thickness (0.00891”); these two 

form thickness variables are treated as independent, though they are not. 

Equation 4.4.2-1 
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Table 4.4.2-1: Independent vector distributions, range and standard deviation, loops A 
and B 

Component Type Distribution Tolerance Range 

Width (in) 

Mean 

(in) 
σσσσ Stickout % 

Contribution 

Bolt Length Normal .25 8.125 .0416667 80.17 

Paint Thickness Normal .002 .005 .0003333 0.09 

Plate Thickness Uniform .02 Varies .0033333 4.62 

Plate local form deviation Normal 0.00891 0 .0014851 0.20 

Plate max. form thickness Weibull .03125 .015625 .0052083 9.39 

Washer Thickness Normal .04 .15625 .0066667 2.05 

Nut Thickness Normal .052 .859375 .0086667 3.47 

 

For loop A in tables 4.3.4-1a and 4.3.4-1b, using equation 4.4.2-1, the standard deviation 

for the thread stickout, is, 0.0465352. The mean thread stickout is -1/128” (- 0.008125”).  

In this model, the upper and lower tolerance limits on thread stickout should be 3 

standard deviations from the mean or + 1/8” (0.13148”) and - 5/32” (- 0.14773”) 

respectively. The RSS statistical model is considered optimistic, and still the model’s 

lower limit exceeds the revised lower limit by 3/32”. For loop B, the thread end face to 

inside nut face variance is the tread stickout variance minus the variance of the nut 

thickness, which results in a standard deviation of 0.0457211. The mean is 21/32” 

(0.64875”). The upper and lower limits for the thread end face to inside nut face are 

25/32” (0.78591”) and 1/2” (0.51159”) respectively. The result is that the bolt does not 

shankout, which is expected because the worst case model did not result in shanking out. 

4.4.3 Sampled - Monte Carlo Analysis Variation Analysis 

Finally, the sampled model uses Monte Carlo simulation to simulate a large number of 

assemblies. The distributions, ranges, and standard deviations for the individual 

components from table 4.4.2-1 are used in the simulation. Appendix E shows an example 

of the excel template for three dimensional vector loops. The template works by entering 
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in the given information about each vector in the loop. The template has columns for 

almost every property that might be given to define a vector’s length and orientation. The 

spreadsheet is filled in by the relationships between the different properties which are 

dependent on what information is given (Appendix E).  

As a one-dimensional case, all rotational properties and orientation and location 

properties in global Y and Z are all 0. Only the nominal length, the upper and lower 

specification limits for length and the X directional cosine, of each vector of each loop, 

need to be entered. Using Visual Basic, the spreadsheet samples the independent 

variables for the loop, calculates the dependent variable and stores the X component 

length of each vector for the number of iterations chosen (Appendix E). The dependent 

vector length in a loop is given by formula 4.4.3-1.   

Formula 4.4.3-1: 

∑
=

−
n

i
ix L

i

1

0 ω  

where 
ixω  is the direction cosine and iL  is the length of vector I 

The spreadsheet generates statistics for the results of all the iterations for the X 

component lengths of all the vectors. The sample mean and standard deviation of 

dependent variables is an estimate of the actual mean and standard deviation (Appendix 

E). One draw back of the sampled model is that the analysis may take computing time for 

large assemblies and large numbers of iterations. For example, for 1000 iterations of this 

very simple case, the run time was approximately 5 minutes with a 1.60GHz Intel 

Pentium M processor with 1.00 GB of RAM. 



 148 

Figure 4.4.3-1 and 4.4.3-2 respectively show the distribution of the thread stickout 

and thread-end-face to nut-inside-face based on their simulated samples. Table 4.4.3-2 

shows the resultant sample statistics for a sample size of 1000, for thread stickout and 

thread-end-face to nut-inside-face, as well as the results from the statistical and worst-

case models. 

For loop A, using the handbook-calculated 8.25” bolt, the sampled model’s lower 

limit exceeds the revised lower limit of -1/16” by 3/32”. For loop B, none of the limits 

were exceeded. For loop A, the lower limit is only slightly less than the revised 

acceptable value. The probability of exceeding that limit based on the calculated 

distribution is only 5.6%. Therefore, for 1000 such assemblies on the bridge, the yield 

would be 94.4% - meaning only 56 assemblies would fail and have to use longer bolts.  

In general, sampled models are better than statistical model in that the sampled model 

requires neither linearization of the assembly equation, nor the assumptions that the 

variables are independent and normally distributed, as is required for the statistical 

model. However, given the assembly equation in this case is linear to begin with and the 

variables are independent, only the assumption that the variables are normally distributed 

will create any difference between the sampled and statistical models. 

Sampled models tend to be less optimistic than the statistical model, as seen here. 

However, the sampled model will still be optimistic for large numbers of assemblies, due 

to changes in the actual distribution of the components due to factors, such as mean shift 

in the component fabrication process. That said, in construction, even on a project like 

this one involving over 1,000,000 bolts, there are typically not enough repetitions of the 

same or similar assemblies for these factors to be a significant concern. Maybe the actual 
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yield would be closer to 92%. If the cost of failure is more significant, then adjustments 

can made to make the distributions more conservative or a worst-case model should be 

used. Before accepting this failure rate it is worthwhile to evaluate the design for 

improvement.  

Although multiple options for design improvement will be discussed in later sections, 

it is clear from the results of the analysis that the resultant range is reasonable but that the 

mean is too low. Therefore, shifting the mean by using an 8.5” bolt is a potential solution. 

As such, the analysis was repeated using an 8.5” bolt and those results are included in 

table 4.4.3-2, which show that the 8.5” bolt does in fact result in a consistent loop using 

the sampled and statistical models. The yield using the 8.5” bolt is 99.99%, 0.01 failures 

in 1000 assemblies. 

Table 4.4.3-2: Dependent vector statistics, loops A and B 

Model Vector, Bolt Size Mean (in) σσσσ LSL (in) USL (in) 

MC 51(Thread Stickout), 8.25 0.03272 0.05998 -0.14723 0.21267 

MC 53(Thread End to Inside Nut), 8.25 0.60775 0.05945 0.42939 0.78610 

RSS 51(Thread Stickout), 8.25 -0.00813 0.04654 -0.14773 0.13148 

RSS 53(Thread End to Inside Nut), 8.25 0.64875 0.04572 0.51159 0.78591 

WC 51(Thread Stickout), 8.25 NA NA -0.39838 0.53088 

WC 53(Thread End to Inside Nut), 8.25 NA NA 0.08375 1.065 

MC 51(Thread Stickout), 8.5 0.27616 0.05857 0.10045 0.45187 

MC 53(Thread End to Inside Nut), 8.5 0.36440 0.05773 0.19121 0.53759 

RSS 51(Thread Stickout), 8.5 0.24188 0.04654 0.10227 0.38148 

RSS 53(Thread End to Inside Nut), 8.5 0.39875 0.04572 0.26159 0.53591 

WC 51(Thread Stickout), 8.5 NA NA -0.14838 0.78088 

WC 53(Thread End to Inside Nut), 8.5 NA NA -0.16625 0.815 
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Figure 4.4.3-1: Distribution of simulated sample for dependent variable (thread stickout) 
with 8.25” Bolt 
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4.4.4 Variation Analysis Conclusions 

Comparing the results in table 4.4.3-2 confirms the relationships between the various 

models. Worst-case models are very conservative and should only be used where 

potential impacts are severe. Statistical models can be optimistic even in a linear case in 

which few assumptions and estimates, such as linearization, are made, which can be seen 

by comparing the standard deviations between the sampled and statistical models. 

Statistical models require less effort to create and less computation time then the 

sampled model and are thus good when the potential impacts are small. Other statistical 

models can be used to modify the RSS model to make it less optimistic. However, linear 

estimates of non-linear assembly equations can result in more significant underestimates 

of the dependent variation, which will be discussed in the Slurry Wall case.  

Where linearization of the assembly equation creates a poor estimate of variation, the 

sampled model should be used. The sampled model’s only drawbacks are setup and 

computing time. When the problem is simple and linear like this case, the difference in 

set-up and computation time is small. If tables 4.3.4-1a and 4.3.4-1b are entered directly 

into the spreadsheet template the set-up times are comparable. The computation time for 

the sampled run for 1000 iterations only took 5 minutes. The difference in set-up time is 

not impacted by the complexity of the case but the computation time is as shown in the 

Slurry Wall case. However, simulations can be set to run overnight. The sampled model 

is also likely the best choice for projects like the slurry wall case that have many 

repetitions of the same assembly and a small number of components with the assembly.  

In such cases, one simulation analysis provides information for a large portion of the 

project. 
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4.5 Map Evaluation 

The complete Tolerance Map, which results from linking the part diagrams according to 

their relationships in the assembly diagram, is a useful tool for design improvement. If 

feasible, it is recommended to print the entire Tolerance Map on larger format paper. 

Using the Tolerance Map, one can apply the various tolerancing principles for improving 

a design including:  

1. complete and clear tolerancing;  

2. datum selection;  

3. joint selection;  

4. construction and inspection, method and capability, consistency; and   

5. loop identification for analysis.  

An analysis of the rod-bracket assembly map follows in order to illustrate how to apply 

tolerancing principles using the Tolerance Map. 

The process of creating the Tolerance Map helps ensure that the tolerance 

specifications are clear and complete. When creating the assembly diagram, as discussed, 

each component must be assigned sufficient relationships to fully constrain all degrees of 

freedom (DOFs) of the model (six for three-dimensional models, three for two-

dimensional models and one for one-dimensional models). This can be easily checked in 

three dimensions by looking at all the relationships entering a part, and checking that 

together the associated tolerance frames have a value (non-dependent) within each of the 

six DOFs represented by the fields or within fields that together restrict deviation in all 

six DOFs. Situations in which it is acceptable to have blank fields in the tolerance frame 

and not have an incomplete specification are discussed in Appendix A. 
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Note that two relationships that both restrict the translation about the X axis, together 

restrict rotation about the PRF Y axis, if the relationships are with different features of a 

part that are not aligned along the part reference frame (PRF) Y axis. Likewise, two 

relationships that both restrict the translation about the Y axis, together restrict rotation 

about the PRF Z axis, if the relationships are with different features of a part that are not 

aligned along the PRF Z axis. Also, two relationships that both restrict the translation 

about the Z axis, together restrict rotation about the PRF X axis, if the relationships are 

with different features of a part that are not aligned along the PRF X axis.  

As an example of a check for completeness, consider plate 2 which has relationships 

with the upper bolt, plate 1, plate 2, and plate 3. To check for completeness, first the 

priority of the relationships must be determined. Plate 1 defines the ARF and plate 2 is 

erected first by contact with plate 1, second by alignment with the upper hole of plate 1, 

third by alignment with the bottom hole of plate 1. Plate three, as described, is erected 

after plate 2, and the bolt follows that, and thus those relationships are fourth and fifth 

priority respectively. The tolerance frame for the planar relationship with plate 1’s right 

face has a value in the X translation and Y and Z rotational fields. The frame for the 

prismatic-spherical relationship with plate 1’s X axis has a value in the Y and Z 

translational fields. The frame for the point-slider relationship with plate 1’s XZ plane 

has a value in the Z translational field that when combined with the value in the Z 

translational field for the prismatic-spherical relationship restricts X rotation. 

Next the relationships are analyzed by looking for missing fields. In this example, the 

bolt, washer, and nut are not restricted for rotation about their PRF X axes. They are, 

however, cylindrical type parts so this does not represent an incomplete specification. 
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Also, looking at the Tolerance Map, the bolt is actually only restricted from translation 

along the ARF X axis, which makes it incompletely specified. As discussed in the 

Assembly Diagram creation, chapter 4, section 4.3.3.1, the bolt’s orientation is governed 

by a more complex relationship relating to the local orientation of the contact areas 

between the bolt head and nut inside faces with plates 1 and 9 respectively and the limits 

of the dependent relationships between the bolt shaft and plate holes. Although that 

particular relationship cannot be represented in the Tolerance Map, the important thing is 

that analyzing the Tolerance Map raises the question of whether the bolt’s complete 

specification was considered. 

A similar check can be applied to individual features as well. The minimum number 

of DOFs that must be restricted depends on the type of feature. For, example planar 

features need only be limited in one translational and two rotational directions. Line and 

cylindrical features need only be restricted in two translational and one rotational 

direction. Point features need only be limited in the three translational directions. When 

checking the completeness of a feature’s constraints, both internal as well as external 

relationships are considered.  

All features of a part may not be included in the Tolerance Map, as was done in this 

case to aid readability. Under those circumstances some relationships could be missed. In 

general, all features should be included first to establish all relationships. Some features 

may be removed from the final Tolerance Map if they are not important for design, 

construction, inspection, operations or decommissioning considerations. None of the 

features in the rod-bracket assembly map are incompletely specified. 
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The map does not directly aid in ensuring that all aspects of a feature are specified 

(i.e., location, orientation, and form) because actual features or form boundaries are 

treated as separate nodes or datum and are not always included. For example, the washer 

axis has no form boundary, not because it was missed, but because it has no form 

variation. One could require that these additional nodes be added for all features to ensure 

completeness, but again this has to be balanced with the readability of the Tolerance 

Map. Location and orientation of the objects are restricted by filling in the tolerance 

frames. The Tolerance Map itself provides clarity by clearly laying out all pertinent 

tolerance relationships for the assembly as a network instead of as individual tolerances, 

as is done with current specifications. 

One of the most important features of the Tolerance Map is that it clearly identifies 

tolerance loops. As discussed in the creation of the Tolerance Map and vector model, 

some loops are created intentionally to aid analysis. These loops are perfectly 

constrained, such that one vector or relationship is dependent with no pre-defined 

tolerance limits. When some vectors or relationships are pre-defined and are set as 

dependent for analysis, the loops can be inconsistent. Identifying tolerance loops allows 

the designer to check the loops for consistency and subsequently re-allocate tolerances or 

redesign the assembly to make it consistent.  

In the rod-bracket assembly, for example, the original inspection tolerance for 

stickout formed an inconsistent loop with the individual tolerances for the bolt and plate. 

The impact was costly. Loop identification also allows upstream participants to 

understand the intent and impact of individual component variations as they relate to the 

assembly and downstream participants, instead of just being concerned the tolerances 
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they are responsible for. Clarity of intent improves contractors’ attitudes toward quality 

and provides opportunities for contractor input (application of constructability). Again 

standard specifications do not indicate tolerance loops, making the impact of an 

individual tolerance on the assembly process unclear.  

In discussing the completeness of the specification of plate 2 above, the priority of 

relationships was determined. Current tolerance specifications do not indicate datum 

priority. The key for the mapping system in Appendix A explains how shading with the 

tolerance frames can be used to indicate relationship priorities. For example, in the 

Tolerance Map, the three mating fields of the frame associated with the primary 

relationship defining the location and orientation of plate 2 (the planar relationship with 

plate 1) are shaded a light grey. The two mating fields of the secondary relationship for 

plate 2 (the prismatic-spherical relationship with plate 1) are shaded medium grey. The 

one mating field for the tertiary relationship for plate 2 (the point slider relationship with 

plate 1) is shaded a dark grey.  

Without specifying datum priority, the design-intended assembly sequence, which 

impacts variations in critical assembly dimensions or consistency of over-constrained 

loops, is not known. Changing the assembly sequence from the design intent can result in 

unanticipated assembly variations and inconsistent tolerance loops. In this case, the 

design-intended priority of relationships is based on essentially the only way to 

physically put together this assembly. Experiment with changing the priority of the 

relationships and see how it impacts the assembly.  

Over-constrained loops are also the result of selection of joint types between 

components. As already discussed, the creation of the Tolerance Maps and reviewing the 
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Tolerance Maps for consistency allow one to quickly identify which relationships result 

in over-constraint. If any of those relationships are between components, a different 

mating relationship could eliminate the over-constraint. For example, if one had 

incorrectly assumed or specified a planar relationship between the nut and plate 9, the 

orientation of the nut would be over-constrained because its orientation is also 

constrained by the cylindrical relationship with the bolt, and the bolt’s orientation is 

determined by its relationships to the plates. Changing the relationship to the point-slider 

eliminates the over-constraint. In more complex cases, the mating relationships are 

usually determined by the type of connection between the components. Thus, changing 

the connection type can eliminate over-constraint and potentially inconsistent loops. 

The Tolerance Map can also be used to evaluate datum selection. First, the Tolerance 

Map lays out all the datum used in the assembly. Each datum can be checked for its 

necessity and quality. To minimize datum, one can look at the map for long chains of 

nodes. Looking at the assembly diagram, there is the long chain of nodes connected by 

the planar relationships between the plates. The question to ask is: Can any of the nodes 

be eliminated? The answer in this case is no, but one can see the benefit of having the 

Tolerance Map as a reference to ask the question. 

Another question to ask is: instead of a chain, can some of the relationships be related 

back to a single feature, like all the point-slider relationships between plates 2 to 9 back 

to plate 1? These relationships could have been related in a chain where plate 3’s lower 

hole axis had a point-slider relationship with plate 2’s YZ axis and plate 4 to plate 3, and 

so on. If these relationships had a variation associated with them, there would be 

substantial and unnecessary accumulation of error. If there were variation associated with 
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those relationships, the set of relationships from a single datum (baseline dimensioning) 

as shown would be better than the chain set (chain dimensioning).  

A final question to ask related to datum selection is: Which datum, is the most robust 

datum available to establish the required relationships? This question is especially 

important in cases when one datum will be used for baseline dimensioning. For example, 

plate 1’s PRF is a datum for multiple relationships with the other plates’ lower-hole-

substitute-axes. If this assembly were shown with its relationships to the larger project, 

the question would be: Does the plate 1 PRF have more variability relative to the larger 

project than one of the other plates in the assembly? If so, the plate PRF with the least 

variation would be the preferred (more robust) baseline datum for the relationships.  

The plates’ PRF variations, which result from their fabrication, are all the same in this 

case according to the data provided, so no plate is better than another for use as a baseline 

datum. Often tolerance specifications for similar components are the same, as in this case, 

but further investigation into process capability through conversations with fabricators 

could reveal differences. For example, the plate thickness could impact variability during 

fabrication. More detailed data on datum robustness can be determined by tolerance 

analysis on different alternative datum choices. 

The Tolerance Map described for this case is a combination of both a design and 

inspection Tolerance Map, because it included the design specifications along with the 

inspection specification for thread stickout. It is a combination because the included 

inspection specification is different from the relationships specified in the design because 

the design relationships cannot be directly measured or inspected. By combining 

specifications (i.e., adding the inspection relationship to the design relationships), one can 
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see if the inspection process is consistent with the design intent by checking that the loop 

formed is consistent. When a design critical dimension cannot be inspected directly, 

analysis of a combined design and inspection Tolerance Map can assess whether the 

inspection tolerance is representative of the design critical dimension.  

To convert the above design and inspection Tolerance Map into a construction 

Tolerance Map, the values in the frames based on the design tolerances would be 

replaced by manufacturing or construction process capabilities and the direction of the 

relationships would be determined by the assembly sequence, which, due to physical or 

logistical realities or preference, may not be the same as that implied by the design 

Tolerance Map. For this example, a construction Tolerance Map was not created because 

process capability data was not available.  

For the one-dimensional rod-bracket assembly, the process capabilities are basically 

all manufacturing-related. For the one dimension, no variation is added due to on-site 

activity except maybe reduction in the form variation in the plates. The form variation 

reduction would be due to variation in the tensioning of the bolts resulting from the 

operation or calibration of the torque wrench (for tension control bolts if used). However, 

the analysis assumes rigid bodies and did not consider any variation in geometry due to 

forces in the assembly, such as the tension applied by the bolt, temperature differences, or 

the like. The loops in the construction Tolerance Map can be analyzed and compared to 

the relationships in the design Tolerance Map to see that they are consistent. To be 

consistent, the process capabilities and the resultant variations in the dependent 

relationships in the construction Tolerance Map based on the assembly sequence must be 

within the design required tolerances. 
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The colors of the features and relationships in the maps are unrelated to tolerancing 

principles but instead relate to work structuring. They indicate which organization or 

party is responsible for specification, control or inspection depending on the type of 

Tolerance Map is being considered. This information provides additional input for 

making decisions regarding datum, datum priority and connection type selection 

decisions. For example, one would typically want to avoid a datum priority that resulted 

in a sequence where a particular trade controls several of the relationships that are 

interrupted by relationships controlled by other trades. Such a sequence would increase 

coordination and setup requirements.   

As another example, if many components are provided by the same fabricator it might 

indicate an opportunity to pre-assemble some of the component in a shop condition. This 

would provide the opportunity for different connection types or reducing variations. For 

the rod-bracket assembly, for example, because the plates came from the same 

manufacturer, one could specify the use of techniques such as templates for the hole-

drilling or match-drilling to reduce variations. For the rod-bracket assembly, the plates 

are from one fabricator while the bolt, nut, and washer are from another. The whole 

assembly is done by the ironworkers. Inspection is redundantly done by the ironworkers, 

contractor QC, and owners QA. 

4.6 Solutions Generation, Redesign & Reallocation 

Tolerance Map analysis indicates both potential problem areas and opportunities for 

redesign. Tolerance analysis indicates both where redesign or reallocation is needed, as 

well as opportunities for redesign and tolerance reallocation. Analyzing the Tolerance 
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Map, along with the tolerance analysis of the loops, indicated one opportunity for 

definitive improvement: changing the stickout inspection tolerance to be consistent with 

the design intent. This solution was essentially implemented when 8.5” bolts were used 

and the acceptable range for stickout was increased to - 1/16” to + 1/2”. The lack of 

improvement opportunities is not surprising, however. The case was simplified and 

treated as one-dimensional in order to eliminate more complex interactions. In addition, 

the author created the map unconsciously applying the tolerancing principles so 

engrained from the research process. Of course the end goal is that tolerance principles 

are applied during the first iteration of design in this way. 

Another opportunity for redesign and potential improvement presented by Tolerance 

Map analysis is to identify long, inconsistent loops and try to find process methods 

shorten or decouple them. One relevant method for shortening loops for this case is to 

take as-built measurements and use adjustable, filler, custom, matched or sorted parts. 

Taking as-built measurements of the actual components or partial assembly potentially 

allows for adjustment of one of the subsequent components within acceptable design 

parameters to make the assembly work.  

In the rod-bracket assembly case, only the bolt’s nominal value could be adjusted 

while still keeping within the design requirements, unless the whole design was 

reconsidered. The bolt’s length is not adjustable. The nominal length of the bolt could be 

made custom after assessing the actual variation of 6 assembled plates. The variation due 

to the remaining plates and the bolts would then be within the acceptable range, which 

can be confirmed with additional tolerance analysis. Alternatively, one could have 

multiple, 8.5” and 8.25” bolts available to the ironworkers and simply try to match the 
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appropriate size to the given as-built assembly. The ironworker would insert a trial bolt 

into the assembly and judge whether the length would meet the requirements before 

installing the nut. The implication is that this is what the ironworkers actually did; only 

they tightened the bolts first and then trashed them if they didn’t work.  

Similarly, one could even sort the bolts into smaller ranges of length within the 

variations of the 8.25” and 8.5” bolts to speed finding one that matches the as-built 

assembly.  One further refinement would be to use the allowance for an additional 

washer, which acts essentially like a filler material, and add it as needed to help adjust for 

the bolt length.   

All of these methods for shortening the tolerance loop have some drawbacks. They all 

require additional steps in the assembly process and thus more variable process duration 

and workflow. The use of custom parts results in a coupling between assembly and part 

fabrication making a portion sequential instead of parallel, again increasing variability 

and interruption in the workflow. 

Further opportunities for potential improvement can be found by looking at the 

tolerance analysis results. According to the statistical and sampled models for the 8.5” 

bolt, no further improvement is required. If the cost of reworking the connection was 

larger and the worst-case model was used, further improvement could be considered. As 

a linear problem, variability reduction in any of the component has equal impact. The rule 

of thumb is to look at the largest contributor to the assembly variation, which is the bolt. 

Accordingly, the bolt is the best component to look at to find for opportunities for 

variability reduction. Conversations with the contractor indicated that the bolts tended to 

consistently be on the short side. The implication was that the fabricator was able to 
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achieve tighter tolerances (better process capability) than required by ASTM and had 

shifted their mean to a lower value to reduce material cost. If this is the case, one might 

approach the bolt manufacturer and request a specific mean value for the lot of 8.25412” 

to center the worst-case range on the revised inspection range and reduce the tolerance 

range as much as possible.  

On more complex assemblies, tolerance analysis can be used to evaluate the 

sensitivity of the dependent dimension to changes in the nominal dimension of different 

components. However, for this case, as seen by the contractor’s analysis, even 

eliminating all bolt variation is insufficient to make the loop consistent. Further effort to 

reduce variation in other components, plate form thickness being the next highest 

contributor, would need to be considered. Process capability reduction efforts such as 

these should be compared to other tolerance management solutions and strategies for 

improvement to see which is best suited to the project system and objectives. 

Of course, one further option is to completely change the design. For example, 

welded connections could be used between the plates or different plate arrangements 

could be used to reduce the number of plies at any given location. Neither the Tolerance 

Map nor analysis is likely to direct one toward such changes. However, the alternatives 

can be considered with the tolerance problems of the prior design in mind and can be 

evaluated themselves for potential changes and improvements. 

4.7 Conclusion and Validation 

Several important conclusions were reached in the investigation of the Bolt Case. First 

and foremost, it shows that even a simple one-dimensional tolerance analysis can: 1) 
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apply to multiple locations within a project and, 2) prevent significant potential waste in 

terms of cost, schedule, and quality. The tolerance model and analysis results are 

validated because they were consistent with the actual project results, in that the original 

inspection tolerance with the 8.25” bolt resulted in inspection failures while the revised 

inspection tolerance combined with using the 8.5” bolt did not result in further failures. 

Had information on the number of assemblies involving 5 or more plies and the 

associated number of bolts in those assemblies been available, the failure rate of 29.29%, 

based on the analysis on the 8.25” bolts with the original requirements, could be 

compared to the number of bolts pulled off the platforms for better validation. With more 

plies comes greater variation in both the stickout distance and the distance from the 

thread-end-face and the inside-nut-face. As indicated by the analysis, 5 plies is the 

threshold at which the problem discussed in the case can occur. Clearly, however, the 

tolerance model and analysis are capable of identifying potential tolerance problems, 

such as inconsistent tolerance loops, based on a given design. Additionally, the Tolerance 

Maps and analysis provide information that can be used to eliminate or reduce the 

tolerance problem and in general improve the design work structure based on tolerance 

considerations. 

Secondly, the Bolt Case also shows that the tolerance model and inspection tolerances 

must be considered carefully and analyzed to ensure that they are consistent with the 

design intent. Better still, appropriate inspection tolerances should be determined from 

the design intent. The Bolt Case demonstrates how the Tolerance Map helps capture the 

design intent of the project geometry through the map creation process. The tolerance 
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analysis can be used to determine appropriate inspection tolerances as part of the design 

process.  

Thirdly, the Bolt Case demonstrates that of the three models – worst-case, statistical 

and sampled – the sampled analysis model is the best choice for tolerance analysis: it 

both avoids questions regarding the appropriateness of linearization and other 

assumptions made by other models, and produces results that are neither too conservative 

nor overly liberal. 

Fourth, although basing the map on the vectorial dimensioning and tolerancing 

(VD&T) tolerance definitions makes parallels to the vector and CAD model easier, 

capturing geometrical dimensioning and tolerancing (GD&T) tolerance specifications in 

the Tolerance Map is very challenging. 

Lastly, the details of the Bolt Case reinforce the observation that the industry relies 

heavily on experience. The contractor raised concern at the start of the project because no 

one had experience with assemblies with large numbers of plies. Presumably, the owner’s 

lack of concern and the contractor’s failure to press the concern was because they had not 

experienced a problem before. Given that the contractor raised the concern before the 

start of construction, one wonders as to why the contractor didn’t experiment with mock 

up assemblies in the yard to get a sense of the results. Mock-ups and first run studies 

could be a way of generating some construction process capability data for further 

analysis and improvement when little is otherwise available. 
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5 Window Case 

5.1.1 Technical Description 

The Window Case study involves the interface of pre-fabricated windows installed in a 

cast-in-place (CIP) concrete building frame. The buildings were residence halls with CIP 

concrete structural frames and walls for the lower floors. The buildings had a tight 

schedule in order to be ready for incoming students. Figure 5.1-1 shows a partial detail of 

the building floor plan, while figure 5.1-2 shows a picture of an installed window. In 

figure 5.1-2, the window fits in an opening created by the following: column Q1 to the 

left of the window in the picture; a wall element between the pictured window and the 

window to its right (not shown); the first floor slab above the window; and a wall element 

that forms the sill below the window. 

 

 

Figure 5.1-1: Partial floor plan of concrete building Figure 5.1-2: Installed window 

 

Figure 5.1-3 shows a close-up of the interface between the window and concrete. Circles 

are drawn in figure 5.1-3 around the shims that separate the window’s sill, head, and 

N 

Figure 2 
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jambs from the concrete at their anchor points. Figure 5.1-4 is a cross-section taken 

through the window from the contract drawings that shows the anchor bolts going into 

the concrete through the sill, head, and jambs. The window frame rests inside the sill and 

against the head and jambs. Caulking fills the gap between the concrete and the sill, head, 

and jambs. 

 

 

Figure 5.1-3: Close-up of window-
concrete interface from inside; circles 

highlight shims and anchor bolts 

Figure 5.1-4: Cross-section at window 
opening 

The tolerance on the caulking joint around the window is limited per the project 

specifications to 3/4” maximum for aesthetics, and 3/8” minimum for performance of the 

caulking which can thus accommodate a ± 3/8” variation in the size of the opening. The 

design assumes that the tolerance for the window frame, sill, head, and jambs is 

essentially 0”. Tolerances on the concrete elements are governed by ACI 117. The 

specific values will be discussed in the problem description. In general however, the 

tolerances that apply for this case are in the ACI 117 section on CIP buildings, which 

includes relationships for the following: 

Jamb Sill 

Anchor Bolt 

Caulking 

Window 
Frame 

Window 
Frame 
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• Opposing faces of the same member (i.e., length, width, and thickness). Example 

from case:  floor slab thickness and wall and column thickness and width. 

• The specified and actual location of any point on a member’s edge, face or centerline 

depending on which is dimensioned. Example from case: the face of a column from a 

grid-line-intersection-point. 

• The relative position or orientation of faces of different elements that are located by 

the same line or plane. Example from case: the column and wall faces located relative 

to the grid-lines. 

• The specified and actual slope of any segment of a member’s edge, face or centerline. 

