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ABSTRACT

Stepping back to look at a system and its lifecycle as a whole, it is clear that costs resulting
from variability regularly exceed the benefits of more efficient components, processes, and
their interfaces within that system. Designers then should pay close attention to how their
choices affect variability of the system throughout its lifecycle. A major source of variability
often ignored in AEC systems is tolerances. Many problems that manifest themselves during
construction and operations are due to a lack of consideration for tolerances in the various
components and processes involved in creating civil structures. Application of tolerance
visualization can at a minimum allow designers to see the effects of tolerances and thereby
enable them to proactively address fixes for a wider range of scenarios, much wider than a
single, deterministic one, thus minimizing impacts on process flow. Tolerance allocation
tools also may provide a means for achieving concurrent engineering goals by helping to
align product design with lifecycle (e.g., construction and maintenance) processes to reduce
the overall cost and increase the robustness of the system. Tolerance allocation and
visualization increase the opportunity for concurrency by relating two sources of tolerances
(variability): design constraints (product) and process capacity (process).

In this paper, 3-D modeling is used to visualize the effects of construction process
tolerances on alternative designs for a roof-to-wall connection based on design criteria from a
real project. The objective of the paper is to present the potential for tolerance allocation
techniques to promote concurrent engineering practice and help generate, evaluate, and select
more robust designs.
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INTRODUCTION

A tenet of production management (and particularly of lean production) is to reduce
variability (Womack and Jones 1996, Koskela 1992, Schmenner 1993, Taguchi 1999).
Variability will take its toll sooner or later in a production process. Examples of costs to be
paid due to variability are: long cycle times and high work-in-progress levels; wasted
capacity due to low utilization of resources; lost throughput, and a general increase in waste
such as poor quality and increased scrap (Hopp and Spearman 1996).

“Tolerance” is a method used to describe variability in a product or production process. It
defines the acceptable ranges in the actual performance of a system or its components, across
one or more parameters of interest, under the conditions considered during design, for which
the system or components are fit for purpose, i.e., meet the specifications and/or customer
expectations. Tolerances historically provide the means for communication between product
and process designers.

In the 1800s, the move towards interchangeable parts created the need for tolerance
representation. Tolerance standards and techniques have been evolving ever since. ASME
Y14.5 and 10 ISO standards are governing current dimensioning and tolerancing practices
(Voelcker 1997), but researchers in field of tolerances concur that these standards are
lacking. Complaints include inadequate mathematical representation of the Y14.5 standard,
approaches for analyzing tolerance stacking in complex assemblies (many parts or 3D
assemblies), formulas for describing function, and integration of strategies in design and
production, and computer tools (Zhang 1997, Houten and Kals 1999, Trabelsi et al. 2000).
Due to lack of training (from separating product and process design) and the complexity of
the analysis, many times even mechanical designers fail to evaluate the effects of tolerances
at component interfaces and on assemblies as a whole. Problems are ‘thrown over the wall’
and left to the shop workers to fix (Henzold 1995, Zhang 1997, Gerth 1997, Houten and Kals
1999). Yet, the concepts and goals of these tools should not be ignored. Researches have
made advances in tools to optimize allocation of tolerances to components in a way that
minimizes lifecycle cost while maximizing quality (Zhang 1997, Whybrew et al 1997, Chase
et al. 1990, Dong 1997, Dong and Shi 1997).

For the most part, AEC practitioners don’t explicitly acknowledge tolerances in design.
They assume that design codes and common practice automatically provide allowances for
them. For example, structural engineers in California may argue that the variability in plumb-
ness of an erected structure and the resulting redistribution of loads is immaterial compared
to the dynamic loading conditions they consider for seismic design. Of course, codes and
common practice provide a minimum standard but they cannot cover all conceivable
structures. Not surprisingly, explicit accounting for tolerances is more prevalent in some
engineering disciplines than in others. For example, civil engineers do consider variability in
the resistance of pile foundations and roundness of large diameter pipe during design
calculations and include accommodations in the specifications.

Even when AEC practitioners specify tolerances for components, they seldom consider
how these tolerances will interact. This is likely due to industry fragmentation, lack of data
on AEC process variability, and lack of tolerance standards or training. Hence the reliance on
craftsmanship to deal with changes during construction, show flexibility in applying multiple
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or non-standard operations procedures, and remedy problems that could have been avoided
by more judicious decision making upstream in the process (e.g., Tsao et al. 2000). Too
often, last minute changes result in lower product quality and increased maintenance.

