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(ABSTRACT) 

Two novel techniques, instrumented shear bolts and digital image correlation, were 

evaluated for studying multiple-bolted wood connection behavior. The instrumented shear 

bolts output an electronic signal proportional to the shear forces transmitted through the 

bolt in a double-shear connection during loading. The digital image correlation method 

combines digital image analysis and image correlation to calculate surface displacements 

from a set of digitized video images of an object under an applied load. 

Double-shear connections constructed of clear, straight-grained yellow-poplar were 

tested in compression parallel to grain. Five different bolt patterns were used to analyze 

the effect of number of bolts in a vertical row and number of bolts in a horizontal column 

on load transfer among the bolts. 

Both techniques were utilized simultaneously during testing of specimens. The 

shear bolts were found to effectively determine the load distribution among bolts in a 

multiple-bolted wood connection by providing detailed quantitative data concerning which 

bolt was the major load carrier throughout the entire test and exactly if and when the load 

was transmitted between the bolts. The digital image correlation method was found to 

effectively describe the creation of the surface displacement fields, both parallel and 

perpendicular to load, below each bolt during loading. 

The results obtained from this research may be useful to facilitate the understanding 

of multiple-bolted wood connection behavior and for developing simplified design 

equations for multi-fastener joints in the future.
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1.0 Introduction 

Connections are an integral part of any structure. The quality and reliability of a 

structure depends upon the performance of the mechanical connections that fasten members 

of the assembly together. While the strength properties of the individual members and 

connectors can be determined separately, their combined behavior will only be known 

when a complete joint is tested. There are essentially an endless array of joint variables 

that will affect the performance of a mechanical connection - material, fastener, and design 

parameters must all be carefully considered. If wood is the member material selected, the 

joint variables are further augmented because of the natural variability and non- 

homogeneous and anisotropic characteristics of wood. 

Thus, it should not be surprising that when compared to concrete and steel, wood 

is seldom utilized to construct large structures such as bridges, churches, commercial 

buildings, and gymnasiums. However, wood could be used in these types of applications - 

it is stronger than steel on a per weight basis and can be less expensive. One of the main 

reasons why wood is not chosen in the realm of large structure fabrication is because there 

are many uncertainties surrounding wood connection behavior. In order for wood to 

become a choice material in the construction of large structures, our knowledge of 

connection performance must be enhanced. 

Our knowledge of connection behavior is lacking primarily in the area of multiple- 

bolted wood connections, especially load distribution among the bolts. Previous studies 

have focused on single-bolted connections and very little research has been conducted to 

explain the problem of load sharing and individual bolt behavior in multiple-bolted joints. 

In 1987, Soltis and Wilkinson reviewed all major works prior to that year studying single- 

and multiple-bolted connections. In this report, they concluded that “information on the 

load-slip behavior and the distribution of load among bolts is inadequate if the data are to 

be used for ... multi-bolt connections.” Since this time, few studies have been undertaken 

to correct this deficiency. In a 1992 study involving single bolts, Wilkinson concluded: 
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“connection deformation data are [also] needed for predicting the load distribution among 

bolts in multiple-bolt connections in future design procedures.” 

The limiting factor in multiple-bolt research has been primarily the experimental 

techniques used to analyze the connections. Strain gages, Moiré interferometry, and a 

wafer technique have been the methods utilized thus far. However, certain constraints are 

associated with each method, which are discussed below. A practical method has yet to 

be discovered that can be efficiently used to study multiple-bolted wood connection 

behavior especially with respect to load transfer among the bolts. The driving force 

behind this research has been to find such a method. 

This study proposes two novel techniques to facilitate the understanding of 

multiple-bolted wood connection behavior. The first technique utilizes instrumented shear 

bolts. These bolts can be calibrated to output an electronic signal corresponding to the 

load carried by each bolt ina connection. Therefore, quantitative data regarding the load 

distribution among the bolts can be obtained. 

The second method is called the digital image correlation technique (DICT). The 

DICT combines digital image analysis and image correlation to calculate surface 

displacements from a set of digitized video images of an object under an applied load. 

This method has been demonstrated to quickly and accurately measure full-field surface 

displacements in fields such as rigid body mechanics (Peters et al., 1983), fluid mechanics 

(He et al., 1984), experimental mechanics (Chu et al., 1985), biomechanics (Ranson et al., 

1986), and wood (Agrawal, 1989; Choi et al., 1991; Zink, 1992; Zink, 1995(submitted)). 

However, it has yet to be applied to bolted wood connections. Because information 

regarding individual bolt behavior could be obtained from full-field displacement data of 

the wood surface around the bolts, it was proposed the DICT would be a suitable 

experimental technique to study multiple-bolted wood connections. 
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1.1. Objectives 

Because the knowledge surrounding load distributions and individual bolt behavior 

in multiple-bolted wood connections is lacking and because the instrumented shear bolts 

and DICT show excellent potential for studying the aforementioned problems in bolted 

wood connection research, the objectives of this research were twofold: 

(1) Investigate the feasibility of two new experimental methods, 

instrumented shear bolts and digital image correlation, for use in 

analyzing multiple-bolted wood connection behavior, and, 

(2) To quantitatively and qualitatively determine the effect of several 

joint configurations on the distribution of load and surface 

displacements among bolts in multiple-bolted wood connections. 

1.22 Overview 

Chapter 2 discusses the background information necessary for understanding the 

driving force behind this research. Bolted wood connection design, various design 

parameters, several experimental techniques, and a brief introduction to the digital image 

correlation method is described. 

Chapter 3 describes the specimens and associated test materials used in this study. 

Chapter 4 goes on to detail the extensive calibration and evaluation tests performed for 

each experimental technique. The theory behind digital image correlation is also presented 

here, as well as, miscellaneous tests performed to develop an equation to predict load. 

Chapter 5 presents the various test procedures associated with each technique, how 

the results were acquired, and the various parameters used for image correlation analysis. 
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Chapter 6 describes how the results were analyzed and presented along with the 

various observed data trends. The effectiveness of each technique in meeting the 

objectives of this research is discussed. 

Finally, chapter 7 summarizes the work of this research and presents some of the 

conclusions reached and the recommendations for future research. 
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2.0 Background 

There are essentially an endless array of factors which influence the performance 

of a bolted wood connection. Some of these factors include: species, moisture content, 

number and thickness of the members, type of side member material, direction of load, 

bolt diameter, bolt yield stress, and spacing, end, and edge distance of bolts. In addition, 

multiple-bolted connection behavior depends on load distribution among the bolts, 

"number of bolts in the [connection], the spacing, end, and edge distance of bolt rows, 

distance between bolt rows, and whether the rows are staggered or symmetric” (Soltis and 

Wilkinson, 1987). However, compared to the research that has been conducted to explain 

the behavior of single-bolted connections, relatively little attention has been directed 

towards experimentally and/or theoretically analyzing multiple-bolted wood joints. It 

appears that the lack of efficient and suitable experimental techniques to evaluate the 

extremely complex nature of a multi-bolt joint has inhibited our understanding of this 

behavior. However, as this research proposes, there exists two new methods, 

instrumented shear bolts and digital image correlation, that may help alleviate this 

problem. 

2.1 Single-bolted Wood Connection Design 

Prior to about 1983, the design for the strength of a single-bolted wood connection 

was based mainly on the research conducted by Trayer in 1932. The recommendations 

made by Trayer were based on an empirical fit of experimental data. Trayer's work only 

consisted of a few base cases of joints, and these data have been extrapolated over the 

years to apply to a wide range of geometries and species. In the late 1970's and early 

80's, European researchers developed a new analytical joint strength model which was 

based on the original work of Johansen (1949). This model is known as the European 
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Yield Theory. McLain and Thangjtham (1983) applied this yield theory to parallel-to- 

grain loading of bolted wood joints and found good agreement between the predicted and 

actual values. Soltis et al. (1986) found that the yield theory predicted joint strength 

reasonably well for both parallel- and perpendicular-to-grain loading and that the theory 

incorporated wood and bolt properties to give a rational approach to design. In 1987, 

Soltis and Wilkinson reviewed all major works, prior to that year, studying single- and 

multiple-bolted wood connections. They applied the yield theory to all previous single- 

bolt studies and found that it predicted the trend seen in the results of all researchers. 

Recently, the National Design Specification for Wood Construction (AFPA, 1993) has 

adopted this yield theory in the design of connections for laterally loaded dowel-type 

fasteners (i.e. bolts, nails, screws, etc.). Since the adoption of the yield theory by the 

NDS (AFPA, 1993), Wilkinson (1992, 1993) has found that the theory predicted 

experimental single-bolted connection yield loads with acceptable accuracy for joints with 

steel side members and oversized bolt holes for both parallel- and perpendicular-to-grain 

loading. 

The yield theory "represents a change to an engineering mechanics approach to the 

design of wood connections. It replaces the old empirical method of predicting the 

capacity of many common wood fasteners." (Breyer, 1993). The yield theory uses 

connection geometry and material properties to evaluate the strength of two- or three- 

member dowel-type connections. According to Soltis and Wilkinson (1987), “the yield 

theory assumes that the bearing capacity of a bolted connection is attained when either (a) 

the compressive strength of the wood beneath the bolt [dowel bearing strength] is 

exceeded, ... or (b) one or more plastic hinge develops in the bolt.... These assumptions 

provide for several modes of failure depending on connection member dimensions, 

member strength, and bolt strength". Equations are provided to predict the yield load that 

corresponds to each failure mode. The possible failure modes are displayed in Fig. | and 

can be summarized as follows: Mode I - the dowel bearing strength of a wood member 

(main or side) is exceeded under uniform bearing (AFPA, 1993), Mode II - rotation of the 
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Figure 1. | Connection yield modes for single- and double-shear connections (NDS, 

1993: reprinted with permission of the American Forest and Paper 
Association). 
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fastener to cause a non-uniform bearing stress at the shear plane of a single-shear 

connection with limited crushing of wood fibers (AFPA, 1993), Mode III - fastener yield 

in bending with one plastic hinge point per shear plane with bearing dominated yield of 

wood fibers in contact with the fastener (AFPA, 1993), and Mode IV - fastener yield in 

bending with two plastic hinge points per shear plane and limited crushing of wood fibers 

near the shear plane. (AFPA, 1993). 

A nonlinear superposition model was also been developed by Bodig et al. (1991) 

to predict the load-slip behavior of a single-bolted connection loaded laterally at different 

angles-to-grain. The model was experimentally verified and appeared to be a valid 

approach for studying such behavior. 

2.2 Miultiple-bolted Wood Connection Design 

As with single bolts, recommendations for the design of multiple-bolted wood 

connections were based largely on the work of Trayer (1932). Trayer’s recommendations 

included spacing, end, and edge distance requirements for a row of bolts, and the total 

allowable design load. This total allowable load was equal to the product of the allowable 

single-fastener load and the number of fasteners in the group. Thus, Trayer assumed that 

the load was distributed equally to all bolts in the connection. Trayer's work has been 

studied extensively to either disprove or substantiate his findings. 

After the work of Trayer, it was discovered that there is an unequal distribution of 

load among fasteners in a row parallel to the direction of loading (Cramer, 1968). This 

discovery led to the problem of explaining how the load is distributed among the fasteners. 

The most significant work undertaken to describe load distribution was done in the late 

1960's by Isyumov (1967), Kunesh and Johnson (1968), Cramer (1968), and Lantos 

(1969). 

Both Cramer (1968) and Lantos (1969) developed analytical models to predict load 
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distribution among fasteners in a row. These methods were "based on the extensional 

elastic stiffnesses of the joint members and the load-slip characteristics of an individual 

fastener" (Wilkinson, 1980). The joint variables in each model include: the cross-sectional 

areas and moduli of elasticity for the main and side members, the number of fasteners in 

a row, fastener spacing, and the joint-slip modulus. The joint-slip modulus or load-slip 

modulus is the slope of the load-deflection curve obtained during testing of a mechanical 

connection. Cramer's model was based on a non-uniform stress distribution across the 

cross-section of the members and a linear relationship between fastener load and fastener 

deformation. Cramer "verified his analysis with perfectly machined connections" (Soltis 

and Wilkinson, 1987) where fabrications tolerances were carefully controlled. Lantos 

developed a model similar to Cramer’s except that he assumed that the stresses were 

uniformly distributed across the cross-section. Lantos did not experimentally verify his 

work. 

The work of Cramer (1968), Lantos (1969), and others (Isyumov, 1967; Kunesh 

and Johnson, 1968) led to the development of modification factors (reduction factors) to 

account for the uneven distribution of load among fasteners in a row. When fasteners are 

used in a row parallel to direction of loading, the general approach when designing is to 

take the number of fasteners and multiply it by the allowable load for single fastener and 

the bolt modification factor. It was further determined from this early work that the first 

and last bolts in a row carry a large proportion of the load compared to the interior bolts 

which were believed to carry little or no load. Wilkinson (1980) assessed the "adequacy 

of the design procedures [used at that time] and the underlying assumptions used to 

[establish the] modification factors". Wilkinson (1980) concluded that "the analytical 

methods employed with [the design] procedures do not adequately predict the strength of 

a row of bolts [and he also questioned] whether the proportional limit load was always 

adequately predicted" (Wilkinson, 1986). Wilkinson (1980) identified two main factors 

that reflect actual joints to possibly account for these inadequacies: 1) fabrication 

tolerances, and 2) non-linear single-fastener load-slip behavior. 
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In response to this uncertainty, Wilkinson (1986) developed "an analytical 

procedure for determining the load distribution among bolts in a row that would account 

for variability in single-bolt load-slip behavior and fabrication tolerances and thus reflect 

actual joints." Wilkinson's method was a modification of the analytical model developed 

by Cramer (1968). Cramer's method was changed to allow for: "1) variable spacing of 

the bolts in the row, and 2) an independent, piecewise linear load-slip relationship for each 

fastener in the row" (Wilkinson, 1986). Wilkinson concluded that any particular row of 

bolts has "an unique load distribution dependent upon the variation in load-slip curves and 

fabrication effects" and also that "any one of the bolts may be the major load carrier.” 