Example from case: the face of the faces of the columns or slabs specified as plumb 

or level. 

• The specified and actual size and location of an opening through a member. Example 

from case: the window openings. 

5.1.2 Tolerance Problem Description 

5.1.2.1 Caulking Joint Size 

During the construction of the buildings’ structures, the window installation contractor 

issued a request-for-information (RFI), noting that the tolerances on the concrete were 

larger than those permitted for the window and caulking, potentially creating inconsistent 

tolerances. The window contractor used a simple one-dimensional, worst-case analysis in 

both the vertical and horizontal directions to determine the impact of the inconsistent 

tolerances. The author repeated the same analysis in the research, as follows. As the 

linear analysis demonstrates, if the tolerances are left this way, the variation in the 

concrete would exceed both the maximum and minimum allowable tolerance limits for 

the caulking size. 
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The gap for the caulking all around the window is the critical dimension and the 

window is assumed to be centered in the opening so that the gaps on opposing sides are 

even. The design tolerance on the height and width of the window opening in the 

concrete, per ACI 117-90, is + 1” and - 1/4”, resulting in a total window opening 

variation of 1-1/4” in both height and width. The ACI 117-06 not yet released increases 

the tolerances to + 1” an -1/2”.  

The window assemblies have 0 tolerance and the nominal dimensions are designed to 

leave a 3/8” gap between the outside face of the assembly and the inside face of the 

concrete all around when centered in the opening. The caulking thus has a nominal size 

of 3/8” all around. A 1” increase in window width and height due to the concrete 

tolerance increases the gap for the caulking to 7/8”, which represents a 1/2” increase all 

around. A 1/4” decrease in the window width and height due to the concrete tolerance 

decreases the gap to 1/4”, which represents a 1/8” decrease all around. Both exceed by 

1/8” the maximum allowable caulking width of 3/4” and the minimum of 3/8”, 

respectively. Put in other terms, the caulking only allows for a maximum of a 3/4” 

variation in the opening size. This is just over half the allowable variation in the concrete, 

thus creating an inconsistent loop.  

A linear statistical analysis is just as simple to perform to get the probability of a 

caulking problem. The tolerance is assumed to be a normal distribution, which requires 

shifting the mean so that the nominal is increased by 3/8”, making the limits symmetrical 

(i.e., ± 5/8” instead of + 1 and - 1/4”). The revised tolerance limits are assumed to 

represent plus or minus three standard deviations from the revised mean. The nominal 

window size is the same, but the mean shift in the opening will increase the nominal 



 171 

caulking width to 9/16”. The probability of a problem is 26%, which is simply the 

probability that the window opening variation is less than – 3/8” or more than + 3/8” 

from nominal.  

Of course the linear analysis does not consider variations in the orientation of the 

concrete faces or the windows that can occur. Form variations in the concrete and 

erection variations in the window location from center are also ignored. However, the 

worst-case linear analysis does not consider these variations either, and the purpose is 

only to get a rough idea of the probability of a problem. The probability is sufficiently 

large to warrant a strategy for mitigation. 

The strategy used on the project to deal with the inconsistent loop was to take as-built 

measurements. This strategy had been indicated in the project specifications in the 

section on windows, which instructed the contractor to “check [window] opening by field 

measurement before [window] fabrication.” However, the tight schedule of the project 

did not allow for field measurement prior to ordering the windows (Appendix H). The 

specifications also anticipated this situation and state that the contractor is permitted to 

start fabrication as required by the schedule without field measurement but to coordinate 

fabrication to ensure fit. In other words, the solution was a custom fitting. 

To accomplish the custom fitting, the contractor, where possible, as-built the window 

openings prior to fabrication. In some cases, the measurements were taken while 

formwork was still in place. The amount of measurement error due to the formwork was 

easily accommodated by the allowable variation in the caulking, given the nominal was 

based on the as-built measurement instead of the design value. When the concrete was 

not placed prior to the required ordering date, the order was still given in order to hold the 
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contractor’s place in the fabrication line. Field measurements were then provided to the 

fabricator as soon as they were available. 

5.1.2.2 Ambiguous Tolerance Specification and Inconsistent 
Interpretation 

As mentioned in the Bolt Case, and as will be further discussed in the Slurry Wall Case, 

the tolerance specifications in the AEC standards are often ambiguous and open to 

multiple interpretations. In the Slurry Wall Case, the ambiguity only led to challenges for 

the author in deciding on what interpretations to use for the tolerance analysis. No 

evidence pointed to differing interpretations between the project participants. Also, any 

potential impact on accumulation was overshadowed by the impact of the process 

capability being larger than any interpretation. In the Window Case, however, the 

ambiguous specifications resulted in differing interpretations between the contractor and 

designer on the tolerance for the space for the window. The difference between the 

contractor’s and owner’s interpretations led to an increase in the variation in the opening, 

which in turn increased the number of windows requiring custom sizing.  

To illustrate the differing interpretations, consider the space from side to side of the 

window opening between grid-lines O and P in 5.1-1. The contractor viewed the space 

for the window as being between the column/wall elements O1 and P1 (i.e., the columns 

at grid intersections O1 and P1). Thus, for the contractor the tolerance was that between 

two vertical elements dimensioned from one another, i.e., ± 1”. This results in a 2” range 

for the window opening, per ACI 117-06 4.2.1 and 4.3.1. The owner, on the other hand, 

viewed the space as an opening within an element, so that the tolerance was + 1”, - 1/2”, 

resulting in a 1 1/2” range for the window opening, per ACI 117-06 4.6.6. In the end, the 
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owner accepted that the contractor’s interpretation of the specification was equally valid 

and accepted responsibility for the increased number of windows that required custom 

sizing. 

A third interpretation is possible if the dimension for the window opening and 

between grid-lines O and P were accidentally not included or ignored. This third view 

looks at each element separately. From this view, the location of column/wall elements 

O1 and P1 vary by ± 1” from the grid intersections, per ACI 117-06 4.2.1. The thickness 

of both column/wall elements can vary by + 1/2", - 3/8”, per ACI 117-06 4.6.1. The tops 

of both columns vary 1/4” in or out of the opening, per ACI 117-06 4.1.1 or 4.8.2.  

Finally, individual points on the column surfaces vary an additional ± 1/8” from each 

other, per ACI 117-06 4.8.3. The resulting total variation at the top of the window for the 

third view is + 2 7/8”, -3”.  

One could argue that the third view is not valid because ACI 117 1.2.3 states 

“Tolerances are not cumulative. The most restrictive tolerance controls.” However, the 

check list comment for section 1.2.3 contains a contradictory statement allowing 

accumulation. It states, “Where a specific application uses multiply toleranced items that 

together yield a toleranced result, the specifier must analyze the tolerance envelope with 

respect to practical limits and design assumptions and specify its value where the 

standard tolerance values in this specification are inadequate or inappropriate.”  

The commentary also states that, “the required degree of accuracy of individual parts 

can be influenced by adjacent units and materials, joint and connection details, and the 

possibility of the accumulation of tolerance in critical dimensions.” Additionally, many 

of the tolerance interpretations in the commentary imply accumulation. One way to 
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partially reconcile these statements is to assume that multiple tolerances for a given 

feature do not accumulate, but that the tolerances on connected features can accumulate. 

However, the committee admits that the intent varies. Thus, the third view of the 

tolerances on the space for the window should be accepted as a viable interpretation. 

5.1.2.3 Examples of Impacts for Inconsistent Loop and Specification 
Interpretation 

As in the slurry wall case, the need for taking as-built measurements couples activities. 

This, in turn, creates additional dependencies in the schedule. In this case, in addition to 

adding the activity of taking as-built measurements, the concrete placement became a 

predecessor for window fabrication, which had a 16-week lead time. The dependency 

impacted the schedule as indicated in the letter in Appendix H. However, to minimize the 

schedule impact to be within the float for window installation, the precedence was 

sometimes ignored and the windows were ordered without as-built information, as 

discussed. In some of these cases in which as-built information was provided after the 

order was placed, partial fabrication had already begun based on the nominal window 

size. In these cases, the materials were reworked or replaced as needed, increasing the 

direct costs and delaying delivery of those windows.  

The contractor submitted a change order for $22,185 for the direct costs and delays 

for the reworked fabrication, which was accepted by the owner. This represents only 

.025% of the total construction costs. One direct cost not included was that of redoing the 

project drawings to reflect the changes in the window dimension. The owner and 

contractor decided the cost was too much to warrant the change and instead created a 

marked up version for the project records. 
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The indirect impacts were not put into dollars but were likely larger than the direct 

impacts. First, the project had undergone a value engineering effort prior to construction 

to reduce the number of different types and sizes of windows by over 30% in order to 

reduce material, construction and repair and maintenance costs. Based on randomly 

looking at one floor, an estimated 12% of the 560 windows that were installed in 

completely concrete openings were custom-sized. At all phases, having a small set of 

standard sizes reduces the potential for errors. Having many non-standard sizes, on the 

other hand, greatly increases that risk, as does using marked up plans. Looking at each 

phase, reduced standardization increases all of the following: 

1. Material fabrication costs, by increasing set-ups in the shop. 

2. Repair and maintenance costs, by reducing the inventory of materials for repair 

and the need to track the sizes of individual locations.  

3. Construction costs, by reducing the need for labeling, tracking and handling 

materials. 

The author witnessed these indirect impacts during the construction phase. On at least 

one occasion, the window contractor distributed the windows for installation from a 

delivery to the various locations within the project – not realizing that some of the 

openings in those areas were non-standard and that some of the windows delivered were 

the custom-sized. Thus, the windows from that delivery had to be re-distributed to match 

their location. Once distributed to the correct buildings, the crews still had to measure and 

re-measure both the windows and the openings to find a match. The author estimates that 

the measuring and matching process took roughly an additional 20 minutes per window 

as compared to those that were standard size.  
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Once, the author also witnessed the crew begin installation before realizing it was not 

one of the standard window openings. On one window, the crew debated whether they 

were using the wrong window but decided to install it anyway. 

The impact is an increase in the window installation process, not only because of the 

matching problem, but also because the crew has to jump around to different locations 

depending on which windows are available. Every time the crew changes location, it 

requires break-down and set-up of tools and equipment. Furthermore, the jumping around 

means that many areas are in a state of partial completion, either delaying the next step in 

construction or increasing the potential for space interferences between different crews. 

Similar impacts are likely to occur for maintenance and repair. 

From the project management perspective, the inconsistent tolerance loop led to 

significant effort in the office as well. The time from the submission of the initial RFI to 

the acceptance of the change order was 13 months. At least one staff member for the 

construction manager was devoted to coordination of the windows for that entire time, of 

which 25% to 50% alone related to the caulking size problem. Additionally, members 

from the owner’s representative, construction manager, architect, concrete contractor, 

window contractor, window fabricator, and many others sub-contractors, all attended 

many meetings, prepared multiple quotes and opinions, and created and participated in 

correspondences on the issue.   

Even if all the impacts combined were very generously estimated at $500,000 

distributed among various project participants, it is still less than 1% of the construction 

budget. The impact is small because fortunately, the problem was realized before window 

fabrication began. As indicated in the letter in Appendix H, the impact would have been 
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much greater had the problem not been determined until the windows were being 

installed. The small impact demonstrates the advantage of analyzing and considering 

tolerances prior to construction, during design. 

5.1.3  Evaluation 

Some interesting observations result from describing the construction process associated 

with each of the three different interpretations of the tolerance specifications. The 

Tolerance Maps for the designer’s and contractor’s interpretations are actually the same. 

The difference is in the construction process. Again, the window space between grid-lines 

O and P in figure 5.1-1 is the example. The designer’s interpretation is that the window 

space is an opening within a concrete (wall) member, meaning that the opening is formed 

directly. On the contrary, in the contractor’s interpretation, the columns are formed 

directly. In this interpretation, the west edge of the formwork for column P1 is located 

relative to the east edge of column O1. The process capability and tolerance on the size of 

the formwork in the designer’s interpretation is tighter than the process capability and 

tolerance on the erection of the column formwork in the contractor’s interpretation. The 

actual construction method, however, followed the third interpretation of the tolerance 

specification. 

In the third interpretation, the Tolerance Map is different. The formwork for column 

P1 is set relative to the column grid-lines, not the edge of column O1. Using this method, 

the window opening is impacted by both the erection variations and the formwork size 

variations for columns O1 and P1. The contractor achieved a tighter process capability 

than the associated tolerances by pre-fabricating the formwork and using survey to locate 
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the formwork. The tighter process capability meant that the resulting variation in the 

window opening was within the tolerance for the contractor’s interpretation. 

The three different interpretations illustrate the tolerance management principle that 

important dimensions should be directly controlled where possible. Important dimensions 

are dimensions that have a significant impact on performance, in this case assembly 

performance, if they vary from nominal or exceed their tolerance. Direct control of 

important dimensions reduces variation from nominal because only one process impacts 

the dimension as opposed to an accumulation of variations from multiple processes. In 

both the designer’s and contractor’s interpretations, the dimension for the window 

opening and columns O1 and P1 are directly controlled. The problem is that the variation 

must be absorbed somewhere. One of the dimensions along the building face from next to 

grid-lines O to Q cannot be directly controlled. Knowing this can allow a designer to plan 

locations where tolerance variations can be absorbed. 

This raises an interesting question about the lack of dimension on the wall section 

between the window openings between grid-lines P and Q. All the practitioners the 

author spoke with assumed that the missing dimension was simply an oversight. An 

alternative interpretation, however, is that the missing dimension actually communicates 

the designer’s intent that the variations in the other dimensions are absorbed at this wall 

section. One interpretation of ACI is that the tolerances only apply between members 

where a dimension or grid-line is given. This assumes that the wall section serves no 

structural purpose or that the resultant variations in its width still meet the functional 

criteria of the wall.  
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In this case, instead of pre-fabricating the formwork for this wall section, the width of 

the wall would be dependent on the variations in the other component dimensions. The 

formwork for columns O1, P1, and Q1 could all be pre-fabricated. Column P1 would be 

set according the contractor’s interpretation so that the window opening between O and P 

was directly controlled. The window openings between gridlines P and Q on the other 

hand, would be formed according to the designer’s interpretation so that they are also 

directly controlled. The wall section between P and Q would be formed by enclosing the 

space left by the two window forms between P and Q. 

In traditional drafting, the choice of what to dimension is reflective of the priority of 

the dimension and the design intent. With the capacity of current CAD systems to easily 

add dimensions on a drawing, the tendency is to add dimensions everywhere. The logic is 

that it makes the drawings more user-friendly and prevents the reader from having to 

calculate a dimension of interest that is not given. The problem is that by including 

dimensions everywhere, the added communication of design intent is lost. Practitioners 

have lost the skill at both relaying and reading design intent through drawings. The result 

is increased ambiguity in tolerance specifications as seen in the case. 
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6 Slurry Wall Case: Roof Girder to Slurry Wall 
Soldier Pile Connection  

6.1 Technical Description 

The Slurry Wall Case study looks at the soldier-pile tremie-concrete (SPTC) slurry wall 

system, the composite steel-and-concrete roof system, and their connection for a cut-and-

cover tunnel construction. The main structural elements in SPTC walls are soldier piles, 

large steel sections that are spaced closely together within the wall. The piles are bridged 

by concrete so that they act as a continuous wall. The slurry walls act as excavation 

support for construction where ground movement and water cutoff are important 

considerations; they also serve as the walls of the permanent structure.  

In this case, the roof consisted of 60’ to 90’ roof girders spanning between slurry 

walls. The roof girders were spanned by stay-in-place (SIP) steel formwork with a 

roughly 1’ reinforced concrete slab on top. Shear studs (not shown) were welded to the 

top of the roof girder transfer loads between the girder and the slab. The roof girders were 

subjected to the vertical loads of the fill on top of the roof plus the surface traffic, and to 

the horizontal loads to resist earth pressure on the walls. Figures 6.1-1 to 6.1-5, illustrate 

the slurry walls, roof, and the connection between the soldier piles and roof girders as 

designed and executed on this project.  

The existing design, pictured in Figure 6.1-1, consisted of:  

• ‘a’, an erection bracket/seat welded to the W36 X 280 soldier pile,  

• ‘b’, a small erection angle welded to the top of the plate roof girder and the face 

of the pile mostly for stability during erection, and  

• ‘c’, a ¾” bent-plate-double-web-cleat which forms the main structural connection.  
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Figure 6.1-1: Rendering of as-designed, soldier-pile tremie-concrete slurry wall and 
composite steel-and-concrete roof system 

 

Figure 6.1-2: Photo of as-built soldier-pile tremie-concrete slurry wall and composite 
steel-and-concrete roof system (www.bigdig.com 2000) 

 

Figure 6.1-3: Photo of stay-in-place decking installation onto roof girders for composite 
steel-and-concrete roof system (www.bigdig.com 2000) 
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Figure 6.1-4: Photo of exposed soldier piles showing variations in location and 
orientation (www.bigdig.com 2000) 

 

Figure 6.1-5: Clamshell excavating slurry wall panel between guide-walls 
(www.bigdig.com 2000) 
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Figure 6.1-6: Representative roof installation schedule and associated activities 



 185 

The sequence of construction is illustrated in the schedule in figure 6.1-6. The details of 

the schedule have been simplified to show the representative sequence and durations with 

average crew sizes. The soldier pile tolerances as specified in the contract documents and 

drawings are shown in the figures 6.1-7 to 6.1-13 and table 6.1-1. 

 

Figure 6.1-7: Longitudinal & transverse location & plan rotation (about Z) tolerances 
(Company Y Contract Drawings 1996) 

  

Figure 6.1-8: As-built piles plan view Figure 6.1-9: Partial tunnel plan view 
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Figure 6.1-10: Cross-sectional pile tolerance (AISC 1986)  

 
 

Figure 6.1-11: Transverse rotational (about 
Y) and form tolerances (Company Y Contract 

Drawings 1996) 

Figure 6.1-12: Longitudinal rotational 
(about X) and form tolerances (Company Y 

Contract Drawings 1996) 
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Table 6.1-1: Design specified tolerances for all 6 degrees of freedom (DOFs) 

Tolerance Description Value 

1) Transverse 
Displacement 
(X) 

Along the line connecting the designed station locations of the 
centroids of two piles on opposite walls which support the same 
roof girder, measured from a pile centroid’s designed station 
location at the top of the guide-wall (figure 6.1-7). 

± 2” 

2 ) Longitudinal 
Displacement 
(Y) 

Along the line perpendicular to the transverse displacement line, 
measured from a pile centroid’s designed station location at the 
top of the guide-wall (figure 6.1-7). 

± 2” 

3) Vertical 
Displacement 
(Z) 

Along a plumb line through a pile’s centroid at its top or a splice 
to the designed elevation of the top or splice. ± 4” 

4) Longitudinal 
Rotation 
(About X) 

About the radius of the wall baseline through a pile centroid’s 
designed station location, measured between a plumb line 
through the pile centroid at the top of guide-wall and the chord-
line between the pile centroids at the top of guide-wall and 
bottom of the pile (figure 6.1-12). 

±1/200 

5) Transverse 
Rotation 
(About Y) 

About the line tangent to the wall baseline at a pile centroid’s 
designed station location, measured between a plumb line 
through the pile centroid at the top of guide-wall and the chord-
line between the pile centroids at the top of guide-wall and 
bottom of the pile (figure 6.1-11). 

±1/100 

6) Plan Rotation 
(About Z) 

About a plumb line though a pile centroid’s designed station 
location, measured between the line connecting the designed 
station locations of the centroids of two piles on opposite walls 
which support the same roof girder and the centerline of the 
pile’s web (figure 6.1-7). 

± 5
o
 

7) Pile Overall 
Camber (X) 

Component of the perpendicular distance from a pile’s centroid 
in cross-section at any point along the pile’s axis to the chord-line 
between the pile centroids at the top of guide-wall and bottom of 
the pile, parallel to the pile’s web (figure 6.1-11). Average pile 
95’ long. 

± 1” 

8) Pile Overall 
Sweep (Y) 

Component of the perpendicular distance from a pile’s centroid 
in cross-section at any point along the pile’s axis to the chord-line 
between the pile centroids at the top of guide-wall and bottom of 
the pile, perpendicular to the pile’s web (figure 6.1-12). 

1” 

9) Flange X-
Section Rotation 

Sum of the rotations of both pile’s flange-faces from the pile’s 
web centerline in cross-section (T + T’ on figure 6.1-10) 

± 5/16” 

10) Flange X-
Section 
Location 

Distance from the pile’s flange-face-centerline to the pile’s web-
centerline, measured along the pile’s flange-face in cross-section 
(E on figure 6.1-10) 

± 3/16” 

11) Flange X-
Section Width 

Size of the pile’s flange-face in cross-section, measured from 
flange-outside-edge to flange-outside-edge (B on figure 6.1-10). 

+ 1/4” 
- 3/16” 

12) Web X-
Section Depth 

Size of the pile’s web in cross-section along the web-centerline, 
measured from flange-face to flange-face (A on figure 6.1-10). 

± 1/8” 
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Figure 6.1-13: Splice and pile form tolerances (Company Y Contract Drawings 1996) 

      
 

 
  

Figure 6.1-14: Design roof to pile connection (Company Y Contract Drawings 1996) 
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6.2 Tolerance Problem Description 

6.2.1 Tight Coupling of Sequential Construction Processes and 
Manufacturing Steps 

The assumed variability in geometric and dimensional tolerances (GDT) of the soldier 

piles based on the specified tolerances resulted in tight coupling of the roof installation 

and connection (RIC) operation to the roof fabrication operations as well as the 

predecessor and successor activities. The roof-to-pile connection required that the end of 

the roof girder be parallel with the face of the pile. Note that figure 6.1-14 only shows the 

ideal situation in which the roof girder is perfectly perpendicular to the flange face. The 

gap between the end of the roof girder and the face of the pile is specified as 1”, with a 

tolerance of ± 1/4”.  

However, evaluation of the soldier pile tolerances’ combined effects, discussed later 

in this chapter, show that the face of the flange of the soldier piles at the roof seat 

elevation varies from its intended midpoint position and orientation ± 6.5” in the X 

direction, ± 6.3” in the Y direction, ± 0.4o about the X axis, ± 0.7o about the Y axis, and ± 

6.1o about the Z axis. These values show the worst-case tolerance based on the lowest 

seat elevations. The worst-case variation in orientation of the pile face relative to the 

girder centerline of ± 0.7o about the Y axis creates a 1.1” variation in the X location over 

the height of the tallest girder. The worst-case variation in orientation of the pile face 

relative to the girder centerline of ± 7.1o about the Z axis creates a 2.1” variation in X 

location over the width of the maximum flange face. Both are in excess of the ± 1/4” 

variation allowable between the end of the girder and the pile face. Combining the 

translational variations of the two opposing piles could mean an additional + (18.1” or - 
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13” variation in the total centerline length of the roof girder – also well in excess of the ± 

1/2” available in the gaps at the two ends. Similarly, the cleats needed to match the angle 

between the web-face and the pile with its ± 7.1o variation.  

As seen in the schedule, the designer recognized the inconsistencies and required a 

detailed survey, once the faces of opposing piles at the roof elevation were exposed, to be 

sent to the roof and SIP form fabricator. The roof girder fabricator then required two 

weeks to make the final cut on the ends of the roof girders to match the pile, drill 

connection holes, paint the ends, bend the cleat angles to match the pile, and ship all to 

the site. The girders were fabricated 36.75” long to allow for trimming both ends. The 

duration for final fabrication of a girder cannot be decreased with increased labor at an 

end due to the sequential nature of the work on the ends. Given the custom fabrication, 

the ± 1/4 variation in the gap between the roof and flange face was available to 

accommodate variations due to the fabricator’s end-cut process and movement of the pile 

due to the uneven earth pressure created by the excavation. The design’s management of 

the pile tolerances thus tightly coupled the manufacturing of the roof system to the 

excavation and exposure of the pile faces that preceded the RIC. This put the final roof 

fabrication on the critical path, adding two or more weeks. 

A main design concern had been to limit wall movement because of the effect on 

surrounding buildings. The sensitivity to wall movement also limited the amount of un-

braced wall that could be exposed at once to take measurements, as seen by the 50’ 

excavation segments in the schedule. No more than 50 feet could be excavated as 

measured from an earth berm of unexcavated soil against the wall or from an erected roof 

girder with completed cleat connections at both ends. The contract further designated a 
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two-week limitation to the duration an excavated section of wall could be exposed prior 

to installation and connection of the roof girder as a brace.  

This meant that ironworker crews had to begin installation as soon as finished girders 

arrived on site. Excavation below the roof to the first strut level could only occur under 

completed roof connections with similar restrictions. Thus, the follow-on excavation and 

RIC activities were very tightly coupled to the roof fabrication, with very little flexibility 

in timing or sequencing. The excavation crew quickly ran out of areas to excavate 

because of the two-week lead time for the roof delivery. The final roof fabrication in 

combination with the limitation on excavation lengths was the bottleneck for the 

activities. The rest of the activities could all go faster up to a point with additional crews. 

Any negative variability in fabrication duration directly impacted the critical path and 

increased wall movement.  

The decking sections and the roof girder cross-bracing were also custom fabricated to 

the shape of the space between adjacent girders based on the survey. The decking 

fabricator worked in large batches and required long lead times (months) to have an order 

included in a batch run. Thus, the coupling of decking fabrication to the survey also 

impacted progress by preventing parallel processing. 

6.2.1.1 Examples of Resulting Impacts 

From the transformation view, there is little waste in these activities. Each activity is 

efficient in its operation. Excavation could have been more efficient if able to work in a 

continuous fashion in larger areas instead of jumping around in 50’ segments, but 

structural considerations did not permit it. Therefore, the only waste is the scrap 
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associated with the excess steel cut from the ends of the roof girders to accommodate the 

pile variations. Waste could have been reduced by reducing the scrap. One way to reduce 

the scrap is to calculate the maximum variation based on the pile tolerances as done 

above, and to reduce the extra length of the girder to 18.1”. Another way is to start the 

whole girder fabrication to the exact size once the survey is completed. This, however, 

would increase the time the wall is un-braced beyond that which was allowed in the 

contract.   

In contrast, from the flow view, this design and sequence of activities has significant 

waste. Picture the flow view as aiming to establish a predictable and stable flow of 

materials and resources that is sized, timed and coordinated so that the planned materials 

and resources that are necessary for the next process: 1) all become ready and available to 

start the process at the same time; and 2) release from the process to begin other 

processes just when the other materials and resources for those other processes come 

available. Waste is generated when materials or resources wait for other materials and 

resources to become available to begin processing. Resources and materials wait when 

there is variation in the release from earlier activities or when the releases are not 

coordinated. Variations in release and lack of coordination result from variations in 

activity starts and durations and variation in the order or sequence of activities. Waste is 

also generated by unnecessary movement of materials or resources or unnecessary 

processing.  

For the Slurry Wall Case, the flow view ideal would be that the girders are fabricated 

to their intended size as one continuous process, arriving onsite just when the seats have 

been erected, and with the crew ready to install them. The rate of excavation would be 
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timed so that it could continue in one direction in a continuous motion with the girders, 

with the finished connections following behind at the same pace to maintain the 50’ un-

braced requirement. The cross-bracing, deck angle, decking, dowels, rebar, and concrete 

follow with the girder erection and connections. The cross-bracing would be delivered 

after two girders were erected and connected. The decking would arrive as soon as the 

cross-bracing and deck angles between two girders were complete. The decking and the 

cross-bracing would be consistent in size within a bay and possibly between bays.  This 

would avoid the extra task of tracking and sorting of pieces to ensure they are in the 

correct place and fit. The concrete placement would have sufficient flatness to permit 

waterproofing without any additional finishing after curing. Finally the waterproofing 

would follow behind the concrete curing.  

In contrast, a set of soldier piles were ready for roof girder installation in the Slurry 

Wall Case as early as one day after excavation was completed, once the piles were 

exposed and the seats erected. The exposed piles thus waited just under two weeks for the 

girders to be ready. The girders sat at the fabricator waiting for the data for the last 

cutting. The excavator had to jump from one area to another to maintain the 50’ limit and 

could return only when the roof girders in an area were connected. The excavators sat 

idle when they ran out of areas, waiting for the roof installation to catch up.  

The ironworker crew, once the seats were installed, moved to another area to continue 

work. Instead of continuing in one direction with minimal motion, they then had to re-

mobilize to previous areas once the girders arrived. The roof girders with completed 

connections sat waiting for cross-bracing and decking to be delivered because of waiting 

for survey data and their lead time for fabrication. The decking and bracing when it 
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arrived, came for several bays at once and had to be sorted and carefully laid out because 

each brace was a custom size and the decking was custom-sized with as little as four of 

the same size within a bay before tapering down to a smaller size. The ironworkers had to 

remobilize to the area again to install the cross-bracing and decking.  

Many times, excavation to the next bracing level underneath the girders had occurred 

before the bracing and deck arrived - which required the added steps of installation of fall 

protection and making platforms to work from for the ironworkers to do their work. The 

roof concrete was placed with the ideal crew size to minimize the labor cost of the 

activity. However, the crew did not provide enough people to carefully finish the surface 

as the placement continued so that it met finish requirements for waterproofing. The 

finishing was instead done quickly, leaving some ridges and ripples, which added the 

ideally unnecessary activity of bushing or grinding them smoother to meet waterproofing 

requirements. 

As demonstrated, unnecessary activities tie up resources that could be working on 

value-adding activities. Each unnecessary activity has its own variability in duration, 

adding to the variability in the release of the materials and resources for the next value 

adding process, forcing materials and resources for that next activity to wait or move to 

work out-of-sequence on another activity. Working out-of-sequence changes resource 

flow, further disturbing the careful planning done to coordinate the delivery of other 

resources or materials which now sit idle or go to waste. Construction is described as 

chaotic and dynamic. Failure to minimize variability is what leads to the chaos.  

When the excavation proceeded below the roof girders before cross-bracing and 

decking was installed, for example, the ironworkers had to continue other work to wait 
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for fall protection and platforms before starting the bracing and deck installation. The 

installation went slower working with fall protection and at a height with limited platform 

space. This meant that the rebar subcontractor was delayed and sent the crew to another 

job. Also, the excavation crew continued to get further ahead of the ironworkers and had 

to excavate below more girders to keep working. The ironworkers now had slower 

productivity in their next area. The concrete placement was delayed even more time 

waiting for the rebar subcontractor crew to finish their other job before returning. The 

impacts go on and on. 

The decreased productivity of the ironworkers working with fall protection due to the 

added height is viewed as waste from the transformation view. However, using the 

transformation view alone doesn’t illuminate that this waste is due to the tight coupling of 

the activities and the soldier pile tolerances. Variability shortens your planning horizon 

and risks delays for longer lead time resources.  

