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ABSTRACT 

Displacement beneath the bolts in multiple-bolted wood connections was studied using digital image 
correlation. This method combines digital image analysis and image correlation to calculate surface 
displacements from a set of digitized video images of an ohject under an applied load. Douhle-shear 
connections constmcted of clear, straight-grained yellow-poplar were tested in compression parallel to 
grain. Five different bolt patterns were used to analyze the effect of numher of holts in a vertical mw 
and number of bolts in a horizontal column on displacement distribution among hnlts. It was discov- 
ered that for multi-holt pattems in a vertical row, parallel to load displacements helow the outer hnlts, 
are higher than those below the center bolt(s) but not equal in magnitude as previously assumed and 
the surface displacements perpendicular to the load beneath the bolts split along the centerline of the 
holts. Variation in material prapelties, rigid body motion, eccentric loading and/or wood failure beneath 
a bolt are detectable with digital image correlation and may influence the results if no1 carefully 
considered in experimental design. 

Keywords: Multiple-bolted w d  connections, digital image correlation, displacement analysis, mc- 
chanical connections, double shear joints. 

It is well documented that the connections 
in structures are the most critical component 
in ensuring structural integrity and perfor- 
mance. In concrete and steel structures, the he- 
havior has been well researched. However, in 
wood structures the behavior of the connec- 
tions has been difficult to determine. Our 
knowledge of connection behavior is insuffi- 
cient primarily in the area of multiple-bolted 

wood connections. The limiting factor has 
been the experimental techniques applicable 
for analyzing the connections. 

The objective of this study was to investi- 
gate a new technique called the digital image 
correlation technique (DICT) to improve the 
understanding of bolt displacement in multi- 
ple-bolted wood connections. DICT combines 
digital image analysis and image correlation to 
calculate surface displacements from a set of 
digitized video images of an ohject under an 
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applied load. This method has been demon- 
strated to measure quickly and accurately full- 
field surface displacements in fields such as 
rigid body mechanics (Peters et al. 1983). fluid 
mechanics (He et al. 1984). experimental me- 
chanics (Chu et al. 1985). biomechanics (Ran- 
sou et al. 1986). fracture mechanics (Luo et 
al. 1994), micromechanics (Vendroux 1994). 
and wood science (Agrawal 1989; Choi et al. 
1991; Zink et al. 1995). However, it has yet 
to be applied to bolted wood connections. Be- 
cause information regarding individual bolt 
behavior could be obtained from full-field dis- 
placement data of the wood surface around the 
bolts, it is proposed the DICT could be a suit- 
able experimental technique to study multiple- 
bolted wood connections. 

While this particular report on bolted wood 
connections is limited to the displacement pat- 
terns near the bolts, the load distribution and 
assessment of design procedures for these con- 
nections are available in two other reports by 
the authors (Stelmokas et al. 1997 and Sal- 
enikovich et al. 1996, respectively). 

BACKGROUND 

Several experimental techniques have been 
utilized to study the associated stresses and 
strains in the neighborhood of a loaded bolt 
hole. Information gained from these tech- 
niques has occasionally been used to analyze 
multiple-bolted connection behavior. Strain 
gages and moir.6 interferometry have been the 
traditional techniques used. These two meth- 
ods have been primarily employed to experi- 
mentally verify analytical models developed 
by researchers (Wilkinson and Rowlands 
1981; Rowlands et al. 1982; Rahman et al. 
1991). In order to measure the load distribu- 
tion among a row of bolts, Wilkinson (1986) 
developed a variation of traditional strain gag- 
es. 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" from which the load carried by 
each bolt in the row could be computed (Wi1- 

kinson 1986). In general, strain gages have a 
very limited gage length and may not detect 
critical areas of the strain distribution, es- 
pecially with wood specimens. Moir6 interfer- 
ometry operates on the principle of interfer- 
ence by determining the difference in move- 
ment between an undeformed reference grat- 
ing and a deformed object grating. Because of 
the complexity of its application, moir6 inter- 
ferometry has not received widespread use in 
wood engineering studies. 