Three strategies exist for dealing with tolerances or variability: (1) reduction of
operations variability concerned with the resultant component tolerances, (2) detection and
correction of assembly variability concerned with the stacking and interaction of component
tolerances, and (3) robustness concerned with allocation of component tolerances (Zhang
1997, Trabelsi et al. 2000). Unfortunately, strategy 1 is limited in AEC, because many
building processes are ‘manual’ processes that have large intrinsic variability. Though
substantial improvements can be made, there are often substantial limits to reducing the
variability both in terms of process time and product precision. Strategy 2 is more promising.
Tolerance visualization and analysis provide means to detect and correct for variability in the
components or the process (Schultheiss et al. 1999). Even better, strategy 3 is embodied in
tolerance allocation and minimizes the impacts of process variability on the rest of the system
by aligning or decoupling components and processes through robust interface and component
redesign (Howell et al. 1993, Soderberg et al. 1999).

Tolerance analysis views component-related tolerances as a range of values in terms of
variation from a nominal value. Tolerance analysis takes a given set of component
tolerances, usually based on designer experience or standards, and calculates the resultant
variation in the assembly. Through iteration, component tolerances are tightened to meet
assembly tolerances, establishing both the product and process design requirements. In
contrast, tolerance allocation looks at a range of component designs around a functional or
assembly description to absorb the variability. Tolerance allocation is used to maximize
quality, minimize production cost, or both. The result can be looser component tolerances
and better matching of product and process (Trabelsi et al. 2000, Gerth 1997). Tolerance
allocation creates robustness.

Taguchi et al. (1999) define robustness as “The state where the technology, product, or
process performance is minimally sensitive to factors causing variability (either in the
manufacturing or user’s environment) and aging at the lowest unit manufacturing cost.” They
also state that “It is more effective to conduct experimentation at the upstream stage when
fewer factors have been decided upon, and design changes are less expensive.” Following
this logic, the design phase is the most cost effective time to consider tolerances. Tolerance
allocation can even be applied in the conceptual design phase when multiple interfaces can
be evaluated for robustness (Soderberg et al. 1999).

To explore issues pertaining to tolerances in AEC system design, this paper examines a
connection that, from the first author’s experience, had problems during construction. The
connection is used to investigate the application of tolerance visualization, analysis, and
synthesis as a means for stimulating concurrent engineering (CE) practice and generating
more robust design for a product’s lifecycle.

EXAMPLE CASE: TUNNEL ROOF-TO-WALL CONNECTION

The case study looks at the connection between the soldier-pile tremie-concrete slurry wall
and the composite steel-and-concrete roof system for a cut-and-cover tunnel construction.
Figures 1 and 2 illustrate the connection as designed and executed on this project.
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Figure 1: Design of soldier-pile tremie-concrete slurry wall and composite steel-and-concrete
roof system

Figure 2: Photo of as-built soldier-pile tremie-concrete slurry wall and composite steel-and-
concrete roof system

The existing design consists of an erection bracket/seat (arrow ‘a’ in Figure 1) welded to the
W36 X 300 soldier pile, a small clip angle (b) welded to the top of the plate roof girder and
the face of the pile mostly for stability during erection, and a % (1.9 cm) bent plate double
web cleat (c) which forms the main structural connection. The 60’ to 90’ (18 m to 27 m) roof
girders are spanned by stay-in-place (SIP) steel formwork with a reinforced concrete slab on
top. Shear studs (not shown) welded to the top of the roof girder transfer loads between the
girder and the slab. The roof girders are 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.

CONSTRUCTION (PROCESS) EXECUTION PROBLEMS

Mismatch of Assembly Constraints

A first problem pertained to the soldier pile orientation relative to the tolerances specified in
their design. The design allowed for a tolerance of 0.6-degrees 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 designed due to poor bedrock, leaving the
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piles short of the bottom. Thus, in reality, two piles installed as a connected pair could swing
2 degrees horizontally before hitting the sides of the hole on either side. The design also
specified the roof girder to be absolutely (!) plumb. Even if the girder did not have to be
plumb there is no guarantee that the pile on the opposite wall was rotated the same direction.
With a 2-degree horizontal rotation, for roof girders over 4’ (1.2 m) tall, the problem shown
in Figure 3 resulted. The cleat angle does not fit on the pile and cannot accommodate the

required %" (1.9 cm) fillet weld (a) between the angle and the face of the pile.