Examples such as these are too numerous to count. While it is true that other 

variability also contributed to these problems, the design for managing the soldier-pile 

tolerances is a large contributor, generating unnecessary activities that also contribute 

large variability. Tolerances, if not the source, are a significant compounding factor to 

project inefficiency. For the impact of tolerances to be reduced, all variability must be 

addressed. 

From the value view, there is little direct waste due to the tight coupling of activities. 

Little information was available about the various stakeholders’ specific goals and 

expectations for the project, making identification of value waste difficult. The minimum 

two-week increase in project duration is a waste as the stakeholders’ goal is minimum 
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project duration. This waste is small overall and alternatives may add time in other ways. 

Another waste is the increased potential wall movement. The stakeholders want 

minimum risk.  

One other value waste can be viewed as the result of the flow waste impacting the 

ultimate stakeholders’ as well as internal customers’ expectations. For example, 

excavating below the roof before the bracing and decking installation is complete 

increases the ironworkers’ safety risk. Similarly, not providing the rebar subcontractor 

with the work area when promised compromises the sub’s expectations of the general 

contractor. One can view, as Taguchi did, that any deviation from the point solution of 

the design (even if it is within tolerance) is a value loss because even if the performance 

of that part is not reduced, the variation reduces the performance of the overall system 

across several goals and expectations from some stakeholder’s perspective. 

6.2.2 Connection Fit-up Failures 

For some of the roof girders, the cleat connection to the soldier pile had fit-up problems. 

The problem pertained to the soldier pile orientation relative to the tolerances specified in 

their design. The design allowed for a tolerance of 0.387˚ of horizontal pile rotation. The 

piles were to be held in place by resting them against the bottom of the excavation.  

However, the excavation often went deeper than the design depth, both due to 

imprecision of excavation and to poor bedrock (requiring excess excavation), leaving the 

piles short of the bottom of the excavation.  

In general, in soldier-pile tremie-concrete (STPC) wall construction, piles are 

installed in connected pairs, and hung on chains from a frame that rests on the excavation 
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guide walls. The tops of the piles are a few feet below the ground surface. Concrete is 

placed through tremie pipes into spaces between the piles from bottom to top. The pile 

pair is free and likely to move during concrete placement due to uneven pressures and 

flow of concrete. The position of the piles is constrained by the chains at the top and the 

limits of the excavation at the bottom. The excavation is not a perfect rectangle nor 

perfectly plumb. The piles are not straight because they consist of spliced sections that 

may be misaligned and steel sections that may not be straight. Assuming for ease a 

perfect hole, the pair can swing about 2˚ horizontally before hitting the sides of the hole 

on either side with an additional 0.1˚ local rotation due to the allowable sweep of the pile 

per the specified form tolerance. Further variation can occur after installation as the wall 

bends due to earth pressures. 

General guidelines for the specification of tolerances for soldier piles within SPTC 

walls are not available in the literature. The rotational tolerance was borrowed from a 

prior project specification but conversations with the designer, other project members, 

and other slurry wall designers showed they were unsure of whether it was realistically 

achievable when it was specified. Analysis of actual variations on a different portion of 

the project showed a mean of 0.04˚, maximum rotation from plumb of 3.83˚, and standard 

deviation of 0.99˚. Assuming a normal distribution, this indicates that around 70% of the 

piles exceeded the tolerance.  

Structural design principles dictate that design values are chosen from the worst-case 

5% of the variability in the distribution of material properties and loads (Holmes & 

Martin 1983). Birkeland et. al. (2003) recommended applying the same principle to 

tolerances. This would mean the tolerance specified in the design should accommodate 
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95% of the variability in the process. However, the question remains as to how to find a 

design that will accommodate such a variation. In the Slurry Wall Case, the design also 

specified the roof girder to be absolutely (!) plumb by providing no tolerance. This is 

presumably a tacit assumption and the variation from plumb will only add to the effective 

rotation of the pile relative to the roof girder. This is evident in the cleat leg fit-up 

problem shown in figure 6.2.2-1, which results from the longitudinal plumbness of the 

pile due to a 2˚ rotation from plumb, for roof girders over 4’ tall. The cleat angle does not 

fit on the pile and cannot accommodate the required fillet weld (a) between the angle and 

the face of the pile. The required fillet weld leg size varies from 5/16” to 9/16” depending 

on the connection location. The fix was to trim down the clip angle to accommodate the 

weld. Though the fix was simple and inexpensive from a transformation perspective, the 

problem added cost, time, and uncertainty from the flow perspective. 

  

Figure 6.2.2-1: Inconsistency in the as-
designed tolerance constraints for the roof 

wall interface 

Figure 6.2.2-2: Effect of pile installation 
process variation: Connection C, Original 

Assembly Design 

Another cleat fit-up problem was due to variation in the angle of the cleat angle bend. 

Occasionally the cleat was not at the proper angle, such that the leg against the roof web 

2˚ Rotation 

a 

Trimming 
Req’d To 
Fit Weld 
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did not sit flush. For very small variations, the bolting of the cleats to the web would 

bring the cleat into the proper angle. However, many were larger, requiring fabrication of 

new cleat angles. Replacement cleats were obtained from a local fabricator from stock 

material and thus typically only required a day for replacement. 

One other fit-up problem related to variation in the alignment of the bolt holes 

between the two cleat angles and the girder-web. During the early roof installations, it 

was quickly discovered that the variation in the bolt holes between the three layers of 

steel prevented bolting and exceeded acceptable amounts for reaming. One fix was to 

adjust the girder position toward one pile or another in order to get sufficient alignment 

on both sides to fit or to be within acceptable reaming. This meant in some cases slightly 

violating the 1/4" tolerance between the pile face and end of the girder. Another fix was 

to replace one or both cleats with new ones with new holes. Another fix was to ship one 

of the cleats blank, and match drill it in the field. Still, there was sometimes a problem 

with just the two layers of steel. In the end, the fix decided on was to ship one cleat blank 

for each end and to ship the girder drilled on one end only. The girder’s other end and 

two of the cleats were match drilled in the field. 

6.2.2.1 Examples of Resulting Impacts 

From the transformation view, each of the fit-up problems has waste. The cleat leg fit-up 

problem resulted in cutting off the scrap steel to accommodate the weld. The cleat angle 

problem resulted in scrapping the whole angle. The hole problem resulted in scrap due to 

reaming, and waste in using a less productive drilling process. Match drilling in the field 

has a higher unit cost and is slower than shop drilling; it also required the additional 
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application of a special corrosion protective spray for the hole surface instead of painting 

the shop-drilled holes after the end cuts. All the fit-up problems reduced productivity.  

However, from the transformation view, the variability is taken as a given. Activities 

necessary to deal with the variability, such as trying original cleats with the wrong bend 

angle and re-trying with new cleats, are considered part of the activity. Thus, productivity 

that accounts for the risk that some percentage of the cleats will have fit-up problems has 

no waste. It is only waste if there is a more efficient process for completing the 

connection with the fit-up problems. 

From the flow view, as with the tight coupling, the mis-fits create significant waste. 

For the cleat leg problem, several non-value adding activities were added. Multiple 

technical issue meetings between the designer, construction manager (CM), and general 

contractor (GC) were required. Each occurrence of the problem required detailed 

measurements by the survey crew, engineering calculations by the designer of record 

(DR), documentation by the GC, CM, and DR, extra mobilization and demobilization to 

the work area by the crew and equipment, steel cutting and steel preparation work by the 

ironworkers, and quality inspection by the GC and CM.  

Similarly, the cleat angle problem and early fixes for the hole problem required 

meetings to decide on a solution, as well as extra mobilization. This in turn, changed the 

steady flow path down the line of girders and required jumping around within the set of 

girders when the replacement angle was delivered. The hole problem required additional 

drill equipment, creating another resource with a flow path and requiring timing to 

coordinate with the availability of other resources needed to complete the connection.  
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All the problems also caused significant variation in the duration and timing of the 

roof connection at problem areas, which impacted follow-on activities. The time working 

on the connection was longer due to the added movement of the cleat for marking and 

cutting or replacement, as well as the field drilling and the interruption to the normal flow 

and sequence of the tasks. These in turn decreased productivity in the standard work.  

The variability in the task increases not only because steps are added but also because 

the added steps bring their own variability.  At the first occurrence of the cleat leg 

problem, roof connection work was interrupted to investigate the problem and to evaluate 

solutions. This process delayed the return to that connection for over a month. Later 

occurrences required less investigation and discussion but still delayed continued work 

on the connection for a couple of weeks because work on the problem connection could 

not proceed until approval was gained.  

The changes in timing impacted the flow paths and sequence of the work on a larger 

scale than the other mis-fits. Ironworkers were reassigned to other tasks or other areas 

during that time and were not always available when approval was received. Follow-on 

activities had to be re-sequenced or relocated to work around the problem girder. 

Materials fabricated or delivered for the area had to be stored increasing tracking and 

handling. The ability to do look ahead planning with the rebar fabricator and 

subcontractor was hampered by the uncertainty in whether there would be a problem in 

the next girder section and how long it would take before it could be resolved and re-

sequenced, and when relocated and reassigned resources could be brought back to the 

area. Without the look ahead to get on the fabricator and subcontractors’ schedules could 

mean the project is not given priority, delaying materials and service.  
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From the value view, quality was compromised by cutting the cleat angle in the field 

for the cleat leg problem. Removing some of the clip angle reduces excess capacity and 

adds eccentricity into the connection, likely reducing its life. Field cutting and angle 

preparation may not match the quality of cutting done in the shop. The corrosion 

protective spray used after the field drilling for the hole problem is not as effective as the 

paint – again likely reducing the life of the connection.  

6.3 Map/Model Creation 

As with the Bolt Case, in order to evaluate the Slurry Wall Case and determine the source 

of the tolerance problems according to tolerance management theory, a tolerance model 

of the case is created. The CAD model of the case using nominal geometry is shown in 

figure 6.3-1 below; it will be used for reference in generating all the part maps, assembly 

diagram and vector loops. The author starts with the assembly diagram first because the 

tolerances for many of the parts are specified relative to a project reference frame that is 

separate from any of the physical parts of the assembly. The project reference frame 

establishes the assembly’s relationship to the project as a whole. Establishing the 

assembly diagram first will illustrate both the relationships between the parts and which 

features of the parts are important to the assembly. The part-tolerance maps will follow, 

and then the analysis. 
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Figure 6.3-1: CAD model using nominal geometry  

All aspects of the model and analysis are done in three dimensions. Given the 

complexity of the case and the challenges in understanding interactions, reducing the 

model to one or two dimensions could have a significant impact on the results. 

6.3.1 Assembly Diagram 

The assembly diagram includes one roof girder (RGC-110), the two piles associated with 

the roof girder (SPNC-110 and SPSC-110), two erection seats and four cleat-angles, 

which all together represent a subset of the roof and wall system described in chapter 6, 

section 6.1. The diagram starts with one component as a node and traces connections 

through arcs between nodes for all components in the assembly diagram. Connections are 

the result of joints between components. The diagram starts with the roof girder’s 

working coordinate frame as the first component or node. The coordinate frame is 

primarily used as a datum for describing variations in the associated piles’ location and 

orientation and will be used as the assembly reference frame (ARF) for the two pile and 
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roof girder assembly. Datum are represented as nodes in the assembly diagram even 

when they are not physical objects. 

Both the north and south piles (SPNC-110 and SPSC-110) have fixed relationships 

with the working frame (and ARF) which means all degrees of freedom (DOFs) are 

toleranced, i.e., the piles’ locations and orientations in space is determined from the 

individual relationships or joints with the working frame. The fixed relationship is 

defined by a combination of a prismatic-revolute joint, a point-slider joint and a free-bi-

rotational joint.  

First is the prismatic-revolute joint between the working frame and the pile’s working 

line which is used as the pile’s substitute axis (as described in chapter 2, section 2.15). 

The joint is prismatic-revolute because the locations and rotations of the working line 

relative to and about the working frame’s X and Y axes at the top of guide-wall concrete 

(TOC) are governed by independent component tolerances (pile tolerances 1, 2, 4, 5). 

This leaves only one translational and one rotational DOF. Any joint with a line will have 

a least two DOFs: rotation about and translation along itself.  

Second is a point-slider joint between a level plane in the working frame and one of 

the pile’s inside-flange-corners at the top of the pile (TOP). The position of the level 

plane is given by an elevation tolerance (pile tolerance 3). The relationship is a point-

slider because the highest or lowest corner of the flange at the TOP contacting the level 

plane determines the pile’s location relative to the working frame Z axis. If the deviation 

in the location of the level plane is negative, then contact is with the lowest corner of the 

pile. If the deviation is positive, then contact is with the highest corner. This ensures that 

the top face of the pile is within the elevation limits. The author made the assumption that 
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pile tolerance 3 only applies to the pile’s inside-flange-face (south face for the SPNC-

110) as no connections are made with the pile’s outside-flange-face.  

Third is the free-bi-rotational joint, which is not among the standard joints. This joint 

has 5 DOFs with only one rotational DOF restricted. The free-bi-rotational joint is with 

the pile’s substitute-web-plane, which has a given independent rotational tolerance (pile 

tolerance 6).  

All the joint relationships are shown in the assembly diagram (figure 6.3.1-1). 

Together, the arcs control all DOFs for both piles. Additionally, for the given tolerances, 

variation in each DOF is specified independently. Finally, the datum feature for the arcs 

(the working frame) and one of the toleranced features (the pile-substitute-axis) are 

theoretical, and the other toleranced feature (the pile top face) has no form tolerance 

given (i.e., assumed as zero), meaning no form variations are included. 

An as-built is taken of the piles over the height of the roof beam, establishing a new 

coordinate frame (as-built frame) that is the next node on the assembly diagram. The as-

built frame is both a translation of the working frame along the working frame’s X and Y 

axes and a rotation of the working frame about its Z axis. The translation is along the 

center-diaphragm-lines for RGC-110 given in the design. The rotation aligns the as-built 

frame X axis with the pile-web-flange intersection points at the design bottom-of-steel 

elevation for the roof girder, henceforth referred to as BOS. The as-built frame is known 

to have a fixed relationship with both the piles. The joint combinations should be 

sufficient to limit all DOFs in the as-built frame part reference frame (PRF). 
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Figure 6.3.1-1: Assembly diagram 
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The as-built frame PRF has a prismatic-revolute joint with the working frame. The XY 

plane of the as-built frame is the same as the working frame XY plane. The shared plane 

means that the orientation of the as-built frame about the Z axis of the working frame and 

the location of the as-built frame along the X and Y axes are free. The free rotation about 

the Z axis represents the rotational part of the joint. As for the translations along X and Y, 

the origin of the as-built frame is further defined as being on one of the center-

diaphragm-lines between RGC-110 and the adjacent girders, which have known 

directions within the working frame. Hence the prismatic portion of the joint.  

The as-built frame also has prismatic-spherical joints with each of the piles’ flange-

web-intersection points at BOS elevation, establishing the relationships of the piles to the 

as-built frame. As the joints are with a point, they must have free rotation about all axes, 

hence the spherical part of the joint. The prismatic part of the joint is that the points are 

defined as being on a line through the other pile’s point and the as-built frame origin. In 

other words, the as-built frame origin lies on the line between the two piles’ flange-web-

intersection points at BOS.  

The nominal geometry of the roof girder is defined from the as-built frame’s joints 

with the working plane and piles. Dependent assembly variables for the joint with the as-

built frame become constants after the as-built measurements for the nominal geometry 

of roof girder.  

The next components in the assembly are the north and south seats, which are also 

fixed in relation to the combined joints with the piles and as-built frame. The seats have 

both planar and point-slider joints with their respective piles. The planar joint is between 

the seat’s substitute-back-face and the pile’s local-flange-face at BOS. The point-slider 
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joint is between the pile’s local-flange-face-at-BOS-DRF-YZ-plane and the seat’s 

substitute-back-face-DRF-origin. The planar and point-slider joints together restrict the 

four DOFs. The remaining two, the rotation of the seats about their back faces and their 

elevation along the flange axis, are determined by an edge-slider joint between the top-

back-edge of the seat and the XY plane of the as-built frame. 

The next component is the roof girder. The roof girder must also have enough joints 

to be fixed in relation to the other components. The first joint is an edge-slider joint 

between the roof and one of the two seats. For the analysis, the north-bottom-edge of the 

roof beam will sit on the seat, restricting one degree of rotation and one degree of 

translation. On the south seat, the girder according to the design will also have an edge-

slider relationship. However, another edge-slider on the south end of the girder will 

restrict the same rotational DOF as the north-edge slider. Logically, such a condition is 

impossible unless the two lines of contact between the roof girder and the seats are 

always parallel. Here, the probability that the two lines of contact between the roof girder 

and the seats are parallel is almost zero. Therefore, for the analysis the south-bottom-edge 

of the girder will have a point-slider relationship; this will effectively restrict another 

rotational DOF.  

Both ends of the girder’s bottom axis must also contact separate plumb planes that are 

parallel to, and located ± 3/4” from, the as-built frame X axis. The contacts define two 

point-slider relationships between the roof girder and the as-built frame, thereby 

restricting both another translational DOF and the final rotational DOF for the girder. The 

location of the girder along its bottom axis (the final translational DOF) is controlled by 

either of two joints that will each fix the girder, i.e., fully constrain all DOFs, indicating 
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the girder is over-constrained. Both joints are defined by a dimension in the drawings that 

shows that the ends of the girder’s bottom axis must rest on plumb planes that are parallel 

to, and 1” ± 1/4” from, the intersection between the level plane at BOS and the piles’ 

flanges. Both are point-slider joints, but only one will be used; the other will be a 

dependent variable to allow analysis.  

In the next section where the vector loop containing the dependent variables is 

analyzed, the variation in the dependent variable can be compared to the given tolerance 

to ensure the loop is consistent. 

The next nodes are the four bent plates (NE, NW, SE, SW) connecting the girder web 

to the north and south piles. The joints are similar for all the plates, with the only 

difference being which pile a plate joins. For example, the joint between the long-leg-

face of the NE bent plate and the girder’s east-web-face is planar. In addition, the 

centerline of the long-leg-face is symmetric with the web centerline (presumably 

meaning within a center plane perpendicular to the web plane and containing the web 

centerline, i.e., an edge-slider joint) according to the design. The additional edge-slider 

joint restricts two more DOFs, which, combined with the planar joint, effectively make a 

prismatic joint. No tolerance is specifically given on the symmetry specification; 

however, a 2” minimum is specified between the bottom edge of the bent plate’s long-leg 

and the top of the girder’s flange. 

The NE bent plate is shown as a planar joint with the north-pile-flange-face in the 

design, but, given it is welded at one end only, the NE bent plant could also be an edge-

slider joint. Looking at all the joints, the plate is highly over-constrained. The joint with 

the pile is made an edge-slider and not planar, in order to prevent over-constraining 
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rotation about the plate’s long axis (the intersection line of the two leg-faces). Also, the 

symmetry specification on the joint with the roof over-constrains rotation of the bent 

plate about the normal vector to the plate’s long-leg-face given any variation in the 

orientation of the girder relative to the pile or the bolt-hole pattern in the girder-web. The 

question becomes: Which relationship was intended as primary in determining the 

rotation of the bent plate about the normal vector to the long-leg face? 

Given the short leg of the bent plate is connected to the pile by a fillet weld on its 

edge and the root opening of the fillet weld can be up to 3/16”, the intent could be that the 

web centerline is primary, making the joint with the pile a point-slider joint. 

Alternatively, the intent may have been for the joint with the pile to be primary and for 

the joint with the girder to be a point-slider joint between either a point on the center 

plane of the girder and the plate’s long-leg-face-centerline or a point on the plate’s long-

leg-face-centerline and the girder’s center plane.  

Finally, the bolt holes are not included in the following analysis, as insufficient 

information was available for how the holes were located in the shop, which meant the 

variation information needed for the analysis was also unavailable. Instead, the analysis is 

done under the assumption that the holes are match drilled in the field as was eventually 

the case. As no tolerance is given for the symmetry relationship, which is presumably 

specified to ensure bolt-hole alignment, and because the bolts are assumed to be match 

drilled in the field for this analysis, the edge-slider joint between the plate and the pile is 

assumed primary.  

In summary, the bent plate has: a planar joint between its long-leg-face and the roof 

girder-web-face; an edge-slider joint between its short-leg-edge and the pile’s local-
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actual-flange-face at BOS; and a point-slider joint between its long-leg-face-centerline 

and the intersection point between the roof girder-east-web-face, roof-girder-center-

plane, and roof-girder-north-end-face. A gap joint between the plate’s short-leg-edge and 

the pile’s flange-face-edge is included as a dependent relationship in the assembly 

diagram for analysis purposes.  

Gap joints do not restrict any DOFs. The gap represents the available space for the 

fillet weld, which must be greater than the required weld. By adding this dependent 

relationship the as-designed assembly can be checked for consistency for the problem 

shown in figure 6.2.2-1. To check an assembly for consistency, one should include all 

functional dimensional relationships, whether toleranced or not, either in the assembly 

diagram if between parts or in the part maps if within a part. 

The resultant assembly diagram for the set of two piles (SPNC & SPSC 110) and roof 

girder (RGC-110) represents a standard sub-assembly used repeatedly within the project. 

However, to analyze and understand critical relationships between adjacent pile and roof 

assemblies, a larger assembly that includes two more pile and roof-assemblies is needed. 

The same assembly diagram just described can be repeated for pile and roof sets 111 and 

112.  

The pile DRFs for the different sets per the design all have fixed relationships to the 

Massachusetts coordinate system with tolerance of 0. This allows the sets to be combined 

into one assembly diagram. Connectors can be drawn between nodes to establish loops to 

evaluate variation in critical dimensions including:  
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• the vector between the edge of the short leg of the bent plate and the edge of the 

pile flange to determine if there is sufficient room for the weld as previously 

mentioned;  

• the vector between diaphragm connection plates of adjacent girders to determine 

if the diaphragms will fit; and  

• the distance between the top flanges of adjacent girders at both ends to determine 

the degree of standardization for the cast-in-place (CIP) roof deck. 

This larger assembly consisting of three sub-assemblies is representative of the entire 

roof-wall system and can thus be used to analyze the whole project. Analysis of the larger 

assembly, however, is not conducted due to the very time consuming nature of data entry 

for analysis. Only the single sub-assembly with the two piles and one roof girder is 

analyzed. 

6.3.2 Part Diagram 

Figures 6.3.2-1 to 6.3.2-8, show the part diagrams for all the components. The first part to 

expand is the RGC-110 working frame. The first node of the working frame is its part 

reference frame (PRF). The RGC-110 frame PRF has been chosen for this example as the 

assembly reference frame or coordinate system. The coordinate system is defined by the 

design relative to benchmarks located on the jobsite. For the Slurry Wall Case, the 

working frame PRF X axis represents the RGC-110 working line between the centroids 

of SPNC-110 and SPSC-110 at the TOC elevation, which are given by coordinates in the 

project reference frame established by the project benchmarks. The XY plane is a level 

plane which represents RGC-110 BOS elevation; the origin represents the intersection 

between the diaphragm lines and the roof working line. The diaphragm lines are also 



 213 

theoretical lines given in the PRF and thus can be represented in the working frame PRF 

with constant directions originating at the PRF origin with zero tolerance. 

 

Figure 6.3.2-1: RGC-110 working frame part diagram  

The diaphragm lines are added as additional nodes of the working frame, one of 

which forms the joint with the as-built frame. The prismatic-revolute joints with SPNC-

110 and SPSC 110 form additional nodes of the working frame. The prismatic-revolute 

joints and free-bi-rotational joints join with point features of the working frame with 

given location variations in the X and Y (± 2”), given rotation variation about X, Y, and 

Z (± 1/200, ± 1/100, and 5˚ respectively), and a constant Z location from the PRF. The 

point-slider joints with SPNC-110 and SPSC-110 are at planar features of the working 
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frame given by known location variations along the Z axis (± 4”) and constant rotations 

of 0 about the X and Y axis. As the PRF is already defined, the next step is to relate the 

joint features to the PRF.  

All joint features are specified directly from the working frame PRF as their datum. 

Arcs are created between the joint features and the working frame PRF, which represent 

the datum paths. The arcs each have frames that include the given variations of the 

feature in each degree of freedom (DOF) relative to their datum. 

Next SPNC-110 is expanded. Nodes are created for every feature that forms a joint or 

acts as a datum for a feature in a joint. The pile has joints with other components at its: 

working line; local-flange-face-edge at TOP (i.e., the top face at one of the inside flange 

corners); substitute-web-plane; local-web-plane at BOS; local-south-flange-face at BOS; 

and both local-south-flange-face at BOS edges. The joint features are related to each 

other based on internal relationships and variations between the pile’s features. The pile’s 

working line establishes the pile’s PRF Z axis and thus the orientation of the XY plane. 

The intersection line between the pile’s substitute-web-plane with the XY plane defines 

the PRF Y-axis orientation and thus the YZ plane. The centroid of the top face (i.e., the 

top of the working line) is chosen as the PRF origin. 

To get to the local-flange-face at BOS from the pile PRF, the theoretical flange face must 

be specified. Since the working line represents a chord line between the centroids of the 

top and bottom faces of the pile instead of the substitute axis of the pile, the theoretical 

flange-face relative to the working line will be referred to as the flange-chord-face 

instead of a substitute-flange-face. The south-flange-chord-face is specified by a nominal 
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distance from the working line along the PRF X axis with a ± 1/8” tolerance. The local-

chord-flange-face at BOS is specified from the south-flange-chord-face DRF, first by a 

dependent distance along the south-flange-chord-face DRF Z axis representing the 

change in elevation between the south-flange-chord-face DRF origin and BOS elevation. 

Also, form variations in the flange-face due to sweep and camber of the pile result in 

translational variations of ± 1” and rotational variations of just under ± 1˚ between the 

south-flange-chord-face and local-chord-flange-face along and about the south-flange-

chord-face DRF X and Y axes.  

Lastly, cross-sections of a pile have variation in the rotation of the rotation of the 

flange-face relative to the web-plane, which in this case means a rotational variation of a 

little more than ± 1˚ between the local-chord-flange-face and local-flange-face along and 

about the local-chord-flange-face DRF Z axis. The local-flange-face at TOP has the same 

variations from the south-flange-chord-face DRF, except for the distance along the DRF 

Z axis, which is 0. Variation in orientation of the top face about the pile PRF X and Y 

axes are not considered since it was unclear if the elevation tolerance (pile tolerance 3) 

applied to the actual face or the centroid of the top face.  

A pile’s flange-face-edges are located relative to the flange-face-centerline, which is 

located relative to the intersection line between the flange-face and web-plane. The 

origins of the local-flange-face at BOS or at TOP are at the intersection line between the 

flange-face and web-plane. The local-flange-face-centerline varies from the local-flange-

face by ± 3/16” (pile tolerance 10) along the local-actual-flange-face DRF Y axis. The 

local-flange-face-edges are a nominal distance along the local-flange-face-centerline 

DRF Y axis from the local-flange-face-centerline with a + 1/8”, - 3/32” variation (pile 
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tolerance 11). No form variation for the edges is specified. The variations in the 

centerline location and flange width at BOS and at TOP are independent of each other. 

The SPSC-110 node is similarly expanded.  
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Figure 6.3.2-2: SPNC-110 part diagram 
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Figure 6.3.2-3: SPSC-110 part diagram 



 219 

Next, the as-built roof coordinate frame is expanded. Like the working frame, the PRF is 

the definition of the component itself. The as-built frame PRF XY plane is the same as 

that of the working frame, which defines BOS elevation. The X axis is the line 

connecting the point of intersection between the north-pile-actual-web-plane and actual-

flange-face at BOS elevation and the corresponding point for the other pile. The as-built 

frame PRF origin is at the intersection of the X axis and one of the diaphragm lines for 

the girder. The as-built frame has joints at its: X axis with the piles; XY plane with the 

seats; origin with the working frame; and two planar features parallel to the XZ plane 

with the roof girder. The two planar features with joints to the roof girder have a variation 

of ± 3/4” from the PRF XZ plane along the PRF Y axis. Like the working frame, all 

features are specified directly from the PRF. 

 

Figure 6.3.2-4: As-built RGC-110 coordinate frame part diagram 
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The north seat is expanded, with the south seat expanding in the same way. The seat 

has joints at its: substitute-back-face; substitute-top-face; substitute-top-face-edges; 

intersection line between the substitute-top-face and the substitute-back-face (top-back-

edge); and intersection point between the substitute-web-plane, substitute-top-face and 

substitute-back-face. The substitute-back-face is used for the planar joint instead of the 

boundary-back-face. No form tolerance was specified and the author did not find out 

what process was used for cutting the seats to size in order to estimate the form tolerance. 

Therefore the author assumed it was 0 for the analysis. The substitute-top-face is used 

because the seat is only 8” long and form variations in the seat were in the range of 1/64”, 

which is negligible and beyond the limit of typical inspection precision and accuracy.  
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6.3.2-5: North seat part diagram 
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Figure 6.3.2-6: South seat part diagram 

The substitute-top-face was chosen as the primary feature and the web-plane as the 

secondary feature of the seat PRF. Either feature is a good choice as primary because 

both serve as datum to a similar number of features. Given the top-face is primary, it 

defines the PRF XY plane; the web-plane intersection with the top-face defines the X 

axis. The substitute-back-face is the tertiary feature defining the origin of the PRF.  



 223 

The substitute-web-plane has a rotational variation of a little over ± 1˚ about the PRF 

X axis relative to the seat PRF due to the same type of fabrication variations for rolled 

sections as pile tolerance 9. The substitute-back-face has rotational variations of just 

under ± 1˚ about the substitute web-plane DRF Y and Z axes due to out-of-square end 

cuts.  The origins of the back-face and web-plane are at the PRF origin.  

Thus, the intersection point of the top-face, web-plane, and back-face is the origin for 

all the intersecting features and the PRF origin.  The top-back-edge is at the intersection 

of the top-face and back-edge, also sharing the PRF origin. The substitute-top-face 

centerline varies from the substitute-top-face DRF X axis by ± 3/16” due to the same 

fabrication tolerance as pile tolerance 10. The substitute-top-face-edges are a nominal 

distance from the substitute-top-face-centerline along the substitute-top-face-centerline 

DRF Y axis with a + 1/8”, - 3/32” variation due to the same fabrication tolerance as pile 

tolerance 11.  