Humphrey and Ostman (1989 a, b) have de- 
veloped two techniques, one to model wood 
deformation around bolts and the other to 
study bending and overall displacement of 
bolts within connections. As reported in Part 
I of their study, a steel pin is passed through 
thin wood wafers that are between glass 
plates. These wafers are stressed in tension, 
and the associated wood deformation and fail- 
ure around the pin are photographed. Multiple 
pin wafers were also tested. In Part I1 of their 
study, X-ray scans were used to observe and 
quantify the bending and overall displacement 
of a single bolt within a joint as the joint is 
loaded in tension to failure. When the X-ray 
data were used in conjunction with load-slip 
data, the associated wood deformation within 
the joint could also be determined. It was fur- 
ther suggested that when this X-ray technique 
is combined with the wafer technique, con- 
nection performance (both wood and entire 
bolt behavior) throughout the joint can be 
evaluated. 

The technique developed by Humphrey and 
Ostman (1989a) was used by Fantozzi and 
Humphrey (1995) to analyze the effects of 
bending moments on multiple-bolted wood 
connection behavior. Results suggest that the 
technique may be useful for developing joint 
designs and looking at the effects of wood 
variables. However, this technique has yet to 
be applied to full-size connections and thus 
may be impractical to use. 

An optical technique has been developed by 
Kermani and McKenzie (1994) to study strain 
distributions around a single bolt. Kermani 
and McKenzie used single-beam reflection ho- 



212 WOOD AND FIBER SCIENCE, JULY 1997. V. 29(3) 

lography to study the effects of grain angle on 
the behavior of a single-bolted connection in 
compression. The researchers obtained results 
for both in-plane and out-of-plane displace- 
ments with this technique and showed that the 
strain distributions around the bolt were highly 
dependent on the grain orientation of the spec- 
imen. This technique can be difficult, expen- 
sive, and has yet to be applied to multiple- 
bolted connections. 

In the field of wood and wood products, 
various experimental techniques have been 
used to quantify surface deformations and thus 
provide strain information on wood specimens 
under load. While many of these methods may 
provide accurate results, certain limitations are 
associated with each technique. Previously, 
dial gages, electrical strain gages, and linear 
variable differential transformers (LVDTs) 
have been the conventional devices utilized to 
measure point-source displacements in wood 
specimens. The limitation of these methods is 
that they can only measure displacements over 
a very limited gage length and thus cannot be 
used to measure displacements (strains) over 
the entire surface of a specimen i.e. full-field 
deformations. Brittle coatings, laser speckle 
interferometry, moir6 interferometry, photoe- 
lasticity, and single-beam reflection holog- 
raphy are some of the other methods that have 
been employed to measure strain in wood, es- 
pecially with respect to full-field strain mea- 
surement. 

The digital image correlation technique 
(DICT) is a relatively new method in experi- 
mental mechanics that can be used for full- 
field deformation measurements. DICT com- 
bines digital image analysis and image corre- 
lation to calculate surface displacements from 
a set of digitized video images of an object 
under an applied load. Choi et al. (1991) ex- 
plained that the fundamental concept of the 
DICT is that a "digital computer recognizes a 
light intensity pattern of a small area in an 
undeformed image and then finds the same 
area in a deformed image." Typically, two or 
more video images are acquired with a 
charged coupled device (CCD) video camera, 

"one of which [is] undeformed and the others 
of which [are] deformed" (Choi et al. 1991), 
of an object surface that has a varying light 
intensity pattern. The images are digitized (i.e. 
each intensity value is assigned a binary num- 
ber that corresponds to a gray level) and stored 
in computer memory or on disk for future ref- 
erence. Each image is now a measured inten- 
sity pattern and "represents the positions of 
points on the surface of" an object (Sutton 
and Chao 1988). 

Small subsets of the undeformed and de- 
formed images are chosen. A computer pro- 
gram mathematically cross-correlates the cho- 
sen subsets by comparing the subset "from the 
undeformed image to subsets from each of the 
other [deformed] images until the best match 
is obtained. The difference in the location of 
the subset before and after deformation is the 
displacement" (Sutton and Chao 1988). By 
choosing different subsets, the displacement of 
numerous points on the surface of the object 
can be calculated. The mathematical tech- 
niques necessary for cross-correlating the un- 
deformed, reference image with a deformed 
image were developed by Peters and Ranson 
(1982). 