This contradicted the previous belief that the first and last bolts in a row carry the largest 

share of load. Wilkinson further determined that his analytical method "can be used to 

predict the load distribution among the bolts provided adequate knowledge of the 

individual load-slip curves is known. This knowledge should include information on 

fabrication effects." 

As with single-bolted connections, the 1991 NDS adopted an equation based format 

for the design of multiple-bolted joints. This equation was derived by Zahn (1991) from 

the analytical model developed by Lantos (1969). The equation computes a group action 

factor (C,), which is multiplied by the sum of the allowable design values for each 

individual fastener in a row to obtain the total allowable design value for the multi-fastener 

connection. Because this equation is based on the work of Lantos (1969), his assumptions 

are also inherent in the equation. As mentioned above, these assumptions included: linear 

load-slip behavior and uniform stress distribution across the cross-section of the member. 

Furthermore, Wilkinson (1980) determined that this analytical model may not adequately 

predict the strength of the joint due to fabrication tolerances and variability of single- 

fastener load-slip behavior. 

Another analytical model has also been developed to predict the load-slip behavior 

and rotational resistance of a double-bolted connection loaded laterally (in tension) at 

different angles-to-grain (Pellicane et al., 1991). This model is an extension of the work 
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performed by Bodig et al. (1991) studying single-bolted connections. “The rotation [of 

the connection was] about the long axis direction of the bolts, and considers the wood 

members oriented at arbitrary angles to grain. The model utilize[d] nonlinear translational 

springs to represent the parallel and perpendicular to grain components of the reaction 

force present on each bolt resisting the applied moment.” (Pellicane et al., 1991). The 

model showed good agreement with experimental data. 

2.3 Design Parameters for Multiple-bolted Wood Connections 

There have been few studies undertaken which experimentally and/or theoretically 

analyze the factors affecting multi-bolt wood connection behavior. Soltis and Wilkinson 

(1987) provide an extensive review of all major works studying single- and multiple-bolted 

wood connections. Their objective was to determine "what is known [about bolted 

connections] and what needs further research." Few researchers have acted upon the 

recommendations made by Soltis and Wilkinson (1987) regarding multiple-bolted 

connections. The following is a brief synopsis of the literature describing several design 

parameters that influence the performance of multiple-bolted wood connections. 

Moisture Content. As moisture content increases, the strength of wood decreases. 

Three research teams have studied the effect of moisture content on the strength of 

multiple-bolted connections (Doyle and Scholten, 1963; Longworth and McMullin, 1963; 

Kunesh and Johnson, 1968). According to Soltis and Wilkinson (1987), "...these studies 

yield consistent results. A connection at 30% moisture content has about 60% of the 

proportional limit strength of a connection at 12% moisture content." This is reflected in 

the wet-service factor (Cy) provided by NDS (AFPA, 1993) when designing connections. 

Species. The effect of species on bolted connections is primarily through specific 
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gravity. Specific gravity, in turn, is used to calculate dowel (bolt) bearing strength which 

is "the property of connection members that imparts resistance to embedding of a dowel.” 

(Wilkinson, 1991). Different species have widely different specific gravities and thus 

different values for dowel bearing strength. Almost all multiple-bolt studies have looked 

at only one species - Douglas-fir. Rahman et al. (1991) analyzed Sitka spruce along with 

Douglas-fir in double bolted joints. Other species used in single-bolt research include: 

southern pine (Trayer, 1932; Bodig et al., 1991; Wilkinson, 1991), spruce-pine-fir (Hilson 

et al., 1987; Wilkinson, 1991), lodgepole pine (Davalos-Sotelo and Pellicane, 1992), 

whitewood (Kermani and McKenzie, 1994), oak (Trayer, 1932, Wilkinson, 1991), maple 

(Trayer, 1932; Davalos-Sotelo and Pellicane, 1992), yellow-poplar (Wilkinson, 1991), and 

aspen (Wilkinson, 1991). 

Parallel- and Perpendicular-to-grain Loading. Because of the anisotropic nature of 

wood, connections loaded parallel-to-grain are much stronger than connections loaded 

perpendicular-to-grain. Multi-bolted connection experiments have been primarily 

conducted parallel-to-grain (Cramer, 1968; Wilkinson, 1986; Rahman et al., 1991). 

Harding and Fowkes (1984) looked at both parallel- and perpendicular-to-grain 

connections while Call and Bjorhovde (1990) tested large diameter, multiple-bolted 

connections perpendicular-to-grain and Pellicane et al. (1991) looked at double-bolted 

connection loaded laterally at various grain angles. 

L/D Ratio. The L/D ratio is the lesser of (a) length of bolt in wood main member of 

the connection to bolt diameter or, (b) total length of bolt in wood side members to bolt 

diameter. In general, small L/D ratios correspond to a Mode I type failure (Fig. 1) i-e., 

the compressive strength of the wood beneath the bolt is exceeded. Soltis and Wilkinson 

(1987) provide a summary of the various L/D ratios used in multiple-bolt research. They 

discovered that "most studies had small L/D ratios...; some studies had L/D ratios 

corresponding to Mode [III] failures, but no studies had large L/D ratios corresponding 
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to Mode [IV] failures". Call and Bjorhovde (1990) analyzed large diameter bolts loaded 

perpendicular-to-grain with steel side plates in the low L/D ratio range. Each wood 

member was observed to fail by longitudinal splitting along the parallel to grain direction 

where the failure originated in a row of bolts. 

Side Members. Both wood and metal side members have been used to study the 

behavior of multiple-bolted connections. Soltis and Wilkinson (1987) describe the type 

of material used in all previous studies. Since this time, Call and Bjorhovde (1990) have 

utilized steel while Rahman et al. (1991) used wood and Pellicane et al. (1991) used both 

wood and steel in their research. There does not appear to be any significant trend as to 

the choice of material used. If wood is used, the side members have been the same species 

as the main member, and may or may not be the same dimensions. Type, thickness, and 

dowel bearing strength (or yield stress) are the factors considered if metal is used. 

Bolt Pattern and Layout. "A ‘row of bolts’ is defined as two or more bolts aligned with 

the direction of load" (AFPA, 1993). The experimental work analyzing various bolt 

placement patterns is very limited as shown by Soltis and Wilkinson (1987). The 

combinations tested always had a symmetric pattern that usually consisted of 1 to 3 rows 

x 1 to2 columns. Cramer (1968) and Wilkinson (1986) appear to be the only researchers 

that have experimentally verified load distribution among more than four bolts in a row. 

Furthermore, according to Soltis and Wilkinson (1987), "no theory or experimental results 

are available to determine how load is distributed when there are multiple columns of bolts 

with either staggered or symmetric rows.” Call and Bjorhovde (1990) studying 2x2 and 

3x2 patterns, Rahman et al. (1991) studying a 1x2 pattern, and Pellicane et al. (1991) 

looking at a double-bolted pattern appear to be the only investigators recently 

experimenting with multiple-bolted wood connections. 

Spacing, End, and Edge Distances. The following definitions are provided by NDS 
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(AFPA, 1993): 

edge distance: distance from the edge of a member to the center of the 
nearest bolt, measured perpendicular-to-grain. 

nd distance: distance measured parallel-to-grain from the square cut end 

of a member to the center of the nearest bolt. 

spacing: distance between centers of bolts measured along a line 

joining their centers. 

The spacing, end, and edge distances in the 1991 NDS are presented in multiples of bolt 

diameter. Currently, these distances for a row of bolts are those recommended by Trayer 

(1932). Trayer's recommendations have been examined over the years by several 

researchers. According to Soltis and Wilkinson (1987), "almost all have confirmed that 

the current recommendation of...four times the bolt diameter [for spacing and end 

distances] is satisfactory in parallel-to-grain compression loading." Compared to spacing 

and end distance, fewer studies have been undertaken for edge distance verification. But, 

the data which are available suggest that the design code is adequate (Call and Bjorhovde, 

1990). However, "no research is available to determine the spacing requirements between 

rows of bolts for either staggered or symmetric configurations." (Soltis and Wilkinson, 

1987). 

Fabrication Tolerances. The current NDS design procedures allow bolt holes to be 

drilled 1/32 to 1/16 inch larger than the bolt diameter (AFPA, 1993). It has been shown 

that "oversized or misdrilled bolt holes can greatly affect the load distribution among bolts 

inarow” (Wilkinson, 1986, 1993). "This can result in a few bolts carrying most of the 

load and others carrying very little load” (Wilkinson, 1993). The study by Wilkinson 

(1986) appears to be the only one investigating the effect of fabrication tolerances on load 

distribution in multiple-bolted wood connections. No other research is available to support 

these results. However, Wilkinson (1993) looked at fabrication effects on single-bolted 
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connection behavior. One of the objectives of this research was to determine "how the 

load-deformation behavior of [single-bolted] connections is affected by oversized and/or 

misdrilled holes." Several significant conclusions were reached by Wilkinson (1993) for 

single-bolts that may have future implications for understanding multiple bolted connection 

behavior. These results included: 1) increased bolt hole size generally increased 

deformation, and 2) for 1/16 inch oversized hole connections with a L/D ratio = 10.25, 

load decreased up to 21% at a fixed deformation equal to yield load deformation and up 

to 63% for larger bolt holes at the same L/D ratio and deformation when the holes were 

drilled at a 2° angle from perpendicular to the surface. 

2.4 Miultiple-bolt Research in Non-wood, Man-made Composites 

Man-made composites have long been used in structural applications, especially in 

the aerospace industry. There are two common ways of joining composite structures: 

adhesive bonding and mechanical fastening i.e. bolting. "Mechanically fastened joints can 

provide structures that are more reliable, maintainable, accessible, and cost effective” than 

equivalent bonded structures (Snyder et al., 1990). Therefore, much research has focused 

on understanding bolted composite joints. However, obstacles, similar to those faced by 

wood (eg. effect of various design parameters on load distribution), have limited the 

design of efficient multi-fastener joints. The purpose of this section is to provide a brief 

overview of the research devoted to explaining multi-bolt composite joint behavior in the 

likelihood that these results are similar to what might be found for wood. 

Agarwal (1980) experimentally and numerically analyzed the behavior of multi- 

fastener bolted joints in a graphite epoxy composite material. Agarwal studied the “effect 

of number of bolts in a row and in tandem on the joint strength", rectangular versus 

staggered bolt patterns, and load sharing behavior using strain gages. It was observed that 

"almost all the joints failed in net tension along the first row of fasteners, the joints with 
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fewer bolts in a row were found to have slightly higher failure stresses than the joints with 

the larger number of bolts in a row, and the failure stress for the joints was found to 

increase as the number of fastener rows was increased." However, the results indicated 

a strong interaction between the fasteners, but this interaction effect was neglected in the 

analysis. 

The results of an experimental study of multi-bolt joints in a glass-polyester 

composite were presented by Godwin et al. (1982). They analyzed several different joint 

geometries, including rows and columns of bolts, staggered versus symmetric patterns, and 

bolt-spacing effects. Four failure modes were identified: tension, cleavage, bearing, and 

shear-out. Bolt-spacing was found to be the most significant geometric parameter 

evaluated. Also, a column of bolts was observed to be stronger than a row of bolts on a 

per bolt basis and no substantial improvement in strength was gained by using staggered 

rows versus a symmetric pattern. Several optimal joint geometries are suggested. 

Snyder et al. (1990) provide a discussion of six analytical methods available to 

determine the strength of bolted composite joints. Three analysis programs were described 

as capable of analyzing multiple-fastener joints. The advantages and disadvantages were 

identified and the most appropriate situation in which to use each program was noted. 

In addition to the analytical methods discussed by Snyder et al. (1990), Yang and 

Ye (1990) provide another method to compute the load distribution for two types of multi- 

bolt geometric configurations - a regular arrangement and an irregular arrangement. The 

method was found to be very efficient and showed good agreement between analytical and 

test results. The findings also suggest that an "irregular arrangement is unfavorable [and 

that a] multi-bolt [composite] joint should be as regular and as symmetric as possible." 

Along with discussing the various material, fastener, and design parameters that 

influence composite joint performance, Arnold et al. (1990) present a semi-empirical 

technique to predict the strength and failure of bolted composite joints. This technique 

couples both finite element and experimental results. The method was compared to test 

data of several types of composites and good agreement was found between predicted and 
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experimental results. 

2.5 Experimental Techniques used in Bolted Wood Connection 

Research 

Several experimental techniques have been utilized to study the associated stresses 

and strains in the neighborhood of a loaded bolt hole. The information gained from these 

techniques has occasionally been used to analyze multiple-bolted connection behavior. 

Strain gages and Moiré interferometry have been the traditional techniques used. These 

two methods have been primarily employed to experimentally verify analytical models 

developed by researchers (Wilkinson and Rowlands, 1981; Rowlands et al., 1982; Rahman 

et al., 1991). Cramer (1968) only used strain gages in his experimental work. In order 

to measure the load distribution among a row of bolts, Wilkinson (1986) developed a 

variation of traditional strain gages. Load cells were constructed by bonding strain gages 

between each set of holes on the steel side plates of the connection. "The gages were 

connected to provide a single output for each hole” thus measuring the load carried by each 

bolt in the row (Wilkinson, 1986). 