The next part to expand is the roof girder. The roof girder is unique in that some of its 

internal geometry is defined by the as-builts taken of the soldier piles. The as-built of two 

opposing piles, captured by the as-built frame, represents one instance of the variation in 

the dependent assembly dimension between the two piles that resulted from the pile 

tolerances. The as-built values for the independent variables associated with the pile 

tolerances and the dependent dimension between the two piles are treated as constants 

when defining the nominal internal geometry of the roof girder. The roof girder has joints 

at: the intersection lines between its chord-bottom-flange-face and the north- and south-

substitute-end-faces; the two intersection points between its chord-bottom-flange-face, 

chord-web-plane, and either substitute-end-face; both east- and west-local-boundary-
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web-faces in the areas of the bent plate connections; and the four intersection points 

between the center-plane of the chord-web-plane, either substitute-end-faces, and any of 

the four local-boundary-web-faces at the bent plate connections. 

The chord-bottom-flange-face is the chosen as the primary feature of the roof PRF 

defining its XY plane. The chord-bottom-flange-face is defined by three points at the 

corners of the intersection of the actual-bottom-flange and the north-substitute-end-face 

and the intersection point of the actual-bottom-flange-face with the south-substitute-end-

face and chord-web-plane. The chord-bottom-flange-face is used because form variations 

in the flanges were related to deviations in the specified camber and the joints are only at 

the girder ends.  

By using the chord-bottom-flange-face instead of the substitute-bottom-flange-face, 

one needs not deal with the variations due to camber, which are complex. If a set of three 

pile-roof sub-assemblies were being analyzed, information on the camber would be 

important to determining their relationships. However, as only one sub-assembly is being 

analyzed, the complex camber information is avoided.  

The chord-web-plane forms the secondary feature of the roof PRF. The intersection 

line of the chord-web-plane with the chord-bottom-flange-face forms the X axis of the 

roof PRF. The chord-web-plane is used instead of the substitute-web-plane for the same 

reasons that the chord-bottom-flange-face is used. The joints are in the areas at the ends 

of the web. By using the chord, the form variation for the sweep of the girder, which is 

not of interest for analysis of a single sub-assembly, is avoided. Smaller-wave-length 

form variations in the web specified by different fabrication tolerances than overall sweep 

are used to determine the boundaries of the local-web-faces at the bent plate connections. 
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The chord-web-plane becomes the reference for these smaller variations near the ends of 

the girder. The chord-web-plane shares the PRF origin and has a rotational variation of a 

little over ± 2˚ about the roof PRF X axis, due to the same type of fabrication tolerance as 

pile tolerance 10 per ANSI/AWS D1.1. 

The local-boundary-web-faces are a nominal distance from the chord-web-plane with 

a maximum local form variation of 1/8” over the area of the connection, measured along 

the chord-web-plane DRF Y-axis. The orientation of the local-web-face at the bent plate 

connections relative to the chord-web-plane is assumed to be 0, as the connection takes 

up almost the full height of the web and a large portion of the length of the web between 

the end and end stiffeners. 

The substitute-diaphragm-plane is the tertiary feature of the roof PRF that defines the 

roof PRF origin. The substitute-diaphragm-plane has specified form tolerances and 

rotational tolerances about the roof PRF Y and Z axes. However, the diaphragm doesn’t 

enter into any joints within the sub-assembly, so these values are irrelevant to the current 

analysis. Because the roof diaphragm has no joints in the assembly, the north-substitute-

end-face would make a more logical choice for the tertiary feature for the given analysis. 

However, the author kept it, as a relatively simple illustration that PRF selection can 

impact the number of vectors in a loop and thus the time for analysis. 
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Figure 6.3.2-7: Roof girder part diagram  
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The substitute-end-faces are used instead of the boundary-end-faces because the form 

variations in the end-faces are assumed to be 0. Like the seats, no information was 

available for the form variation in the end cuts on the girders. Furthermore, no 

information was available on the out-of-square end-cut variations, as the girders are built-

up sections not rolled. It is likely that the tolerances for out-of-square are the same, 

however the author assumed they were 0 as well.  

The substitute-end-faces are a nominal distance from the roof PRF, each with a 

location tolerance of ± 1/16” along the roof PRF X axis. This tolerance combines effects 

of form, orientation, and location into one number and is based on the author’s 

observation of the fabrication process. Because the author did not take actual 

measurements, the author chose limits that were clearly less than the observed variation 

so as to reduce the bias of recreating the observed problems in the analysis. This is the 

same reason why the author has chosen to assume most variations to be 0 if not given. 

The last parts to expand are the bent plates. The bent plates have joints at: the 

boundary-short-leg-face-edge; the boundary-short-leg-face-top-corner; the boundary-

long-leg-face; and the median-plane between the substitute-top and -bottom faces. The 

substitute-long-leg-face is the obvious choice for the PRF primary feature forming the 

XZ plane. The substitute-short-leg-face is the secondary feature of the PRF. The 

intersection of the substitute-short-leg-face with the substitute-long-leg-face defines the Z 

axis. The substitute-top-face is the tertiary feature of the PRF defining the origin. The 

median plane is an equally good choice for the tertiary feature.  
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Figure 6.3.2-8: Bent plates part diagram 
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The substitute-top and -bottom faces both have independent rotational variations 

about the bent plate PRF X and Y axes of ± 1.5˚ per AISC. In addition, the bottom-face is 

a nominal distance from the top-face origin along the PRF Z axis with a + 1/2”, - 1/2" 

variation, per AISC. The variation in the median plane from the bent plate PRF is 

determined by the variations in the top and bottom faces. The boundary-long-leg-face 

varies from the substitute-long-leg-face by a maximum of 0.083” along the substitute-

long-leg-face Y axis. Similarly, the boundary-short-leg-face varies from the substitute-

short-leg-face by a maximum of 0.083” along the substitute-short-leg-face X axis. The 

boundary-short-leg-face-edge is a nominal distance from the boundary-short-leg-face 

DRF Z axis with a ± 1/8” variation along the DRF Y axis. The boundary-short-leg-face-

top-corner is the intersection of the substitute-top-face and the boundary-short-leg-face-

edge. The substitute-top-face is used instead of the boundary or local top-face because no 

information was available on the form variation of the end-cuts for the bent-plates.  

In general, determining feature relationships and their tolerance values can be very 

difficult. The tolerance specifications are either difficult to translate or lack the sufficient 

information to translate into the vectorial dimensioning and tolerancing (VD&T) 

tolerance specification used in the models. The author has mentioned only some of the 

variations in the Slurry Wall Case that were assumed to be 0 because no tolerance 

information was provided. Further, due to the ambiguity of some of the tolerance 

specifications in the Slurry Wall Case, the author had to decide among different 

interpretations.  

For example, for all the cross-sectional pile tolerances 9 to 12, it is unclear whether 

the tolerances are local tolerances (size type) or whether they instead apply to the overall 
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pile. For example, it is unclear whether the rotational variation between the web and 

flange (pile tolerance 9) applies from the web to the substitute-flange, like an orientation 

tolerance, or applies to each local cross-section, like a size tolerance in cylindrical 

coordinates. Since twist tolerances are sometimes mentioned with steel members, the 

author chose to interpret the rotational variation between web and flange as a local 

tolerance (size type) which could produce such twists.  

6.3.3 Vector Model 

The vector model in three dimensions is similar to a one-dimensional vector model. The 

vectors, however, now have a third component that adds one translational degree of 

freedom (DOF) along the Z axis and two rotational DOFs about the X and Y axes. Once 

again, the vector loop is solved by setting the sum of each of the vector components and 

component rotations to 0. The six equations are solved simultaneously to determine the 

unknown variables. The vector component rotations are the rotations between the 

projections of adjacent vectors in the loop onto each of the global coordinate planes. For 

example, Θxi, the component rotation about the global X axis, is the angle between the 

projections of vectori and vectori+1 onto the global YZ plane. Local coordinate systems 

(LCS) are associated with the nodes at the start of each vector. The LCS of a node is 

oriented such that its X axis is in the direction of the vector that starts from that node. 

The arcs in the assembly diagram and part diagrams have been numbered to 

correspond with the vectors in figure 6.3.3-1 and in the figures that correspond to the 

Excel Spreadsheet Templates in Appendix E, which show part of the Template that 

describes the vectors in each of the first two loops. Only the first loop, loop A, will be 
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described in detail (figure 6.3.3-1) to aid in interpreting the vector loop figure, template 

figures, and assembly and diagrams. In the assembly diagram, ‘Loop A’ goes from the 

‘RGC-110 Working Frame’, through a combination of the ‘Prismatic-Revolute’ and 

‘Free-Bi-Rotational’ joints to ‘SPNC-110’, and back to the ‘RGC-110 Working Frame’ 

through the ‘Point-Slider’ joint. If following the procedure for traversing a loop set by 

Chase (1999), the ‘Prismatic-Revolute’ and ‘Free-Bi-Rotational’ joints would be separate 

and two loops would be needed to make up ‘Loop A’. However, looking at figure 6.3.2-2, 

the loop that is formed through the ‘Prismatic-Revolute’ and the ‘Free-Bi-Rotational’ 

joints can easily be solved visually allowing the combining of the joints. The ‘Free-Bi-

Rotational’ joint only governs orientation of the projection of the pile’s ‘Substitute-Web-

Plane DRF’ X-axis onto the ‘Working Frame PRF’ XY-plane about the ‘Working Frame 

PRF’ Z axis. Given that the pile’s ‘PRF’, ‘Substitute-Web-Plane DRF’, and ‘Working-

line DRF @ TOC’ all share the same axis orientations, the ‘Free-Bi-Rotational’ joint can 

instead be applied to the ‘Working-line DRF @ TOC’. Therefore, the dependent variable 

in the Z orientation field of the frame for the ‘Prismatic-Revolute’ joint can be replaced 

with the ‘±5˚’ independent variable from the ‘Free-Bi-Rotational’ joint, thus combining 

the joints. The combined joints together make a prismatic joint and allow for one loop, 

‘Loop A’.  
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Figure 6.3.3-1: Lower square is the vector model for Loop A, upper squares are details  

Loop 1 begins at node 0, which is at the RGC-110 working frame and will also serve as 

both the origin of assembly reference frame (ARF) and the global coordinate system for 

this assembly. The first vectors are the vector path from the datum reference frame (DRF) 

or working-frame-origin to the combined prismatic joint and free-bi-rotational joint with 

the north pile’s working line. The LCS, which is currently the ARF, is rotated about the 

global y axis 90˚ so that the local X axis is in the direction of the global Z axis. This 

establishes node 1. Vector 1 goes from the DRF, at BOS elevation at the intersection of 

the roof-working-line and middle-diaphragm-line, straight up along the local X axis a 
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constant magnitude to TOC elevation. The LCS is then rotated - 90˚ about the local Y 

axis, re-aligning its X axis with the global X axis and establishing node 2.  

Vector 2 goes from node 2 to the global X location of the pile-working-line at TOC 

with a variation of ± 2”. The LCS is then rotated ± 90˚ about the local Z axis, aligning its 

X axis with the global Y axis to establish node 3. The rotation is ± 90˚ because vector 3 is 

nominally zero and can go in either direction.  

Vector 3 goes to the location of the pile-working-line at TOC, also with a variation of 

± 2”. The LCS is rotated ± 90˚ about the local Y axis aligning its local X axis with the 

global Z axis to establish node 4.  

Vector 4 is a zero-length vector capturing the change in orientation from vector 3. 

Next, three nominally 0 rotations with specified variation are applied. The first two 

rotations represent pile tolerances 4 and 5, of ± 1/200 and ± 1/100, respectively. These 

are applied directly to the vector 4 orientation about the global X and Y axes. At this 

point, the loop is at the prismatic-revolute joint between the RGC-110 working frame and 

the SPNC-110 working-line. The third rotation of ± 5˚ represents pile tolerance 6 (plan 

rotation) about the LCS X axis (global Z axis), thus including the free-bi-rotational joint 

to establish node 5. 

Vector 5 goes a dependent distance to the pile’s PRF at the top of the working-line, 

which is also the point-slider joint with the working-frame. The LCS is then rotated ± 90˚ 

about its local Z axis, aligning it with the pile’s web in cross-section to establish node 6.  

Vector 6 goes to the intersection of the pile chord-web-plane and chord-flange-face. 

The LCS is then rotated either 0˚ or 180˚ to establish node 7.  
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Vector 7 is nominally 0 with a ± 1” variation and represents the local form variation 

of the pile due to camber. The LCS is next rotated ± 90˚ about the local Y axis, aligning it 

with the pile’s chord-flange-face in cross-section to establish node 8. Vector 8 is also 

nominally 0, with a ± 1” variation; it represents the local form variation due to sweep. 

Although no form variation would occur at the top of the pile due to camber or sweep, the 

variations are included to be representative of the splice joints for which the same 

tolerances apply.  

The LCS is next rotated by two nominally 0 rotations with a little under a ± 1˚ 

variation about the local X and Z axes. These two rotations represent the local change in 

orientation of the flange-face and web due to camber and sweep at the top of the pile and 

establish node 9. Node 9 is the local-flange-face at TOP DRF origin. Vector 9 is a zero-

length vector capturing the rotations from vector 8. The LCS is next rotated nominally 

either zero or 180˚ with a little over a ± 1˚ variation, which represents pile tolerance 9. 

This rotation aligns the LCS X axis with the pile’s local-flange-face in cross-section and 

establishes node 10. The nominal rotation is 0 or 180◦ because vector 10 can be positive 

or negative.  

Vector 10 is nominally 0 with a ± 3/16” variation, which represents pile tolerance 10 

and goes to the local-flange-face-centerline at TOP. The LCS is then rotated 0 or 180◦, 

depending on which corner of the flange determines the limit for pile tolerance 3. 

Specifically, if the global Z component of vector 5 is in the negative Z direction, then the 

lower-flange-corner at TOP must be less then 4” below TOC. If the global Z component 

of vector 5 is positive, then the upper-flange-corner at TOP must be less then 4” above 

TOC.  The rotation establishes node 11.  
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Vector 11 has a nominal length with a variation of + 1/16”, - 3/32” (pile tolerance 

11), which goes to one of the local-flange-face-edges at TOP. The LCS is rotated by three 

dependent rotations to put the local X axis into the global negative X direction and the 

local Y axis into the global Z direction, to establish node 12. 

The next three vectors are all dependent vectors along each of the global axes to 

return to the ARF and close the loop. These vectors could be represented by a single 

vector from the local-flange-face-edge at TOP to the ARF. The author separates the 

vector into its three components for easier visualization. Vector 12 goes to the ARF YZ 

plane along the ARF X axis. The LCS is rotated ± 90˚ about the local Y axis, putting the 

local X axis into the global Y direction and establishing node 13. Vector 13 goes to the 

ARF Z axis along the ARF Y axis. The LCS is rotation - 90˚ about the local Z axis, 

putting the local X axis in the global negative Z direction and establishing node 14. 

Vector 14 goes to the ARF origin along the ARF Z axis. Finally, the LCS is rotated by 

two rotations. One rotation is about the local X axis either 0˚ or 180˚ to bring the local Y 

axis in line with the global Y axis. The second rotation is about the local Y axis - 90˚ 

bringing the local X axis in line with the global X axis. Together the two rotations re-

establish node 0. 

6.3.4 Sampled Tolerance Analysis 

The tolerance analysis is conducted in the same spreadsheet template for the Slurry Wall 

Case as that in the Bolt Case (see Appendix E for details). As a three-dimensional case, 

all given information for either each vector’s global component lengths and global 

component angles or given information that can be used to calculate the global-
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component-lengths and angles, is entered into the spreadsheet. The spreadsheet then 

solves for the dependent variables in a loop or set of loops.  

The distributions for each of the given tolerances are easily summarized:  

• All size, location, orientation, and local form tolerances whose limits were 

equidistant from the specified nominal were modeled as normal distributions, 

assuming the limits represented ± 3 standard deviations from the mean.  

• All orientation variations due to local form tolerances were modeled as normal 

distributions whether the form limits were equidistant or not.  

• All size, location, orientation, and local form tolerances whose limits were not 

equidistant from the specified normal were modeled as uniform distributions 

within the tolerance limits.  

• The boundaries of objects due to form variations were modeled by a Weibull 

distribution based on the generalized extreme value distribution (Wikipedia 

2006b). 

The author did not have the spreadsheet record the results for all the vectors because the 

spreadsheet became unruly, slowing the simulation and sometimes causing the Visual 

Basic routine to fail. The author therefore chose to only record the variable of greatest 

interest. The simulation could easily be run for any other vector in the model representing 

a critical dimension. The summary statistics for the vector representing the gap between 

the corners of the bent plates and the pile-flange-edges on both sides of SPNC-110 are 

shown in table 6.3.4-1. The simulation took approximately forty one minutes, to produce 

a sample size of 1000. 

Table 6.3.4-1: Summary analysis results for critical dimensions  

Vector MMMM SSSS +3ssss -3ssss % beyond Limit 

76* Y -0.18306 0.074498 0.040434 -0.40655 0.028881 

103* Y 0.189711 0.075197 0.415302 -0.03588 0.024516 
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Vector 76 is a vector from the north-east-bent-plate-boundary-short-leg-face-top-corner 

to the SPNC-110 local-south-flange-face-east-edge at BOS. Vector 76 is aligned with the 

local-south-flange-face at BOS DRF so that it is perpendicular to the local-flange-edge. 

Vector 103 is the same, except that it is from the north-west-bent-plate boundary-short-

leg-face-top-corner to the SPNC-110 local-south-flange-face-west-edge at BOS. The * in 

table 6.3.4-1 is to indicate that the components for both vectors are given in the south-

flange-face at BOS DRF, not the ARF, which means the Y component equals the length. 

This was done so that Y component could be used to determine the distributions for the 

lengths of the vectors.  

Note, vector 76 is nominally in the negative Y direction of the ARF and vector 103 is 

nominally in the positive Y direction but they can end up in the opposite direction due to 

variation. The length variable in the template is always positive and does not include 

information about the direction of the vector. Thus, the length variable will not give the 

real distribution on the gap. The Y component can be positive and negative. By 

evaluating the Y component in the south-flange-face at BOS DRF, the X and Z 

components will always be 0, making the Y component equivalent to the length.  

The fillet weld size for the connections at SPNC-110 was not available but most of 

the bent plate connections have welds between 7/16” and 9/16”, so the author chose to 

use 1/2” for the analysis. Thus, if the Y component of vector 76* is greater than – 1/2”, 

then there is insufficient space for the fillet weld on the east side as shown in figure 6.2.2-

1. Similarly, if the Y component of vector 103 is less than 1/2” then there is insufficient 

space for the weld on the west side. If the Y component of 76 is positive or the Y 
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component of 103 is negative, then the edge of the bent plate is all together past the edge 

of the pile, leaving no room for the weld at all.  

The simulation results show a mean gap for the weld of 2.25”. This is consistent with 

nominal values for the component. The gap has a standard deviation of 7/8”. The results 

also show, on average, a 2.5% chance of the gap being less than 1/2” for each plate, 

which would leave insufficient room for the weld. Thus, the results suggest an overall 5% 

chance of experiencing the fit-up problem. This confirms that the assembly with the gap 

for the weld as the critical dimension is inconsistent given the design tolerances.  

The assembly design can handle 95% of the design estimated variation, which is a 

typical basis for design as mentioned at the beginning of the chapter. However, other 

aspects of design additionally include a factor of safety and are based on real data for 

variations – not design estimates of variation. 

Process capabilities were calculated for pile tolerances 1 to 6 based on the as-built 

data for the soldier piles taken to facilitate the final fabrication of the roof girders, 

discussed later in the map evaluation. Substituting the process capability data gathered 

for the pile tolerances into the template increases the simulated gaps’ standard deviations 

and the combined probability of a problem to 1” and 9%.  

The chance of failure, based on the process capability, seems high based on the 

author’s experience. The project the author was on had approximately 900 roof-to-pile 

connections with girder depths ranging from 2 to 8 feet. From the author’s recollection, 

approximately 15 to 20 connections had insufficient room for the weld. However, the 

author was not always made aware of when failures occurred during the job. According 

to the simulation, roughly 79 piles should have had insufficient room – which is 
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significantly higher. Keep in mind, however, that the connection used for the simulation 

used a 45” deep girder. A good number of girders on the job from the author’s experience 

had less depth and many had more.  

Unfortunately, the specific information on the girders for that job was not made 

available. Without knowing the all actual girder depths, it is hard to draw any 

conclusions. In addition, the process capability data was gathered from a different 

project, which could be contributing to the disparity. At the same time there is no reason 

to suspect the process capability is not representative. As discussed in chapter 2, 

manufacturing often uses adjustment factors to improve failure rate predictions from this 

type of tolerance analysis. Further research is needed to better validate the ability of the 

sampled analysis to accurately predict failure rates and to investigate appropriate 

adjustment factors. 

Regardless of the accuracy of the failure rate prediction using the design tolerances or 

process capability, the model did successfully predict a problem. Thus, the more pertinent 

question is: Is redesign warranted? The answer depends on the risk tolerance of the 

project stakeholders, the cost of failure (rework), the cost of generating an alternative 

design at the design phase, and the cost of the alternative design. Assessing the risk is the 

only factor that requires the failure rate. In the earlier section, when discussing examples 

of impacts due to an insufficient weld gap, the author notes that the obvious direct costs 

of the failure are relatively small, suggesting an acceptable design. However, the author 

recommends using the TFV perspective, which shows much larger impacts. The later 

sections on map evaluation and solutions generation will demonstrate how easy it can be, 
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both to generate an alternative and to determine how cost-effective that alternative can 

be. 

Also, after conducting the analysis in three dimensions, the author does not 

recommend using Excel despite the useful results produced with the template. In addition 

to the problem of handling large amounts of data for all the vectors discussed in the 

section on sampled tolerance analysis, the author encountered several other problems 

with Excel (Appendix E).  

1. Excel limits the number of functions that can be included in a single cell. Most of 

the cells require more if-then statements than permitted to determine which 

formula to use based on the given information and to handle conditions where 

formulas are undefined.  

2. Even with sixteen significant digits, the rounding errors accumulated to create 

noticeable errors.  

3. Excel has a bug with its trigonometry functions that causes it to randomly return a 

number error when evaluating the inverse sine or cosine of 0, 1, or - 1.  

For these three problems, the author adjusted the formulas in the template to avoid the 

errors. This means, however, that the formulas used for the case are no longer general to 

any case. In particular, because of the limit in the number of functions, it is not possible 

to create a general template without significant visual basic or other programming of the 

spreadsheet to substitute for the if-then statements in the cells. 

Finally, the author encountered problems using Excel to solve the loops for the 

dependent variables. Theoretically, the dependent variables can be found with the Excel 

Solver. In the template sheet, at the end of each loop is a summation row. In this row, 

cells are set for the sums of the sampled X, Y, and Z components and set for the sine of 
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the sums of the sampled component angles (Θx, Θy, Θz). The target cell for the Solver is 

the sum of the squares of all the summation cells for all of the loops. The variables 

changed by the Solver are the dependent component lengths and angles for the vectors in 

the loop.  

Unfortunately, the author found that the Solver was unable to consistently find 

solutions. According to Ragsdale (2000), the Solver has problems with cells involving if-

then statements, which are used throughout the spreadsheet. Also, the author suspects that 

the rounding and trigonometry problems also contributed. To circumvent this problem, 

the author reduced the number of unknown variables in each loop, allowing the six loop 

equations to be solved successively without the use of the Solver. The unknown variables 

were reduced using one or more of the following methods:  

• splitting dependent vectors into components;  

• solving loops using a different reference frame aligned with one of the dependent 

vectors and then converting it back to the assembly reference frame, and/or 

• adding a vector to split a loop into two loops, each with less dependent variables.     

The author therefore recommends looking for alternatives to Excel for the analysis, 

possibly math tools such as MathCAD. Alternatively, several commercial packages are 

available for assembly modeling and sampled tolerance analysis that would likely 

eliminate the calculation problems, reduce simulation time and significantly reduce the 

modeling time and effort. These tools also simultaneously produce other useful data such 

as sensitivity and contribution analysis data.  
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6.4 Map Evaluation 

As in the Bolt Case, the Tolerance Map is the integration of the assembly diagram and 

the part diagrams. As a reminder, there are three kinds of Tolerance Maps – design, 

construction, and inspection, each representing the different perspectives from which they 

are created. Just as in the Bolt Case, the Maps can be evaluated for: completeness, loop 

identification, loop consistency, datum selection, and design, construction, and inspection 

consistency. Such analysis provides the insight to improve tolerance management and 

project performance. This section illustrates just a few examples of the insights gained 

from the Maps to illustrate the process and highlight deficiencies in current practice. 

Although the singular Map to which the author refers is the design Map specifically 

created for this case, the benefits of using the design Map can be applied to all three types 

of Maps. 

6.4.1 Completeness 

The process of creating the Map revealed some incompleteness in the specifications. As 

discussed in the Bolt Case, if all the features and all the representations of a feature 

(local, boundary, and substitute) are included in the Map, missing information can be 

identified by checking that all relevant degrees of freedom (DOFs) are constrained. Using 

the seats as an example, no erection tolerances were provided on the orientation of the 

seats about their PRF X axes or location of the seats along their PRF Y and Z axes. The 

author assumed the design intent was to have no variation. As such, the author set the 

associated tolerances to 0 for the analysis.  
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Achieving a 0 tolerance is of course impossible and was not achieved in the Slurry 

Wall Case. This is confirmed by the author, who was both a superintendent in charge of 

seat installation and a quality control inspector for their welding. Furthermore, no 

erection tolerances were directly indicated for the orientation of the seats about their PRF 

Y and Z axes, or the location of the seats along their PRF X axis. Instead, these tolerances 

have to be deduced from the allowable variations for root openings for the specified fillet 

weld that connects the seat to the pile, in combination with the form variation for the end-

cut of the seat. However, form tolerances for the end-cut are also not provided. Again, the 

author assumed 0 tolerances for the analysis. This kind of missing information, as well as 

the need to refer to multiple standards in order to deduce potentially implied tolerances, is 

found in all the components in the assembly. 

In general, form tolerance information was lacking for the edges or end-faces for 

most of the assembly components. The AISC manual of steel construction provides 

tolerances for length, which presumably are size tolerances. They are too large to 

represent form tolerances and cannot be location tolerances because no datum is given. 

Also, no method for measurement for evaluating a component’s length is given, which 

might have implied the intended tolerance type. This ambiguity and incompleteness of 

the standards referenced in the design is found in all the standards. 

6.4.2 Loop Identification and Consistency 

As discussed in the sections on the assembly diagram, the process of creating the 

Tolerance Map identifies many over-constrained loops. Several of the loops are 

immediately identified as inconsistent because the same degree of freedom (DOF) was 
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constrained by two different relationships, each with 0 tolerance indicated. The best 

example is the bent plate, whose two legs were specified as being flush (having planar 

contact) with both the web of the roof and the face of the pile with 0 tolerance. Both legs’ 

planar relationships restrict the plate’s rotation about its PRF Z axis.  

It would seem that the designer assumed flush contact was possible for both legs, 

given the bent plates are fabricated based on the as-built position of the pile. However, 

design-allowable variations in the fabrication of the plate’s bend angle and in the 

orientation of the girder relative to the piles add variation, which was ignored. This 

tendency to create over-constrained and inconsistent loops within a design is common. 

Civil engineers are trained for, and civil design tools only support, the creation of point 

solutions. 

In order to analyze over-constrained loops, some of the relationships must be made 

dependent until the loop is perfectly constrained. The resulting dependent variables can 

be compared to the design-specified tolerances for those variables in the analysis to 

determine loop consistency. For the Slurry Wall Case, several of the over-constrained 

loops had variables with 0 tolerance. In such cases, the only choices are: 1) to relax one 

or more of the constraints by providing acceptable tolerances, or 2) to change the design 

of the interface. Without the benefit of knowing all the considerations that went into the 

design of the connections, the author had to make assumptions about which constraints to 

relax.  

For the rotation of the bent plate about its PRF Z axis, the author changed the planar 

relationship with the flange-face to an edge-slider. The assumption seemed reasonable 

when the bent-plate’s angle is slightly larger then the angle between the roof-web and 
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pile-flange. The plate is still making contact with the flange where it is welded, and the 

earth pressure on the wall will cause the bent plate to deflect and become flush with the 

flange face. When the bent-plate’s angle was slightly smaller, the ironworkers maintained 

the planar relationship with the flange-face and used the tensioning of the bolts on the 

long-legs to bring them into a planar relationship with the web. Although the author’s 

assumption seems reasonable, it is the designer who should specify how large a variation 

is acceptable by checking to ensure the additional stresses in the bent-plate do not impact 

the structural capacity. 

Several other over-constrained loops were identified. Rotations of the bent plates 

about their PRF Y axes were also clearly inconsistent. The various relationships between 

the piles and the roof girder overall establish a fixed relationship. Thus, the specified 

planar relationship between the bent plate’s leg and the pile, as well as the specified edge-

slider relationship between the plate’s median plane and the roof’s web-centerline, over-

constrain the plate’s rotation about the PRF Y axis. Given both relationships have 0 

tolerance, the loop is clearly inconsistent. Many more over-constrained loops would 

occur with the bent plates if tolerances for fit-up of the bolt holes in the bent plates and 

roof-web were included.  

Rotation of the roof-girder about its PRF X axis is also clearly inconsistent due to the 

two edge-slider relationships specified between the girder’s ends and the two seats in 

combination with the overall fixed relationship between the two seats. The location of the 

roof-girder along its PRF X axis is over-constrained by the two ± 1/4” tolerances on the 

location from the pile faces in combination with the overall fixed relationship between 

the two piles. Although no tolerance was specified for either the girder’s length or form 
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variations in the end faces, some variation is sure to exist. From a simple linear analysis 

perspective, such variation inevitably will cause an inconsistency.  

Finally, the size of the fillet weld between the bent plate and the pile flange is over-

constrained by the specified minimum weld size and the weld’s relationship to the edges 

of the bent-plate-short-leg and the pile-inside-flange-face, given the bent plates and the 

piles have an overall fixed relationship. The sampled tolerance analysis on the loop 

establishes that it is inconsistent given the design tolerances. 

All of the over-constrained loops discussed were not identified or recognized as 

potential issues in the Slurry Wall Case. Current practice and the tools available for 

modeling components in a design provided no opportunity for their identification. 

Instead, the mapping process identifies these loops for analysis, thus identifying both 

potential assembly problems and areas for design improvement.  

6.4.3 Datum Selection 

Looking at the Tolerance Map (by combining the assembly and part diagrams) reveals no 

long chains of datum. The only chains that stand out as long are those going to the edges 

of the flange on all the elements except the bent plates. The flange-edges are specified 

from the flange-centerline, which in turn is specified from the flange-face at the web-

flange-intersection, which is in turn specified from the section’s web-plane at the 

centroid. Certainly, the edges could be specified from the web-plane-centroid directly to 

reduce the number of datum. However, one must assume that the datum are chosen to 

reflect variations related to the fabrication process, which is more important than 

reducing datum.  
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Beyond long chains within a part, it is useful to check if nodes involved in mating 

relationships could be specified more directly to their part reference frame (PRF). 