DICT has recently been applied to wood 
and wood products with the results indicating 
that it is a viable method for studying complex 
wood behavior. Agrawal (1989) used digital 
image processing to study the full-field defor- 
mations of wood and aluminum specimens 
loaded in compression and bending and to 
monitor the creep response of wood. Choi et 
al. (1991) used DICT to measure displacement 
and strain in very small specimens of wood 
and paper. Their results were compared to a 
photographic method and showed good agree- 
ment. Zink (1992) used the technique to ex- 
perimentally determine the influence of over- 
lap length on the strain distribution and the 
progressive failure behavior of a bonded wood 
double lap joint. 

MATERIALS AND METHODS 

Specimen description 
Test specimens were three-member, double- 

shear connections loaded parallel to the grain. 
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This configuration was selected to reduce ec- 
centricity problems associated with two-mem- 
ber connections and so that the side member 
surface could be visible for imaging purposes. 
Yellow-poplar (Liriodendron tulipfera) was 
used because its uniform, diffuse-porous anat- 
omy would minimize the effects of the early- 
wood/latewood differences and material in- 
homogeneity on surface deformations. Prior to 
machining, the lumber was conditioned in an 
environmental chamber for approximately two 
months where the temperature and humidity 
were controlled to correspond to an approxi- 
mate moisture content of 12% per ASTM D 
1761 (ASTM 1993) specifications for testing 
mechanical fasteners. 

The effect of bolt configuration on the dis- 
tribution of displacement among the bolts was 
determined using the following variables: 
number of bolts in a vertical row (1,2,3) and 
number of bolts in a horizontal column (1.2.3). 
These joint variables were selected to confirm 
and/or expand the knowledge of multiple-bolt- 
ed connection behavior based on the needs 
identified in the literature. Five different bolt 
patterns were used as illustrated in Fig. 1: pat- 
tern #1 is a single bolt; pattern #2 is a vertical 
row of two bolts; pattern #3 is a vertical row 
of three bolts; pattern #4 is a horizontal col- 
umn of two bolts; and pattern #5 is a borizon- 
tal column of three bolts. Three replications of 
each bolt pattern were tested. The National 
Design Specifications (AFPA 1993) recom- 
mended spacing between bolts in a row (4D- 
4 times the bolt diameter D) and edge (1.5D) 
and end (4D and 7D) distances for full design 
value were met or exceeded for all specimens. 
The bolt holes were drilled 0.07 mm (1132 
inch) oversize for bolt tolerance. 

Digital image correlation 

Digital image correlation requires capturing 
video images of a properly illuminated speci- 
men as it is being loaded, digitizing these im- 
ages, and mathematically cross-correlating the 
reference and deformed images to calculate 
displacements. A Panasonic WV-CL350 Color 

CCTV charged-coupled device (CCD) video 
camera, high resolution Panasonic CT1383Y 
color video monitor, 70-mm Nikon zoom lens, 
and a SUN SPARClO Model 40 workstation 
computer with digitizing board were used to 
acquire and digitize the video images. A stan- 
dard C-mount adapter was used to attach the 
zoom lens to the video camera. The video 
camera was mounted on a Bogen 3021 pro- 
fessional tripod. Two white light 150W pho- 
toflood lights with aluminum shields were 
used to illuminate the specimens during test- 
ing. These lights were mounted on each side 
of the video camera. A level, mler, and tape 
measure were used to align the specimens with 
the video camera. The Fortran program used 
for the mathematical cross-correlation uses a 
coarse-fine searching method to locate subsets 
before and after deformation, minimization of 
a cross-correlation coefficient to establish the 
best-fit of the subsets, and a bilinear interpo- 
lation scheme to interpolate gray levels be- 
tween pixel locations. The procedure is fully 
described by Zink et al. (1995). 

Several preliminary experiments were con- 
ducted to evaluate the digital image correla- 
tion system (camera, lens, illumination source, 
hardware, and software). Evaluation tests in- 
cluded determining the baseline noise of the 
system, the effect of out-of-plane motion, and 
the accuracy in measuring two-dimensional 
(in-plane) rigid body motion. Evaluations 
were conducted using a 2.54 X 2.54 X 8.57 
cm (1 X 3.375 inch) aluminum block with an 
extension rod mounted in a Boeckeler Instru- 
ments #I2625 extensometer calibrator. The ex- 
tensometer is a device that is capable of ac- 
curately moving an object distances measur- 
able to 0.00254 mm (0.0001 inch), and it is 
often used to calibrate LVDTs. The evaluation 
procedures and results are fully described in 
Stelmokas (1995). In summary, it was found 
that baseline noise levels were acceptably 
small and would not interfere with displace- 
ment measurements, no distortion of the re- 
sults would be introduced from out-of-plane 
motion of the test specimens, and the rigid 
body motion measured with the correlation 
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Bolt Pattern #1 Bolt Pattern #2 Bolt Pattern #3 