Figure 3: Inconsistency in the Figure 4: Effect of pile installation

Trimming
Req’d To
Fit Weld

a

2 Degree
Rotation

as-designed tolerance constraints process variation: Connection C,
for the roof wall interface Original Assembly Design

The fix was to trim down the clip angle to accommodate the weld, requiring additional
engineering calculations, delaying the construction schedule, and increasing inspection
requirements. These effects can be viewed as creating additional flow variability in
construction, in delays as well as rework, and operations variability in construction,
inspection, and maintenance.

Tight Coupling of Sequential Construction Processes and Manufacturing Steps

A second problem pertained to the connection tolerance of % to 1%” (1.9 cm to 3.8 cm)
between the face of the pile and roof girder. This tightly coupled the manufacturing of the
roof to the position of the piles. Detailed survey had to be done and sent to the roof and stay-
in-place (SIP) steel formwork fabricators once the face of the pile at the roof elevation was
exposed. The roof girder fabricator then required two weeks to make the final cut on the roof
to match the pile, paint the end, bend the cleat angles to match the pile, and ship all to site.
This ruined much efficiency on site by having to remobilize crews and equipment to an area
if and when the girders arrived two weeks later. This also resulted in increased wall
movement as the roof girder was part of the wall support. A main concern in the design was
to limit wall movement because of the effects on the surrounding buildings. The sensitivity to
wall movement also limited the amount of wall that could be exposed at once to take
measurements to fabricate the next girders, meaning more delay in all operations.
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TOLERANCE VISUALIZATION AND ANALYSIS

Identifying Potential Problems using Tolerance Visualization at Detailed Design

A 3-dimensional (3D) visualization of the assembly showing the tolerance envelopes, the
range of possible positions for the connections based on the allowable design tolerances
similar to that shown in figure 4 would have revealed these problems (Schultheiss et al.
1999). Current add-ons for mechanical packages such as Sigmund3D (EDS-Ideas) or
CETOLG6 (PTC-ProEngineer) will perform 2 or 3D assembly analyses while other modules
generate kinematic assembly animations (Glancy et al. 1999, SDRC.com 2002).

Although visualization can be timeconsuming because of the amount of data entry
required even with new computer aided tolerance tools, it has benefits. At a minimum, the fix
for the assembly constraint problem of trimming the angle could have been detected and
corrected in the design phase. The procedure could have been added to the specifications,
problem piles identified during the contractor survey of the piles, thicker angles used for the
cleats and trimmed in the shop. Alternatively, the connection could have been checked:
would moving the seat off center allow the cleat angles to fit and remain structurally sound,
or could a pile with a wider flange face be used? Such solutions involve redesign of the
components and are thus tolerance allocation solutions. In addition, they concurrently design
and align the product and assembly process thus avoiding downstream interruptions. Problem
two was identified even without visualization and had no identifiable solution given the
constraints of the connection.

The tolerance analysis solution and typical reaction to these problems is to tighten the
tolerances required for the orientation of the pile. Given tight enough tolerances on pile
position, the girders might even be cut in the shop to theoretical length. Regardless of the
approach, tolerance visualization helps the designer to identify potential problems in the
design phase so that the proper product tolerances are specified and information about
potential problems is passed on to those designing the process.

Matching Tolerances to Process Capabilities

Tolerances specified for pile orientations often are much tighter than the process of slurry-
wall pile installation can achieve, as shown. So even when designers specify tolerances that
accommodate the assembly and connection constraints, the process needs to be checked to
ensure it can meet the tolerances. Figure 4 represents the possible orientations of the soldier
pile based on the pile installation procedure in yellow. Basing the tolerance analysis on the
process capability is a much more appropriate assessment for use in design. 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 and Martin 1983). Accordingly, the
tolerance specified in the design should accommodate 95% of the variability in the process
capability.

Figure 4 does not illustrate the type of output one might generate for this analysis. More
likely it would be an animation of the assembly’s kinematic range of motion. However, the
analysis illustrates that the process capability is neither well matched to the design tolerances,
nor more broadly to the assembly constraints in this case. With process information, the
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analysis triggers the need for CE to match the design tolerances with the process by
redesigning one or both. Even better, one might use this information to trigger process
improvement or redesign of the assembly concepts, iterating back to systems design level.