However, looking over the Tolerance Map, there are no feasible changes in the datum 

used that would result in a reduction in the number of datum in any of the loops. 

6.4.4 Consistency Between Design, Construction, and 
Inspection  

Although the construction Tolerance Map was not produced, several discrepancies were 

identified during the design Tolerance Map creation. First, as already mentioned, many 

design tolerances, in particular form tolerances for the various features, were assumed to 

be 0 in the design Map and for the analysis because no tolerance was clearly specified. 

The construction Tolerance Map, however, uses process capabilities. In the real world, 

these never have zero variation. The lack of process capability data for the fabrication 

and erection of the steel components in the Slurry Wall Case is a significant barrier to 

tolerance management. Most of the fabrication tolerances that are given are those the 

author assumed as representative of the process capability. Those that were not given, 

such as variations in the girder length and form of the girder’s ends, represent 

inconsistencies between the two Tolerance Maps. Without industry process capability 

data, the magnitude of the inconsistencies can only be estimated from practitioner 

experience – in this case, the author’s. The only erection tolerances that were specified in 

the design were those for pile orientation and placement (pile tolerances 1 to 6) and those 

for location of the roof girder along its PRF X and Y axes and rotation about its PRF Z 

axis.  
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The tolerances on roof-girder placement along the as-built frame X and Y axes are 

specified as ± 1/4” and ± 3/4” respectively. Although no process capability data was 

available for these, the process capability limits can be reasonably estimated from the 

author’s experience. Maintaining a tolerance of ± 1/4” on the 1” gap between the end of 

the girder and the flange-face on both sides of the pile was not possible. As already 

mentioned, the loop containing both gaps was inconsistent. As a result, larger variations 

for the gaps were accepted, but minimized, by centering the roof between the piles. 

Although this was a time consuming process, the ironworkers were able to center the 

girder along the PRF X axis within 1/8” or less. The ability to control the placement of 

the girder within ± 1/8” equally applied to variation along the PRF Y axis, which had a 

design tolerance of 3/4”. Inconsistency where the process capability limits are less than 

the tolerance are identified by comparing the construction and design Tolerance Maps, 

providing an opportunity for re-allocation. Alternative solutions will be explored in the 

solutions generation section.  

For pile tolerances 1, 2, 4, 5, and 6, the as-built data for final roof fabrication was 

used to calculate the five associated process capabilities. The as-built data consisted of 

two sets of four points taken at the two edges of the piles’ inside flanges at both the roof 

girder bottom of steel (BOS) and top of steel (TOS) elevations. Two sets were taken to 

minimize measurement error. The calculation was time consuming but simple.  

First, each pair of points was averaged to create a single set of four points. Next, the 

inside-flange-midpoint of the appropriately sized pile cross-section was placed at the 

midpoint of, and aligned with, the line connecting the two survey points at BOS 

elevation. Then, the variation of the cross-section’s centroid location, relative to the 
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nominal centroid location at the guide-wall top of concrete (TOC) elevation as specified 

in the design, was recorded along the X and Y axes of the as-built frame in the model. 

Also, the rotation of the cross-section’s web, relative to the as-built frame X axis, was 

recorded. These variations correspond to pile tolerances 1, 2, and 6 respectively, although 

not directly due to several inconsistencies between the design, construction, and 

inspection datum. 

Notice that the flange of the pile was measured at BOS elevation for the roof in order 

to determine the X and Y location and Z orientation variations of the pile. According to 

the design, pile tolerances 1 and 2 were based on the theoretical centroid at TOC for the 

guide-wall (which was any where from 2 to 20 feet from BOS of the roof). Any variation 

in plumbness of the pile’s chord-line, pile tolerances 4 and 5, will increase the variation 

in the pile’s centroid at BOS, relative to TOC in the X and Y directions, by the sine of the 

angles from plumb multiplied by the change in elevation between BOS and TOC. 

Likewise, pile form tolerances 7 and 8 for sweep and camber will increase the 

variation in the pile centroid at BOS from that at TOC. Because the TOC elevations were 

not given with the data, the author could not separate out the impact of being out-of-

plumb from the location variation. Separating out the impacts of pile tolerances 7 and 8 is 

just not possible. In the review of the as-built spreadsheets sent to the roof fabricator as 

well as the construction manager (CM), the author found that the survey crew also 

calculated the deviation in the pile centroid location without separating out the impacts of 

the form tolerances and being out-of-plumb.  

Furthermore, the process for finding the pile centroid at BOS from the points on the 

flange, which was the same process used by the survey crew, aligns a normal cross-
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section with the flange but places it in a level plane instead of aligning the centerline of 

the web perpendicular to the pile’s local axis. Given the pile is known not to be plumb 

and to have form variation, the section of the pile along the level plane at BOS is not 

going to be square to the pile. Thus, the dimensions of the section will be elongated 

compared to a normal pile section. The distance used to find the pile centroid from the 

flange-face is likely to be consistently foreshortened, again increasing but also shifting 

the perceived variation in the pile centroid’s X location. In addition, the process ignores 

the impacts of pile tolerances 9, 10, and 12, instead assuming that the cross-section is 

always nominal.  

These variations also impact the location of the pile centroid relative to the flange-

face as well as the orientation of the web relative to the flange-face. Once again, the 

perceived variation in the pile’s centroid location, and now the pile’s plan orientation, 

increase. The additional variations cannot be separated because evaluating the local 

cross-sectional variations in the pile associated with tolerances 9, 10, and 12 requires 

access to the whole cross-section at BOS – which, with the exception of the flange face, 

is embedded in tremie concrete. 

Pile tolerance 4 and 5 were specified relative to the chord-line from the centroid of 

the pile at TOC to the centroid of the pile at its very bottom, some 100 feet below TOC. 

The process for evaluating the plumbness of the piles was to measure the difference in 

position between the midpoint of the line connecting the two as-built points at BOS and 

the midpoint of the line connecting the two as-built points at TOS. The differences were 

measured along the radius of the slurry-wall’s centerline through the midpoint, between 

the nominal centroids of two adjacent piles installed as a pair and the tangent to the 
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centerline of the wall at that point. These two directions respectively represent the 

transverse and longitudinal directions of the slurry wall at a given pile. The change in 

each direction was divided by the height of the girder to get the transverse and 

longitudinal slopes of the pile’s flange-centerline through the height of the girder.  

Similar to the measurement for pile tolerances 1 and 2, the measured difference in 

plan location between the two points used to get the slope of the chord line, included the 

variations not only due to pile tolerance 4 and 5 but also due to pile tolerances 7, 8, 9, 10, 

and 12, which have different values at TOS and BOS. These additional variations could 

not be separated with only the flange exposed, and thus increased the measured variations 

from the actual variations associated with pile tolerances 4 and 5. 

Obviously, such inconsistencies between datum used for inspection and design should 

be avoided, as it can result in unnecessary rejection of the work. The question to ask is: 

Do the individual pile tolerances, or the combined effects of the tolerances, directly 

impact some functional criteria? If only the combined impact matters, then the tolerance 

should be specified as a combined impact at BOS to make them consistent. If the 

individual tolerances are what matter, then a different means of inspection must be found 

that captures the individual tolerances. Additionally, it is preferable that the inspection be 

done at a time when corrective action is easiest. Investigation into slurry wall design 

practice and discussions with the designer revealed that the neither the individual 

tolerances nor their combined impacts were based on specific design concerns. 

The main reason for these inconsistencies between the datum used for measuring the 

pile’s variation and the datum used to specify the design tolerances is that measurement 

of the as-built location of the piles was intended to support final fabrication of the roof 



 252 

girders. The use of the as-built data for inspection of the pile tolerances was only a by-

product. The CM did not require inspection of the pile tolerances, nor did they inspect the 

pile tolerances themselves. Also, inspection of pile tolerances 1, 2, 3, and 6, if required, 

would have small obstacles: some piles were installed in a night operation and backfilled, 

while the survey crew that would measure the location was a day crew. Inspection of pile 

tolerances 4 and 5 would be very difficult as well, unless some sort of access – such as an 

inclinometer tube - was attached to every pile and imbedded in the wall.  

In the end, the data for the roof fabrication is the best available. As a result, the 

inconsistencies in the datum were ignored for the purposes of calculating the process 

capabilities. The author recorded the measured values for the five variations in Excel for 

around 230 piles. Summary statistics for mean, skew, and standard deviation were 

calculated. The data for each variation were placed in bins with associated frequencies to 

evaluate the distribution matching using a chi-squared test. Not surprisingly, the normal 

distribution was the best fit distribution but with low probability. The low probability is 

also not surprising given the multiple influences on the measured values discussed.  

The resultant process capabilities are compared to design specified tolerances in 

figures 6.4.4-1 to 6.4.4-5 and in figures 6.4.4-8 to 6.4.4-13. The figures show that the 

process capabilities well exceeded the design-specified tolerances. Figure 6.4.4-6 shows 

the flow of the tolerance information and as-built data for the piles for the project. The 

figure shows that only when a pile’s centerline visually seemed largely out-of-plumb to 

the CM’s inspector were the as-built data checked by the CM and reviewed by the 

designer. This lack of consistent feedback or true inspection data is likely the reason that 
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practitioners don’t have a clear sense of process capability and continue to repeatedly 

specify tolerances that are inconsistent with process capabilities in design after design.  
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Figure 6.4.4-1: ∆ Plan rotation of soldier pile (reference frame: roof girder centerline); 
left panel – scatter plot, X axis = pile web centerline, Y axis = rotation from nominal, 

max design tolerance = ± 5o,, 11% over max; right panel – data histogram and estimated 
normal distribution for data, X axis = .5 o intervals, Y axis = frequency 
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Figure 6.4.4-2: ∆Y of soldier pile centroid (reference frame: roof girder centerline); left 
panel – scatter plot, X axis = soldier pile centroid, Y axis = ∆Y from nominal, max 

design tolerance at roof BOS = ± 0.20 ft, 16% over max; right panel – data histogram and 
estimated normal distribution for data, X axis = 0.05 ft intervals, Y axis = frequency 
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Figure 6.4.4-3: ∆X of soldier pile centroid (reference frame: roof girder centerline); left 
panel – scatter plot, X axis = soldier pile centroid, Y axis = ∆X from nominal (ft), max 
design tolerance at roof BOS = ± 0.23 ft, < 1% over max; right panel – data histogram 

and estimated normal distribution for data, X axis = 0.025 ft intervals, Y axis = frequency 
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Figure 6.4.4-4: ∆ Longitudinal rotation of soldier pile (reference frame: wall baseline); 
left panel – scatter plot, X axis = pile flange centerline, Y axis = rotation from plumb, 
max design tolerance = ± 0.007 ft/ft, 55% over max; right panel - data histogram and 

estimated normal distribution for data, X axis = 0.0025 ft intervals, Y axis = frequency 



 255 

µ
µ+1 σ

µ-1 σ

µ+2 σ

µ-2 σ

µ+3 σ

µ-3 σ 

-0.08
-0.07
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
0.00

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

Pile

 

0

5

10

15

20

25

30

35

40

45

50

Rotation (cm/cm)

Rotation (f t / ft )

 

Figure 6.4.4-5: ∆ Transverse rotation of soldier pile (reference frame: wall baseline); left 
panel, scatter plot, X axis = pile flange centerline, Y axis = rotation from plumb, max 

design tolerance = ± 0.012 ft/ft, 14% over max; right panel = data histogram and 
estimated normal distribution for data, X axis = 0.0025 ft intervals, Y axis = frequency 
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Figure 6.4.4-6: Information flow and processes relevant to soldier pile tolerances 
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100% off in their estimates. The lack of priority and concern for inspection, combined 

with design tolerances that don’t reflect practice is why many contractors have the 

attitude that design tolerances are arbitrary so meeting them isn’t important. 

Comparing the design and construction Tolerance Maps when process capability data 

is given reveals the inconsistencies between process capabilities and design tolerances. 

This only highlights the potential for further problems. The impact of the inconsistency 

was evaluated by substituting these process capabilities for the design tolerances in an 

additional analysis. To account for the inconsistencies between the datum for design and 

the process capability data in the second simulation run, the author applied the process 

capabilities for location to the pile’s flange-centerline at BOS and the orientation 

variations to the pile’s local-flange where the measurements were taken. The results are 

shown in table 6.4.4-1 below. The probability of insufficient space for the fillet weld 

increased from 5% to 9%, clearly illustrating why any analysis and solution should 

accommodate not the design tolerances, but the process capabilities. 

The process of deriving process capabilities from the as-built data revealed additional 

inconsistencies between the datum used for design, construction, and inspection. The 

datum for pile tolerances 1, 2, and 6 differed between design and construction. The 

design called for the piles to be placed at station points along the centerline of the slurry 

wall, which represent the theoretical centroids of the pile. The webs of the piles were to 

be aligned with the working line for the roof girder, which connects the theoretical 

centroids of two opposing piles.  
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Table 6.4.4-1: Summary analysis results for critical dimensions using process capabilities 

Vector MMMM SSSS +3ssss -3ssss % beyond Limit 

76* Y -0.18600 0.085213 0.069639 -0.44164 4.5189 

103* Y 0.190225 0.086104 0.448537 -0.06809 4.2269 

 

During construction, however, the piles were installed in pairs welded together by angle 

iron. The webs of the two piles within a pair therefore had the same orientation. The 

slurry wall panels into which the piles were lowered were not much wider than then the 

piles’ depth. This meant that rotation of a pile pair within the slot to orient even one pile 

with the working line was difficult if not impossible (figure 6.4.4-7). As such, no 

information on the working line was provided to the crews during pile installation. 

Instead, the placement of the piles and the orientation of the webs were based on a datum 

reference frame (DRF) with the X axis along the radius of the curve of the wall through 

the midpoint between the centroids of two piles in the pair and the Y axis tangent to the 

wall curve at the same point.  

This is the same DRF used for measuring the transverse and longitudinal slopes of the 

pile’s flange-centerline in the as-built data. In the design, however, the working lines 

were not aligned with the wall radius. Using the different datum will thus tend to increase 

the standard deviation and skew of the process capability. The author additionally 

calculated the process capabilities using the construction datum (figures 6.4.4-8 to 6.4.4-

12) and determined that indeed the skew and standard deviation increased for the design 

DRF over the construction DRF.  
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Figure 6.4.4-7: Plan view of slurry wall panel, Single pile on left free to rotate within 
wall, Pile pair on right cannot be individually rotated and rotation limited by wall limits. 
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Figure: 6.4.4-8 ∆Y of soldier pile flange midpoint (reference frame: wall baseline); left 
panel – scatter plot, X axis = pile flange midpoint, Y axis = ∆Y from nominal (ft), max 

design tolerance at roof BOS = ± 0.34 ft, 10% over max; right panel – data histogram and 
estimated normal distribution for data, X axis = 0.05 ft intervals, Y axis = frequency 
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Figure 6.4.4-9: ∆X of soldier pile flange midpoint (reference frame: wall baseline); left 
panel – scatter plot, X axis = pile flange midpoint, Y axis = ∆X from nominal (ft), max 
design tolerance at roof BOS = ± 0.23 ft, < 1% over max; right panel – data histogram 

and estimated normal distribution for data, X axis = 0.025 ft intervals, Y axis = frequency 
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Figure 6.4.4-10: ∆Y of soldier pile centroid (reference frame: wall baseline); left panel – 
scatter plot, X axis = pile centroid, Y axis = ∆Y from nominal (ft), max design tolerance 

at roof BOS = ± 0.20 ft, 16% over max; right panel – data histogram and estimated 
normal distribution for data, X axis = 0.05 ft intervals, Y axis = frequency 
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Figure 6.4.4-11: ∆X of soldier pile centroid (reference frame: wall baseline); left panel – 
scatter plot, X axis = pile centroid, Y axis = ∆X from nominal (ft), max design tolerance 

at roof BOS = ± 0.23 ft, < 1% over max; right panel – data histogram and estimated 
normal distribution for data, X axis = 0.025 ft intervals, Y axis = frequency 
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Figure 6.4.4-12: ∆ Plan rotation of soldier pile (reference frame: wall baseline); left panel 
– scatter plot, X axis = pile web centerline, Y axis = rotation from nominal, max design 

tolerance = ± 5o, 2% over max; right panel – data histogram and estimated normal 
distribution for data, X axis = 0. 25 o  intervals, Y axis = frequency 
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Figure 6.4.4-13: Visual comparison of process capability (solid) and design tolerance 
distribution with 95% confidence (dashed) for pile tolerance 4 longitudinal rotation. 

Such discrepancies should be avoided if possible by adjusting the design datum or by 

modifying the construction process to use the design datum. If making the datum 

consistent is not possible, then the increased variation and skew should be factored into 

the process capability in order to check for consistency between the tolerance and process 

capability and for use in tolerance analysis. Conversations with the designer for the case 

revealed that, fortunately, the structural analysis used to determine the tolerances on the 

piles did not include the concrete between the piles. Subsequent analysis with the 

concrete showed that the larger variations were not a problem for the structure.  

Another inconsistency between the design and construction datum occurred because 

only the pile flange was visible for both locating the seat on the pile and locating the roof 

girder relative to the pile. The design calls for the intersection point between the seat’s 

flange, web, and back-faces to be located on the pile’s web-plane but instead, it was 

positioned on the pile’s flange-centerline. Similarly, the point at the intersection of the 
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roof-girder’s flange, web, and back-faces was to be located along the line connecting the 

two intersection points between the piles’ flanges and web-planes at BOS elevation. 

Instead, the roof was located on the line connecting the two points at the piles’ flange-

centerlines at the BOS elevation. The inconsistency will increase the standard deviation 

of the location of the seat and roof because they will include the off-center variation of 

the flange. As it turns out, however, using the flange-centerline instead of the web-plane 

for locating the girder decreases the variation in the space for the fillet weld on the bent 

plate, reducing the probability of insufficient space.  

This is a further example of the problem with how designs are drawn as point 

solutions. The drawing for the seat connection to, and the roof alignment with, the pile 

shows the seat and roof aligned with the pile’s web only because the off-center variation 

of the pile’s flange is not represented. The design tables for the steel sections for the piles 

account for the cross-sectional variations in the pile. Thus, from a structural design 

standpoint, alignment with the flange-center instead of the web-plane makes no 

difference. On the other hand, from an assembly standpoint, using the flange-center is 

better for ensuring the space for the fillet weld with the bent plate. However, because we 

don’t represent variation in our models such distinctions get missed, leading to ambiguity 

in intent.  

The inconsistency in datum further points out that datum that are not accessible 

during construction or inspection should be avoided as design datum. Instead, the design 

should look for viable datum that are accessible or at a minimum the impact of the 

inconsistency should be included in any analysis and inspection acceptance criteria.  
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6.5 Solutions Generation, Redesign & Reallocation 

The Tolerance Map evaluation identified:  

1. inconsistent datum between design, construction and inspection; 

2.  inconsistencies between design tolerances and process capability;  

3. missing information; and  

4. inconsistent loops.  

The evaluation discussed the impacts of the inconsistencies in the datum and 

inconsistencies between design tolerance and process capabilities, pointing out that such 

inconsistencies should be avoided where possible or accounted for in design, tolerance 

analysis, tolerance specification, construction planning, and inspection planning.  

For redesign purposes, the author uses the datum used for construction and the 

process capabilities measured in the analysis to obtain consistency. The evaluation also 

identified missing information and discussed the assumptions made for filling it in. 

Similarly, changes in mating relationships and relaxations of certain tolerances were 

discussed, explaining assumptions made by the author or solutions used in the actual case 

used to make the loops consistent. The only inconsistent loop not resolved was the one 

resulting in insufficient space for the fillet weld with the bent-plate, which will be the 

focus of this section. 

Exploration into solutions for this loop will start by exploring opportunities with less 

change to the existing design and move toward solutions with greater change.  
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6.5.1 Small Design Changes Based on the Tolerance Map 

A change already discussed in the evaluation is to use the pile’s flange-centerline as the 

datum for girder placement instead of the pile’s web-plane. This change is acceptable 

from a design standpoint and eliminates the flange-off-center variation from contributing 

to the fillet-weld-space variation. However, given the flange-off-center variation has a 

standard deviation of only 1/16”, this change only makes a small contribution to reducing 

the loop inconsistency, which reduces the probability of insufficient space given the as-

built data to 6 %. 

The process capability for girder erection was identified in the Map evaluation as 

tighter than the design tolerance. This indicates an opportunity for tolerance re-allocation. 

However, re-allocation is a better tool for reducing costs in a consistent loop than it is for 

making an inconsistent loop consistent. Instead, the tighter process capability is an 

opportunity to reduce the associated tolerance. Although the girder placement effectively 

has a direct impact on the available fillet-weld-space, the variation in the space at three 

standard deviations is more than the 5/8” improvement gained by reducing the tolerance 

from 3/4” to 1/8”. The probability of insufficient weld space does reduce to 7%, but to 

reduce it further requires additional solutions. 

The tighter process capability for girder placement also indicates another change 

opportunity. Instead of the flange-centerline, the datum for girder placement could be 

switched to the pile’s flange-face-edge on the same side as the direction in which the 

bottom of the pile is leaning. In this case, the girder’s web-face-edge at the theoretical top 

of the bent-plate would be set either at 6-3/8” from the pile’s flange-face-edge, or at the 

pile’s flange-centerline, which ever is larger. The 6-3/8” is derived from summing the 
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following: the bent-plate-short-leg size (5-3/4”); the fillet-weld size (1/2”); and three 

standard deviations of girder placement variation (1/8”). This change does represent a 

change in datum as much as it represents a change in critical dimension. The sequence of 

datum have been changed so that the distance from the girder’s web-plane to the pile’s 

flange-face-centerline measured at BOS is the ‘New Critical Dimension’ instead of the 

‘Fillet Weld Space’ (figure 6.5.1-1 and 6.5.1-2). In the revised bent plate part diagram, 

figure 6.5.1-2, note the change in frame fields and direction of the arc from the ‘SPNC or 

SPSC Local-Flange-Face-Edges-@-BOS DRF’ node and the direction of the arc to the 

‘RGC-110 Local-Boundary-Web-Face-@-End-Face’ node as compared to figure 6.3.2-8. 

The change in datum sequence is also a little like using a custom or adjustable part 

because effectively one is changing the nominal location used for girder placement 

depending on the as-built orientation of the pile.  
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Figure 6.5.1-1: Assembly Diagram Change in Critical Dimension and Joint Types 
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Figure 6.5.1-2: Part diagram change in datum sequence 
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Any change considered, even the small ones discussed above, must still be checked for 

consistency. For the small changes above, a rough check that can be done before going 

through the effort of modifying the Tolerance Map and conducting a new analysis is to 

look at the analysis results using the as-built data previously run which included using the 

flange-centerline and reduced girder erection process capability. If the datum for the 

girder placement is shifted 5/8”, so that the 3/4” tolerance from the flange-centerline is 

not violated when girder placement is within three standard deviations of the process 

capability, then the deviation from the minimum fillet-weld-space is also reduced by 

5/8”. Unfortunately, this is not sufficient because the fillet-weld-space variation at three 

standard deviations from the mean is 1 5/16” past the minimum fillet-weld-space. The 

probability of insufficient space using this strategy is 1% and can be found without 

redoing the analysis by reducing the minimum fillet-weld-space by 5/8” and finding the 

probability of exceeding this new minimum using the same variation analysis results. 

Although insufficient to make the loop consistent according to the analysis, this does 

achieve a substantial reduction in the probability of failure with no changes to the design, 

components or construction cost and duration. 

Conversations with the designer revealed that the project came upon this solution 

three years after the problem was initially experienced in the field. The solution was 

aided by the fact that some seats were a different type with two stiffeners, which allowed 

for even larger off-center placement of the girder on the seat. As it turns out, this strategy 

proved 100% successful in eliminating further occurrences of insufficient fillet-weld-

space. 
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6.5.2 Small Design Changes Using Tolerance Mitigation 
Strategies 

As no other small changes are clearly suggested by the Tolerance Map, reviewing general 

tolerance mitigation strategies for redesign is the next step. The following are a series of 

examples illustrating how to alter a design to aid in achieving loop consistency using a 

variety of tolerance strategies that also represent small changes to the design:  process 

capability reduction; custom sized parts; changes in nominal dimension to reduce 

contribution or create more needed space; and mating relationship/datum changes. 

Process Capability Reduction: One option is make the loop consistent by reducing 

other process capabilities. The main contributors to the fillet-weld-space variation are the 

pile’s longitudinal rotation, the girder placement, and the flange-tilt of the roof girder, in 

that order, all of which have similar sensitivities. Given the pile’s are installed blind and 

the flange-tilt is a standard fabrication tolerance, these process capabilities are difficult to 

improve. 

Custom-sized Parts: None of the components or connections lends themselves to 

changes in nominal size or being custom sized or adjusted. The components have been 

sized based on structural criteria. The nominal roof girder height is a factor in the 

assembly equation but the very small change likely to be achieved by designing a shorter 

section that will handle the loads will have an equally small impact on the results.   

Changes in Nominal Dimensions: A reduction in the short-leg-size for the bent-

plate would directly increase the space available for the fillet-weld as was seen by the 

solution implemented of trimming the angle. The designer commented, however, that this 

solution had to be evaluated on a case by case basis and would not be acceptable as a 
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global change. Specifically, increasing the bent-plate thickness or reducing the leg-size 

was not an option because the flexibility of the plate was needed to reduce the fixity of 

the connection for proper seismic response.  

Changing the pile section to have a wider flange is another option but this would 

require an 88% increase in section weight which when considered project wide doesn’t 

make sense. A smaller increase in pile section complimented by an increase in the seat 

section or possibly just an increase in the seat section to allow for greater off-center 

placement girder on the seat is an option with a smaller increase in steel. As discussed 

earlier, some seats had a larger section by design anyway and did permit a greater 

variation in the off-center placement of the roof on the seat. The cost of such a change 

would have to be evaluated against the risk of insufficient weld space including the 

probability of the problem and the direct and indirect costs discussed at the beginning of 

the chapter.  

Mating Relationship/Datum Changes: Given the flange-tilt of the girder is one of 

the top three contributors, using shims could adjust the relationship between the girder-

flange and seat. This would in turn adjust the girder’s web, making it plumb, as called for 

in the drawings. This might help if the pile is leaning in the opposite direction as the 

girder-web before shimming. At the same time, it could make the situation at the opposite 

end of the girder worse. If only done on an as-needed basis, the impact would likely be 

similar to the solution of trimming the angles. Furthermore, to understand the impact of 

such a change, one would have to modify the model, changing the edge-slider 

relationship between the girder and the seat to a point-slider, and changing the point-
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slider between the girder’s web, end, flange intersection-point, and the as-built frame XZ 

plane to an edge-slider between the girder’s web-plane and the as-built frame XZ plane.  

One can always find further small changes that might help achieve consistency. 

However, the above attempts seem the most viable. 

6.5.3 Large Design Changes 

The next step in re-design is to step back and consider completely changing the kind of 

connection between the roof and the soldier pile to create a consistent design. Tolerance 

principles help here as well.  

Using the table of kinematic mating relationships, a connection that accommodates 

the variations in the participating components may be found by selecting mating 

relationships with degrees of freedom that correspond to the components’ variations. 

In the given design, the ends of the roof must be cut and moved to accommodate the 

longitudinal and transverse location variations in the piles’ positions. The preference 

would be to avoid having to cut and move the girders as discussed at the beginning of the 

chapter. Looking at the table of mating relationships, if the roof sat atop the pile, the 

edge-slider and planar relationships both could potentially accommodate the two 

variations in the pile. However, unless the pile was custom cut to the proper height 

variation in its vertical location would become a problem as BOS roof elevation is fixed 

in the project reference frame. Alternatively, a seat could be between the piles, welded to 

the pile webs at the BOS elevation as shown in figure 6.5.3-1. The location of the seat 

and girders could be fixed within the project reference frame with potentially sufficient 

space both between the two piles’ to accommodate the variation in the piles’ longitudinal 
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position and between the piles’ flanges to accommodate the variation in the transverse 

position of the piles.  

 

Figure 6.5.3-1: Seats between piles at BOS elevation, welded to the pile webs 

Figure 6.5.3-2 is a visualization of the variations in the pile position according to the as-

built data with the roof and new seats in fixed positions in plan view through the height 

of the girder. The figure shows a cloud of potential locations for the pile while holding 

the girder locations fixed. The maximum variations shown are based on three standard 

deviations from the mean according the measured process capabilities. Even with this 

connection, potential conflict exists between the pile flanges and the roof girders at the 

circles in figure 6.5.3-2. A full model and analysis of this design would have to be 

conducted to determine the risk associated with this design. Also, the designer and 

contractor would have to consider the feasibility of this design as well as compare the 

cost of the additional seat steel and more complex installation with the benefits of 

increased standardization in the decking and decoupling of the roof and deck fabrication 

from the as-built measurements. 
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Figure 6.5.3-2: Visualization of pile position according to as-built data 

The above is but one of many alternative connection designs that can be considered. 

However, the process illustrates how the directions of the tolerances or variations for the 

components being connected can be included in the design of the connection to help 

manage the tolerances. 

6.5.4 Solution Selection 

Of all the potential solutions, the best choice is to change the critical dimension to the 

longitudinal position of the roof relative to the pile’s flange-centerline, in combination 

with changing the design to use the pile’s flange centerline instead of the web-flange 

intersection as the datum. It represents the best option from the standpoint of redesign, 

without doing a detailed cost analysis of all the options. It also stands out as the best 

choice because it reduces the probability of the fit-up problem to well under 5% with zero 

cost or quality impact. Furthermore, the direct costs of failure, involving analyzing the 

connection and trimming the bent-plate-leg, are small. The impact on quality is reduced 

because the amount that needs to be trimmed is reduced by using the available space 

from the off-center roof placement.  
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The indirect impacts are also reduced. Because the analysis identified the potential for 

failure, the as-builts for the piles can be evaluated for failure, along with how much of the 

leg must be trimmed – all within the same spreadsheet template used to convert the 

survey data into roof girder fabrication data. The designers can then check the connection 

with the reduced leg-size during the two weeks for final fabrication of the girder. The 

angle can be trimmed at the shop just before shipping, eliminating the on-site direct costs. 

The only additional costs are the direct cost of the trimming and the analysis. With the 

reduced probability of failure, this solution is very good. It is not surprising, then, that it 

was the solution eventually implemented with great success in the project. 