Bolt Pattern #4 Bolt Pattern #5 
Rc. 1. Diagram and dimensions (mm) of the 5 bolt patterns tested. 
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Ro. 2. Pliotc~gr;~pl~ ~11spl;l)inp the  aluminum hlock 
evaluation test s c o p .  

technique matched very well with the exten- 
someter displacement motion with a 4.52% er- 
ror in the horizontal motion and a 6.5% error 
in the vertical motion measurements. 

Variability in the measurements that might 
be expected from material inhomogeneity was 
tested in two more preliminary compression 
tests. The first test used an aluminum block, 
and the second used seven blocks of yellow- 
poplar wood from the joint specimen test ma- 
terial. Aluminum was chosen because it is 
considered an isotropic, homogeneous mate- 
rial with known mechanical properties. The 
aluminum block was 166 mm (6.542 inch) 

parallel to the load and 102 mm X 38.8 mm 
(4.016 in X 1.530 inch) in cross section. The 
wood blocks averaged 205 mm (8.063 inch) 
parallel to the load and 100 mm X 48.26 mm 
(3.960 inch X 1.900 inch) in cross section. A 
spherical ball and socket bearing seat were 
used at the bottom of the specimen to mini- 
mize eccentric loading. A steel block was used 
at the top of the specimen to distribute the 
applied compression load over the entire spec- 
imen cross section. Compression tests were 
conducted only within the linear elastic range 
as determined by the shape of the loadldeflec- 
tion curves. The mechanical test setup is il- 
lustrated in Fig. 2. DICT was used to measure 
the in-plane displacements of 20 points on the 
surface of the aluminum test specimen using 
a matrix of 4 rows and 5 columns. Displace- 
ment evaluation procedures are fully described 
by Stelmokas (1995). In summary, the average 
in-plane displacements for the aluminum and 
wood blocks are shown in Table 1 at a com- 
pression load of 180 kN (40,000 lb). Exami- 
nation of Table 1 indicates that variability in 
a single horizontal line of data across the face 
of the test specimens is minimal for the alu- 
minum compression block, and as might be 
expected, slightly higher in the wood block. 
Because the load was applied to the end of the 
test specimens nearest row #1, the displace- 
ments reported in Table 1 are highest nearest 
the loaded end and decrease uniformly away 
from the load. These preliminary evaluation 
tests indicate that the level of variability ex- 
pected from just material heterogeneity, such 
as might be expected with a diffuse porous 
wood specimen, is quite small. 

TABLE I. Diiphcement measurements (in units of mmJ using a matrix of 4 rows and 5 columns for wood and 
aluminum compression tesrr. kmd = 180 kN (40,000 IbsJ. 

Wmd Aluminum 

column Column 

Row I 2 1 4 5 I 2 3 4 5 

1 0.498 0.531 0.498 0.494 0.491 0.085 0.105 0.105 0.108 0.103 
2 0.458 0.464 0.444 0.404 0.424 0.080 0.085 0.082 0.090 0.095 
3 0.411 (1.414 0.360 0.374 0.371 0.065 0.063 0.070 0.082 0.090 
4 0.371 0.381 0.284 0.251 0.237 0.068 0.065 0.060 0.063 0.073 