The problem with strain gages is that they have a very limited gauge length and 

may not detect critical areas of the strain distribution, especially with wood specimens. 

If multiple gauges are used, mounting and wiring the gauges on wood can be difficult. 

Therefore, the number of connection configurations that can be tested is limited. 

Moiré interferometry operates on the principle of interference by calculating the 

difference in movement between an undeformed reference grating and a deformed object 

grating. Moiré can be difficult to use and time consuming and thus, is not a favorable 

method. 

Two techniques, one to model wood deformation around bolts and the other to 

study bending and overall displacement of bolts within connections, have been developed 
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�I�n� �t�h�e� �f�i�e�l�d� �o�f� �w�o�o�d� �a�n�d� �w�o�o�d� �p�r�o�d�u�c�t�s�,� �n�u�m�e�r�o�u�s� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� 
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�b�e�e�n� �u�s�e�d� �t�o� �q�u�a�n�t�i�f�y� �s�u�r�f�a�c�e� �d�e�f�o�r�m�a�t�i�o�n�s� �a�n�d� �t�h�u�s� �p�r�o�v�i�d�e� �s�t�r�a�i�n� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �w�o�o�d� 

�s�p�e�c�i�m�e�n�s� �u�n�d�e�r� �l�o�a�d�.� �W�h�i�l�e� �m�a�n�y� �o�f� �t�h�e�s�e� �m�e�t�h�o�d�s� �m�a�y� �p�r�o�v�i�d�e� �a�c�c�u�r�a�t�e� �r�e�s�u�l�t�s�,� �c�e�r�t�a�i�n� 

�l�i�m�i�t�a�t�i�o�n�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �e�a�c�h� �t�e�c�h�n�i�q�u�e�.� �P�r�e�v�i�o�u�s�l�y�,� �d�i�a�l� �g�a�g�e�s�,� �e�l�e�c�t�r�i�c�a�l� �s�t�r�a�i�n� 

�g�a�g�e�s�,� �a�n�d� �l�i�n�e�a�r� �v�a�r�i�a�b�l�e� �d�i�f�f�e�r�e�n�t�i�a�l� �t�r�a�n�s�f�o�r�m�e�r�s� �(�L�V�D�T�s�)� �h�a�v�e� �b�e�e�n� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� 

�d�e�v�i�c�e�s� �u�t�i�l�i�z�e�d� �t�o� �m�e�a�s�u�r�e� �p�o�i�n�t�-�s�o�u�r�c�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �i�n� �w�o�o�d� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �l�i�m�i�t�a�t�i�o�n� 

�o�f� �t�h�e�s�e� �m�e�t�h�o�d�s� �i�s� �t�h�a�t� �t�h�e�y� �c�a�n� �o�n�l�y� �m�e�a�s�u�r�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �o�v�e�r� �a� �v�e�r�y� �l�i�m�i�t�e�d� �g�a�g�e� 

�l�e�n�g�t�h� �a�n�d� �t�h�u�s� �c�a�n�n�o�t� �b�e� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �(�s�t�r�a�i�n�s�)� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �s�u�r�f�a�c�e� 

�o�f� �a� �s�p�e�c�i�m�e�n� �i�.�e�.� �f�u�l�l�-�f�i�e�l�d� �d�e�f�o�r�m�a�t�i�o�n�s�.� �B�r�i�t�t�l�e� �c�o�a�t�i�n�g�s�,� �l�a�s�e�r� �s�p�e�c�k�l�e� �i�n�t�e�r�f�e�r�o�m�e�t�r�y�,� 

�M�o�i�r�é� �i�n�t�e�r�f�e�r�o�m�e�t�r�y�,� �p�h�o�t�o�e�l�a�s�t�i�c�i�t�y�,� �a�n�d� �s�i�n�g�l�e�-�b�e�a�m� �r�e�f�l�e�c�t�i�o�n� �h�o�l�o�g�r�a�p�h�y� �a�r�e� �s�o�m�e� �o�f� 

�t�h�e� �o�t�h�e�r� �m�e�t�h�o�d�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �e�m�p�l�o�y�e�d� �t�o� �m�e�a�s�u�r�e� �s�t�r�a�i�n� �i�n� �w�o�o�d�,� �e�s�p�e�c�i�a�l�l�y� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �f�u�l�l�-�f�i�e�l�d� �s�t�r�a�i�n� �m�e�a�s�u�r�e�m�e�n�t�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �b�e�i�n�g� �c�o�m�p�l�e�x� �a�n�d� �t�i�m�e� 

�c�o�n�s�u�m�i�n�g�,� �o�t�h�e�r� �l�i�m�i�t�a�t�i�o�n�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e�s�e� �f�o�u�r� �m�e�t�h�o�d�s� �i�n�c�l�u�d�e�,� �1�)� �t�h�e� 

�r�e�q�u�i�r�e�m�e�n�t� �o�f� �"�s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�s� �a�n�d�/�o�r� �m�o�d�i�f�i�c�a�t�i�o�n�s� �w�h�i�c�h� �m�a�y� �c�h�a�n�g�e� �t�h�e� �m�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �o�n� �a� �l�o�c�a�l� �l�e�v�e�l�"�,� �a�n�d� �2�)� �h�i�g�h� �c�o�s�t� �(�Z�i�n�k�,� �1�9�9�2�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e�s�e� �r�e�s�t�r�i�c�t�i�o�n�s� 

�u�s�u�a�l�l�y� �a�l�l�o�w� �o�n�l�y� �a� �m�i�n�i�m�u�m� �n�u�m�b�e�r� �o�f� �s�p�e�c�i�m�e�n�s� �t�o� �b�e� �t�e�s�t�e�d�.� 

�2�.�7� �D�i�g�i�t�a�l� �I�m�a�g�e� �C�o�r�r�e�l�a�t�i�o�n� �T�e�c�h�n�i�q�u�e� �(�D�I�C�T�)� 

�T�h�e� �d�i�g�i�t�a�l� �i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �(�D�I�C�T�)� �i�s� �a� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �m�e�t�h�o�d� �i�n� 

�e�x�p�e�r�i�m�e�n�t�a�l� �m�e�c�h�a�n�i�c�s� �w�h�i�c�h� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �f�u�l�l�-�f�i�e�l�d� �d�e�f�o�r�m�a�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�e� 

�D�I�C�T� �c�o�m�b�i�n�e�s� �d�i�g�i�t�a�l� �i�m�a�g�e� �a�n�a�l�y�s�i�s� �a�n�d� �i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n� �t�o� �c�a�l�c�u�l�a�t�e� �s�u�r�f�a�c�e� 

�d�i�s�p�l�a�c�e�m�e�n�t�s� �f�r�o�m� �a� �s�e�t� �o�f� �d�i�g�i�t�i�z�e�d� �v�i�d�e�o� �i�m�a�g�e�s� �o�f� �a�n� �o�b�j�e�c�t� �u�n�d�e�r� �a�n� �a�p�p�l�i�e�d� �l�o�a�d�.� 

�T�h�i�s� �m�e�t�h�o�d� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �p�r�o�v�i�d�e� �a�c�c�u�r�a�t�e� �r�e�s�u�l�t�s� �i�n� �f�i�e�l�d�s� �s�u�c�h� �a�s� �r�i�g�i�d� �b�o�d�y� 

�m�e�c�h�a�n�i�c�s� �(�P�e�t�e�r�s� �e�t� �a�l�.�,� �1�9�8�3�)�,� �f�l�u�i�d� �m�e�c�h�a�n�i�c�s� �(�H�e� �e�t� �a�l�.�,� �1�9�8�4�)�,� �e�x�p�e�r�i�m�e�n�t�a�l� �m�e�c�h�a�n�i�c�s� 

�(�C�h�u� �e�t� �a�l�.�,� �1�9�8�5�)�,� �b�i�o�m�e�c�h�a�n�i�c�s� �(�R�a�n�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�)�,� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �(�L�u�o� �e�t� �a�l�.�,� 

�1�9�9�4�)�,� �a�n�d� �m�i�c�r�o�m�e�c�h�a�n�i�c�s� �(�V�e�n�d�r�o�u�x�,� �1�9�9�4�)�.� 
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�C�h�o�i� �e�t� �a�l�.� �(�1�9�9�1�)� �e�x�p�l�a�i�n�e�d� �t�h�a�t� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �c�o�n�c�e�p�t� �o�f� �t�h�e� �D�I�C�T� �i�s� �t�h�a�t� �a� 

�"�d�i�g�i�t�a�l� �c�o�m�p�u�t�e�r� �r�e�c�o�g�n�i�z�e�s� �a� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �p�a�t�t�e�r�n� �o�f� �a� �s�m�a�l�l� �a�r�e�a� �i�n� �a�n� �u�n�d�e�f�o�r�m�e�d� 

�i�m�a�g�e� �a�n�d� �t�h�e�n� �f�i�n�d�s� �t�h�e� �s�a�m�e� �a�r�e�a� �i�n� �a� �d�e�f�o�r�m�e�d� �i�m�a�g�e�"�.� �T�y�p�i�c�a�l�l�y�,� �t�w�o� �o�r� �m�o�r�e� �v�i�d�e�o� 

�i�m�a�g�e�s� �a�r�e� �a�c�q�u�i�r�e�d� �w�i�t�h� �a� �c�h�a�r�g�e�d� �c�o�u�p�l�e�d� �d�e�v�i�c�e� �(�C�C�D�)� �v�i�d�e�o� �c�a�m�e�r�a�,� �"�o�n�e� �o�f� �w�h�i�c�h� 

�[�i�s�]� �u�n�d�e�f�o�r�m�e�d� �a�n�d� �t�h�e� �o�t�h�e�r�s� �o�f� �w�h�i�c�h� �[�a�r�e�]� �d�e�f�o�r�m�e�d�"� �(�C�h�o�i� �e�t� �a�l�.�,� �1�9�9�1�)�,� �o�f� �a�n� �o�b�j�e�c�t� 

�s�u�r�f�a�c�e� �t�h�a�t� �h�a�s� �a� �v�a�r�y�i�n�g� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �p�a�t�t�e�r�n�.� �T�h�e� �i�m�a�g�e�s� �a�r�e� �d�i�g�i�t�i�z�e�d� �(�i�.�e�.� �e�a�c�h� 

�i�n�t�e�n�s�i�t�y� �v�a�l�u�e� �i�s� �a�s�s�i�g�n�e�d� �a� �b�i�n�a�r�y� �n�u�m�b�e�r� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �g�r�a�y� �l�e�v�e�l�)� �a�n�d� �s�t�o�r�e�d� 

�i�n� �c�o�m�p�u�t�e�r� �m�e�m�o�r�y� �o�r� �o�n� �d�i�s�k� �f�o�r� �f�u�t�u�r�e� �r�e�f�e�r�e�n�c�e�.� �E�a�c�h� �i�m�a�g�e� �i�s� �n�o�w� �a� �m�e�a�s�u�r�e�d� 

�i�n�t�e�n�s�i�t�y� �p�a�t�t�e�r�n� �a�n�d� �"�r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�o�s�i�t�i�o�n�s� �o�f� �p�o�i�n�t�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f�"� �a�n� �o�b�j�e�c�t� �(�S�u�t�t�o�n� 

�a�n�d� �C�h�a�o�,� �1�9�8�8�)�.� �A� �m�a�i�n�f�r�a�m�e� �c�o�m�p�u�t�e�r� �i�s� �u�s�u�a�l�l�y� �u�s�e�d� �f�o�r� �i�m�a�g�e� �a�n�a�l�y�s�i�s� �a�n�d� �d�a�t�a� 

�p�r�o�c�e�s�s�i�n�g�.� 

�S�m�a�l�l� �s�u�b�s�e�t�s� �o�f� �t�h�e� �u�n�d�e�f�o�r�m�e�d� �a�n�d� �d�e�f�o�r�m�e�d� �i�m�a�g�e�s� �a�r�e� �c�h�o�s�e�n�.� �A� �c�o�m�p�u�t�e�r� 

�p�r�o�g�r�a�m� �m�a�t�h�e�m�a�t�i�c�a�l�l�y� �c�r�o�s�s�-�c�o�r�r�e�l�a�t�e�s� �t�h�e� �c�h�o�s�e�n� �s�u�b�s�e�t�s� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �s�u�b�s�e�t� �"�f�r�o�m� 

�t�h�e� �u�n�d�e�f�o�r�m�e�d� �i�m�a�g�e� �t�o� �s�u�b�s�e�t�s� �f�r�o�m� �e�a�c�h� �o�f� �t�h�e� �o�t�h�e�r� �[�d�e�f�o�r�m�e�d�]� �i�m�a�g�e�s� �u�n�t�i�l� �t�h�e� �b�e�s�t� 

 ��m�a�t�c�h �� �i�s� �o�b�t�a�i�n�e�d�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�e�t� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� 

�d�e�f�o�r�m�a�t�i�o�n� �i�s� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t �� �(�S�u�t�t�o�n� �a�n�d� �C�h�a�o�,� �1�9�8�8�)�.� �B�y� �c�h�o�o�s�i�n�g� �d�i�f�f�e�r�e�n�t� �s�u�b�s�e�t�s�,� 

�t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �a�l�l� �p�o�i�n�t�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �o�b�j�e�c�t� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e�s�e� 