From the standpoint of design, the change in the roof and wall connection to a seat 

between the piles is certainly competition for the change in critical dimension. Although 

the alternative connection may cost more than the original design from a design 

perspective, the benefits from a construction perspective of increased standardization and 

elimination of the additional girder fabrication from the critical path could out weigh 

those costs. If this is the case, then the connection change is the best overall solution. 

Regardless of which solution is better, the point is that significant benefit can be gained 

when exploration of the design space utilizes tolerance analysis and management 

practices. More options are available when these practices are applied in the initial design 

process instead of redesign. 

6.6 Conclusion and Validation 

Investigation of this case reinforces many of the conclusions from the Bolt Case and 

leads to additional important observations. 
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Tolerance Impact: Tolerances have a very significant impact on a project, even 

when accounted for in the design, because there is always a price for variability. In the 

Slurry Wall Case, variation in the erection of the piles was recognized during design. The 

variation necessitated the additional steps of measuring the as-built locations of the piles, 

additional fabrication on the roof girders and custom fabrication of the SIP deck. These 

strategies for absorbing the variation created indirect costs, such as material tracking and 

handling, and decreased project robustness by tightly coupling activities in the schedule. 

In addition, like the Bolt Case, some tolerance interactions – for example the 

accumulation of tolerances on the fillet-weld space – were not analyzed and accounted 

for in the design. The resulting fit-up problems translated the dimensional variation to 

variation in activity duration for completing the roof connections. This, in turn, 

propagated impacts through the construction schedule compounded by the tightly coupled 

schedule, increasing construction changes, cost, and duration. 

Modeling Challenges: Creating a tolerance model and conducting the analysis in 

three-dimensions is both complex and time consuming, as well as beyond the capabilities 

of an Excel sheet. One challenge is visualizing the impacts of geometric variation in 

order to specify mating relationships between components. The challenge of visualization 

isn’t surprising given that neither industry tools nor education support anything but 

creating point solutions. The author had to use multiple CAD models and sketches to aid 

in the visualization. Mechanical tolerance analysis packages support this visualization by 

animating assembly variation. The visualization challenge is one reason why designers 

freely over-constrain designs, as was seen in this case. For example, the design clearly 
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specified planar relationships between the bent-plate-legs and both the roof-web and pile-

flange, ignoring variation in the girder-erection and bent-plate fabrication. 

Another challenge for modeling, which was also found in the Bolt Case, is that the 

industry tolerance specifications are incomplete, ambiguous, and spread out across 

multiple reference standards. Over half the tolerances used for the model in the Slurry 

Wall Case were either assumed 0 or required some assumption on interpretation by the 

author. As for the analysis, the increased complexity of three-dimensions, even for a 

simple assembly as in this case, over-taxed the capabilities of Excel. 

 Consistency between design, construction, and inspection: As in the Bolt Case, 

the Slurry Wall Case illustrates that differences between design, construction, and 

inspection tolerances/process capabilities can have a significant impact on the 

consistency of an assembly and project performance. Many of the tolerances were neither 

based on design criteria nor construction process capabilities. For example, of the six 

pile-erection-tolerances, three had no clear design or assembly basis, none matched the 

actual process capabilities achieved and two were based on datum which could not be 

accessed during construction.  

In the Slurry Wall Case, the probability of insufficient weld-space nearly doubled 

when using process capabilities instead of the design tolerances. Also, the frequency and 

ignorance of such inconsistencies in the case implies that practitioners do not understand 

tolerance theory. For example, the inconsistencies in the datum used for measuring the 

pile erection variations and the datum used for actual assembly as compared to those 

specified in the design were either not recognized or not recognized as a problem. 

Comparing the process capabilities for plan rotation of the pile using the design versus 
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construction datum shows a 58% increase in the standard deviation for the design datum 

relative to the construction datum. These examples highlight the impact that datum 

inconsistency can have. 

Design, construction, and inspection inconsistencies, which can result in both tight 

tolerance specifications and mistaken acceptance or rejection of work, combined with 

tolerance specifications with no design basis and a lack of priority in inspecting for 

compliance with the specifications, all contribute to an industry attitude that tolerances 

are not important. This only further perpetuates a cycle of ignorance about tolerances. 

Benefits of Tolerance Management: Finally, using the mapping and analysis tools 

to integrate tolerance considerations, analysis, and principles into design helps to 

generate product designs, construction processes, and inspection processes that better 

manage tolerances. These elements of tolerance management provide both information 

and understanding about the impacts of tolerances on the design and during construction. 

Better-managed tolerances can increase standardization and constructability, as seen with 

the alternative connection design.  

Better-managed tolerances also help minimize the propagation of geometric variation 

into construction process variation and its spiraling negative impacts. This occurs through 

the subsequent reduction or elimination of the probability of failed interfaces or failure to 

meet tolerances specifications, and through allowing for earlier identification of and pre-

planning fixes for these failures. For example, in this case, changing the critical 

dimension to reduce the loop inconsistency for the fillet-weld-space and using the survey 

data to trigger earlier analysis and implementation of the trimming fix prevents any 

impact on the construction process or planning due to the loop inconsistency. Thus, the 
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case reinforces that having and using the AEC tolerance theory reduces project cost and 

duration, and improves the project production system. 
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7 AEC Tolerance Management Theory  

7.1 Introduction 

In the course of the research, the author consistently heard in interviews and observed 

first-hand that tolerance-related problems are not necessarily recognized as tolerance-

related, and that in addition, many construction activities only exist to deal with 

variations in the field that are actually tolerance-related.  

In the Bolt Case, no one appeared to have considered the possibility that failure to 

meet inspection tolerances was causing the large number of scrapped bolts until the 

author asked if there were any means to estimate the number of failures that had 

occurred. In the Window Case, the author observed several work activities in which 

custom fitting was required due to component tolerances. Conversations with 

management showed that such additional work is neither thought of as tolerance-related 

nor perceived to be a problem. Rather, it is accepted as the normal way of doing 

construction. Accordingly, the work is not tracked separately but considered inevitable 

and included in the budget for the overall activity. 

The cases also demonstrate that direct costs incurred due to tolerance problems can be 

significant. For the Bolt Case, the author estimated a direct cost to the contractor of 

$500,000 (0.2% of the construction cost). For the Slurry Wall Case, the author estimated 

a direct cost to the contractor amounting to an additional 10% of the budget for roof 

installation. In the Window Case, the direct cost to the owner was documented as 

$22,000 (0.025% of the construction costs). Furthermore, the cases discuss only a very 
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limited set of the indirect costs and other impacts on the project when viewed from the 

flow and value perspectives that nevertheless are significant.  

In addition, the case studies support the author’s claim that tolerance problems and 

wasteful activities associated with tolerances are underestimated or go unnoticed. Both 

the underestimation of the number of tolerance-related problems and their impacts has led 

to a misconception regarding the magnitude of tolerance-related problems. In turn, this 

leads to underestimating the benefits that may result from research into, and practice of, 

tolerance management.  

Comments that tolerances represent a significant problem within the AEC industry 

and suggestions for ways to better manage tolerances have fallen on deaf ears for over 30 

years. As just discussed, tolerance problems are underestimated or go unnoticed. In 

addition, problems that actually are considered to be tolerance-related are typically 

attributed to lack of process capability. Thus, the assumed solution is to improve process 

capability, which is viewed as too costly in comparison to the presumed magnitude of the 

problem, and too difficult to implement. 

7.2 Lack of Theory 

The author also identifies the lack of tolerance theory as the fundamental reason why the 

few suggestions that have been made fail. Prior attempts to solve tolerance problems in 

civil systems have been based on ad hoc application of practitioner experience. This is 

problematic because such experience tends to be limited and is often based on 

insufficient understanding of the problem: it does not address the different types of 

tolerances or how they accumulate. Techniques that rely on experience, such as 



 283 

constructability checklists and constructability reviews, are equally problematic, as they 

assume commonality between the experience and the new design being considered. 

Without both experience with similar designs and an understanding of tolerance 

accumulation and interaction, however, a designer or constructability professional 

reviewing a checklist couldn’t possibly assess the commonality and thus identify 

potential tolerance problems or appropriate strategies for tolerance mitigation.  

For example, in the Window Case, the owner’s specifications noted that the 

dimensions of the window openings should be as-built before starting window fabrication 

or that, at a minimum, fabrication should be coordinated with the construction of the 

openings so that as-built data could be provided during fabrication. Specifications like 

these are re-used from one project to the next and followed the constructability 

recommendation of including information from prior project experience for future use.  

In addition, CRSI (1995) has published documents describing common problems in 

concrete buildings, including details of the same window problem encountered. In 

addition, the inclusion of a solution in the specification was insufficient to flag the issue 

during design. It took an RFI from the window installation and concrete subcontractors, 

who experience these problems on a regular basis, to raise the issue. Fortunately, for most 

of the windows there was enough time to get as-built data to the fabricator before starting 

window fabrication.  

The Window Case raises the question: What is the utility of specific solutions or 

checks carried over from previous projects? How specific to that prior experience was 

that solution? In terms of specificity, what were the limitations in the prior project when 

arriving at this solution? Tsao et. al. (2000 and 2004) illustrated the use of a technique 



 284 

called the ‘5 Why’s’ as a means of evaluating the appropriateness of a re-used solution to 

the current problem. Ultimately, a solution that is carried forward from one project to the 

next may not only be inapplicable to the current project because of the differences in the 

conditions between the projects, but may also eliminate the opportunity to investigate 

alternative solutions that may better suit the current project. For example, such checks or 

solutions can discourage the investigation of potential fixes early in the design phase, 

simply because the problem in the previous project wasn’t recognized until later on. The 

underlying question is: Is the proposed check or solution asking the right question or 

providing the best solution, given the situation at hand? Only a tolerance theory can 

provide the understanding of how tolerances accumulate, how problems may manifest 

and what mitigation strategies are available at different stages of a project. Without a 

theory, it is not possible to adequately answer questions about the problem or strategy 

included in a checklist. 

In addition to practitioners lacking training in the concepts of tolerances and their 

consideration for design as indicated above and in the cases, current AEC specifications 

make it challenging if not impossible to evaluate tolerance accumulation. Many of 

today’s AEC tolerance specifications follow no standard for spelling out a tolerance 

specification and often lack necessary components to be complete and unambiguous.  A 

standard for specification should accomplish the following: 

• Define a discrete set of tolerances types, which allows for a general description of 

how different types of tolerances interact and accumulate (chapter 2, sections 2.2, 

2.3, and 2.15). Without a discrete set of tolerance types, every specification must 

be assumed unique and the interactions between every combination of tolerance 

specifications must be investigated to determine how or if they accumulate. 
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• Define rules to help ensure a specification is complete. A complete tolerance 

specification ensures that all characteristics of a toleranced feature have tolerance 

limits that are unambiguously defined (chapter 2, sections 2.16).  

Clearly-defined tolerance limits are necessary in order to evaluate the interaction and 

accumulation of tolerances. 

As noted in the literature review (chapter 3, section 3.1), Ballast (1994) did try to 

capture common combinations of tolerances. Unfortunately, however, Ballast was 

attempting to do so utilizing existing AEC tolerance standards. Because the current AEC 

standards lack a discrete set of tolerance types, the combinations and permutations of 

individual component tolerances are staggering. Thus, Ballast’s extensive text only 

captures some of the common tolerance combinations. Furthermore, as new technology 

for building materials and systems continues to be introduced, even the combinations that 

Ballast is able to capture become outmoded. For example the transition from bearing wall 

to curtain wall systems completely changed the combination of interacting components. 

Some people in AEC have recognized that existing codes and standards are 

ambiguous and as such, have called for a revision of AEC standards with the goal of 

making them more consistent and less ambiguous. Such calls for revision have fallen 

short of meeting those goals due to industry fragmentation, lack of taxonomy of 

geometric variation, and lack of understanding among AEC practitioners regarding why 

the current specifications were ambiguous, inconsistent, and incomplete – in short, due to 

a lack of tolerance theory. An example is that ACI is releasing a 2006 version of their 

ACI117 concrete tolerance standard which, in the author’s estimate, reduces the 

ambiguity of its predecessor by barely 10 percent. Of course a change in the standards of 
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the magnitude suggested herein, their acceptance, and their adoption in practice, is not 

accomplished overnight but instead takes years. 

Based both on the qualifying statements made in the industry standards and the 

author’s experiences with standard committees, the author concludes that the standard 

committees operate on a goal of assigning tolerances that capture the requirements for 

most civil systems projects (CSPs). The force behind this goal is to create a simple 

standard that is easily accessible. The committee process relies on the combined 

experience of its members. A tension emerges between members representing contractors 

and designers. Contractors tend to push for looser tolerances based on their experiences 

with failure to meet current specification, their perceived process capability, and their 

perceived cost of achieving tighter tolerances. Designers tend to push for tighter 

tolerances based on their experiences where the current specifications did not meet the 

functional or assembly requirements. 

Both contractors and designers seem to be trying to find a catch-all tolerance 

specification that both balances their conflicting goals and works in most potential 

projects, even when considering assembly factors. Instead, they should be looking to 

define tolerances for individual components based on the component’s function, not 

including assembly considerations. Assembly considerations, including evaluation of 

tolerances, should be dealt with at the individual project level. The inherent assumption, 

that it is possible to achieve a catch-all tolerance specification, is a misconception 

resulting from the lack of understanding of tolerance theory. 



 287 

7.3 AEC Tolerance Management Theory 

In an effort to fill this void, the author developed an AEC tolerance management theory. 

The author’s theory is based on manufacturing tolerance theory, the literature review, the 

collection of industry examples, the author’s observations regarding the differences 

between manufacturing and construction, the process of applying and adapting 

manufacturing tools to civil systems projects (CSPs) and the analysis of the case studies 

using the adapted tools. The AEC tolerance management theory includes:  

• adoption of manufacturing tolerance standards identified by the author as 

applicable to AEC, 

• incorporation of tolerance accumulation concepts from manufacturing, 

• a discrete set of tolerance failure modes (TFMs) in CPS identified by the author,  

• strategies for tolerance mitigation developed by the author, and  

• a methodology developed by the author to apply tolerance management tools. 

Those elements of the theory that are not taken from the manufacturing theory but instead 

represent novel adaptations and developments – tolerance failure modes, tolerance 

mitigation strategies, and methodology for tolerance management tool application – are 

detailed below.    

7.3.1 Tolerance Failure Modes  

Tolerance failure modes (TFMs) are based on tolerance concepts and represent the root 

causes of tolerance problems encountered in civil systems projects (CSPs). The author 

identified TFMs through first analyzing the case studies and examples using tolerance 

tools, and then generalizing and grouping the causes of failure according to tolerance 
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concepts and terminology. The different TFMs, which are represented by the main 

branches of the fishbone diagram in figure 7.3.1-1, are discussed next.  
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Figure 7.3.1-1: Fishbone diagram 
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7.3.1.1 TFM 1 – Multiple Interpretations of Tolerance Specifications 

Mismatch in interpretation of the tolerance specification occurs when ambiguity in the 

specification results in the contractor or inspector interpreting specifications differently 

than the designer intended. This was the primary TFM cited by the sub-contractor and 

construction manager (CM) in the Window Case (chapter 5).  

7.3.1.2 TFM 2 – Incomplete or Missing Tolerance Specifications 

Incomplete tolerance specifications create similar ambiguity that can result in 

mismatched assumptions regarding the intent of the specification, having the same impact 

as mismatched interpretations. Through the case studies, the author identified many 

ambiguous as well as incomplete specifications within existing AEC standards. The 

author discusses these in detail in Appendix G, and describes the necessary concepts and 

components of a complete and unambiguous tolerance specification. 

7.3.1.3 TFM 3 – Standard Process Capability & Tolerance 
Specification Mismatch 

Specified tolerance limits should be three standard deviations from the mean of the 

process capability. A mismatch between the process capability and the tolerance 

specification occurs when the specified tolerance limits are either more, or less, than 

three standard deviations from the mean of the process capability. Mismatches can occur 

for any number of reasons, from the contractor being unaware of, misinterpreting, or 

ignoring the tolerance specification, to the designer specifying tolerances that are 

unattainable or inappropriate to the type of structure or construction method. In the Slurry 

Wall Case, for example, the author’s analysis of the pile placement process capabilities 
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for five of the six erection tolerance specifications clearly showed the tolerance limits at 

less than three standard deviations from the mean of the distribution of the sample of 

piles. If the pile sample is representative of industry process capability, then the case is an 

example of TFM 3. If not, then the Slurry Wall Case might be an example of TFM 4. 

Mismatches in which the specified tolerance limits are more than three standard 

deviations from the mean of the process capability are lost opportunities to loosen 

another tolerance in the assembly and potentially reduce construction cost. 

7.3.1.4 TFM 4 – Poor Workmanship/Below Standard Process 
Capability 

Poor workmanship or below standard process capability is all too easily assumed to be 

the typical cause for tolerance failure. However, conversations with contractors often 

indicate that specified tolerances are tighter than standard process capability (TFM 3) as 

opposed to the project performance being below standard. Although many contractors 

will agree that current specified tolerances are often tighter than standard, process 

capability data across multiple contractors is needed to distinguish between TFM 3 and 

TFM 4. 

7.3.1.5 TFM 5 – Functional, Fabrication, Construction & Inspection 
Tolerance Specification Mismatch 

Mismatch between the functional, construction, and inspection specifications refers to 

differences in the specified selection, sequence, or priority of datum used for fabrication, 

assembly, or inspection of a toleranced feature. As a reminder, changes to the sequence 

or priority of datum change the assembly equation and thus the variation in the critical 

dimension (assembly tolerance). This TFM also relates to the concept of not directly 
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controlling or measuring the specified tolerance. The consequences can be unexpected 

failure to meet functional tolerance specifications, unknowing acceptance of work that 

does not meet functional requirements, or rejection of work that actually does meet 

functional requirements.  

In the Bolt Case, the rejection of the bolts that did in fact meet functional 

requirements was an example of this TFM. Similarly, in the Slurry Wall Case, the roof 

girder as-built data used to evaluate the longitudinal and transverse rotation was based on 

a different datum reference frame than the one used to specify the tolerance. As a result, 

if the data gathered had been used for acceptance, many piles that met the tolerance 

specifications would have been unnecessarily rejected. The Window Case could also be 

viewed as another example of this TFM, as the author discussed how the implied 

sequence of datum in the design was different from that used in the construction process. 

The subcontractor indicated that the process used in construction was standard, implying 

that even if there hadn’t been differing interpretations of the specification, the same 

problem still would have been encountered.  

Again, as a reminder, there are cases in which mismatches between functional, 

construction, and inspection specifications are unavoidable. In such cases, the 

mismatched specifications can form additional tolerance loops that must be checked for 

consistency to avoid the sixth TFM, inconsistent tolerance loops. 

7.3.1.6 TFM 6 – Inconsistent Tolerance Loop 

Inconsistent tolerance loops have been discussed in detail throughout the dissertation. 

The purpose of tolerance analysis is to check the consistency of over-constrained 
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tolerance loops. As mentioned, inconsistent loops require the most effort of all TFMs to 

identify.  

In the Slurry Wall Case, an example of TFM 6 was the inconsistent loop which 

resulted in insufficient space for the fillet weld as identified by the sampled analysis. In 

the Bolt Case, the worst-case analysis of the bolts created an inconsistent loop with the 

functional requirements of full thread engagement (for both 8.25” and 8.5” bolts) and no 

shank out (for the 8.5” bolt) irrespective of the mismatched inspection requirement. 

Similarly, for the Window Case, regardless of the interpretation of the specification, the 

worst-case and statistical analysis of the loop created by any two of the columns, the 

window, and the caulking would also be inconsistent.  

TFM 6 refers only to situations in which the design-intended tolerance specifications 

form inconsistent loops. TFM 6 does not refer to inconsistent loops that are formed by 

substituting looser process capabilities or different tolerance limits for the specified 

tolerances in attempts to find solutions for dealing with other TFMs, including 

mismatched process capability and specified tolerances, sub-standard process capability, 

or misinterpretation of the specification intent. Furthermore, inconsistent loops can also 

be formed when combining inconsistent datum paths between design (functional), 

construction (manufacturing) and inspection specifications as seen in the Bolt Case. 

Understanding the different TFMs, i.e., the root causes for tolerance problems, is 

critical to mitigating tolerance problems in CSPs. Without associating a particular 

problem in a project with its TFM, application of mitigation strategies would be 

haphazard at best, rather than goal-directed.  



 294 

7.3.2 Tolerance Mitigation Strategies 

In tandem with identification of TFMs, the author’s AEC theory also elucidates tolerance 

mitigation strategies. These strategies may be used to mitigate specific problems resulting 

from a particular TFM by explaining how changes in different parameters affect the 

interactions between tolerances or the tolerance requirements for individual components. 

The author has grouped these strategies generally into three types: (1) tolerance 

allocation; (2) design change; and (3) process change. The goal of each type of strategy is 

to create revised tolerance requirements that accommodate both the individual component 

tolerances based on process capabilities or industry standards, and the requirements of the 

individual parts and the assembly.  

7.3.2.1 Tolerance Allocation Strategies  

Tolerance allocation strategies can be used when some of the tolerance requirements are 

governed by assembly concerns in a tolerance loop and some of the available process 

capabilities are tighter than the corresponding tolerance requirements. These conditions 

allow flexibility in adjusting the individual tolerance specifications. An example of 

tolerance allocation was presented in chapter 2, section 2.13. In the example, tolerance 

allocation was used to reduce overall fabrication costs while remaining in specification. 

Tolerance allocation can also be used to help match process capabilities to individual 

tolerance specifications while still achieving the required tolerance on a critical 

dimension. Only the Slurry Wall Case came close to using this strategy by reducing the 

tolerance on the girder placement to allow for larger pile tolerances that matched the 
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process capabilities for pile placement. However, as discussed in chapter 5, this strategy 

by itself was insufficient. 

7.3.2.2 Design change strategies  

Design change strategies lead to a different assembly equation by changing the critical 

dimension, nominal geometry, mating relationships (connection design), and/or datum 

priority, selection or sequence. With the exception of changes to the critical dimension, 

design strategies are modifications to the design that create changes in the tolerance 

requirements for the individual parts or the assembly. Another way to look at these 

strategies is as design efforts to decouple some tolerance requirements or component 

variations from a tolerance loop. Looked at in this way, design change strategies can be 

used in a directed fashion to decouple from a loop either the largest contributor to loop 

inconsistency, or the specification with the mismatched process capability.  

In the Slurry Wall Case, the suggested solution of moving the seat between the piles 

is an example of decoupling using connection design. In the Bolt Case, moving to the 

8.5” bolt is an example of using a nominal dimension change. Changes to the critical 

dimension are simply changes to the extent to which specified tolerances are directly 

controlled. Some loops can be consistent or inconsistent depending on which tolerance is 

the critical dimension. 

7.3.2.3 Process Change Strategies  

Process change strategies involve process or inspection modifications focused on 

controlling the variation of individual components that enter the assembly. Examples of 

such strategies are: improving process capability; inspecting and rejecting components 
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that do not meet tolerance requirements before they are incorporated into the assembly or 

inspection; and matching parts to the assembly. An example of matching parts can be 

illustrated by the Bolt Case, in which one option is to keep installing bolts from a bin into 

a particular hole until a bolt with a length variation that matches the depth of the hole to 

achieve proper stickout is found.  

7.3.2.4 Benefits of Tolerance Mitigation Strategies 

In conclusion, the clear advantages of having an AEC tolerance theory to both identify 

TFMs and to direct solution generation using any one or several of the different strategies 

is illustrated by the Slurry Wall Case. As discussed, the author immediately came upon a 

solution for the inconsistent tolerance loop with the clip angles – namely to apply the 

strategy of changing the critical dimension – based entirely upon the understanding of 

tolerance interactions, their illustration using the tolerance map, and the identification of 

the TFMs. Follow-up interviews with the designers revealed that this same solution had 

been discovered three years after the initial problem had been discovered, and after 

implementation of other, less viable solutions. The change in the critical dimension 

(though not thought of as such by the designers) had proved successful in mitigating the 

inconsistent loop at essentially no cost. Imagine the benefit the project might have reaped 

had the proposed theory and tools been available and applied. 

7.3.3 Methodology for Tool Application 

In order to apply the AEC tolerance management theory, the author developed a 

methodology for using the tolerance management tools presented in this dissertation. The 

methodology is implicit in the cases, both in the structure of the cases and the way in 
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which each of the tools/techniques were applied. The following section explicitly 

describes the five steps of the methodology: 1) assembly selection, 2) model creation, 3) 

tolerance analysis, 4) model evaluation and 5) solutions generation. 

7.3.3.1 Step 1: Assembly Selection 

Assembly selection means choosing which, if any, areas of the project are worth 

evaluating for potential tolerance failures. Ideally, the tools presented in this research will 

become so integrated into the design process that the entire project can be evaluated with 

little additional effort. However, given the time involved for evaluation using current 

computers and software, it is probably best to check only certain areas of the project such 

as: 

1. Assemblies or groups of assemblies that repeat on the project. With a large 

number of repetitions, even a small problem can have a significant impact. 

2. Critical dimensions, which are costly to fix if they are outside their tolerance 

specifications. 

3. Interfaces that include components which are likely to have large variations. 

4. Areas where the interdependencies between tolerances are unclear and there is 

concern about unidentified over-constrained loops. 

Quick checks can also help in identifying areas for further analysis. One example is 

conducting a simplified linear analysis on known loops, as was done in the Window 

Case. Another example is creating a Tolerance Map without the frames to identify 

potential over-constrained loops. 
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7.3.3.2 Step 2: Model Creation 

Within model creation, a three-dimensional CAD model is created first. Preferably all 

design is done using a working design model that includes a three-dimensional CAD 

representation. If the CAD model is parametric and supports the definition of kinematic 

relationships, variables can be altered to help visualize the impacts of tolerances on the 

relationships between features. Next, the assembly and part diagrams are created and 

combined to form the Tolerance Map. Multiple Tolerance Maps are generated from the 

design, construction, and inspection perspectives. Alternatively, by employing 

Concurrent Engineering practices, the information from construction and inspection will 

be coordinated and incorporated into design decisions so that all the information is 

reflected in one Tolerance Map. Finally, a vector loop model is created from the 

information in the CAD model and Tolerance Map. It is only really necessary to create 

vector loop models for the loops that will be analyzed. Selection of loops for analysis is 

discussed in the next step. 

7.3.3.3 Step 3: Tolerance Analysis  

Before beginning the actual analysis, over-constrained loops must be identified within the 

Tolerance Map. However, it is not necessary to analyze every loop in the model. The 

same suggestions for assembly selection apply to selecting loops within the model to 

analyze. Once loops are selected, in some cases the mating relationships must be changed 

while turning the eliminated degrees of freedom (DOFs) into dependent variables, as 

demonstrated by the Slurry Wall Case. Next, it is useful to asses which type of analysis 

model (worst-case, statistical, or sampled) and how many dimensions (one, two, or three) 
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is appropriate to the case. By looking in the frames of the Tolerance Map and the CAD 

model, one can tell if using only a one- or two-dimensional analysis will mean 

eliminating any large variations that should be avoided.  

If the process capabilities are available and known to be higher than the design 

tolerances, then the process capabilities should be used when conducting any analysis. 

Worst-case analysis should only be used when the cost of failure is high. Simple linear 

statistical analyses, as mentioned, are good for quick checks and can give a rough 

estimate of the probability of failure. If the probability of failure is very high, one can go 

directly to model evaluation and solutions generation while considering only large 

changes to the design. If the probability of failure is very small, and the cost of failure is 

small, then it is probably not worth further investigation unless the number of assemblies 

is large. When the probability of failure is in between, it is probably worth more careful 

evaluation in more dimensions using a sampled model. 

7.3.3.4 Step 4: Model Evaluation 

The model evaluation is a systematic process of evaluating the Tolerance Map for signs 

of tolerance failure modes (TFMs) and violations of the tolerancing principles presented 

in chapter 2, section 2.16. In truth, much of the evaluation effectively occurs during 

Tolerance Map creation if the person creating the map is familiar with the TFMs and 

tolerancing principles. However, once complete, the Tolerance Map should still be 

evaluated for the following:  

1. Completeness. Check the Tolerance Map to ensure all potential component 

variations are specified.  
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2. Datum selection. Check the Tolerance Map to see: if long chains of datum can be 

avoided; if a less variable datum can be used; and if more robust datum, as 

discussed in chapter 4, section 4.5, can be used. To evaluate more robust datum 

requires additional tolerance sensitivity analysis using any alternative datum 

(Soderberg and Lindkvist 1999).  

3. Process capabilities. Check the design and construction Tolerance Maps to 

ensure the process capabilities in the construction Tolerance Map match the 

tolerances in the design Tolerance Map 

4. Design, construction, and inspection consistency. Check all three Tolerance 

Maps to ensure that the datum used are the same. If the datum used are different 

and cannot be made the same, then the three different Tolerance Maps should be 

combined because they may form additional inconsistent loops. In this case, the 

combined Tolerance Map should be checked for over-constrained loops which 

may require analysis. 

In addition, as mentioned in the Bolt Case, the Tolerance Maps can also be checked 

for work-structuring issues. The Tolerance Map can be colored to indicate the different 

parties responsible for defining and controlling the different tolerances and features. It is 

possible for the Tolerance Map to indicate when work done on an assembly by one trade 

or one set of participants is continually interrupted because of the datum sequence 

chosen. In general, it is preferable to reduce the number of hand-offs on a project, and 

thus on a given assembly within a project (Howell et al. 1993). An example of evaluating 

a map for work-structuring considerations can be found in Milberg and Tommelein 

(2004). However, none of the cases in the dissertation were actually evaluated for work-

structuring issues. 
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7.3.3.5 Step 5: Solutions Generation 

Solutions generation, like the model evaluation, consists of a systematic process of acting 

on each of the insights from the model evaluation and tolerance analysis by applying 

tolerance mitigation strategies. Solutions generation includes the following: 

1. Including any missing tolerance specification or identifying that the missing 

specifications have no impact on function. 

2. Changing datum selection as appropriate to achieve principles of datum 

minimization, variability reduction, and robustness. 

3. Reconciling mismatched tolerances and process capabilities by increasing the 

design tolerances, using tolerance allocation, improving process capabilities, 

and/or selecting processes with more suitable capabilities. Remember that any 

critical dimension variations affected by the process capabilities or tolerances 

being changed must remain within tolerance. 

4. Reconciling inconsistent datum between design, construction, and inspection. If 

the datum cannot be reconciled any new loops created as a result must be checked 

for consistency. 