216 WOOD AND FIBER SCIENCE. JULY 1997. V. 290)  

For mechanical testing of the bolted joint they were in the center of the hydraulic ram 
testing, the test assemblies were positioned in and parallel with the camera, angle-iron braces 
the testing machine and the load applied; dig- were fastened to the MTS table at the bottom 
ital images were acquired at several load lev- of each side member. The angle-iron braces 
els within the elastic range of load/displace- also prevented the side members from moving 
ment behavior based on visual examination of outwards during testing. A wood block placed 
the real-time load/displacement plot from the between the side members at the bottom of the 
testing machine. The reference image for all connection prevented members from moving 
bolt patterns was acquired at 2.224 kN (500 inwards. A small elastic band was stretched 
Ib). This load level was chosen to allow the around the top of the single-bolted connec- 
bolted connections to align so that any rigid tions to keep the members in alignment. 
body motion associated with the alignment A spherical ball and socket bearing seat 
would be minimized. For bolt pattern #1, sub- were mounted on the load cell of the MTS to 
sequent deformed images were acquired at help minimize eccentric loading. Two steel 
2.224 kN (500 Ib) increments and at 4.448 kN blocks with a total thickness of 63.5 mm (2.5 
(1000 Ib) increments for all other bolt patterns inch) covering the entire cross-sectional area 
(2-5). Three load levels-low, medium, and of the main member were inserted between the 
high-were chosen as the deformed images bearing seat and the top of the specimen to 
for later analysis. Images were acquired until distribute the applied load evenly. A steel plate 
visible wood failure was observed and the rate was placed between the bottom of the connec- 
of loading slowed considerably as determined tion and the testing machine table to give the 
by the testing machine display and nonlinear specimen a smooth, flat bearing surface. Fig- 
load vs. time curve viewed during data acqui- ure 4 illustrates the joint test setup and appa- 
sition. ratus used to ensure uniform loading. 

Measurement grids of 7 x 9  points for bolt 
patterns #I, #2, and #3 and 11x9 points for RESULTS AND DISCUSSION 
bolt patterns #4 and #5 were chosen to study 
the surface displacements beneath the bolt(s). The digital image correlation results are 

The location of each data point on the surface presented as contour plots of the in-plane dis- 
of each bolt pattern is shown in Fig, 3, where placement fields for both parallel (y-direction) 

the black crosses indicate the data point lo- and ~elpendicular (x-d'uection) to load at three 
cations, ~ i ~ ~ l ~ ~ ~ ~ ~ ~ ~ ~  were both selected load levels. In-plane displacements 
parallel (vertical direction) perpendicular were obtained for each data point illustrated 

(horizontal direction) to the applied load. in Fig. 3. Due to the origin of computerized 
digital images being in the upper left-hand 
comer, for perpendicular to load (x) displace- 

Testing machine ments, motion to the left is considered nega- 
A servo-hydraulic Material Test System tive and motion to the right is considered pos- 

(MTS) testing machine was used to apply load itive; and for parallel to load (y) displace- 
to all specimens in this research. A 2220 kN ments, up is negative and down is positive. 
(50,000 Ib) load cell, a 290 kN (20,000 lb) The x and y coordinates of the contour plots 
load range card, and a 215.24-mm (0.600 correspond exactly to the dimensions imaged 
inch) deflection range card were used to con- on each side member using the upper left-hand 
trol and monitor tests. Connections were load- comer of the member as the origin, i.e., point 
ed at a deflection-controlled rate of 0.508 mm (0,O). The rectangular area within the x and y 
(0.020 inch) per minute according to ASTM coordinates where the contours are plotted 
D 1761 (ASTM 1993) specifications. To po- corresponds to the placement of the measure- 
sition the specimens inside the MTS so that ment grid on the specimen surface. Displace- 
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Bolt Pattern # 1 Bolt Pattern #2 Bolt Pattern #3 

Bolt Pattern #4 Bolt Pattern #5 
FIG. 3. Diagram of measurement point locations on test specimen surfaces. The black crosses indicate data point 

locations, the numhers on the circles indicate bolt number. 
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configuration 

ment results are in units of microns (mm X 
The solid black circles in these figures 

represent the location and size of the bolts on 
the specimen surface relative to the measure- 
ment grid, and the white numbers are to iden- 
tify each bolt. Bolts move downward parallel 
to load as the load increases; thus wood sur- 
face displacements occur primarily beneath 
the bolt. Load levels refer to the load at which 
the images were acquired. 

Perpendicular to load displacement results 
of bolt pattern #I-a single bolt-are dis- 
played in Figs. 5A-5C for specimen B. Be- 
cause the single bolt was in the middle of 
the measurement grid and moving down- 
wards, displacements left (negative) and 
right (positive) were expected due to the 

Poisson effect of lateral expansion perpen- 
dicular to the applied compression force of 
the bolts. However, none of the single bolt 
connections displayed this trend. Specimen 
B (shown in Figs. 5A-5C) shows all dis- 
placements as moving right as the load in- 
creases. These results suggest eccentric load- 
ing of the connection andlor main member 
rotation about the single bolt, which may 
cause rigid body motion. Figures 5D-F dis- 
play the parallel to load displacement results 
for specimen B, bolt pattern #I. It is seen in 
these figures that as the load increases, dis- 
placements steadily increase downward 
(positive), and the highest displacements ap- 
pear to he concentrated beneath the bolt. 
This trend was also observed for the other 
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D E F 
Fro. 5. Contour plots of the displacement fields for holt pattern #I :  Displacements in mm X 10-3 (0.03937 in x 

10-9; A-C: perpendicular to load; D-F: parallel to load; A. & D. load = 4.448 kN (1,000 Ib), B. & E. load = 11.12 
kN (2,500 Ib). C. & E load = 17.792 kN (4,000 Ih). 

single bolt connections and was expected 
due to the downward motion of the bolt. 