Set-Based Concept Generation and Interface Design at System Level Design

Alternative assembly/interface options between the wall and the roof were investigated based
on a list of conceptual types of connections (Figure 5). All connections are considered until a
connection is eliminated due to a project constraint. Looking through the alternatives, only
connections C and D pass preliminary evaluation for structural capacity, constructability,
operability, etc. Connection A is not feasible because continuity of the soldier pile is required
to hold back the soil behind the wall. Connection B is most likely not feasible for the same
reason but would require a detailed analysis to be sure. Connection C results in designs
similar to the original design (Figure 1). Connection D puts the roof girder adjacent to the
piles (Figure 6). This creates additional steps in the slurry wall process because concrete
would have to be left out to accommodate and additional design would be needed to transfer
the horizontal load between the roof and the pile. However, both these steps seem feasible.
Ideally, these alternatives are generated during design at the systems level. Preliminary
evaluations must be based on the instinct and expertise of a cross-functional design team
including individuals from structural design, contracting, fabrication, operations, and
maintenance.

] —<
3 U
Connection A: Supported Connection B: Connection C: Connection D:
By Variable Slot Butt Lap

Figures 5: Alternative roof to soldier pile assembly concepts

Connections C and D can be checked for tolerance consistency. Consistency here means that
the natural availability of the pile installation process is within the assembly constraints of
the connection.

TOLERANCE CONSISTENCY ANALYSIS (VISUALIZATION)

The tolerance visualization is developed by the constraints of the pile installation process.
The piles are hung on chains from a frame that rests on the excavation guide walls. The tops
of the piles are a few feet below the ground surface. Concrete is placed through pipes into
spaces between the piles. The piles are free and likely to move during concrete placement
due to uneven pressures and flow of concrete. The position of the pile is constrained by the
chains at the top and the limits of the excavation at the bottom. In the computer visualization,
the virtual piles are moved into all possible positions based on the constraints and a solid is
generated by the union of these positions. In reality, the excavation is not a perfect rectangle

3 INTERNATIONAL CONFERENCE ON CONCURRENT ENGINEERING IN CONSTRUCTION 187
1-2 July 2002 — University of California, Berkeley



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. Further still, after installation
the wall bends due to earth pressures. Though possible to include these considerations, we
have chosen to ignore the dimensional and form variations in the wall and the piles and focus
only on the kinematic variation between the piles and the wall (this highlights the difficulty
of modeling actual site conditions). The resultant solids, shown in yellow in figures 4 and 7,
represent the process capacity of the pile installation procedure for plumb-ness and
orientation of the piles. The distribution of the capacity is assumed to be uniform, i.e., all
possible positions are equally likely because of the lack of control in the process.

Unlike manufacturing, process-capability data is often hard to collect in AEC systems as
they tend not to be repetitive, as is the case here. Experimental data to determine the actual
distribution with alternative processes would not have benefited this job because the pile
orientations could not be determined until excavated, which occurs after the walls were
mostly complete. However the data could have been used to inform the next slurry wall job.
AEC industry might consider means for gathering process data through mockups, virtual
production, or sensors for faster feedback. Figure 7 shows the process capacity solid for
connection D. The circles show where the piles potentially interfere with the roof girder.

Figure 6: Connection D Conceptual Figure 7: Effect of pile installation process
Assembly Design variation: Connection D Assembly Design

This leads to another decision point on how to proceed: there are three non-exclusive choices
for dealing with the lack of consistency.

1. Process Quality Improvement and Variability Reduction or Component Redesign

One could go back and try to redesign the processes to reduce the variability in the process
capacity, now given a better understanding of what types of variability have large effects on
the assembly. The literature regarding process improvement for all industries including
construction is extensive (Kubal 1994, Oglesby et al. 1989, Deming 1982, Juran 1979,
Schmenner 1993, and Taguchi 1999). Alternatively, we could redesign a component to avoid
the inconsistency like the earlier example, reducing the clip angle leg size and increasing its
thickness. Further detail is outside of the scope of this paper.

2. Modification of the Product Architecture or Sub-system Breakdown

One could reconsider earlier design decisions such as the material choice for components
thus changing the constraints of the interface design. Ulrich and Eppinger (2000) state that
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“The purpose of the product architecture is to define the basic physical building blocks of the
product in terms of what they do and what their interfaces are to the rest of the device.” So,
from changes in the product architecture a whole new set of interface designs can be
generated and evaluated to hopefully find one that is consistent. For example, if the slurry
wall above the roof did not serve the added purpose of a retaining wall for construction,
connections A and B in figure 5 could be considered. If the wall had been made of reinforced
concrete throughout instead of soldier piles, the assembly constraints would change
significantly. Though this option has the potential to lead to a more optimal solution, its
further pursuit can be very time consuming with no guaranteed results and therefore must be
considered carefully along with other project constraints.