5. Eliminating inconsistent loops through any of the strategies discussed in 7.3.2. 

The methodology developed applies to tool application at the detailed design phase. 

Insights from the literature review and the discovery process suggested further expansion 

of the methodology into earlier phases of the production system using additional tools. 

However, expansion of the methodology and additional tools are subjects for future 

research.  
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8 Conclusions 

8.1 Introduction  

The application of manufacturing tolerance theory, tools, and principles as described in 

this dissertation illustrates more than the applicability and benefits of manufacturing 

tolerance management for civil system projects (CSPs). 

One, the research reveals the larger impacts that poorly managed tolerances have on 

project performance. This impact manifests itself both in terms of the number of 

problems or wasteful activities that are not identified as tolerance-related, and the 

magnitude of impacts when indirect impacts are also considered using transformation, 

flow, and value (TFV) analysis. 

Two, the research reveals several underlying reasons why tolerances continue to go 

unmanaged and why prior attempts to manage them have failed. In particular, the 

research found that AEC specifications are inadequate to simply explain tolerance 

accumulation. The research identifies the lack of tolerance management theory as the 

main culprit for the failure to adequately address tolerance problems. 

Three, the research utilized the observations and insights gathered from the literature 

review, interviews, examples, and case studies conducted during the course of the 

research in order to develop:  

• a novel AEC tolerance management theory, and 

•  a novel methodology to apply tolerance management tools within the project 

production system life cycle.  
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8.2 Specific Contributions to Knowledge 

Specific contributions to knowledge presented in this dissertation fall into three areas: 1) 

development of an AEC tolerance management theory, 2) development of tolerance 

management tools, 3) contributions to manufacturing, and 4) education and dissemination 

of the theory and tools. 

8.2.1 AEC Tolerance Management Theory 

The AEC tolerance management theory developed in the research provides: 

1. A new vocabulary and set of concepts for discussing and understanding AEC 

tolerances. 

2. Requirements for proper tolerance specification, which is being used to update the 

ACI 117 specification. 

3. Concepts for tolerance accumulation in civil systems. 

4. AEC tolerance failure modes (TFMs), which provide a finite set of root causes of 

tolerance problems that can be identified on any project. 

5. A list of general tolerance mitigation strategies based on the tolerance concepts, 

which can be evaluated for applicability to a project using tolerance tools. 

6. Good design practices for avoiding common tolerance problems and for inclusion 

of tolerance considerations in design. 

Although almost all the concepts, requirements, strategies, and principles included in the 

AEC tolerance management theory exist in manufacturing, the contribution lies in the 

identification and selection of the concepts particularly applicable to AEC.  

In addition, many of the mitigation strategies the author identified within his AEC 

theory can be found in current AEC practice. However, the theory allows for their 

directed application based on the recognition of a particular TFM, the particular tolerance 
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specification and the nature of tolerance interactions within a given design. Furthermore, 

the theory facilitates thorough investigation of all feasible strategies, which allows for 

strategy selection that is based on the specific project goals. In contrast, the current 

practice of simply applying these strategies based on prior experiences may or may not 

lead success in to the current project. 

8.2.2 Development of Tolerance Management Tools: 
Applicability & Methodology 

All three cases described in this dissertation demonstrate not only the applicability of the 

three tools the research identified and investigated, but also their ability to identify 

tolerance problems, associated tolerance failure modes (TFMs), and opportunities for 

application of mitigation strategies. The three tools and their benefits are:  

1. Tolerance maps, created by the author, which support evaluation of tolerance 

specification completeness, TFMs, available mitigation strategies, tolerance 

relationships, tolerance constructability, opportunities for increased 

standardization and prefabrication, and necessary participants in Constructability, 

Concurrent Engineering, QA/AC or work structuring efforts.  

2. Vector loops, adopted from manufacturing, which support identification of over-

constrained tolerance loops and tolerance analysis.    

3. Sampled tolerance analysis, modified from manufacturing to support the types 

of information provided in civil systems design, which allows for identification of 

inconsistent tolerance loops, as well as additional information on available 

mitigation strategies, tolerance constructability, and opportunities for increased 

standardization and prefabrication. 

Retrospective application of tolerance mapping and Monte Carlo analysis tools, using 

design information available at the detailed design phase, validates:  
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1. the applicability of these tools; 

2. their benefits in managing tolerances; and  

3. their support of the AEC tolerance management theory. 

In addition to assessing tool applicability, the research also developed a methodology to 

apply these tools within the project production system life cycle. This methodology 

facilitates all of the following: 

1. inclusion of tolerance considerations in design decisions, 

2. application of good tolerancing, process, and inspection design principles to avoid 

tolerance problems,  

3. detection of tolerance problems within a design, and  

4. identification of appropriate strategies at the detailed design phase to eliminate or 

mitigate detected tolerance problems. 

8.2.3 Potential Contributions to Manufacturing 

In addition to the larger contributions of this research to AEC, the research has also 

highlighted some contributions that potentially have broader impacts to manufacturing in 

general. These include:  

1. Items 2, 4, 5, and 6 in the AEC theory described in chapter 8, section 8.2.1, 

represent a contribution to manufacturing in that, to the author’s knowledge, this 

is the first time they have been compiled and made explicit.  

2. The Tolerance Maps represent an additional contribution to manufacturing in that 

they include work-structuring information. This information (represented by 

colors in the map) helps to facilitate concurrent engineering by identifying the 

parties that influence the different components and assemblies within a design. 

3. One of the additions to the vector loop that represents a contribution to 

manufacturing is capturing the intent of GD&T tolerances within the vector loops 

while using the VD&T tolerance information specified in the Tolerance Map. 
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This represents a contribution to Manufacturing because of the challenges in 

translating between VD&T and GD&T specifications. 

4. Sample tolerance analysis provides a tool that accommodates a variety of 

different ways in which tolerance can be specified, which represents a 

contribution to manufacturing. However, in manufacturing specifications tend to 

be standard, thereby making such a tool unnecessary. 

8.2.4 Education & Dissemination of the Theory & Tools 

The research helps educate AEC academics and practitioners in the AEC tolerance theory 

through presentations and papers, increasing their understanding of tolerances. In doing 

so, the research also allows for incorporation of tolerances and tolerance accumulation 

both into design considerations in teaching and practice, as well as into research 

considerations in Constructability, Concurrent Engineering, Lean Construction, and 

QA/QC.  

The research, presented over the last year to the ACI 117 committee on tolerances, 

has already resulted in some modifications to the nearly complete revision of the 117 

document being released in 2006. While the research broadened the committee’s 

awareness of the complexity of tolerance management, the committee was unable to 

incorporate that awareness into the 2006 document. As such, the author has been asked to 

chair a task group charged with completely revising the 117 tolerances to make them 

consistent with the specification requirements suggested by the research in chapter 2, 

section 2.16. 
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8.2.5 Implications 

In addition to the specific contributions, this research area also has broader implications. 

Beyond the immediate cases presented herein, the introduction of a tolerance theory 

eliminates a major barrier to ongoing efforts to unify and coordinate the dispersed AEC 

tolerance standards. The research is likely to facilitate increased application of pre-

fabrication, pre-assembly, modularization, standardization, and automation. Furthermore, 

movement toward the use of process capability data opens up the potential for application 

of statistical process control for construction operations. The research also opens up the 

opportunity for further exploration of the previously un-attempted inclusion of tolerance 

considerations into Constructability, Concurrent Engineering, Lean Construction, and 

QiC. Finally, the research encourages further development of AEC modeling tools that 

represent more than merely point solutions alone. 

Beyond implications for research, the dissertation also has implications for industry 

practice. The analysis tools can be used for inspection planning. The analysis can help 

determine when, in the assembly process, a potential failure in a critical dimension can be 

identified by inspection. The analysis can also help reduce the frequency of inspection by 

focusing inspection on major contributors to critical dimensions or points where 

mitigative measures are easily applied. As discussed, increased standardization, earlier 

failure identification and proactive solutions development all contribute to reducing the 

need for skilled craft labor by solving problems in the design phase. Also as discussed, 

proactive tolerance management can help stem rapidly increasing construction costs and 

create new benchmarks for quality.  
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Finally, the research opens a wide range of opportunities for future research in the 

area of tolerances, which has the potential to produce a revolution in performance and 

practice in AEC similar to what was seen in manufacturing. 

8.3 Successes & Limitations of the Research 

8.3.1 Successes 

The research had many successes. The greatest success is that of ACI117’s committee 

members’ enthusiastic response in wanting to immediately begin incorporating the results 

into their standards. The research has also received similar responses from other AEC 

standards organizations, other practitioners, and academics. Within the research itself, the 

success is inherent in the excellent performance of the tools in their application to the 

cases. 

8.3.1.1 Tolerance Map 

The author concludes from the cases that Tolerance Maps are the most beneficial tool for 

tolerance management in civil systems projects (CSPs). The Tolerance Maps successfully 

identified the tolerance loops associated with the tolerance problems encountered in each 

case and in examples studied in the course of preliminary discovery. More importantly, 

however, the maps identified many of the tolerance failure modes (TFMs) contributing to 

the known tolerance problem as well as other potential problems.  

In the Slurry Wall case, comparison of the design map to the construction map 

identified the mismatch between the specified tolerances and the process capability, as 

well as a mismatch between the design and construction datum selections. Similarly, in 

both the Slurry Wall and Bolt Cases, comparison of the design map to the inspection map 
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identified mismatches between the design and inspection datum selection. The process of 

creating the maps identified ambiguous and incomplete tolerance specifications as well as 

lack of process capability data in all of the cases.  

Furthermore, the Tolerance Maps provide the information necessary for identifying 

available strategies to mitigate tolerance problems. The maps display tolerance loops and 

datum paths, which identify the different critical dimension options and long paths as 

targets for application of alternative datum selections, datum priorities or decoupling 

strategies, such as changing some nominal dimensions based on partial assembly as-built 

information. Feasibility of using tolerance allocation can be established by comparing 

design and construction Tolerance Maps for locations in a loop where process capabilities 

are tighter than their associated tolerance specifications.  

The Tolerance Maps provide basic information about the magnitude and direction of 

variation. They simultaneously define all relationships between components and direct 

selection of alternative mating relationships or connection designs that would decouple 

certain directions of component variation from the loop. The maps display information 

about the different project participants that are involved in an identified problem, as well 

as the available solutions. This facilitates coordination or the gathering of information 

necessary to evaluate or execute an available mitigation strategy. Identifying strategies 

via the Tolerance Maps means that one is simultaneously seeing any new tolerance loops, 

mismatched process capabilities, mismatched construction or inspection sequences, and 

connections among project participants generated by the alternatives, again helping to 

direct selection of effective mitigation strategies that don’t just exchange one problem for 

another.  
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8.3.1.2 Vector Modeling 

Vector modeling and tolerance analysis tools proved directly applicable to civil project 

systems (CSPs). Vector models, like Tolerance Maps, can be built directly from the 

tolerance specifications and the product model. Unlike Tolerance Maps, vector models 

include nominal information and visually identify with ease over-constrained tolerance 

loops for analysis. In both the Slurry Wall and Bolt cases, the vector models successfully 

confirmed that the tolerance loops associated with the known problems (and identified by 

the maps) were over-constrained. The cases support the conclusions from Chase and 

Parkinson (1991), that: 

1. vector models simplify the representation of product information by providing 

only the product information necessary to conduct the tolerance analysis, and 

2. vector models act as proxies to the assembly equation, thereby simplifying 

analysis.  

Vector models are not, however, alternative to the Tolerance Maps because they are not 

as good for identifying opportunities for application of tolerance principles or TFMs 1 

through 5. In addition, the author found it difficult to keep track of which vectors were 

associated with which tolerances. In short, vector models are excellent for identifying 

over-constrained loops (TFM 6) and supporting tolerance analysis, but not very useful in 

supporting other tolerance management tasks. 

8.3.1.3 Tolerance Analysis 

Information from vector models can be used for any of the tolerance analysis models 

(worst-case, statistical, or sampled), allowing for identification of TFM 6 (inconsistent 

tolerance loops). The spreadsheet developed in the research for entering vector 
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information of any form, converting that information to the form used for tolerance 

analysis and conducting a sampled analysis (as explained in Appendix E) also proved 

successful for application to the cases. The analysis successfully established that the 

tolerance loops, which were both associated with the problems described in the cases and 

identified in the maps, were inconsistent.  

In the Slurry Wall Case, the loop associated with the clip angle failure was 

inconsistent only for girders with large nominal depths (TFM 6) or when using the 

sample process capabilities for soldier pile erection (TFM 3). In the Bolt Case, the loop 

resulting from the indirect inspection (TFM 5) was inconsistent. In the Window Case, the 

loop between grid lines O and P was inconsistent (TFM 6). The loop between P and Q 

also would have been inconsistent (TFM 6) even if the window dimensions had been 

directly controlled during construction (TFM5). Thus, the combination of vector 

modeling and analysis identifies TFM 6 within a project and establishes whether TFM 3 

and 5 will actually manifest a problem or not. 

The tolerance analysis results also provide information for redesign and selection of 

tolerance mitigation strategies. For example, in the Slurry Wall Case, the analysis 

determined the assembly variation for the edge distance of the clip angle and its 

sensitivity to girder placement on the seat, which, combined with the observation from 

the map that the process capability for girder placement was tighter than the tolerance, 

indicated the likely success of a change in the critical dimension. In the Bolt Case, the 

results of the analysis on the 8.25” bolt showed that a mean shift in the thread stickout 

dimension achieved by a change in the nominal length of the bolt could make the loop 

consistent.  
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Additionally, tolerance analysis results identify how much to increase any given 

tolerance range or decrease any given process capability range to make a loop consistent, 

which is critical information for any component or connection redesign or process 

improvement effort used for mitigation of the inconsistent loop. The same information 

helps to determine if the variation is within a range in which adjustable parts or filler 

materials are feasible solutions for decoupling the loop, or to identify where within the 

loop the remaining variation is within a range to decouple using as-built information and 

custom fitted parts. The sensitivity and contribution information indicate which 

components or process changes will have the greatest impact on assembly variation. 

Finally, tolerance analysis information is also the basis for any tolerance re-

allocation. In the Bolt Case, all three tolerance models (worst-case, statistical, and 

sampled) were compared. The conclusions of this research are consistent with those 

found in the manufacturing literature. In the Bolt Case, the resulting distribution for the 

critical dimension using the sampled analysis was very close to the predicted normal 

distribution.  The statistical and sampled results were nearly identical, except for a mean 

shift that occurred in the statistical results, which matches the findings of Gao et al. 

(1995) in Manufacturing. Using the sampled model also avoids concerns about whether 

the larger components in CSPs make the linearization assumptions used for the statistical 

model inappropriate. In addition, for both the Slurry Wall and Bolt cases, the predictions 

from the sampled model that the mitigation measures would nearly eliminate further 

problems were accurate. In contrast, for both cases the worst-case analysis indicated that 

the mitigation measures would not suffice, that is, some bolts would still fail inspection. 
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In practice, such failures were not observed, supporting the conclusion that worst-case 

analysis is too conservative. 

8.3.2 Limitations 

The research suggests that the applicability of the AEC tolerance theory and tools is not 

case dependent. Likewise, nothing suggests that the tolerancing principles, TFMs, and 

tools would not apply to any civil systems project (CSP). In addition, the cases used 

represent very different subsets of civil systems projects. However, three cases is still a 

small number, implying a need for further validation. Furthermore, the tools are new and 

not integrated into current practice; as a result, they are time consuming to utilize and 

could use further refinement as described next. 

8.3.2.1 Tolerance Maps  

In spite of the significant contribution to tolerance management that the Tolerance Maps 

represent, they are not without limitations. The largest drawback of the maps is that, as a 

visual representation of the assembly, they do not by themselves identify inconsistent 

loops as a TFM, nor do they identify inconsistent loops resulting from other TFMs. 

Additionally, the maps do not provide information on: the critical dimension variation; 

assembly or datum sensitivity to feature tolerances and design parameters; or contribution 

of feature tolerances to critical dimension variation. Without this information, it is 

difficult if not impossible to select from among available alternative datum, critical 

dimensions, or tolerance allocations, or to determine the success of any of the available 

mitigation strategies. The maps require the additional step of tolerance analysis to 

provide this information. In spite of the map’s limitation in this regard, however, some 
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solutions do not require analysis because the strategy, for example changing the 

connection type, eliminates the offending loop.  

As a software application instead of a visualization tool, tolerance maps can also be 

associated with a CAD or vector model to identify inconsistent loops and the associated 

variational, sensitivity, and contribution analysis information, as was done with tolerance 

networks (Tsai and Cutkosky 1997). Another option is to treat the tolerance analysis 

separately, as was done in this research. 

A second significant limitation is that over-constrained loops are not easily identified 

by the tolerance maps. This is because the fields in the arc frames of the map do not 

represent DOF in the ARF, but instead represent the DOF in the DRF of the datum at the 

beginning of the arc, which can be different for each datum. It is therefore difficult to 

determine if the same DOF is constrained throughout a loop in the tolerance map. The 

use of CAD or vector models aids in visualization of the local DRF and thus in the 

identification of over-constrained loops on the map. Again, linking the map to the CAD 

or vector model or automated generation of the map from either the CAD or vector model 

by including additional information, would overcome the limitation and allow for 

automated identification of over-constrained loops. 

A third limitation pertains not to the maps themselves, but rather to their 

implementation. The overall applicability of the map is hampered by the AEC industry’s 

current lack of process capability data and unambiguous tolerance specifications, which 

are both necessary inputs in the map.  

Construction process capability (CPC) data is necessary specifically to provide arc 

frame values in the construction map and to identify mismatches between process 
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capability and specified tolerances (ST) as potential problems or opportunities for 

alternative allocation. However, conservative estimates of CPC can still provide 

sufficient information to identify viable solutions.  

In the Slurry Wall Case, the author knew from having observed the roof installation 

operation that the process capability for erection variation in the location of the girder on 

the seat was within ± 1/8”, while the associated tolerance as specified was ± 3/4” and that 

the problem with the clip angle was less than 1/2”. Furthermore, the direction of the 3/4” 

tolerance on the girder location was defined as being along the face of the pile. Thus the 

only reason that variation in the 3/4” tolerance would not have a direct impact on the clip 

angle problem would be variation in perpendicularity between the contact line between 

the roof girder and the seat and the soldier-pile’s front-flange-edge.  

The difference in perpendicularity based on the design tolerances should be very 

small (less than 1◦). Even assuming 5◦, the sensitivity of the clip angle problem to the 

erection variation only reduces from 1 to 0.996. Therefore, the design and construction 

maps of the assembly without tolerance analysis were sufficient to identify the change in 

critical dimension. As discussed in chapter 5, this proved through later verification a 

successful and no-cost solution. Regardless, based on the research, the author encourages 

collection of more process capability data; the more detailed data, the better the 

verification of solutions. 

AEC tolerance specifications are necessary specifically to provide arc frame values in 

the design map. Arc frame values are based on the vectorial dimensioning and 

tolerancing (VD&T) tolerance specification system. The ambiguity and incompleteness 

of the current AEC tolerance specifications means their functional intent is unclear, 
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which only exacerbates the already challenging process of capturing their functional 

intent using the VD&T tolerancing system.  

As discussed, many of the current AEC tolerance specifications are not based on 

functional requirements of individual components; instead they reflect the complex 

interplay inherent to the committee process used to select them. The author is working 

with ACI to revamp the next update of their tolerance specification in order to eliminate 

ambiguous and incomplete specifications according to the AEC tolerance management 

theory.  

Further research is required to determine the tolerance limits that impact the 

serviceability of components for common functions without including assembly 

considerations if ACI’s (as well as numerous others’) standards are to more easily 

support the proposed tolerance management theory. Recommendations for tolerances for 

common assemblies may be included in standards but separation of limits required for 

individual component function and assembly function is needed to effectively evaluate 

specific designs. The challenge of capturing function using the VD&T system is also a 

problem in manufacturing and an ongoing area of research (Henzold 1995).  

8.3.2.2  Vector Modeling and Tolerance Analysis 

The time-consuming nature of mapping, vector modeling, and analysis for even small 

sections of a project (as done in these cases) is a significant limitation on applicability of 

the tools. However, this limitation does not undermine the tools’ benefits. Although 

projects are by definition unique, many sub-systems or sub-assemblies are common from 

one project to the next. In addition to common sub-assemblies across projects, multiple 
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iterations of the same sub-assembly can be found on a single project – such as in the Bolt, 

Slurry Wall, and Window Cases, as well as most of the other examples discussed.  

In the Slurry Wall Case for example, the soldier pile and roof sub-assembly that was 

analyzed in this research was repeated over 200 times in one project contract. It was 

repeated likely well over 5,000 times on the project as a whole, and has been used on 

other projects as well. The results of the smaller assembly can be used to form a larger 

assembly of 3 sets of piles and roof girders to analyze most of the components of the 

composite roof system for the whole project. The benefits of avoiding problems, as well 

as the opportunities for standardization, are substantial. 

Whether the sub-assemblies recur within or across projects, significant benefit can be 

gained from one analysis and one evaluation to determine if common tolerance problems, 

or wasteful activities resulting from the variations associated with the tolerance 

specifications, can be eliminated. The resulting sub-assembly would also have well-

defined assembly variations that can be used in planning interfaces within the larger 

project. Lack of availability of such an analysis and its resulting information has likely 

been a barrier to Constructability efforts to increase pre-fabrication and pre-assembly of 

sub-systems on CSPs. Related studies have mentioned the need to evaluate the tolerance 

impacts of these types of design decisions (CII 1993). 

Furthermore, the effort required to evaluate tolerances could be significantly reduced 

in a number of ways. Some examples include:  

1. elimination of ambiguity and incompleteness in the industry tolerance standards;  

2.  standardization of tolerance specification within the standards using VD&T 

concepts; 
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3. collection of industry standard process capability data for common processes to 

eliminate time spent collecting estimates;  

4. inclusion of the map, vector, and CAD models, as well as the associated tolerance 

information, in the design process and documents to eliminate remodeling and to 

consolidate tolerance information spread throughout the design documentation;  

5. integration of tolerance information from the standards into CAD systems such as 

Tekla, which have libraries of standard components for modeling; and  

6. automation of the creation of any of the models (CAD, vector, map) from any one 

of the other models. 

8.3.2.3  Case Study Approach 

A general limitation of the research is the case study approach, which identifies problems 

but provides no sense of how prevalent those problems are in the industry. The benefits 

of tolerance analysis were gauged using limited or roughly-estimated data. For the Bolt 

Case, detailed data was not available for the following:  

• the exact number of connections on the project that had over 4 steel plies 

• the number of bolts replaced due to stickout 

• the nominal values of the components in the assemblies that failed  

• the process used to find replacement bolts that worked  

• the amount of time spent replacing the bolts that didn’t work  

• the number of bolts that were re-used  

Similarly, in the Slurry Wall Case, detailed data was not available for either the number 

of assemblies requiring trimmed angles or the nominal size of the components for the 

assemblies requiring trimmed angles. The lack of data means that the quantification of 

direct impacts as provided is really only an order-of-magnitude estimate. Lack of data 

was also the reason for not quantifying indirect impacts. The lack of data on the number 

of failures and the nominal values of the components for the failed assemblies also means 
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that the analysis model’s yield prediction could not be compared to the actual failure rate 

in connections for model validation. The model validation is limited to correctly 

predicting a problem encountered under the original project conditions, and correctly 

predicting no problem for the project conditions after application of mitigation measures. 

However, it is important to note that this research was intended to be exploratory and 

explanatory, regarding the interaction of tolerances and the applicability of 

manufacturing tools. The manufacturing literature and cases support the general theory of 

tolerances as proposed. Refinement and validation of the tolerance specification and 

analysis models resulting from this research, which were used for prediction of the 

probability of failure in a project, is a subject for future research, as are tools for 

estimating the direct and indirect impacts of those failures. 

Another limitation is that validation of the tools’ ability to predict tolerance problems 

proactively from given design data is weakened by the inherent bias of using 

retrospective cases because the problem is known in advance. The author did make an 

effort to avoid directing the modeling of the cases to the known problems, although the 

general areas modeled were chosen based on the known problems. This effort is not 

evident in the cases as presented as the author removed or simplified some of the 

modeling to clarify the presentation of the cases. An indication of the lack of bias is the 

fact that the application of the tools to some of the cases did identify other, previously 

unknown failure modes for the known problems. Nevertheless, the tools would still 

benefit from further validation in future research through application of the tools to 

similar cases during the design phase before problems are encountered. 
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8.4 Future Research 

The limitations and exploratory nature of the research in this dissertation leave many 

opportunities for continued research.  

8.4.1 Validation 

The tools would benefit from further validation of their ability to anticipate potential 

tolerance problems through application of cases in the design phase. Ideally, one would 

apply the tools to one case and compare it to results on a similar case in which the tools 

were not applied. The two compared cases can, but don’t have to be, from the same 

project.  Such an application would eliminate the potential bias introduced by the ad-hoc 

modeling of cases. It would also provide a means to estimate the impact of indirect costs 

associated with tolerance problems.  

In addition, the knowledge gained from this research directs future research on what 

data to gather for the numbers of failures, nominal conditions, and direct and indirect 

impacts in order to evaluate the quality of the analysis models for yield estimation and to 

refine estimates of the magnitude of tolerance impacts. 

8.4.2 Time Reduction, Applicability and Additional Tool 
Development 

Beyond improving validation of this research, opportunities also exist in three areas: 1) 

reducing the time-consuming nature, 2) increasing the general applicability of the 

proposed tools, and 3) adding new tools. Examples of future research that fall into these 

three other areas follow.  
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8.4.2.1 Automation and Integration of Tolerance Tools 

Future research could look into automation and integration of tolerance models into 

project modeling practices and software tools. The author has done some preliminary 

investigation into available tools designed for both civil and mechanical applications. 

Further research is required to understand how to reconcile the modeling process with the 

design process and with the use of process capability data collected in the course of 

project execution. 

8.4.2.2 Changes to AEC Industry Tolerance Standards 

Further research is needed to clarify and integrate the AEC industry’s tolerance standards 

based on civil tolerance management theory, as the tolerances specified in the standards 

are inputs for the tolerance tools and models. The author is working with ACI 117 on 

updating their standard based on AEC tolerance management theory. In addition, the 

author also has plans to introduce the theory to other industry standard bodies.  

Further research is also required to integrate the fragmented tolerance standards using 

a consistent taxonomy while still capturing the intent of each. Also, in many cases the 

tolerances specified in the standards appear to be arbitrary and further research is needed 

to find the common serviceability requirements for components used in civil systems that 

define limits for geometric variation. 

8.4.2.3 Collection and Evaluation of Process Capability Data 

A huge area for future research is the collection and evaluation of industry process 

capability data for AEC industry components and processes, which are also inputs for the 

tolerance tools. Unlike manufacturing, process capability data can be hard to collect in 
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AEC systems, as each project tends to be unique. For this reason, data must be 

characterized so that it can be adapted to individual projects. Further research is required 

to determine what standard construction process capability data will look like, who will 

collect it, and how much and what type of input is required to adapt it to each project, but 

the need for such data is clear. Ongoing research into new technologies such as laser 

scanning may prove useful in supporting the generation and characterization of process 

capability data. 

A great deal of data is already gathered in current practice, but it tends to not be 

useful for identifying process capability for two reasons. First, the data isn’t compiled for 

evaluation. Second, it is gathered without knowing what it is being compared to, so that 

the necessary information about what was measured is not recorded. Process capability 

needs to measure all the properties of a feature to fully describe the variation in geometry, 

just as the tolerance specification needs to include concepts for different properties of a 

feature sufficient to describe the limits in any type of deviation of a feature. Even in 

manufacturing, the complaint about functional tolerances in GD&T is that they don’t 

directly relate to the variations in a feature’s geometry that result from the fabrication 

process (Gerth 1997). 

Additional barriers to compiling process capability data are:  

• reluctance of owners, designers and construction managers to specify means and 

methods (public bidding issue of not wanting to limit bidders);  

• difficulty of transferring process capability data between projects and companies;  

• inability to directly measure what was specified for intended function;  

• reluctance to share process capability data, as it can represent a competitive 

advantage;  
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• reluctance from workers to being measured and a subsequent tendency to distort 

data (Ballard 2000);  

• reluctance from contractors to measurement to avoid identification of poor 

quality; 

• lack of metrics for performance; and  

• lack of culture of continuous improvement. 

8.4.2.4 Tolerance Management Costs 

We don’t have data on the cost associated with achieving different tolerances. What 

should this data look like? How should it be structured, by mitigation measure or by 

tolerance requirement? Future research needs to be geared toward answering such 

questions. 

8.4.2.5 Statistical Process Control 

Evaluating the applicability of statistical process control to AEC industry processes is 

another area of future research related to process capability data analysis. The AEC 

industry needs to develop a means to better account for tolerances through mockups, first 

run studies, tolerance analysis techniques, or virtual prototyping (extensions of CAD 

capabilities as shown here). Mock-ups and first-run studies could be a way of generating 

some construction process capability data for further analysis and improvement when 

little other data is available, along with virtual production or sensors for faster feedback. 

The success of the change in critical dimension as a solution in the Slurry Wall Case 

highlights the advantage of collecting process capability data during the course of the 

project, a technique also supported by Tipping et al. (1990). Tipping used the technique 
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to evaluate the impact of process improvement changes and direct nominal dimension 

changes to improve process capability. 

Ongoing measurement of process capability during a project provides the potential 

for quality control using statistical process control techniques. It also allows for 

adjustment of process capability estimates assumed in design, resulting from job-specific 

factors including the perceived quality of the work delivered by a contractor.  

A rebar fabricator mentioned that they were adjusting their processes after occasional 

measurements of individual bars. This practice ignores the stochastic nature of the 

dimensional variability and in doing so, only adds variability to the system instead of 

bringing it into control. Process decisions cannot be made based on point representations 

or expected values but require an evaluation of both the reliability of the process to 

achieve acceptable performance, and the penalty incurred when performance falls outside 

the acceptable range. A new paradigm of design can be implemented where AEC systems 

are designed to accommodate construction process capabilities. The author speculates 

that this will result in benefits similar to those seen in other industries.  

8.4.2.6 Optimization of Work Structuring 

Future research can also investigate common or standard project connections and designs 

to evaluate optimal work structures (discussed in Chapter 4) by comparing current work 

structures with new ones identified using tolerance management tools. Evaluation of 

optimal work structures will require identification of factors that influence performance 

from a systems view, similar to design for manufacturing tools. 
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8.4.3 Expanding the Scope 

Finally, several opportunities also exist for expanding the scope of tool application 

through integration of tolerance tools with other considerations, by looking at a larger 

slice of the project life-cycle, and by expanding insights gained to other forms of 

variation beyond geometric.  