Perpendicular to load displacement results 
of bolt pattern #2-vertical row of two bolts- 
are shown in Figs. 6A-6C for a representative 
specimen (A). At 2.224 kN (5000 lb), it ap- 
pears that all displacements are moving right. 
But at 4.003 kN (9000 Ib), movement left and 
right appears to be happening where the graph 
is separating into two halves along the line of 
the bolts. It is possible that early in the test, 
rigid body motion or eccentric loading oc- 
curred. But later in the test, the connection 
may have aligned itself, and the motion of the 
bolts caused displacements left and right to 
take place. Specimen B (not shown) displayed 

the same trend as specimen A. However, spec- 
imen C (not shown) displayed results similar 
to those observed for specimen 1B (Figs. 6A- 
6C) where all perpendicular displacements ap- 
peared to move right. It is unknown why the 
perpendicular results of specimen C differed 
from specimens A and B except for possible 
rigid body motion of the entire connection, ec- 
centric loading, or wood failure beneath the 
bolts. 

Parallel to load displacements of specimen 
2A are shown in Figs. 6D-E The progressive 
load series clearly displays the creation of 
the displacement fields and how the highest 
displacements on the surface are concentrat- 
ed beneath each bolt. The shapes of these 
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FIG. 6.  Contour plots of the displacement fields for bolt pattern #2; Displacements in mm X 10.) (0.03937 in X 
A d 2  perpendicular to load: D-F: parallel to load: A. & D. load = 4.448 kN (1.000 Ib). B. & E. load = 22.24 

kN (5.000 Ih). C. & E load = 40.03 kN (9,000 Ib). 

fields are very similar to those observed for 
bolt pattern #I. However, displacements be- 
low the top bolt (#I) were slightly higher 
than those beneath the bottom bolt. This 
trend was also observed for specimens B and 
C (not shown) of pattern #2. If a uniform 
strain is assumed to exist across the cross 
section of the member, the higher displace- 
ments below the top bolt than those below 
the bottom bolt can be explained by the dif- 
ferent distances between the bearing area be- 

low each bolt and the fixed bearing area at 
the bottom of the connection. The bearing 
area below the top bolt has a longer distance 
to the fixed end than the bearing area below 
the bottom bolt. Because deformation is a 
cumulative response, a longer distance be- 
tween the bearing area below a bolt and the 
fixed end of the side member will correspond 
to higher displacement below that bolt. 
Therefore, the observed trend of higher dis- 
placements below the top bolt can be ex- 
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with almost zero displacements along the line 
of the bolts. This trend suggests that the down- 
ward motion of the bolts as the load is in- 
creased causes the connection to split apart 
along the line of the bolts. This is most likely 
due to the Poisson ratio effect causing lateral 
expansion perpendicular to the applied com- 
pression force of the bolts and low tension 
perpendicular strength. However, specimen B 
(not shown) displayed results similar to those 
observed for specimen 1B (Fig. 5A-5C), 
where all perpendicular displacements ap- 
peared to move right. The results of specimen 
B differed from specimens A and C probably 
due to rigid body motion of the entire con- 
nection andlor eccentric loading. 

The parallel to load displacements of bolt 
pattern #3 are shown in Figs. 7D-7F for spec- 
imen 3C. Once again, the highest displace- 
ments on the surface are concentrated beneath 
the bolts, especially at the highest load. The 
shapes of the displacement fields are very sim- 
ilar to those observed for bolt patterns #1 and 
#2. However, displacements on the right side 
of the connection appear to be higher than the 
left side for each specimen. Furthermore, there 
appears to be an area of high displacements 
directly to the right of bolt #3 in specimen C. 
This trend was also observed, although not as 
pronounced, in specimen B (not shown). Upon 
inspection of specimens B and C, there were 
no visible surface defects to explain this high 
concentration of displacements. It is possible 
that the natural variability of wood caused 
these high displacements. Also, the displace- 
ments parallel to load below the top bolt were 
higher than those below the bottom two bolts 
for all specimens. As described for bolt pattern 
#2, this can be explained by the longer dis- 
tance of the top bolt to the fixed bearing end 
of the side member relative to the bottom two 
bolts. Because deformation is a cumulative re- 
sponse, a longer distance will correspond to 
higher displacements. 