�m�e�a�s�u�r�e�d� �d�i�s�p�l�a�c�e�m�e�n�t�s� �a�r�e� �t�h�e�n� �u�s�e�d� �t�o� �d�e�r�i�v�e� �f�u�l�l�-�f�i�e�l�d� �s�t�r�a�i�n�s� �o�n� �t�h�e� �d�e�f�o�r�m�e�d� �o�b�j�e�c�t� 

�s�u�r�f�a�c�e�.� �T�h�e� �m�a�t�h�e�m�a�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �c�r�o�s�s�-�c�o�r�r�e�l�a�t�i�n�g� �t�h�e� �u�n�d�e�f�o�r�m�e�d�,� 

�r�e�f�e�r�e�n�c�e� �i�m�a�g�e� �w�i�t�h� �a� �d�e�f�o�r�m�e�d�,� �s�t�o�r�e�d� �i�m�a�g�e� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �b�y� �P�e�t�e�r�s� �a�n�d� �R�a�n�s�o�n� 

�(�1�9�8�2�)�.� 

�T�h�e� �D�I�C�T� �h�a�s� �r�e�c�e�n�t�l�y� �b�e�e�n� �a�p�p�l�i�e�d� �t�o� �w�o�o�d� �a�n�d� �w�o�o�d� �p�r�o�d�u�c�t�s� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �i�t� �i�s� �a� �v�i�a�b�l�e� �m�e�t�h�o�d� �f�o�r� �s�t�u�d�y�i�n�g� �c�o�m�p�l�e�x� �w�o�o�d� �b�e�h�a�v�i�o�r�.� �A�g�r�a�w�a�l� �(�1�9�8�9�)� 

�u�s�e�d� �d�i�g�i�t�a�l� �i�m�a�g�e� �p�r�o�c�e�s�s�i�n�g� �t�o� �s�t�u�d�y� �t�h�e� �f�u�l�l�-�f�i�e�l�d� �d�e�f�o�r�m�a�t�i�o�n�s� �o�f� �w�o�o�d� �a�n�d� �a�l�u�m�i�n�u�m� 

�s�p�e�c�i�m�e�n�s� �l�o�a�d�e�d� �i�n� �c�o�m�p�r�e�s�s�i�o�n� �a�n�d� �b�e�n�d�i�n�g� �a�n�d� �t�o� �m�o�n�i�t�o�r� �t�h�e� �c�r�e�e�p� �r�e�s�p�o�n�s�e� �o�f� �w�o�o�d�.� 

�T�h�e� �t�e�c�h�n�i�q�u�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �v�e�r�y� �c�a�p�a�b�l�e� �o�f� �m�e�a�s�u�r�i�n�g� �f�u�l�l�-�f�i�e�l�d� �s�u�r�f�a�c�e� �d�i�s�p�l�a�c�e�m�e�n�t�s�.� 

�A�l�s�o�,� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �D�I�C�T� �w�i�t�h� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �d�i�a�l� �g�a�g�e� �w�a�s� �m�a�d�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� 

�s�h�o�w�e�d� �e�x�c�e�l�l�e�n�t� �a�g�r�e�e�m�e�n�t�.� 

�C�h�a�p�t�e�r� �2�.� �B�a�c�k�g�r�o�u�n�d� �2�0



�C�h�o�i� �e�t� �a�l�.� �(�1�9�9�1�)� �u�s�e�d� �t�h�e� �D�I�C�T� �t�o� �m�e�a�s�u�r�e� �d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �s�t�r�a�i�n� �i�n� �v�e�r�y� �s�m�a�l�l� 

�s�p�e�c�i�m�e�n�s� �o�f� �w�o�o�d� �a�n�d� �p�a�p�e�r�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �a� �p�h�o�t�o�g�r�a�p�h�i�c� �m�e�t�h�o�d� �a�n�d� 

�s�h�o�w�e�d� �g�o�o�d� �a�g�r�e�e�m�e�n�t�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t�  ��i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n� �a�n�a�l�y�s�i�s� �i�s� �a� �q�u�i�c�k�,� 

�a�c�c�u�r�a�t�e�,� �n�o�n�-�c�o�n�t�a�c�t� �m�e�t�h�o�d� �f�o�r� �m�e�a�s�u�r�i�n�g� �s�t�r�a�i�n� �f�i�e�l�d�s� �t�h�a�t� �p�r�e�v�i�o�u�s�l�y� �c�o�u�l�d� �n�o�t� �b�e� 

�m�e�a�s�u�r�e�d� �w�i�t�h�o�u�t� �e�l�a�b�o�r�a�t�e� �e�q�u�i�p�m�e�n�t� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t� �a�n�a�l�y�s�i�s� �t�i�m�e�.�"� 

�Z�i�n�k� �e�t� �a�l�.� �(�1�9�9�1�)� �a�n�d� �Z�i�n�k� �e�t� �a�l�.� �(�1�9�9�5�)� �m�o�d�i�f�i�e�d� �t�h�e� �t�e�c�h�n�i�q�u�e� �d�e�v�e�l�o�p�e�d� �b�y� �C�h�o�i� 

�e�t� �a�l�.� �(�1�9�9�1�)� �i�n� �o�r�d�e�r� �t�o� �s�t�u�d�y� �f�u�l�l�-�s�i�z�e� �s�p�e�c�i�m�e�n�s� �o�f� �w�o�o�d� �a�n�d� �w�o�o�d� �c�o�m�p�o�s�i�t�e�s�.� �Z�i�n�k� 

�(�1�9�9�2�)� �a�l�s�o� �u�s�e�d� �t�h�e� �m�o�d�i�f�i�e�d� �t�e�c�h�n�i�q�u�e� �t�o� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 

�o�v�e�r�l�a�p� �l�e�n�g�t�h� �o�n� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �s�t�r�e�n�g�t�h� �o�f� �a� �b�o�n�d�e�d� �w�o�o�d� �d�o�u�b�l�e� �l�a�p� �j�o�i�n�t�.� 

�T�h�e� �D�I�C�T� �a�c�c�u�r�a�t�e�l�y� �r�e�c�o�r�d�e�d� �f�u�l�l�-�f�i�e�l�d� �s�t�r�a�i�n� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �f�u�r�t�h�e�r� �d�i�s�p�l�a�y�e�d� �t�h�e� 

 ��p�r�o�g�r�e�s�s�i�v�e� �f�a�i�l�u�r�e� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �t�h�e� �e�v�e�n�t�u�a�l� �f�a�i�l�u�r�e� �m�o�d�e� �a�n�d� �l�o�c�a�t�i�o�n�"� �o�f� �t�h�e� 

�s�p�e�c�i�m�e�n�s� �(�Z�i�n�k�,� �1�9�9�2�)�.� �A�l�s�o�,� �t�h�e� �D�I�C�T� �w�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �a� �L�V�D�T� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� 

�a�c�c�u�r�a�c�y� �a�n�d� �p�r�e�c�i�s�i�o�n� �o�f� �t�h�e� �m�e�a�s�u�r�e�d� �s�t�r�a�i�n�s�;� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d�.� 

�C�h�a�p�t�e�r� �2�.� �B�a�c�k�g�r�o�u�n�d� �2�1



�3�.�0� �T�e�s�t� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �s�p�e�c�i�m�e�n�s�,� �a�s�s�o�c�i�a�t�e�d� �p�a�r�a�m�e�t�e�r�s�,� �a�n�d� �t�h�e� �t�e�s�t� �m�a�t�e�r�i�a�l�s� �u�s�e�d� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� 

�w�e�r�e� �s�e�l�e�c�t�e�d� �b�a�s�e�d� �o�n� �t�h�e� �n�e�e�d�s� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �a�n�d� �t�o� �m�e�e�t� �t�h�e� �g�o�a�l�s� �o�f� �t�h�i�s� 

�r�e�s�e�a�r�c�h�,� �w�h�i�l�e� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �c�o�n�f�o�r�m�i�n�g� �t�o� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� 

�t�e�c�h�n�i�q�u�e�.� �T�h�e� �f�i�r�s�t� �s�e�c�t�i�o�n� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �d�e�s�c�r�i�b�e�s� �t�h�e� �s�p�e�c�i�m�e�n�s� �a�n�d� �s�e�l�e�c�t�e�d� �b�o�l�t� 

�p�a�t�t�e�r�n� �l�a�y�o�u�t�s� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �p�a�r�t�s� �d�e�t�a�i�l� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �e�q�u�i�p�m�e�n�t� �u�s�e�d� �w�i�t�h� 

�t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s� �a�n�d� �d�i�g�i�t�a�l� �i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �l�a�s�t� �s�e�c�t�i�o�n� 

�d�e�s�c�r�i�b�e�s� �t�h�e� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e� �a�n�d� �o�t�h�e�r� �m�i�s�c�e�l�l�a�n�e�o�u�s� �m�a�t�e�r�i�a�l�.� 

�3�.�1� �S�p�e�c�i�m�e�n� �D�e�s�c�r�i�p�t�i�o�n� 

�T�h�e� �s�p�e�c�i�m�e�n�s� �u�t�i�l�i�z�e�d� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�e�r�e� �t�h�r�e�e�-�m�e�m�b�e�r�,� �d�o�u�b�l�e�-�s�h�e�a�r� 

�c�o�n�n�e�c�t�i�o�n�s� �l�o�a�d�e�d� �p�a�r�a�l�l�e�l� �t�o� �g�r�a�i�n�.� �T�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �w�a�s� �s�e�l�e�c�t�e�d� �t�o� �r�e�d�u�c�e� �e�c�c�e�n�t�r�i�c�i�t�y� 

�p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�w�o�-�m�e�m�b�e�r� �c�o�n�n�e�c�t�i�o�n�s� �a�n�d� �s�o� �t�h�a�t� �t�h�e� �s�i�d�e� �m�e�m�b�e�r� �s�u�r�f�a�c�e� 

�c�o�u�l�d� �b�e� �v�i�s�i�b�l�e� �f�o�r� �i�m�a�g�i�n�g� �p�u�r�p�o�s�e�s�.� �C�l�e�a�r�,� �s�t�r�a�i�g�h�t�-�g�r�a�i�n�e�d�,� �f�l�a�t�s�a�w�n� �y�e�l�l�o�w�-�p�o�p�l�a�r� 

�(�L�i�r�i�o�d�e�n�d�r�o�n� �t�u�l�i�p�f�e�r�a�)� �w�a�s� �t�h�e� �s�p�e�c�i�e�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �T�h�i�s� �s�p�e�c�i�e�s� �w�a�s� �c�h�o�s�e�n� 

�b�e�c�a�u�s�e� �i�t�s� �u�n�i�f�o�r�m�,� �d�i�f�f�u�s�e�-�p�o�r�o�u�s� �a�n�a�t�o�m�y� �w�o�u�l�d� �m�i�n�i�m�i�z�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� 

�e�a�r�l�y�w�o�o�d�/�l�a�t�e�w�o�o�d� �t�r�a�n�s�i�t�i�o�n� �o�n� �s�u�r�f�a�c�e� �d�e�f�o�r�m�a�t�i�o�n�s�.� �Y�e�l�l�o�w�-�p�o�p�l�a�r� �w�a�s� �a�l�s�o� �c�h�o�s�e�n� 

�b�e�c�a�u�s�e� �o�f� �i�t�s� �a�v�a�i�l�a�b�i�l�i�t�y� �i�n� �l�a�r�g�e�,� �c�l�e�a�r�,� �s�t�r�a�i�g�h�t�-�g�r�a�i�n�e�d� �d�i�m�e�n�s�i�o�n�s�.� 

�P�r�i�o�r� �t�o� �m�a�c�h�i�n�i�n�g�,� �t�h�e� �l�u�m�b�e�r� �w�a�s� �c�o�n�d�i�t�i�o�n�e�d� �i�n� �a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�m�b�e�r� �f�o�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� �m�o�n�t�h�s� �w�h�e�r�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �h�u�m�i�d�i�t�y� �w�e�r�e� �c�o�n�t�r�o�l�l�e�d� �t�o� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �o�f� �1�2�%� �p�e�r� �A�S�T�M� �D� �1�7�6�1� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� 

�f�o�r� �t�e�s�t�i�n�g� �m�e�c�h�a�n�i�c�a�l� �f�a�s�t�e�n�e�r�s�.� �A�f�t�e�r� �m�a�c�h�i�n�i�n�g�,� �t�h�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �p�l�a�c�e�d� �b�a�c�k� �i�n� �t�h�e� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�m�b�e�r� �u�n�t�i�l� �t�i�m�e� �o�f� �t�e�s�t�i�n�g�.� �T�h�e�r�e� �w�e�r�e� �f�i�v�e� �d�i�f�f�e�r�e�n�t� �b�o�l�t� �p�a�t�t�e�r�n�s� 

�s�e�l�e�c�t�e�d� �f�o�r� �t�h�i�s� �r�e�s�e�a�r�c�h� �(�s�e�e� �F�i�g�.� �2� �a�n�d� �d�e�s�c�r�i�p�t�i�o�n� �b�e�l�o�w�)� �t�h�u�s�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �f�i�v�e� 

�C�h�a�p�t�e�r� �3�.� �T�e�s�t� �M�a�t�e�r�i�a�l�s� �2�2
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�2�4� �C�h�a�p�t�e�r� �3�.� �T�e�s�t� �M�a�t�e�r�i�a�l�s



�s�e�t�s� �o�f� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �t�w�o� �s�i�d�e� �m�e�m�b�e�r�s� �o�f� �e�a�c�h� �c�o�n�n�e�c�t�i�o�n� �w�e�r�e� �m�a�c�h�i�n�e�d� �f�r�o�m� �t�h�e� 