Evaluating alternative solutions, mitigation strategies, tolerance designs, and 

overall work structures considering multiple objectives (time, cost, quality, 

sustainability) from across a project’s life cycle using TFV theory in conjunction 

with discrete-event simulation. In the current research, the mapping system identifies 

opportunities to implement different mitigation strategies for sub-assemblies that are 

evaluated using TFV analysis for waste in the construction phase. Attempts in the course 

of this research to find metrics to evaluate  alternative sub-assembly work structures 

within the larger scope of the project and project life-cycle proved difficult, not only 

because of lack of data but also because the projects’ many goals were difficult to 

prioritize and reconcile. In addition, the current research only looked at a very small sub-

set of the project work structure which would produce a local optimization. Future 

research may find that trying to look at the whole project becomes too hairy. In that case, 

an alternative approach is to identify and model connections and trade-offs among project 

components and goals, and to allow the project participants to choose the scope of 

evaluation and evaluate alternatives based on their own goal prioritization. 

Implementation of several other tolerance management tools, strategies, and 

principles identified in the course of the research, both in detailed design and earlier in 

conceptual design. The current research focused on both strategies and principles only in 
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the detailed design phase. For example, tolerance visualization was identified as a 

candidate for application in conceptual design as were robust design and datum selection 

for the overall design. In the course of the research, sequencing datum based on the 

variability of the associated components was identified as a potential strategy for robust 

design. Strategies found in manufacturing for robust design, such as self-aligning parts, 

are not highly utilized in civil systems and could have many more applications. 

Improvement of process capability. In the course of the research, the author 

observed that larger geometric variation in an input to a process can impact the variation 

in the output of the process, both in terms of the geometry of the output as well as other 

process variables. The observation indicated that reduction in variation for components 

early in the assembly may improve standardization of downstream processes, not only 

reducing their cost but also improving their process capabilities – which in turn could 

improve activities further downstream. Thus, process capability improvement for early 

components may result in a disproportionately large improvement in project 

performance. Also, process improvement has benefits such as allowing mean value shift, 

which may reduce material costs and counterbalance costs of improving capability. 

Alternative representation of other aspects of fitness, such as constructability 

and maintainability, in terms of geometric constraints, so that the tolerance analysis 

can be used to evaluate them as well. Further study of core construction and 

maintenance processes may allow for modeling of these activities in terms of geometric 

constraints. Ease of constructability and maintainability are often a function of the 

allowance for physical access. Study could provide an association between the shape and 
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size of the area around the connection and grades or levels of access for construction and 

maintenance.  

Implementation of tolerance analysis for the design of QA/QC systems. One 

strategy for tolerance mitigation is decoupling loops through inspection. Informed 

understanding of tolerances may provide better insight for problem detection for QA/QC. 

Given the slower nature of construction to manufacturing processes, there might be 

opportunity for in-process correction before the problem compounds. 

Efficacy of mapping tool in Concurrent Engineering. The mapping tool, through 

its color coding, provides information to support coordination for Concurrent 

Engineering. Further research could investigate the effectiveness of the map for this 

purpose or for supporting similar tools like design structure matrices. 

Implementation of standardization, pre-assembly, and pre-fabrication of sub-

assemblies through utilization of tolerance tools. Variation analysis provides the 

opportunity to quantify sub-assembly variation for pre-assembled or pre-fabricated parts 

to investigate the feasibility of interface design with the larger project. 

Integration of the tools or tolerance considerations into Constructability, 

Concurrent Engineering, QA/QC, and Lean Construction. 

Application of tolerance representations to other forms of variability. Tolerance 

representations and standards are a well-developed form of representing variability. 

Further research may reveal advantages and disadvantages of the tolerance representation 

scheme for other forms of variability, variability interactions, and variability propagation. 

Application of tolerance analysis to time (scheduling), for example, generates the 

equivalent of a critical path assessment, which is the standard for construction 
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management. Application of tolerance allocation methods may provide insight into, and 

parallel, resource loading. Datum selection may provide insight into, and parallel, 

hammocking strategies. Decoupling strategies may produce more interesting insights into 

other scheduling techniques. Application of these techniques to other areas of project 

management may also prove fruitful. 
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Appendix A: Network Key 

The network key (figure A-1) provides the basic symbols and rules used for creation of 

the part diagrams and Tolerance Maps. The following notes are included for additional 

clarification. 

Note 1: MMVC, LMVC, and E envelopes have the same geometry as and parallel to the 

feature’s nominal geometry (for points the default envelope is spherical and for lines the 

default envelope is cylindrical). Every point on a feature must be between the MMVC 

and LMVC envelopes or between all E envelopes for the feature to which the envelopes 

apply. Tolerances contributing to a feature for which envelopes are specified are shown 

with their maximum acceptable range in their frame fields and must be tightened in such 

as way that their worst-case combined effects do not exceed the specified envelopes. The 

decision, on which to tighten and how much, is at the fabricator’s or contractor’s 

discretion. 
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Figure A-1: Network key 
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* The location fields in the tolerance frame represent form tolerances when the datum is a 

substitute feature and the feature is the associated boundary, local or actual feature. Form 

variations are always perpendicular to the substitute feature (datum) from which they are 

specified. Form tolerances applied to a boundary feature are unilateral meaning the 

boundary’s variation can only occur in one direction along the normal lines to the 

substitute feature (datum) except when the datum is a substitute axis. Because boundary 

features are used for mating relationships, the direction is always away from the material. 

Thus if the value of the form tolerance is ±.1 and a negative variation in the features form 

will tend to increase the material of the component to which the feature is a part then the 

boundary’s variation from the substitute feature must be between 0 and -.1. Form 

tolerances applied to a boundary feature when the datum is a substitute axis or applied to 

a local or actual feature are always bi-lateral meaning the feature can vary in both the 

positive and negative directions along the normal lines to the substitute feature (datum) 

and symmetrical meaning the positive and negative variation limits are equidistant from 

the substitute feature (datum). 



 344 

Appendix B: Kinematic Joint Types 

 

Figure B-1: 3D Kinematic joint types, with number of degrees of freedom (Dabling, 
2001) 

   

Figure B-2: 2D Kinematic joint types (Chase, 1999) 
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Appendix C: Contractor Specifications - Bolt Case  
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Appendix D: Contractor Budget - Bolt Case 

 

Figure D-1: Contractor budget for bolt case 
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Appendix E: Excel Spreadsheet for Tolerance 
Analysis 

The Excel Spreadsheet Template captures the vector loop model of an assembly as used 

for analysis and can be used to illustrate the vector modeling process. 

The overall concept is to create a vector loop that includes the critical dimension of 

concern for the assembly, which can be either a vector length or the angle between two 

vectors. The other vectors in the loop represent other features or dimensions between 

features in the assembly, i.e., the chain of datum, that establish the location and 

orientation of either: the two features defining the start and end of the single vector 

representing the critical dimension; or the three features defining the starts and ends of 

the two vectors for which the angle between them represents the critical dimension. The 

vectors will vary in length and orientation due to the tolerances on the features and 

dimensions they represent.  

Traversing a vector loop establishes six loop equations, three representing the sums of 

component lengths of the vectors along each of the three assembly reference frame 

(ARF) axes and three representing the sums of the component relative rotations between 

vectors about each of the three ARF axes. A component relative rotation about the global 

X axis is the angle between the projection of a vector onto the global YZ plane and the 

global Y axis. A component relative rotation about the global Y axis is the angle between 

the projection of a vector onto the global XZ plane and the global Z axis. A component 

relative rotation about the global Z axis is the angle between the projection of a vector 

onto the global XY plane and the global X axis. All loop equations sum to 0 and can 

contain dependent variables. There must be no more than six dependent variables in order 
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to solve the equations and determine the values for the dependent variables.  If there are 

more than six dependent variables, the loop must be split into multiple loops. Each loop 

will generate six equations. The loops should continue to be split until there are enough 

loops to generate as many, or more, equations than there are dependent variables. The 

dependent variables, including the one representing the critical dimension, are then 

determined by simultaneously solving all the equations. 

To allow for a systematic process for entering the loop into the template, the 

procedure for traversing a vector loop is slightly different than traversing Tolerance 

Maps. Traversing a vector loop can be represented by imagining a local coordinate 

system (LCS) being translated and rotated through the loop by a series of 

transformations. To start the loop, the LCS is always aligned with the ARF and 

positioned at the starting point of the first vector which is also the end point of the last 

vector. As the LCS moves around the loop, it is oriented so that its X-axis is aligned with 

the next vector before it is translated along that next vector from the vector’s start to end 

point. After translating to the end point of the last vector, i.e., the start point of the first 

vector, the LCS is rotated back into alignment with the ARF, thus completing the loop. 

In the Template, the start point of each vector has an associated node number. This 

node represents not only to the three coordinates for the start point of a particular vector 

but also the orientation of the LCS aligned with its X-axis along that same vector. Thus, 

nodes with the same coordinates, but different orientations, are given different node 

numbers. The nodes are just another way to help identify where one is in the vector loop. 

Likewise, each unique vector is given its own number (figures E-1 to E-11). 
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Tolerances can be represented by variations in the vector’s lengths and relative 

rotations, which means that they can also be thought of as variations in the translations 

and rotations of the LCS as it traverses the loop. Rotations of the LCS are represented by 

the three component relative rotations of each of the LCS axes. Sometimes, however, it is 

easier to conceptualize the relative rotation between two orientations of the LCS by 

breaking it down into a series of multiple rotations about the axes of successive 

orientations of the LCS, rather than a single rotation. To allow for this, the intermediate 

rotations are represented as zero length vectors whose orientations are along the X axes 

of the intermediate LCS orientations. An example is vector 4 in figures E-1 to E-11. 

The same strategy of using zero length vectors to represent intermediate rotations is 

also used to allow multiple rotational tolerances to be entered into the spreadsheet 

separately. In a Tolerance Map, multiple connected nodes may represent features whose 

origins always share the same point but whose orientations are different. For example in 

the Slurry Wall Case, the origin for the seat’s substitute-top-face, substitute-web-plane 

and substitute-back face all have the same origin point at the seat’s part reference frame 

(PRF) but their datum reference frames (DRFs) have different orientations because of the 

rotational tolerances between the web and top-face and between the web and back-face. 

The seat’s PRF shares the same orientation as the substitute-web-plane’s DRF.  

A vector model that went from a point on the substitute-top-face to a point on the 

substitute-back face would go through the seat’s PRF creating two vectors. The variation 

in the relative orientations of the two vectors would include the impact of both rotational 

tolerances between the web and top-face and between the web and back-face. For clarity 

and representation in both the vector model and the Template, an additional vector is 
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represented between the other two oriented along the X axis of the PRF X-axis. The 

additional vector allows the rotation between the DRFs of the top-face and the web-plane 

and between the web-plane and back-face and their associated tolerances to be entered 

into the template separately. 

Another sheet within the template called local rotations performs the matrix 

multiplications representing the rotations of one LCS to another. The matrix 

multiplications are used to calculate the directional cosines of the LCS axes in the ARF 

based on the component relative angles of rotation between the LCS axes. 

Selection of the first vector doesn’t matter as it is a loop. However, every loop in the 

Template starts with a zero vector from the ARF origin to the start point of the first 

vector in the loop. This zero vector is not part of the loop but is included to establish the 

relationship between multiple loops in the assembly should they not share any other 

common node. Preferably the ARF has a known location and orientation within the 

project reference frame which means the zero vectors are helpful for establishing 

relationships between loops in different sub-assemblies within a project. The zero vectors 

for each loop are designated by a letter which establishes the name of the loop, i.e., loop 

A, B, C, etc. (figures E-1 to E-11). The zero vectors also create a row for capturing the 

initial rotation of the LCS from the ARF to being aligned with the first vector.  

The basic information needed to fully define each vector in the loop is its nominal 

component lengths along each of the three ARF axes. This information can be derived 

from a variety of other information. The Template is designed with columns for all the 

ways in which nominal and tolerance information about a vector or the relationship 

between vectors is likely to be specified in a design (Table E-1). Each column for a given 
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type of information is further divided into six columns representing: the nominal design 

value; a column for the random number generator function; the actual sampled value for 

the current iteration of the simulation; the upper design tolerance specification limit; the 

standard deviation assuming the limits represent three standard deviations from the mean; 

and the lower design specification limit. A partial view of the template showing two 

loops and only showing the nominal value for each type of information except for the 

vector length which shows all the values for illustrative purposes is shown in figures E-1 

to E-11. A full list of the information types in the columns and their definitions are listed 

in table E-1. 

Given information from the design about each vector, or the relationship between 

vectors, is entered into the appropriate column corresponding to the type of the 

information. The other columns are filled in where possible by the given information and 

the relationships between the vector properties and relationships between the different 

types of information represented in the columns.  

The given information determines the formulas used to derive the information in the 

other columns based on the relationships between the columns. The selection of the 

appropriate formula was done manually but could be automated using Visual Basic. In 

many cases, the formula must accommodate conditions when the value is undefined or a 

value in the formula is undefined. For example, if Vector 1 is aligned with the ARF X-

axis and Vector 2 is aligned with the ARF Z-axis, then QZ1 is undefined because the 

projection of Vector 2 onto the global XY plane is a point and no angle is defined by a 

single point and a vector. As a result, any formula that would normally use QZ1 must be 

changed. Most of these conditions are handled by if-then statements in the cells that 
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check if a variable in the formula is undefined or test for conditions that would lead to the 

formula being undefined like dividing by zero. 
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Figure E-1: Partial view 1 of the Excel Template for vector loop modeling and sampled 
tolerance analysis 
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Figure E-2: Partial view 2 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-3: Partial view 3 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-4: Partial view 4 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-5: Partial view 5 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-6: Partial view 6 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-7: Partial view 7 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-8: Partial view 8 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-9: Partial view 9 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-10: Partial view 10 of the Excel Template for vector loop modeling and sampled 
analysis 
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Figure E-11: Partial view 11 of the Excel Template for vector loop modeling and sampled 
analysis 
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Table E-1: Different types of information about a vector included in the Template 

Symbol: Definition: 

wxi direction of cosine of {Li} along ARF X axis, also equivalent to cos ai  

wyi direction of cosine of {Li} along ARF Y axis, also equivalent to cos bi 

wzi direction of cosine of {Li} along ARF Z axis, also equivalent to cos  Ji 

Qi angle between {Li} & {Li+1}, equals cos
-1

 [wxi wxi+1 + wyi wyi+1 + wzi wzi+1] 

Qn angle between {Ln} & {Li}  

Qxi angle between the projections of {Li} & {Li+1} onto the global YZ plane  

Qyi angle between the projections of {Li} & {Li+1} onto the global XZ plane 

Qzi angle between the projections of {Li} & {Li+1} onto the global XY 

Qxn0 angle between the projection of {Ln} onto the global YZ plane & the global Y axis 

Qyn0 angle between the projection of {Ln} onto the global XZ plane & the global Z axis  

Qzn0 angle between the global X axis & the projection of {Ln} onto the global XY plane 

Li scalar length of vector {Li} 

{Li}  vector {Li} 

{L0}  vector from the global origin to the start point, or origin, of {Li} 

{hi} axis of rotation for Qi =[{Li}/Li]x[{Li+1}/Li+1], also equivalent to [{Li}/Li]x[{Li+1}/Li] 

ai angle between the global X axis and {Li} about [1,0,0]x{Li}=[0,-wzi, wyi] 

bi angle between the global Y axis and {Li} about [0,1,0]x{Li}=[wzi, 0, - wxi] 

gi angle between the global Z axis and {Li} about [0,0,1]x{Li}=[wyi, wxi, 0] 

yxi 
angle between the global Y axis & the projection of {Li} onto the global YZ plane about 
the global X axis 

yyi 
angle between the global Z axis & the projection of {Li} onto the global XZ plane about 
the global Y axis 

yzi 
angle between the global X axis & the projection of {Li} onto the global XY plane about 
the global Z axis 

Oxi global X coordinate of the start point, or origin, of {Li} 

Oyi global Y coordinate of the start point, or origin, of {Li} 

Ozi global Z coordinate of the start point, or origin, of {Li} 

Qxn Qxn0 + Qx0, or the angle between the projections of {Ln} & {Li} onto the global YZ plane 

Qyn Qyn0 + Qy0, or the angle between the projections of {Ln} & {Li} onto the global XZ plane 

Qzn Qzn0 + Qz0, or the angle between the projections of {Ln} & {Li} onto the global XY plane 

Ox0 global X coordinate of the global coordinate system origin = 0 

Wxi 
angle between the Y axis of the local coordinate system (LCSi) & the projection of the Y 
axis of LCSi+1 onto the YZ plane of LCSi about the X axis of LCSi  

Wyi 
angle between the Z axis of the local coordinate system (LCSi) & the projection of the Z 
axis of LCSi+1 onto the XZ plane of LCSi about the Y axis of LCSi  

Wzi 
angle between the X axis of the local coordinate system (LCSi) & the projection of the S 
axis of LCSi+1 onto the XY plane of LCSi about the Z axis of LCSi  

Qx0 angle between the global Y axis & the projection of {Li} onto the global YZ plane 

Qy0 angle between the global Z axis & the projection of {Li} onto the global XZ plane 

Qz0 angle between the global X axis & the projection of {Li} onto the global XY plane 
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The Monte Carlo Simulation is achieved by a simple Visual Basic Program. The program 

includes the following steps: 

1. For every cell in the spreadsheet containing a random number generator, enter the 

value from that cell into the adjacent cell for the actual value for the current 

iteration. 

2. Using the values in the actual cells use the solver function to solve for the cells 

representing the dependent variables which are identified and entered into the 

program during modeling. The solver is set to search for a set of values that 

makes the sum of the squares summation cells for the loop equal 0. Sometimes, it 

is unnecessary to use the solver because the six loop equations can be solved 

sequentially. 

3. The resultant values for any vectors of interest, usually the dependent vectors or 

just the vector representing the critical dimension, are recorded onto the results 

sheet. 

4. The program then repeats steps 1 to 3 entering the results of the next iteration 

onto the next row of the results sheet for the number of iterations specified by the 

user. 

5. The summary statistics sheet is set up to summarize and graph the data for the 

values of interest. 
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Appendix F: Design and Process Decoupling 
Strategies 

Table F-1a: Product design strategies for decoupling 

Strategy Example Image/Description Additional 

Examples 

Clearance (gaps): 

Accommodates variations 
in multiple elements 
without resulting in a 
functional interference or 
unacceptable appearance 
by careful selection of 
nominal dimensions. 

Handrail has clearance from 
wall designed to accommodate 
geometric variations in the 
wall surface and variations in 
the shape, size and orientation 
of the handrail. Often for 
aesthetics, gaps are left larger 
than necessary so that 

variations are less noticeable or are covered by trim 
(Ballast 1994).  

Bolt hole 
clearances, rough 
in framing, door 
gap, erection 
clearances for 
pre-cast and 
steel, expansion 
joints 

Fillers/flexible/ 

flowable Parts:  

Many types of filler 
materials are used to fill 
intended or unintended 
clearances to allow proper 
functioning or appearance. 

Several different types of 
caulking and an expanding 
membrane are used to fill and 
seal the gap between adjoining 
parts to provide an 
environmental barrier and 
accommodate variations in the 
components like above. The 

variations occur in all life-cycle phases and some may 
not be static. 

Grout, caulking, 
foam, insulation, 
wood filler, 
glue/adhesives, 
weld, shims, 
washers, gaskets, 
plumbers puddy, 
paint, soil, 
concrete, 
expansion joints 

Custom Fitted Parts: 

Anytime a part must be 
measured to find its 
required shape instead of 
using the plans, it is a fitted 
part.  (Anytime the plans 
say field verify prior to 
fab.) Fitted parts are used 
to prevent gaps or 
interferences that 
compromise function or 
appearance. 

Variations in previously 
installed components such 
as the floor boards and the 
wall can be accommodated 
by custom fitting the final 
piece that interfaces with 
both. The measurement, 
shaping and installation of 

these pieces often employ more accurate processes 
(better process capability). This way not every piece 
requires the better processing. 

Almost any 
component but 
particularly: 
Perimeter tiles 
and panels, 
gypsum board, 
trim/moldings, 
last pipe in a line, 
wood framing, 
match drilled or 
cut parts 
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Table F-1b: Product design strategies for decoupling continued 

Strategy Example Image/Description Additional 

Examples 

Adjustable Parts: 

Parts designed to have 
adjustable shape to prevent 
gaps or interferences that 
compromise function or 
appearance. 

The threaded rods for the 
cladding connections allow the 
position of the cladding to be 
adjusted to meet the variations 
of the structure, the cladding 
and other components of the 
system. 

Flexible pipes, 
adjustable door 
and window 
jambs, threaded 
feet, adjustable 
hinges, slotted 
and oversized 
holes, multiple 
holes, expanding 
fasteners, 
hydraulic jacks, 
ellis shore 

Connection Type 

Selection: 

Tolerances are directional. 
Their magnitude is 
different in each degree of 
freedom and direction. 
Different connections are 
more sensitive to variations 
in particular directions. 

Th
e tiles have a lap connection in two directions as does 
the steel, allowing some degree of variation in the 
directions of the overlap without compromising the 
function of the connection. The direction and magnitude 
of allowable variations depend on the connection type 
and the specifics of the project. 

Butt connection, 
T/L connection, 
lap connection, 
slot connection, 
1-2-3 way pin 
connections  
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Table F-2: Process design strategies for decoupling 

Strategy Example Image/description Additional Examples 

Inspection and Repair: 
Components are inspected 
prior to installation or 
deviations are found 
during installation. 
Components not meeting 
the required tolerances are 
reshaped to fit in the field. 
This is similar to custom 
fitting except shaping may 
be done according to the 
plans. 

Concrete was 
ground to 
remove any 
protrusions. This 
component was 
created in the 
field, meaning 
reshaping also 

had to occur in the field. The same can be true 
of shop fabricated items. Similar grinding of 
steel components to meet stringent tolerance 
requirements for welding is common. 

Reaming steel holes, re-
drilling holes, plug welding 
and re-drilling holes, 
bending/ warping/ 
hammering/ stretching/ 
trimming/ 
grinding/sanding/planing 
components to fit 

Inspection and 

Replacement: 
Similar to above except 
you reject the piece that 
does not meet 
requirements and request 
a new one from the 
fabricator or supplier. 

No image: Any component too small 
usually must be replaced. 
Standard QA/QC procedures 
typically fall along these 
lines. However replacement 
is difficult for components 
that are complex, have long 
lead time, or have 
irreversible processes such 
as CIP concrete. 

Matching: 

Some components may 
still function in specific 
locations even though 
they exceed the specified 
tolerances  

No image: 
A batch of bolts may be out of specification 
because they are too short. They might still 
work for specific connections where the plates 
were at the thinner end of their tolerances. 

Can be used for any 
component that has multiple 
iterations on the project. 

Re-established Datum: 

Similar to custom fitted 
parts, a field measurement 
is taken after some 
components are installed 
but many still remain. The 
measurement is used to 
calculate the nominal 
dimension of some of the 
remaining parts. 

No image: 
One example was a cover for a roadway. Due 
to foundation settlement, measurements were 
taken after the installation of each component 
to govern the nominal dimension and 
fabrication of not necessarily the next 
component due to the lead time but the 
components following that to ensure the two 
sides met, thus limiting the number of 
tolerances contributing to the interface. 

Similar applications might 
be made for mechanical 
systems with multiple datum 
or starting points that have 
many parts with small lead 
times that must meet. 
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Appendix G: ACI and AISC Specification 
Assessment 

Table G-1: Evaluation of tolerance principle use in the ACI and AISC standards 

Tolerancing Principle from Manufacturing:  

(Y/N), Correctly applied (A)lways, (O)ften, (S)ometimes, (N)ever 

ACI-117 AISC-186 

Function is primary Y, O Y, S 

Communication of intent Y, O Y, S 

Acceptance/rejection Y, O Y, S 

Complete specification N, S N, S 

Independence Y, O N, S 

Self vs Cross-referenced Y, O N, S 

Size tolerance Y, S Y, O 

Form tolerance Y, S Y, S 

Orientation tolerance Y, S Y, S 

Location tolerance Y, S Y, S 

GD&T vs VD&T Hierarchy N, S N, S 

Tolerance zone Y, S N, N 

Zone definition rules  N, S N, N 

Envelopes Y, S Y, S 

Envelope definition rules N, N N, N 

Datum Y, O Y, S 

Datum reference frame Y, S N, S 

Datum definition rules N, N N, S 

Datum priority N, N N, N 

Datum quality Y, S N, N 

Datum minimization N, N N, N 

Accumulation for features Y, S Y, S 

Accumulation for parts(btw features) Y, S Y, S 

Accumulation for assemblies Y, N N, S 

Part reference frame N, N N, O 

Assembly reference frame Y, O N, S 

Kinematic variation Y, N N, N 

Kinematic joints N, N N, N 

DOF separation Y, N N, N 

Erection tolerances N, N Y, O 

Assembly tolerances Y, O Y, S 

Tolerance loops Y, N N, N 

Inconsistent loops Y, N N, N 

Tolerance analysis Y, N N, N 

Tolerance allocation Y, N N, N 

Impacts costs Y, S N, N 

Functional tolerances Y, S Y, S 

Manufacturing tolerances Y, S Y, S 

Inspection tolerances Y, S N, S 

Inspection definition rules Y, S N, N 

Unit Conversion Y, Y Y, Y 
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Appendix H: Letters from Construction Manager 
for window installation 

 

 

Figure H-1a: Letter 1, from construction manager to the owner’s rep   
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Figure H-1b: Letter 2 from construction manager to owner’s rep 
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Appendix I: Differences between Construction 
and Manufacturing 

Difference between AEC and Manufacturing systems related to tolerances include: 

1. Limited geometric process capability data, public or private. In 

Manufacturing, practitioners have taken the time to gather and publish process 

capability data for certain equipment or procedures which are used as guidelines 

in industry; in addition, individual companies also keep detailed process 

capability data. This data may include details as specific as who operated which 

equipment, the number of hours individuals have worked, the temperature in the 

workroom and much more (Thornton & Tata 2000). In construction, data on 

equipment productivity rates, process durations, and operations costs are often 

gathered and occasionally shared. However, little published data can be found on 

the geometric process capabilities for different operations and there is no evidence 

that such data is collected by individual companies. Data on specific input 

variables like operators, environmental conditions and others do not appear to be 

gathered. 

2. Lack of industry uniformity and documentation of process design and 

execution. In manufacturing, a detailed description of the process steps to create a 

product, including the appropriate operating parameters, are documented. This 

provides a base from which to identify improvements and make changes. Without 

this description it is difficult to distinguish between different processes or to 

define a process capability (Gryna 2001, Demming 1982). Uniformity of the 

process steps is encouraged to minimize variations in quality and to minimize the 

number of parameters that may impact the process capability (Taguchi 1993 and 

Taguchi et al. 1999). The specific process plans or procedures in manufacturing 

may be company specific or industry standard practice but they are detailed 

descriptions. Many processes are controlled by machine, improving uniformity 

and consistency of execution. These concepts are shared by construction but are 

less frequently practiced. Olgesby et al. (1989) describes the need to capture and 
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document current process practices within a project or organization to facilitate 

process and productivity improvement. Research on quality in construction and 

constructability encourages the same to facilitate process improvement and 

learning. Trade union training also provides a certain degree of standardization of 

processes. The argument, for the lack of standardization and detailed 

documentation of processes, is that each project and thus processes involved are 

too unique to warrant process standardization. Standardization is seen the most 

when the process will impact structural capacity such as concrete placement. In 

these cases, standards or guidelines are developed and the process is closely 

monitored to ensure compliance. Finally, many construction processes are 

manually controlled and thus less uniform and consistent in execution. 

3. Inability to remove site and other factors that result in high variability and a 

poorer process capability. In manufacturing, the environment and setup of the 

shop is fairly consistent from job to job and can be controlled, eliminating factors 

that may impact the process capability. In construction, there is little control over 

the environment and setup for the operation and these conditions vary over time. 

4. The use of large components increases the magnitude of process capability 

variations. In manufacturing, the components tend to be small. The scale of a 

component is directly related to the magnitude of both the geometric variation in 

the component from the nominal and the process capability of the process that 

created it. In construction the main components tend to be much larger than those 

in manufacturing. 

5. Fixed controls more difficult to establish because equipment moves to the 

work not the work to the equipment; no fixed reference (single datum) for 

control exists. Process control is aided by a control point to calibrate the 

operation. In manufacturing, such controls tend to be built into fixed equipment or 

setups within the shop. Maintenance of the control points is minimal once 

established. In construction it takes time before some permanent elements of the 

project are established. Maintaining access to these elements for reference and 

having enough to be convenient for all operations given the typical size of 
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construction projects can be difficult and costly. Practitioners on commercial and 

residential projects believe that maintaining a survey crew to provide and 

maintain control points for a project is cost prohibitive. 

6. Lack of repetition of the product decreases cost incentives for process 

improvement. In manufacturing, taking the time to carefully plan and optimize 

the production process has large benefits because of the number of repetitions of 

the product using the same process. In addition, because individual process steps 

tend to be used for more than one product, improvements to process capabilities 

of those individual steps can have benefits for future product production as well. 

Construction projects tend to have recurring activities within a project. However, 

the number of repetitions of an operation within a given project is unlikely to 

approach those found especially in mass-production manufacturing settings. In 

addition, given the variation in, and lack of control of, the environment there are 

more likely to be constraints that limit repeat use of an improved process within a 

project and across projects. 

7. Cost of component replacement usually exceeds that of repair. In 

manufacturing if a component is out of specification, the cost of scrapping it and 

taking the next one from the production line can be less costly in time and 

material than repairing or reworking the component to meet specification before 

proceeding with production. The cost of scrapping a component or even a single 

iteration of the entire product in manufacturing can be small, representing a small 

percentage of the overall production cost in comparison to construction. In 

construction, given the size and cost of the major components and the lead time 

for replacement, especially for irreversible processes such as cast-in-place 

concrete, it is likely less costly to repair an out of specification component than to 

replace it. The cost in time and material of repair or replacement of a component 

can be large, representing a large percentage of the production cost as compared 

to manufacturing. 

8. Application of prototyping or test runs is cost prohibitive. Given the number 

of iterations of a production typically typical of manufacturing, the cost of 
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creating prototypes or conduction text runs is a small percentage of the overall 

production cost. In construction, since there is usually a single iteration of the 

product, a full prototype would double the cost of production. For the products of 

those operations that are repetitive or the operations themselves the number of 

iterations and the cost of one iteration may still make a prototype or first run cost 

prohibitive. 