Based on the perpendicular to load results 
of Figs. 5,6, and 7, it appears that as the num- 
ber of bolts in a vertical row increases, the 
"split" down the middle becomes more pro- 

nounced where the left half of the connection 
moves left and the right half of the connection 
moves right. This occurs because of the higher 
total applied load to the connection and be- 
cause there are more bolts moving downwards 
in one line, thus increasing the tendency of the 
connection to "split" due to the Poisson effect 
of lateral expansion perpendicular to the ap- 
plied compression force of the bolts and low 
tension perpendicular to the grain properties. 
If the load on the joints had been allowed to 
continue until failure, the displacements per- 
pendicular to the grain caused by the wedge 
effect of the fasteners would lead to splitting 
of the side members. This splitting behavior 
of wood members parallel to a vertical row of 
fasteners has been observed often in practice 
and is reported to be the cause for connection 
failure at lower than expected loads (Jorissen 
1996). Jorissen (1996) further indicates that in 
his study "the load carrying capacity of a mul- 
tiple fastener connection is governed by crack 
developing at the loaded end instead of crack 
propagation near the hole." These findings 
agreed with the splitting of the displacement 
fields observed in this study illustrated in Figs 
5, 6, and 7 and point out the ability of DICT 
measurements to predict the onset of splitting 
or cracking. 

A clear-cut trend for the parallel to load dis- 
placements did not appear to develop between 
bolt patterns #I, #2, and #3. The parallel to 
load displacements did increase in magnitude 
as the number of bolts in a vertical row in- 
creased. For an equivalent load per bolt, high- 
er displacements will occur parallel to load as 
the number of bolts in the connection increas- 
es. It is also possible that due to dissimilar side 
members, differences in material properties 
through the thickness of the wood members, 
and the fact that bolt loading is not unidirec- 
tional, the displacements may be greater on 
the inner side of the members or else the load 
is not symmetrically distributed between side 
members. 

The perpendicular to load displacement re- 
sults of bolt pattern #4--horizontal column of 
two bolts-are displayed in Figs. 8A-C for a 
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FIG. 8. Contour plots of the displacement fields for bolt pattern #4; Displacements in mm X (0.03937 in X 

IW'); A-C: perpendicular to load; D-F: parallel to load; A. & D. load = 4.448 kN (1.000 Ib). R. & E. load = 17.79 
kN (4.000 Ih), C. & E load = 26.69 kN (6.000 Ib). 
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representative specimen (C). The increasing 
load series shows the development of the neg- 
ative (leftward) displacement field to the left 
of bolt #2 and the positive (rightward) dis- 
placement field to the right of bolt #1 with 
zero displacements between the bolts. It is 
suggested that the downward motion of the 
bolts caused the surface beneath each bolt to 
move left and right, thus explaining the above 
observation. The zero displacements between 
the bolts were caused by the rightward motion 
below bolt #2 and the leftward motion below 
bolt #1 canceling each other out. This trend 
was also observed for specimen B (not 
shown). However, specimen A (not shown) 
displayed results similar to those observed for 
specimen 1B (Fig. 5) where all perpendicular 
displacements appeared to move right, indi- 
cating eccentric loading due to material cbar- 
acter. 

Figures 8D-F display the parallel to load 
displacement results of bolt pattern #4 for 
specimen C. Once again, the highest displace- 
ments on the surface are clearly concentrated 
below the bolts, especially at the highest load. 
In this specimen, C, the displacements were 
higher beneath bolt #2 than bolt #l. In speci- 
men B (not shown) the displacements beneath 
each bolt were equal in magnitude. In speci- 
men A (not shown) the displacements below 
bolt #1 are higher than those beneath bolt #2. 
Because the distances between the bearing 
area of each bolt and the fixed bearing end of 
the side member were equal, it is unknown 
why the parallel to load displacement obser- 
vations differed for each specimen. It is prob- 
able that wood failure beneath the bolts or the 
inherent natural variability of wood caused the 
observed differences. 