�s�a�m�e� �b�o�a�r�d� �t�o� �h�e�l�p� �c�r�e�a�t�e� �a� �c�o�n�n�e�c�t�i�o�n� �o�f� �u�n�i�f�o�r�m� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�.� �F�o�r� �e�a�c�h� �s�e�t� �o�f� 

�s�p�e�c�i�m�e�n�s�,� �b�o�t�h� �t�h�e� �m�a�i�n� �a�n�d� �s�i�d�e� �m�e�m�b�e�r�s� �h�a�d� �t�h�e� �s�a�m�e� �d�i�m�e�n�s�i�o�n�s� �e�x�c�e�p�t� �f�o�r� �t�h�i�c�k�n�e�s�s�.� 

�T�h�e� �m�a�i�n� �m�e�m�b�e�r�s� �w�e�r�e� �3� �i�n�c�h�e�s� �t�h�i�c�k� �a�n�d� �e�a�c�h� �s�i�d�e� �m�e�m�b�e�r� �w�a�s� �3�/�4� �i�n�c�h� �t�h�i�c�k�.� �I�n� 

�o�r�d�e�r� �t�o� �o�b�t�a�i�n� �t�h�e� �3� �i�n�c�h� �t�h�i�c�k�n�e�s�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �m�a�i�n� �m�e�m�b�e�r�,� �t�w�o� �p�i�e�c�e�s� �o�f� �8�/�4� 

�l�u�m�b�e�r� �w�e�r�e� �l�a�m�i�n�a�t�e�d� �t�o�g�e�t�h�e�r�.� �T�h�e� �a�d�h�e�s�i�v�e� �u�s�e�d� �w�a�s� �E�l�m�e�r�s� �P�r�o�f�e�s�s�i�o�n�a�l� �C�a�r�p�e�n�t�e�r ��s� 

�W�o�o�d� �G�l�u�e�.� �(�A� �s�t�r�u�c�t�u�r�a�l� �a�d�h�e�s�i�v�e� �s�u�c�h� �a�s� �p�h�e�n�o�l� �r�e�s�o�r�c�i�n�o�l� �w�a�s� �n�o�t� �u�s�e�d� �b�e�c�a�u�s�e� �t�h�e� 

�c�o�n�n�e�c�t�i�o�n�s� �w�e�r�e� �d�e�s�i�g�n�e�d�,� �a�s� �d�e�s�c�r�i�b�e�d� �b�e�l�o�w�,� �t�o� �f�a�i�l� �w�i�t�h� �a� �M�o�d�e� �I� �t�y�p�e� �f�a�i�l�u�r�e� �i�n� �t�h�e� 

�s�i�d�e� �m�e�m�b�e�r�s�.�)� �T�h�e� �b�o�a�r�d�s� �w�e�r�e� �c�l�a�m�p�e�d� �t�o�g�e�t�h�e�r� �f�o�r� �2�4� �h�o�u�r�s�.� �A�f�t�e�r� �t�h�e� �a�d�h�e�s�i�v�e� �h�a�d� 

�s�e�t�,� �t�h�e� �b�o�a�r�d�s� �w�e�r�e� �p�l�a�n�e�d� �t�o� �t�h�e� �f�i�n�a�l� �3� �i�n�c�h� �t�h�i�c�k�n�e�s�s�.� �T�h�e� �w�i�d�t�h�s� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�s� 

�w�e�r�e� �c�h�o�s�e�n� �t�o� �a�c�c�o�m�m�o�d�a�t�e� �t�h�e� �b�o�l�t� �p�a�t�t�e�r�n�s� �b�e�i�n�g� �t�e�s�t�e�d�.� �E�a�c�h� �m�e�m�b�e�r� �o�f� �e�a�c�h� 

�c�o�n�n�e�c�t�i�o�n� �h�a�d� �t�h�e� �s�a�m�e� �l�e�n�g�t�h� �(�1�5� �i�n�c�h�e�s�)�.� �A� �s�i�n�g�l�e� �l�e�n�g�t�h� �w�a�s� �c�h�o�s�e�n� �t�o� �f�a�c�i�l�i�t�a�t�e� 

�t�e�s�t�i�n�g� �p�r�o�c�e�d�u�r�e�s� �a�n�d� �t�o� �p�r�o�v�i�d�e� �c�o�n�s�i�s�t�e�n�c�y� �d�u�r�i�n�g� �t�h�e� �e�v�a�l�u�a�t�i�o�n�.� �T�h�e� �d�i�m�e�n�s�i�o�n�s� �f�o�r� 

�e�a�c�h� �m�e�m�b�e�r� �o�f� �e�a�c�h� �c�o�n�n�e�c�t�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�.� �A� �g�e�n�e�r�i�c� �t�h�r�e�e�-�m�e�m�b�e�r� 

�c�o�n�n�e�c�t�i�o�n� �l�o�a�d�e�d� �p�a�r�a�l�l�e�l�-�t�o�-�g�r�a�i�n� �i�n� �c�o�m�p�r�e�s�s�i�o�n� �w�i�t�h� �d�i�m�e�n�s�i�o�n� �d�e�f�i�n�i�t�i�o�n�s� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�.� �3�.� 

�D�u�r�i�n�g� �s�p�e�c�i�m�e�n� �m�a�c�h�i�n�i�n�g�,� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �(�M�C�)� �a�n�d� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �(�S�G�)� 

�s�a�m�p�l�e�s� �w�e�r�e� �c�u�t� �f�r�o�m� �e�a�c�h� �m�e�m�b�e�r� �o�f� �e�a�c�h� �c�o�n�n�e�c�t�i�o�n�.� �M�C� �a�n�d� �S�G� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� 

�i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �A�S�T�M� �D� �2�0�1�6� �a�n�d� �A�S�T�M� �D� �2�3�9�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �M�C� �a�n�d� �S�G� �d�a�t�a� �f�o�r� 

�e�a�c�h� �m�e�m�b�e�r� �o�f� �e�a�c�h� �s�p�e�c�i�m�e�n� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�.� 

�T�a�b�l�e� �1�.� �S�p�e�c�i�m�e�n� �d�i�m�e�n�s�i�o�n�s�,� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�,� �a�n�d� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �d�a�t�a�.� 
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� � 

�s�p�e�c�i�-� �t�h�i�c�k�.� �|� �w�i�d�t�h� �|� �l�e�n�g�t�h� �|� �i�u�t�i�a�l� �|� �o�v�e�n�d�r�y� �|� �v�o�l�u�m�e� 
�m�e�n� �|�m�e�m�b�e�r�|� �(�i�n�.�)� �(�i�n�.�)� �(�i�n�.�)� �w�t�.� �(�g�)� �|� �w�t�.� �(�g�)� �(�g�)� �M�C� �%� �S�G� 

�m�a�i�n� �3�.�0�0�4� �|� �3�.�9�9�4� �|� �1�4�.�9�6�7� �|� �5�6�.�1�9� �|� �5�1�.�0�2� �|� �1�0�2�.�8�3� �1�0�.�1� �0�.�5�0� 
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�T�a�b�l�e� �1�.� �S�p�e�c�i�m�e�n� �d�i�m�e�n�s�i�o�n�s�,� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�,� �a�n�d� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �d�a�t�a� �(�c�o�n�t�i�n�u�e�d�)� 
� � 

�B�o�l�t� 

�P�a�t�t�e�r�n� 

�#�2� 

�(�2� �b�o�l�t�s�)� 

�m�a�i�n� �3�.�0�0�3� �3�.�9�9�6� �1�4�.�9�6�7� �3�9�.�0�9� �3�5�.�4�6� �6�9�.�1�1� 

� � 

� � 

� � 

�B�o�l�t� 

�P�a�t�t�e�r�n� 

�#�3� 

�(�3� �b�o�l�t�s�)� 

� � 

� � 

� � 

�B�o�l�t� 

�P�a�t�t�e�r�n� 

�#�4� 

�(�2� �b�o�l�t�s�)� 

� � 
� � 

� � 

� � 

�B�o�l�t� 

�P�a�t�t�e�r�n� 

�#�5� 
�(�3� �b�o�l�t�s�)� � � � � � � � � � � �s�i�d�e� �2� � � �0�.�7�4�6� � � �7�.�0�0�6� � � �1�4�.�9�8�4� � � � � � � � � � � � � � � � � 

� � 

�*�*� �s�h�a�d�e�d� �r�o�w�s� �i�n�d�i�c�a�t�e� �i�m�a�g�e�d� �(�s�p�e�c�k�l�e�d�)� �s�i�d�e� �m�e�m�b�e�r�s� 
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�2�.� �W�i�d�t�h� �(�t�a�n�g�e�n�t�i�a�l�)� 
�E�o� �4�"�,� �5�-�3�/�4�"�,� �o�r� �7�"� 

�<�s� �B�l� 
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�<�=� �o�O� 
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�S�e� �C� 
�c�=� �S�i�s� 

�3�/�4�"� �b�o�l�t�s� 

�|� � � � � � � � � � � � � � � 
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�v� 
�T�h�i�c�k�n�e�s�s� �(�r�a�d�i�a�l�)� 

�s�i�d�e�s� �=� �3�/�4�"� 
�m�a�i�n� �=� �3�"� 

�F�i�g�u�r�e� �3�.� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �i�l�l�u�s�t�r�a�t�i�n�g� �a� �g�e�n�e�r�i�c� �t�h�r�e�e�-�m�e�m�b�e�r� �b�o�l�t�e�d� �c�o�n�n�e�c�t�i�o�n� 
�l�o�a�d�e�d� �p�a�r�a�l�l�e�l�-�t�o�-�g�r�a�i�n� �i�n� �c�o�m�p�r�e�s�s�i�o�n� �w�i�t�h� �d�i�m�e�n�s�i�o�n� �d�e�f�i�n�i�t�i�o�n�s�.� 
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�T�h�e� �m�a�i�n� �a�n�d� �s�i�d�e� �m�e�m�b�e�r� �t�h�i�c�k�n�e�s�s�e�s� �a�n�d� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t� �d�i�a�m�e�t�e�r� �(�0�.�7�5�0� 

�i�n�c�h�e�s�,� �s�e�e� �s�e�c�t�i�o�n� �3�.�2�)� �w�e�r�e� �c�h�o�s�e�n� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �a� �s�m�a�l�l� �L�/�D� �r�a�t�i�o� �(�t�o�t�a�l� �l�e�n�g�t�h� �o�f� 

�b�o�l�t� �i�n� �w�o�o�d� �s�i�d�e� �m�e�m�b�e�r�s� �t�o� �b�o�l�t� �d�i�a�m�e�t�e�r�)� �o�f� �2�.�0�.� �S�m�a�l�l� �L�/�D� �r�a�t�i�o�s� �g�e�n�e�r�a�l�l�y� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �M�o�d�e� �I�,� �t�y�p�e� �f�a�i�l�u�r�e� �(�F�i�g�.� �1�)� �i�n� �t�h�e� �s�i�d�e� �m�e�m�b�e�r� �b�e�c�a�u�s�e� �p�l�a�s�t�i�c� �h�i�n�g�e�s� �a�r�e� 

�p�r�e�v�e�n�t�e�d� �f�r�o�m� �d�e�v�e�l�o�p�i�n�g� �i�n� �t�h�e� �b�o�l�t� �a�n�d� �t�h�u�s�,� �i�n�h�i�b�i�t� �M�o�d�e� �I�I�I� �o�r� �M�o�d�e� �I�V� �t�y�p�e� �f�a�i�l�u�r�e�s�.� 

�A� �M�o�d�e� �I�,� �f�a�i�l�u�r�e� �w�i�l�l� �p�r�o�d�u�c�e� �y�i�e�l�d� �o�r� �b�e�a�r�i�n�g� �f�a�i�l�u�r�e� �i�n� �t�h�e� �s�i�d�e� �m�e�m�b�e�r�s� �a�n�d� �w�i�l�l� �b�e� 

�v�i�s�i�b�l�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n�.� �T�h�i�s� �f�a�i�l�u�r�e� �m�o�d�e� �i�s� �r�e�q�u�i�r�e�d� �i�n� �o�r�d�e�r� �t�o� �u�t�i�l�i�z�e� 

�t�h�e� �d�i�g�i�t�a�l� �i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n� �m�e�t�h�o�d� �t�o� �m�e�a�s�u�r�e� �f�u�l�l�-�f�i�e�l�d� �d�i�s�p�l�a�c�e�m�e�n�t�s�.� 

�I�n� �o�r�d�e�r� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �b�o�l�t� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �o�n� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �l�o�a�d� 

�a�m�o�n�g� �t�h�e� �b�o�l�t�s�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �j�o�i�n�t� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �t�e�s�t�e�d�:� �n�u�m�b�e�r� �o�f� �b�o�l�t�s� �i�n� �a� �v�e�r�t�i�c�a�l� 

�r�o�w� �(�1�,�2�,�3�)� �a�n�d� �n�u�m�b�e�r� �o�f� �b�o�l�t�s� �i�n� �a� �h�o�r�i�z�o�n�t�a�l� �c�o�l�u�m�n� �(�1�,�2�,�3�)�.� �T�h�e�s�e� �j�o�i�n�t� �v�a�r�i�a�b�l�e�s� 

�w�e�r�e� �S�e�l�e�c�t�e�d� �t�o� �c�o�n�f�i�r�m� �a�n�d�/�o�r� �e�x�p�a�n�d� �t�h�e� �k�n�o�w�l�e�d�g�e� �o�f� �m�u�l�t�i�p�l�e�-�b�o�l�t�e�d� �c�o�n�n�e�c�t�i�o�n� 