3. Detailed Fitness Evaluation Including Tolerance Assembly Reliability

One could measure the reliability of each connection to determine which connection
minimized risk. ‘Reliability’ as used here means the probability that the pile position will be
consistent with the assembly constraints given the existing pile installation process
capabilities. This method has a similar concept to statistical tolerance analysis techniques.
Statistical tolerance analysis recognizes that it is not cost effective to design for a stacking
interference that will rarely if ever occur. One could then choose the best connection based
on the fitness and reliability of the connection and the cost of fix when required. This option
provides us with a better understanding of the system and is an effective decision tool when
running out of time for further system level exploration.

A theoretical reliability of the connection can be determined by repeating the
visualization process while adding the assembly constraint that the cleat angles cannot be less
then %" (1.9 cm) from the edge of the pile. The resultant solid is the design demand. Again,
the distribution is assumed to be uniform. If we then take a cross-section of the process
capacity and the design demand at the elevation of the top of the cleat angle (where the
additional constraint is located), the ratio of the area of the cross-section of design demand to
the area of the cross-section of the process capacity is the reliability of the connection or the
likelihood that the pile position will accommodate the roof-to-pile connection.

Similarly, the reliability can be checked for connection D. The dashed red line in Figure 7
shows approximately the design demand for connection D. The choice between the
connections cannot be made on the basis of the reliability alone. The different designs and
their respective fixes must be evaluated on cost, structural integrity, manufacturability,
constructability, operability, and maintainability as well. The advantage of this analysis is
that it provides a sense of process reliability when no historical or field data is available. This
method is similar to an analysis and decision making tools of Failure Mode and Effect
Analysis (FMEA). FMEA is a qualitative approach. “The objective of these analyses is to
identify the combination of events that could lead to different degrees of quality and
characterize the effects of these different degrees of quality in terms of their potential
consequences” (Bea 2002).

Unfortunately, the reliability of connection C and D could not be compared here.
Connection C is only unreliable for girder heights greater than 4’ (1.2 m) and information on
the number of girders over this height was not available. On the job, there were
approximately 10 occurrences of the fit-up problem over 640 connections. Most likely, the
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reliabilities are comparable. Connection D did have several advantages including decoupling
the roof fabrication from the wall as-built information, increasing standardization of other
parts of the roof assembly including the stay-in-place formwork and diaphragms, potentially
easier maintenance of the connection, and potentially faster roof installation minimizing wall
movement and schedule. However, Connection D also involves significantly more detailed
slurry-wall work, additional steel and work to transfer the horizontal load between the roof
and the piles, and a lot of excavation support work above the roof elevation. A detailed cost
analysis by a cross-functional design team would be required to determine if connection D
provides any benefit.

CONCLUSIONS

Tolerance analysis and synthesis techniques encourage CE by acknowledging the
relationships between product- and process tolerances. At the component design level
tolerance tools improve robustness by better matching product and process tolerances to
avoid downstream problems. Application at the system design level needs further
investigation but is recommended. Given the lack of complexity typical in most AEC
assemblies and less stringent component constraints than in many mechanical applications,
tolerance techniques may prove more immediately beneficial in AEC applications. Table 1
summarizes when tolerance analysis and synthesis techniques are recommended based on the
case study presented.

Table 1: Summary of when and why to apply tolerance analysis and synthesis techniques for

AEC practice
System Design Col:l)n pc_'ment Fabrication Construction
esign
For process
Process For process For process For process selection,
Capacity seIthion selection & selection & problem
Visualization improvement improvement detection and
improvement
For assembly Con3|st§ncy Selection of
Tolerance detection
; problem component or
Consistency F ) between .
. or assembly detection and o process if
Analysis and ; fabrication .
. process selection | component and multiple
Synthesis of ; tolerances and .
spec. redesign generated in
Assembly . component .
for correction ; earlier phase
design
Assembly For assembl For detailed
Reliability and y assembly
Fi process selection .
itness selection

All downstream participants should participate in upstream analyses. Upstream participants
are not necessarily needed for downstream analyses. In practice, determining which
participants are needed when is an issue of project team design and participant skills,
motivation, and incentives.
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As for future work, one thought is to find a way to represent 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 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 access. Study could provide an
association between the shape and size of the area around the connection and grades or levels
of access for construction and maintenance. Another thought is to use tolerance analysis for
the design of QA/QC. Informed understanding of tolerances may provide a better insight for
problem detection. Given the slower nature of construction relative to manufacturing
processes there might be opportunity for in-process correction before the problem
compounds.
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