The perpendicular to load displacement re- 
sults of bolt pattem #5-horizontal column of 
three bolts-are displayed in Figs. 9A-C for 
specimen A. In specimen A, all displacements 
appeared to be moving left, especially on the 
left half of the connection. There is slight 
movement right between load levels 2 and 3 
to the right of bolt #l. However, in specimens 
B and C (not shown), all displacements ap- 

peared to be moving to the right. But there is 
also slight movement left between load levels 
2 and 3 to the left of bolt #3. These are clearly 
equal and opposite trends, but it is unknown 
why they occurred. The downward motion of 
the bolts, rigid body motion of the entire con- 
nection, eccentric loading, andlor wood failure 
beneath the bolts are all factors that could ex- 
plain these observations. 

Figures 9D-F display the parallel to load 
displacement results of bolt pattern #5 for a 
representative specimen (A). The progressive 
load series clearly shows the development of 
the displacement fields with the highest sur- 
face displacements occuning directly beneath 
the bolts. The parallel to load displacements 
appear to be highest beneath the middle bolt 
(bolt #2) and approximately equal below the 
outer two bolts. This was also observed for 
specimens B and C. Because the distances be- 
tween bearing area of each bolt and the fixed 
end of the side member were equal, the higher 
displacements below the middle bolt should 
occur due to the smaller tributary area beneath 
that bolt compared to the outer two bolts. A 
smaller tributary area causes a high stress and 
therefore a higher strain and displacement to 
occur below the middle bolt. 

There did not appear to be any development 
of a well-defined trend in the surface displace- 
ments perpendicular to load as the number of 
bolts increased between bolt patterns #1, #4, 
and #5. The perpendicular displacements may 
or may not be concentrated on one side of the 
connection, which indicates less of a tendency 
of the wood side members to split perpendic- 
ular to the grain as the number of bolts in- 
creases in a horizontal column. However, the 
parallel to load displacements did increase in 
magnitude as the number of bolts in a hori- 
zontal column increased due to the increase in 
total applied load. 

CONCLUSIONS 

This research supports the following con- 
clusions: 

As the number of bolts in a vertical row 
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Fro. 9. Contour plots of the displacement fields for bolt pattern #5; Displacements in mm X 10.' (0.03937 in X 

lo-'); A-C: perpendicular to load: D-F: parallel to load: A. & D. load = 8.896 kN (2,000 Ib), B. & E. load = 35.58 
kN (8.000 Ib), C. & E load = 53.38 kN (12,000 Ib). 
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increases, the surface displacements perpen- 
dicular to load beneath the bolts split along 
the centerline of the bolts even at relatively 
low load levels due to the Poisson effect 
and low tension perpendicular to the grain 
properties of wood, where the left half of 
the connection moves left and the right half 
of the connection moves right. Because 
wood members often split parallel to a ver- 
tical row of connectors in practice, the 
trends in the displacements fields observed 
in this study could be used to predict the 
onset and location of potentially catastroph- 
ic joint failures. The displacement fields 
could also be used to study the influence of 
bolt spacing and the number of bolts. 
For three bolts in a horizontal column, the 
parallel to load displacements below the 
bolt nearest the load were greater than those 
beneath the other bolts and not equal to the 
last bolt in the series as previously reported 
(Cramer 1968 and Lantos 1969). It is sug- 
gested that this conflict should lead to fur- 
ther study. 
For multi-bolt patterns in a horizontal col- 
umn, there did not appear to be any devel- 
opment of a well-defined trend in the sur- 
face displacements as the number of bolts 
increased. The perpendicular displacements 
may or may not be concentrated on one side 
of the connection, which indicates less of a 
tendency of the wood side members to split 
perpendicular to the grain as the number of 
bolts increases in a horizontal column. 
The digital image correlation method is an 
effective qualitative and quantitative tech- 
nique for describing surface displacement 
fields, both parallel and perpendicular to 
load, beneath the bolts of single- and mul- 
tiple-bolted wood connections. Variation in 
material properties, rigid body motion, ec- 
centric loading, andlor wood failure beneath 
a bolt are detectable with DICT, and unless 
these factors are not carefully considered, 
they may influence the results obtained with 
digital image correlation when applied to 
wood test specimens. 
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