�b�e�h�a�v�i�o�r� �b�a�s�e�d� �o�n� �t�h�e� �n�e�e�d�s� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �F�i�v�e� �d�i�f�f�e�r�e�n�t� �b�o�l�t� �p�a�t�t�e�r�n�s� �w�e�r�e� 

�u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�:� �p�a�t�t�e�r�n� �#�1� �i�s� �a� �s�i�n�g�l�e� �b�o�l�t�,� �p�a�t�t�e�r�n� �#�2� �i�s� �a� �v�e�r�t�i�c�a�l� �r�o�w� �o�f� �t�w�o� �b�o�l�t�s�,� 

�p�a�t�t�e�r�n� �#�3� �i�s� �a� �v�e�r�t�i�c�a�l� �r�o�w� �o�f� �t�h�r�e�e� �b�o�l�t�s�,� �p�a�t�t�e�r�n� �#�4� �i�s� �a� �h�o�r�i�z�o�n�t�a�l� �c�o�l�u�m�n� �o�f� �t�w�o� �b�o�l�t�s�,� 

�a�n�d� �p�a�t�t�e�r�n� �#�5� �i�s� �a� �h�o�r�i�z�o�n�t�a�l� �c�o�l�u�m�n� �o�f� �t�h�r�e�e� �b�o�l�t�s�.� �T�h�e�s�e� �p�a�t�t�e�r�n�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� 

�F�i�g�.�2�.� �T�h�r�e�e� �r�e�p�l�i�c�a�t�i�o�n�s� �o�f� �e�a�c�h� �b�o�l�t� �p�a�t�t�e�r�n�,� �l�a�b�e�l�e�d� �A�,� �B�,� �a�n�d� �C�,� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �a� �t�o�t�a�l� 

�o�f� �1�5� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �N�D�S� �(�A�F�P�A� �1�9�9�3�)� �r�e�c�o�m�m�e�n�d�e�d� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �b�o�l�t�s� �i�n� �a� �r�o�w� 

�(�4�D�,� �1�.�7�5�"�)� �a�n�d� �e�d�g�e� �(�1�.�5�D�,� �1�.�1�2�5�"�)� �a�n�d� �e�n�d� �(�4�D� �a�n�d� �7�D�,� �5�.�2�5�"�)� �d�i�s�t�a�n�c�e�s� �f�o�r� �f�u�l�l� �d�e�s�i�g�n� 

�v�a�l�u�e� �w�e�r�e� �m�e�t� �o�r� �e�x�c�e�e�d�e�d� �f�o�r� �a�l�l� �s�p�e�c�i�m�e�n�s�.� �A� �2�.�3�3�D� �(�1�.�7�5� �i�n�c�h�e�s�)� �s�p�a�c�i�n�g� �d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �b�o�l�t� �r�o�w�s� �w�a�s� �u�s�e�d� �t�o� �a�c�c�o�m�m�o�d�a�t�e� �t�h�e� �u�s�e� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s�.� �T�h�e� 

�b�o�l�t� �h�o�l�e�s� �w�e�r�e� �d�r�i�l�l�e�d� �1�/�3�2� �i�n�c�h� �o�v�e�r�s�i�z�e� �w�i�t�h� �a� �2�5�/�3�2� �i�n�c�h� �d�r�i�l�l� �b�i�t� �u�s�i�n�g� �t�h�e� �L�a�g�u�n� 

�m�i�l�l�i�n�g� �m�a�c�h�i�n�e� �i�n� �t�h�e� �B�r�o�o�k�s� �F�o�r�e�s�t� �P�r�o�d�u�c�t�s� �L�a�b�o�r�a�t�o�r�y� �m�e�t�a�l� �m�a�c�h�i�n�e� �s�h�o�p�.� �T�h�e� �t�y�p�e� 

�a�n�d� �n�u�m�b�e�r� �o�f� �b�o�l�t� �p�a�t�t�e�r�n�s� �e�v�a�l�u�a�t�e�d� �w�e�r�e� �l�i�m�i�t�e�d� �t�o� �t�h�e� �a�b�o�v�e� �l�a�y�o�u�t�s� �d�u�e� �t�o� �t�h�e� 

�a�v�a�i�l�a�b�l�e� �n�u�m�b�e�r� �o�f� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s�.� 

�T�o� �o�b�t�a�i�n� �t�h�e� �v�a�r�y�i�n�g� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �p�a�t�t�e�r�n� �o�n� �t�h�e� �s�p�e�c�i�m�e�n� �s�u�r�f�a�c�e� �r�e�q�u�i�r�e�d� �f�o�r� 

�d�i�g�i�t�a�l� �i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n�,� �o�n�e� �s�i�d�e� �m�e�m�b�e�r� �o�f� �e�a�c�h� �c�o�n�n�e�c�t�i�o�n� �w�a�s� �c�o�a�t�e�d� �w�i�t�h� �a� �r�a�n�d�o�m� 

�s�p�e�c�k�l�e� �p�a�t�t�e�r�n�.� �T�h�e� �s�p�e�c�k�l�e� �p�a�t�t�e�r�n� �w�a�s� �a�p�p�l�i�e�d� �u�s�i�n�g� �a� �L�o�e�w�-�C�o�r�n�e�l�l� �#�9�1� �s�p�e�c�k�l�i�n�g� 

�C�h�a�p�t�e�r� �3�.� �T�e�s�t� �M�a�t�e�r�i�a�l�s� �2�8



�b�r�u�s�h� �a�n�d� �L�i�q�u�i�t�e�x� �c�o�n�c�e�n�t�r�a�t�e�d�,� �m�e�d�i�u�m� �v�i�s�c�o�s�i�t�y�,� �a�c�r�y�l�i�c� �I�v�o�r�y� �b�l�a�c�k� �p�a�i�n�t� �p�u�r�c�h�a�s�e�d� 

�a�t� �a� �l�o�c�a�l� �a�r�t� �s�u�p�p�l�y� �s�t�o�r�e�.� �T�h�e� �s�p�e�c�k�l�e� �b�r�u�s�h� �p�r�o�d�u�c�e�d� �a� �s�p�e�c�k�l�e� �p�a�t�t�e�r�n� �w�i�t�h� �s�h�a�r�p� 

�c�o�n�t�r�a�s�t� �d�i�f�f�e�r�e�n�c�e�s� �t�o� �o�b�t�a�i�n� �t�h�e� �a�s�s�o�r�t�e�d� �g�r�a�y� �l�e�v�e�l�s� �n�e�e�d�e�d� �o�n� �t�h�e� �s�p�e�c�i�m�e�n� �s�u�r�f�a�c�e�.� �T�h�e� 

�s�p�e�c�k�l�e� �b�r�u�s�h� �m�e�t�h�o�d� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �f�a�s�t�,� �s�i�m�p�l�e�,� �i�n�e�x�p�e�n�s�i�v�e� �a�n�d� �a�b�l�e� �t�o� �c�r�e�a�t�e� �d�i�f�f�e�r�e�n�t� 

�p�a�t�t�e�r�n� �d�e�n�s�i�t�i�e�s� �w�i�t�h� �e�a�s�e�.� �T�h�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �c�o�a�t�e�d� �a�f�t�e�r� �m�a�c�h�i�n�i�n�g� �a�n�d� �d�r�i�l�l�i�n�g� �o�f� 

�b�o�l�t� �h�o�l�e�s�.� �A�f�t�e�r� �c�o�a�t�i�n�g�,� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �p�l�a�c�e�d� �b�a�c�k� �i�n� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�m�b�e�r� �u�n�t�i�l� 

�t�e�s�t�i�n�g�.� �A� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �s�p�e�c�k�l�e�d� �s�i�d�e� �m�e�m�b�e�r� �s�u�r�f�a�c�e� �o�b�t�a�i�n�e�d� �w�i�t�h� �t�h�e� �s�p�e�c�k�l�e� �b�r�u�s�h� 

�m�e�t�h�o�d� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.� 

�3�.�2� � �I�n�s�t�r�u�m�e�n�t�e�d� �S�h�e�a�r� �B�o�l�t�s� 

�T�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �t�h�e� �S�t�r�a�i�n�s�e�r�t� 

�C�o�m�p�a�n�y� �l�o�c�a�t�e�d� �i�n� �W�e�s�t� �C�o�n�s�h�o�h�o�c�k�e�n�,� �P�e�n�n�s�y�l�v�a�n�i�a�.� �T�h�i�s� �c�o�m�p�a�n�y� �s�p�e�c�i�a�l�i�z�e�s� �i�n� 

�m�a�n�u�f�a�c�t�u�r�i�n�g� �s�t�r�a�i�n� �m�e�a�s�u�r�i�n�g� �d�e�v�i�c�e�s�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s� �a�r�e� �p�r�o�t�e�c�t�e�d� �b�y� 

�U�.�S�.� �P�a�t�e�n�t� �N�o�.�3�,�6�9�5�,�0�9�6�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �d�e�s�c�r�i�p�t�i�o�n� �a�n�d� �a�s�s�o�c�i�a�t�e�d� �s�h�e�a�r� �b�o�l�t� �d�i�a�g�r�a�m�s� 

�a�r�e� �r�e�p�r�i�n�t�e�d� �w�i�t�h� �p�e�r�m�i�s�s�i�o�n� �f�r�o�m� �t�h�e� �S�t�r�a�i�n�s�e�r�t� �C�o�m�p�a�n�y�.� �S�h�e�a�r� �b�o�l�t�s� �a�r�e� �m�e�c�h�a�n�i�c�a�l� 

�c�o�n�n�e�c�t�o�r�s� �d�e�s�i�g�n�e�d� �t�o� �t�r�a�n�s�m�i�t� �s�h�e�a�r� �f�o�r�c�e�s�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� 

�l�o�a�d� �c�e�l�l�s� �d�e�s�i�g�n�e�d� �a�n�d� �b�u�i�l�t� �t�o� �n�o�t� �o�n�l�y� �t�r�a�n�s�m�i�t� �s�h�e�a�r� �f�o�r�c�e�s� �b�u�t� �a�l�s�o� �o�u�t�p�u�t� �a�n� �e�l�e�c�t�r�o�n�i�c� 

�s�i�g�n�a�l� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�h�e�a�r� �f�o�r�c�e�s� �a�t� �t�h�e� �s�h�e�a�r� �p�l�a�n�e�s� �o�f� �t�h�e� �b�o�l�t�.� 

�I�n� �o�r�d�e�r� �t�o� �m�e�a�s�u�r�e� �t�h�e� �s�h�e�a�r� �f�o�r�c�e�s�,� �s�t�r�a�i�n� �g�a�g�e�s� �a�r�e� �m�o�u�n�t�e�d� �a�n�d� �s�e�a�l�e�d� �i�n�s�i�d�e� �a� 

�s�m�a�l�l� �a�x�i�a�l� �h�o�l�e� �i�n� �t�h�e� �s�h�e�a�r� �b�o�l�t�.� �T�h�e� �s�t�r�a�i�n� �g�a�g�e�s� �a�r�e� �l�o�c�a�t�e�d� �a�t� �t�h�e� �t�w�o� �s�h�e�a�r� �p�l�a�n�e�s� �o�f� 

�t�h�e� �b�o�l�t�.�  ��I�n� �o�r�d�e�r� �t�o� �s�e�n�s�e� �o�n�l�y� �t�h�o�s�e� �s�t�r�a�i�n�s� �w�h�i�c�h� �a�r�e� �i�n�d�u�c�e�d� �b�y� �s�h�e�a�r� �f�o�r�c�e�s� �a�t� �t�h�e�s�e� 

�t�w�o� �l�o�c�a�t�i�o�n�s�,� �t�h�e� �g�a�g�e�s� �a�r�e� �p�o�s�i�t�i�o�n�e�d� �a�n�d� �o�r�i�e�n�t�e�d� �.�.�.� �a�t� �a� �n�e�u�t�r�a�l� �p�l�a�n�e� �r�e�l�a�t�i�v�e� �t�o� �o�n�e� 

�s�p�e�c�i�f�i�c� �d�i�r�e�c�t�i�o�n� �o�f� �[�b�o�l�t�]� �l�o�a�d�i�n�g �� �(�S�t�r�a�i�n�s�e�r�t� �C�o�m�p�a�n�y�,� �1�9�9�4�)�.� �T�h�e�r�e�f�o�r�e�,� �t�o� �a�v�o�i�d� 

�e�r�r�o�n�e�o�u�s� �s�i�g�n�a�l�s�,� �i�t� �i�s� �c�r�i�t�i�c�a�l� �t�h�a�t� �t�h�e� �b�o�l�t�s� �a�r�e� �l�o�a�d�e�d� �a�t� �t�h�e� �p�r�o�p�e�r� �a�n�g�u�l�a�r� �a�l�i�g�n�m�e�n�t� 

�(�r�o�t�a�t�i�o�n�)�.� �T�h�i�s� �a�l�i�g�n�m�e�n�t� �i�s� �m�a�r�k�e�d� �o�n� �t�h�e� �b�o�l�t�s�.�  ��I�f� �t�h�e� �f�o�r�c�e� �F� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �[�b�o�l�t�]� 

�a�t� �o�t�h�e�r� �t�h�a�n� �t�h�e� �s�p�e�c�i�f�i�e�d� �d�i�r�e�c�t�i�o�n�,� �t�h�e� �b�r�i�d�g�e� �o�u�t�p�u�t� �w�i�l�l� �b�e� �d�u�e� �t�o� �t�h�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 
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�F�i�g�u�r�e� �4�.� �P�h�o�t�o�g�r�a�p�h� �o�f� �a� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �s�p�e�c�k�l�e�d� �s�u�r�f�a�c�e� �o�b�t�a�i�n�e�d� �w�i�t�h� �t�h�e� �s�p�e�c�k�l�e� 

�b�r�u�s�h� �m�e�t�h�o�d�.� 

�C�h�a�p�t�e�r� �3�.� �T�e�s�t� �M�a�t�e�r�i�a�l�s� �3�0



�f�o�r�c�e� �a�l�o�n�g� �t�h�e� �s�e�n�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�,� �F�c�o�s�a �� �(�S�t�r�a�i�n�s�e�r�t� �C�o�m�p�a�n�y�,� �1�9�9�4�)� �w�h�e�r�e� �«�a� �i�s� �t�h�e� 

�a�n�g�l�e� �o�f� �m�i�s�a�l�i�g�n�m�e�n�t�.� �A� �t�o�t�a�l� �o�f�  ��f�o�u�r� �s�t�r�a�i�n� �g�a�g�e�s� �(�t�w�o� �a�t� �e�a�c�h� �l�o�c�a�t�i�o�n�)� �a�r�e� �e�l�e�c�t�r�i�c�a�l�l�y� 

�c�o�n�n�e�c�t�e�d� �t�o� �f�o�r�m� �a� �f�u�l�l� �b�r�i�d�g�e�,� �t�h�e� �s�i�g�n�a�l� �f�r�o�m� �e�a�c�h� �g�a�g�e� �b�e�i�n�g� �a�d�d�i�t�i�v�e� �s�o� �t�h�a�t� �t�h�e� �b�r�i�d�g�e� 

�o�u�t�p�u�t� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �l�o�a�d�s� �t�r�a�n�s�m�i�t�t�e�d� �b�y� �t�h�e� �t�w�o� �s�h�e�a�r� �p�l�a�n�e�s� �o�f� �t�h�e� 

�[�b�o�l�t�] �� �(�S�t�r�a�i�n�s�e�r�t� �C�o�m�p�a�n�y�,� �1�9�9�4�)�.� �T�h�e� �s�h�e�a�r� �b�o�l�t�s� �a�r�e� �c�u�s�t�o�m� �b�u�i�l�t� �b�a�s�e�d� �o�n� �t�h�e� �n�e�e�d�s� 

�o�f� �t�h�e� �c�u�s�t�o�m�e�r�.� �A� �s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �i�l�l�u�s�t�r�a�t�i�n�g� �t�h�e� �v�a�r�i�o�u�s� �c�o�m�p�o�n�e�n�t�s� �a�n�d� 

�n�o�m�e�n�c�l�a�t�u�r�e� �o�f� �a� �g�e�n�e�r�i�c� �s�h�e�a�r� �b�o�l�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.� �O�n�e� �e�n�d� �o�f� �t�h�e� �b�o�l�t� �h�a�s� �a� 

�r�e�c�e�p�t�a�c�l�e� �t�o� �c�o�n�n�e�c�t� �t�h�e� �l�e�a�d� �w�i�r�e�s� �o�f� �t�h�e� �s�t�r�a�i�n� �g�a�g�e�s� �w�h�i�l�e� �t�h�e� �o�p�p�o�s�i�t�e� �e�n�d� �o�f� �t�h�e� �b�o�l�t� 

�i�s� �t�h�r�e�a�d�e�d� �t�o� �a�c�c�e�p�t� �a� �n�u�t� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �c�o�m�p�a�n�y�.� �C�o�n�n�e�c�t�i�n�g� �c�a�b�l�e�s� �a�n�d� �r�e�c�e�p�t�a�c�l�e�s� 

�w�e�r�e� �a�l�s�o� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �c�o�m�p�a�n�y� �t�o� �c�o�n�n�e�c�t� �t�h�e� �b�o�l�t�s� �t�o� �t�h�e� �r�e�q�u�i�r�e�d� �s�t�r�a�i�n� �g�a�g�e� 

�e�q�u�i�p�m�e�n�t� �(�c�o�n�d�i�t�i�o�n�e�r� �a�n�d�/�o�r� �a�m�p�l�i�f�i�e�r�)�.� 

�T�h�r�e�e� �s�h�e�a�r� �b�o�l�t�s�,� �e�a�c�h� �w�i�t�h� �a� �0�.�7�5�0� �i�n�c�h� �d�i�a�m�e�t�e�r�,� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� 

�S�t�r�a�i�n�s�e�r�t�.� �T�h�e� �r�e�c�e�p�t�a�c�l�e� �e�n�d�s� �o�f� �t�h�e� �b�o�l�t�s� �h�a�d� �a� �d�i�a�m�e�t�e�r� �o�f� �1�.�4�9�0� �i�n�c�h�e�s�.� �E�a�c�h� �b�o�l�t� �h�a�s� 

�a� �1�0�,�0�0�0� �p�o�u�n�d� �m�a�x�i�m�u�m� �c�a�p�a�c�i�t�y�.� �T�h�e� �s�h�e�a�r� �b�o�l�t�s� �w�e�r�e� �c�u�s�t�o�m� �m�a�d�e� �t�o� �a�c�c�o�m�m�o�d�a�t�e� 

�a� �t�h�r�e�e�-�m�e�m�b�e�r� �c�o�n�n�e�c�t�i�o�n� �(�t�w�o� �s�h�e�a�r� �p�l�a�n�e�s�)� �w�i�t�h� �1�.�5� �i�n�c�h� �s�i�d�e�s� �a�n�d� �a� �3� �i�n�c�h� �m�a�i�n� 

�m�e�m�b�e�r�.� �T�h�e� �o�v�e�r�a�l�l� �l�e�n�g�t�h� �o�f� �e�a�c�h� �b�o�l�t� �i�n�c�l�u�d�i�n�g� �r�e�c�e�p�t�a�c�l�e� �a�n�d� �t�h�r�e�a�d�s� �w�a�s� �8�.�4�8�6� 

�i�n�c�h�e�s�.� �A� �s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �s�h�o�w�i�n�g� �t�h�e� �d�i�m�e�n�s�i�o�n�s� �a�n�d� �l�o�c�a�t�i�o�n� �o�f� �s�t�r�a�i�n� �g�a�g�e�s� �o�f� �a� 

�s�h�e�a�r� �b�o�l�t� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �6�.� �S�h�e�a�r� �p�l�a�n�e�s� �o�f� �t�h�e� �b�o�l�t� �(�s�t�r�a�i�n� �g�a�g�e�s�)� 

�w�e�r�e� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �s�h�e�a�r� �p�l�a�n�e�s� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �a�f�t�e�r� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t�i�n�g�,� 

�t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �u�n�s�a�t�i�s�f�a�c�t�o�r�y�;� �t�h�i�n�n�e�r� �s�i�d�e� �m�e�m�b�e�r�s� �w�e�r�e� �n�e�e�d�e�d� �t�o� 

�p�r�o�d�u�c�e� �a� �M�o�d�e� �I�,� �t�y�p�e� �f�a�i�l�u�r�e�.� �A� �d�e�c�i�s�i�o�n� �t�o� �u�s�e� �3�/�4� �i�n�c�h� �s�i�d�e� �m�e�m�b�e�r�s� �w�a�s� �m�a�d�e� �t�o� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �a� �L�/�D� �r�a�t�i�o� �=� �2�.�0� �i�n� �o�r�d�e�r� �t�o� �e�n�s�u�r�e� �a� �M�o�d�e� �I�,� �t�y�p�e� �f�a�i�l�u�r�e� �w�o�u�l�d� �o�c�c�u�r� �i�n� 

�t�h�e� �s�i�d�e� �m�e�m�b�e�r�s�.� �T�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �s�h�e�a�r� �p�l�a�n�e�s� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �w�i�t�h� �t�h�i�n�n�e�r� �s�i�d�e� 

�m�e�m�b�e�r�s� �w�e�r�e� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �s�h�e�a�r� �p�l�a�n�e�s� �o�f� �t�h�e� �b�o�l�t�,� �m�o�d�i�f�i�c�a�t�i�o�n�s� �w�e�r�e� �n�e�e�d�e�d�.� �A� 

�3�/�4� �i�n�c�h� �s�p�a�c�e�r� �n�u�t� �w�a�s� �i�n�s�e�r�t�e�d� �a�t� �t�h�e� �u�n�t�h�r�e�a�d�e�d�,� �l�a�r�g�e� �r�e�c�e�p�t�a�c�l�e� �e�n�d� �o�f� �t�h�e� �b�o�l�t�.� �T�h�e� 

�o�v�e�r�s�i�z�e�d� �r�e�c�e�p�t�a�c�l�e� �e�n�d� �p�r�e�v�e�n�t�e�d� �t�h�e� �s�p�a�c�e�r� �n�u�t� �f�r�o�m� �s�l�i�d�i�n�g� �o�f�f�.� �A�f�t�e�r� �t�h�e� �s�p�a�c�e�r� �n�u�t�,� 

�o�n�e� �3�/�4� �i�n�c�h� �s�i�d�e� �m�e�m�b�e�r� �w�a�s� �i�n�s�e�r�t�e�d� �f�o�r� �a� �t�o�t�a�l� �o�f� �1�.�5� �i�n�c�h�e�s�,� �t�h�e�n� �t�h�e� �3� �i�n�c�h� �m�a�i�n� 

�m�e�m�b�e�r�,� �t�h�e� �s�e�c�o�n�d� �3�/�4� �i�n�c�h� �s�i�d�e� �m�e�m�b�e�r�,� �a�n�d� �a� �0�.�7�5�0� �i�n�c�h� �x� �0�.�0�4�2� �i�n�c�h� �e�x�t�e�r�n�a�l� �s�t�e�e�l� 

�C�h�a�p�t�e�r� �3�.� �T�e�s�t� �M�a�t�e�r�i�a�l�s� �3�1
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�S�U�G�G�E�S�T�E�D� �2�-�m�V�/�V� �C�U�S�T�O�M� �C�L�E�V�I�S� �B�O�L�T� �&� �P�I�N� �D�E�S�I�G�N�S�,� �3�:�1� �S�A�F�E�T�Y� �F�A�C�T�O�R� 

�C�L�E�V�I�S� �E�Y�E� �K�E�Y� �"� 

�F�i�g�u�r�e� �3� �K�E�E�P�E�R� �P�L�A�T�E�  �� �\� �\� 

�C�l�e�v�i�s� �P�i�n�/�B�o�l�t� �C�o�n�-� �+� �b�e� 
�f�i�g�u�r�a�t�i�o�n�s� �i�n� �S�i�z�e�s�  ��a� �L�y� �x�X� �=� 
�S�m�a�l�l�e�r� �t�h�a�n� �2�-�I�n�c�h� �|� �P� �R�E�T�A�I�N�I�N�G� �N�U�T� 
�D�p�.� �(�C�l�e�v�i�s� �P�i�n� �J� �$� �=� �7�7� �S�P�A�C�E�R� �J� 
�S�h�o�w�n�,� �S�a�l�t� �E�n�d� �:� 
�I�n�d�i�c�a�t�e�d�)� �b� �;� �/� 

�w�e� �n� 

�|� �T� �T�e�e�  ��T� �1�.� 
�|� �|� �|� �C�L�E�V�I�S� �B�O�L�T� �i�g� �2 �� �0�.� �-� �°� �°� �-� �D�y� �A� �(�C�B�A�)� 

�3�3� �|� �|� �|� �=�=�=� �2�3�.� �2�5�8�0� �T�I� �|� �i�e�s� 
�@� �2�2�5� �c�e� �|� �v� 

�R�2�3� �2�2� �|� �P� �|� 
�S�8�3�2� �3�2�2�2� �m�i�n�i�m�u�m� �|� �[� �|� �Z�z� 
�#�2�3�9� �G�o�g�h� �C�L�E�A�R�A�N�C�E� �C�L�E�V�I�S� �L�e� �} �� �A�,�  ��I�}�-�B�,� �A�E�T�A�I�N�I�N�G� �R�I�N�G� 
�g�e�s�t�e� �*�'�*�'� � �g�o�°�C�A�B�L�E� 
�o� �(�P�e�s� �A�S�S�E�M�B�L�Y� �E�e� �C�L�E�V�I�S� �P�I�N� 

�c�n�o�t� 
�(�C�P�A�}� 

�~ �� �2�3�,� 

�z� �2� �2�  �� 
�S�.�2� �3�8�5�8� 

�i�e�e�e� �2�3�3�3� 
�g�a�8�¢� �2�°� �3�°� 
�g�r�2�t� 
�z�i� �r�o� 
�«� �=� �\� �-� 

 �� �2�7�0�°� 
�F�i�g�u�r�e� �2� �*� 

�C�l�e�v�i�s� �P�i�n�/�B�o�l�t� �C�o�n�-� 
�f�i�g�u�r�a�t�i�o�n�s� �i�n� �S�i�z�e�s� 
�2�-�I�n�c�h� �D�p� �a�n�d� 
�L�a�r�g�e�r�.� �(�C�l�a�v�i�s� �P�i�n� �K� 
�S�h�o�w�n�)� 

�N�O�M�E�N�C�L�A�T�U�R�E�:� 

�A�  �� �W�i�d�t�h� �o�f� �C�e�n�t�e�r� �L�o�a�d�i�n�g� �S�e�c�t�i�o�n� �o�f� �C�l�e�v�i�s� �H� �- �� �W�i�d�t�h� �o�f� �K�e�e�p�e�r� �P�l�a�t�e� �S�l�o�t� 
�P�i�n�/�B�o�l�t� �J� �  �� �D�e�p�t�h� �o�f� �K�e�e�p�e�r� �P�l�a�t�e� �S�l�o�t� 

�A�g�e�  �� �W�i�d�t�h� �o�f� �C�l�e�v�i�s� �E�y�e� �K�  �� �D�i�s�t�a�n�c�e� �B�e�t�w�e�e�n� �S�h�e�a�r� �P�l�a�n�e�s� 
�B�  �� �W�i�d�t�h� �o�f� �C�l�e�v�i�s� �S�u�p�p�o�r�t� �S�e�c�t�i�o�n� �o�f� �P�i�n�/�B�o�l�t� �L�p�  �� �O�v�e�r�a�l�l� �L�e�n�g�t�h� �o�f� �P�i�n� 
�B�e�  �� �W�i�d�t�h� �o�f� �C�l�e�v�i�s� �C�h�e�e�k� �L�g�  �� �O�v�e�r�a�l�l� �L�e�n�g�t�h� �o�f� �B�o�l�t� 
�C�  �� �L�e�n�g�t�h� �o�f� �P�i�n�/�B�o�l�t� �R�e�d�u�c�e�d� �S�e�c�t�i�o�n�,� �I�n�s�t�r�u�-� �P�  �� �L�o�a�d�,� �C�a�p�a�c�i�t�y� 

�m�e�n�t�e�d� �Z�o�n�e� �V�  �� �K�e�y� �P�i�n� �H�o�l�e� �D�i�a�m�e�t�e�r� �(�E�y�e� �t�o� �C�l�e�v�i�s� �P�i�n�)� 

�D�e�  �� �C�l�e�v�i�s� �B�o�r�e� �D�i�a�m�e�t�e�r�,� �E�y�e� �B�o�r�e� �D�i�a�m�e�t�e�r� �W�  �� �A�l�l�o�w�a�n�c�e� �f�o�r� �R�e�t�a�i�n�i�n�g� �R�i�n�g� �I�n�s�t�a�l�l�a�t�i�o�n� 
�D�,�  �� �N�o�m�i�n�a�l� �P�i�n�/�B�o�l�t� �D�i�a�m�e�t�e�r� �X�  �� �T�h�r�e�a�d� �L�e�n�g�t�h�  �� 
�D�,�  �� �R�e�d�u�c�e�d� �S�e�c�t�i�o�n� �D�i�a�m�e�t�e�r� �o�f� �P�i�n�/�B�o�l�t� �a�t� �S�h�e�a�r� �Z�  �� �T�h�r�e�a�d� �S�i�z�e� 

�P�l�a�n�e�s� �a�  �� �L�o�a�d� �D�i�r�e�c�t�i�o�n�s� �t�o� �b�e� �Q�u�a�l�i�f�i�e�d� �w�i�t�h� �D�i�r�e�c�t�i�o�n�s� 
�E�  �� �A�c�t�i�v�e� �L�e�n�g�t�h� �o�f� �P�i�n�/�B�o�l�t� �o�f� �K�e�y� �P�i�n�  ��V ��,� �K�e�e�p�e�r� �P�l�a�t�e� �S�l�o�t� �D�i�m�e�n�s�i�o�n�s�  ��H �� 
�E�e�  �� �N�o�m�i�n�a�l� �W�i�d�t�h� �o�f� �C�l�e�v�i�s� �a�n�d�  ��J ��,� �a�n�d� �9�0�°� �c�o�n�n�e�c�t�o�r�.� 
�F�  �� �C�l�e�v�i�s� �P�i�n�/�B�o�l�t� �H�e�a�d� �L�e�n�g�t�h� �(�) �� �L�o�c�a�t�i�o�n� �o�f� �I�n�t�e�r�n�a�l� �S�t�r�a�i�n� �G�a�g�e� �I�n�s�t�a�l�l�a�t�i�o�n� 
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�v�a�r�i�o�u�s� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �n�o�m�e�n�c�l�a�t�u�r�e� �(�r�e�p�r�i�n�t�e�d� �w�i�t�h� �p�e�r�m�i�s�s�i�o�n� �o�f� �t�h�e� 
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�s�n�a�p� �(�r�e�s�i�s�t�a�n�c�e�)� �r�i�n�g� �w�a�s� �u�s�e�d� �t�o� �h�o�l�d� �t�h�e� �t�h�r�e�e� �m�e�m�b�e�r�s� �t�o�g�e�t�h�e�r�,� �t�h�u�s� �e�n�s�u�r�i�n�g� �t�h�a�t� �t�h�e� 

�s�h�e�a�r� �p�l�a�n�e�s� �o�f� �b�o�t�h� �c�o�n�n�e�c�t�i�o�n� �a�n�d� �b�o�l�t� �w�e�r�e� �a�l�i�g�n�e�d�.� 

�A� �V�i�s�h�a�y� �4�-�c�h�a�n�n�e�l� �2�1�0�0� �S�t�r�a�i�n� �G�a�g�e� �C�o�n�d�i�t�i�o�n�e�r� �a�n�d� �A�m�p�l�i�f�i�e�r� �S�y�s�t�e�m� �w�a�s� �u�s�e�d� 

�t�o� �c�o�n�d�i�t�i�o�n� �a�n�d� �a�m�p�l�i�f�y� �t�h�e� �s�i�g�n�a�l�s� �o�u�t�p�u�t� �b�y� �t�h�e� �b�o�l�t�s�.� �A� �F�l�u�k�e� �8�0�5�0�A� �D�i�g�i�t�a�l� 

�M�u�l�t�i�m�e�t�e�r� �w�a�s� �u�s�e�d� �t�o� �d�i�s�p�l�a�y� �t�h�e� �o�u�t�p�u�t� �v�o�l�t�a�g�e� �d�u�r�i�n�g� �c�a�l�i�b�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� �(�s�e�e� 

�s�e�c�t�i�o�n� �4�.�1�)�.� �A�n� �I�B�M� �c�o�m�p�a�t�i�b�l�e� �p�e�r�s�o�n�a�l� �c�o�m�p�u�t�e�r� �a�n�d� �a� �l�a�b�o�r�a�t�o�r�y� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� 

�s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e� �c�a�l�l�e�d� �G�l�o�b�a�l� �L�a�b� �(�D�a�t�a� �T�r�a�n�s�l�a�t�i�o�n�,� �I�n�c�.�,� �1�9�9�1�;� �v�e�r�.� �2�.�1�)� �w�a�s� �u�s�e�d� �t�o� 

�m�o�n�i�t�o�r� �a�n�d� �a�c�q�u�i�r�e� �t�h�e� �e�l�e�c�t�r�o�n�i�c� �o�u�t�p�u�t� �o�f� �e�a�c�h� �b�o�l�t� �d�u�r�i�n�g� �t�e�s�t�i�n�g�.� �A� �d�a�t�a� �f�o�r�m�a�t� 

�c�o�n�v�e�r�s�i�o�n� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e� �c�a�l�l�e�d� �D�A�D�i�S�P� �(�D�S�P� �D�e�v�e�l�o�p�m�e�n�t� �C�o�r�p�o�r�a�t�i�o�n�,� �1�9�9�0�;� �v�e�r� 

�2�.�0�)� �w�a�s� �u�s�e�d� �t�o� �c�o�n�v�e�r�t� �t�h�e� �G�l�o�b�a�l� �L�a�b� �d�a�t�a� �i�n�t�o� �A�S�C�I�I� �f�o�r�m�a�t� �f�o�r� �a�n�a�l�y�s�i�s� �a�n�d� 

�p�r�e�s�e�n�t�a�t�i�o�n� �p�u�r�p�o�s�e�s�.� �A� �s�m�a�l�l� �l�e�v�e�l� �w�a�s� �u�s�e�d� �t�o� �e�n�s�u�r�e� �p�r�o�p�e�r� �a�l�i�g�n�m�e�n�t� �(�r�o�t�a�t�i�o�n�)� �o�f� �t�h�e� 

�b�o�l�t�s� �a�c�c�o�r�d�i�n�g� �t�o� �S�t�r�a�i�n�s�e�r�t ��s� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�.� �A� �p�h�o�t�o�g�r�a�p�h� �i�l�l�u�s�t�r�a�t�i�n�g� �t�h�e� �s�h�e�a�r� �b�o�l�t�s� �a�n�d� 

�a�s�s�o�c�i�a�t�e�d� �e�q�u�i�p�m�e�n�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �7�.� 

�3�.�3�.� �D�i�g�i�t�a�l� �I�m�a�g�e� �C�o�r�r�e�l�a�t�i�o�n� �|� 

�D�i�g�i�t�a�l� �i�m�a�g�e� �c�o�r�r�e�l�a�t�i�o�n� �r�e�q�u�i�r�e�s� �c�a�p�t�u�r�i�n�g� �v�i�d�e�o� �i�m�a�g�e�s� �o�f� �a� �p�r�o�p�e�r�l�y� �i�l�l�u�m�i�n�a�t�e�d� 

�s�p�e�c�i�m�e�n� �a�s� �i�t� �i�s� �b�e�i�n�g� �l�o�a�d�e�d�,� �d�i�g�i�t�i�z�i�n�g� �t�h�e�s�e� �i�m�a�g�e�s�,� �a�n�d� �m�a�t�h�e�m�a�t�i�c�a�l�l�y� �c�r�o�s�s�-� 

�c�o�r�r�e�l�a�t�i�n�g� �t�h�e� �r�e�f�e�r�e�n�c�e� �a�n�d� �d�e�f�o�r�m�e�d� �i�m�a�g�e�s� �t�o� �c�a�l�c�u�l�a�t�e� �d�i�s�p�l�a�c�e�m�e�n�t�s�.� �A� �P�a�n�a�s�o�n�i�c� 

�W�V�-�C�L�3�5�0� �C�o�l�o�r� �C�C�T�V� �c�h�a�r�g�e�d�-�c�o�u�p�l�e�d� �d�e�v�i�c�e� �(�C�C�D�)� �v�i�d�e�o� �c�a�m�e�r�a�,� �h�i�g�h� �r�e�s�o�l�u�t�i�o�n� 

�P�a�n�a�s�o�n�i�c� �C�T�1�3�8�3�Y� �c�o�l�o�r� �v�i�d�e�o� �m�o�n�i�t�o�r�,� �7�0� �m�m� �N�i�k�o�n� �z�o�o�m� �l�e�n�s�,� �a�n�d� �a� �S�U�N� �S�P�A�R�C�1�0� 

�M�o�d�e�l� �4�0� �w�o�r�k�s�t�a�t�i�o�n� �c�o�m�p�u�t�e�r� �w�i�t�h� �d�i�g�i�t�i�z�i�n�g� �b�o�a�r�d� �w�e�r�e� �u�s�e�d� �t�o� �a�c�q�u�i�r�e� �a�n�d� �d�i�g�i�t�i�z�e� �t�h�e� 

�v�i�d�e�o� �i�m�a�g�e�s�.� �A� �s�t�a�n�d�a�r�d� �C�-�m�o�u�n�t� �a�d�a�p�t�e�r� �w�a�s� �u�s�e�d� �t�o� �a�t�t�a�c�h� �t�h�e� �z�o�o�m� �l�e�n�s� �t�o� �t�h�e� �v�i�d�e�o� 

�c�a�m�e�r�a�.� �T�h�e� �v�i�d�e�o� �c�a�m�e�r�a� �w�a�s� �m�o�u�n�t�e�d� �o�n� �a� �B�o�g�e�n� �3�0�2�1� �p�r�o�f�e�s�s�i�o�n�a�l� �t�r�i�p�o�d�.� �S�U�N�-� 

�b�a�s�e�d� �i�m�a�g�e� �a�c�q�u�i�s�i�t�i�o�n� �s�o�f�t�w�a�r�e� �w�a�s� �u�s�e�d� �t�o� �c�a�p�t�u�r�e� �t�h�e� �i�m�a�g�e�s�.� 

�T�w�o� �w�h�i�t�e� �l�i�g�h�t� �1�5�0�W� �p�h�o�t�o�f�l�o�o�d� �l�i�g�h�t�s� �w�i�t�h� �a�l�u�m�i�n�u�m� �s�h�i�e�l�d�s� �w�e�r�e� �u�s�e�d� �t�o� 

�i�l�l�u�m�i�n�a�t�e� �t�h�e� �s�p�e�c�i�m�e�n�s� �d�u�r�i�n�g� �t�e�s�t�i�n�g�.� �T�h�e�s�e� �l�i�g�h�t�s� �w�e�r�e� �m�o�u�n�t�e�d� �o�n� �c�h�a�i�r�s� �o�n� �e�a�c�h� �s�i�d�e� 
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�F�i�g�u�r�e� �7�.� �P�h�o�t�o�g�r�a�p�h� �d�i�s�p�l�a�y�i�n�g� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �s�h�e�a�r� �b�o�l�t�s�,� �V�i�s�h�a�y� �b�o�x�,� �c�o�n�n�e�c�t�i�n�g� 
�c�a�b�l�e�s� �a�n�d� �w�i�r�e�s�,� �l�e�v�e�l�,� �3�/�4�i�n�c�h� �s�p�a�c�e�r� �n�u�t�s�,� �a�n�d� �s�t�e�e�l� �s�n�a�p� �r�i�n�g�s� �u�s�e�d� �i�n� �t�h�i�s� 
�r�e�s�e�a�r�c�h�.� 
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