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The Effects of Row Spacing and Bolt Spacing in 6-Bolt and

4-Bolt Wood-to-Steel Connections

Abstract
by Michael A. Dodson, M.S.
Washington State University
December 2003
Chair: David G. Pollock

Research has shown that the strength of a multiple-bolt connection is not
accurately found by multiplying the strength of a single bolt connection by the number of
bolts. Initial efforts to model connection behavior involved development of a group
action factor to account for reduced strength on a per bolt basis along a row when
considering multiple-bolt connections. Recent studies suggest that the group action
factor does not adequately address reduced capacity for multiple-bolt connections.

Bolts spaced too close in multiple-bolt connections may cause localized failure in
wood members. A new appendix in the 2001 National Design Specification (NDS)
includes net section tension, group tear-out and row tear-out equations that take row
spacing, fastener spacing, tension strength (F;) and shear strength (F,) into account. This
research project compares predicted capacities based on NDS Appendix E behavioral
equations to ultimate loads based on testing.

This experiment consisted of six bolted connection configurations that varied in
row spacing, edge spacing, fastener spacing, and the number of bolts per row. Each
specimen was loaded parallel to grain in double shear. Douglas fir glulam beams with

cross-sectional dimensions of 130.2 mm (5.125 in.) by 304.8 mm (12 in.) were used for

v



the main members. ASTM A36 steel plates with thicknesses of 12.7 mm (0.5 in.) were
used for side members.

It was shown that with respect to ultimate load, the relative effects of row spacing
appear to be properly addressed in the NDS Appendix E equations. However, bolt
spacing within rows may not be adequately addressed in the NDS Appendix E equations.
As bolt spacing was increased from 4D to 8D average maximum loads increased only
15% while the predicted ultimate load increased 75%.

It was also shown that NDS Appendix E behavioral equations do not accurately
predict the ultimate capacities of multiple-bolt connections. In particular, the provisions
in NDS Appendix E do not address unequal load distribution to bolts. Furthermore, the
frequent occurrence of splitting in wood members indicates that it may be more

appropriate to use Fy, in place of F in equations for group tear-out and row tear-out.
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Chapter 1 - Introduction

1.1 — Background and Problem Statement

Bolted timber connections are commonly used to build structures all over the
world. Due to their relative ease of fabrication and load-carrying capacity, many
designers have found bolts to be an efficient way in which to connect timber members.
Even though quantitative design provisions for bolted connections have been available
since the early 1900’s, there are still opportunities to develop more accurate design
equations that better model material behavior in bolted timber connections.

Limited research has shown that the strength of a multiple-bolt connection is not
always accurately found by multiplying the strength of a single-bolt connection by the
total number of bolts. Initial efforts in North America to model connection behavior
involved development of a group action factor to account for reduced connection strength
due to unequal load distribution to individual bolts. However, this factor only considers
the number of bolts in a row; it neglects row spacing and timber strength properties. More
recently, it has been shown that bolts spaced too closely may cause failures such as net
section tension, and group tear-out, and row tear-out in wood members. Appendix E in
the 2001 National Design Specification for Wood Construction (NDS) has included
group tear-out and row tear-out equations that take both row spacing, bolt spacing, and
timber properties into account.

It is necessary to test connections in a controlled laboratory environment to obtain
a clear understanding of timber connection behavior. Tests may be set up to model

timber connections as they would appear under normal working conditions. Connection



strength, material behavior, and failure modes are useful parameters in determining if the

connections perform in a way that the NDS predicts.

1.2 — Objectives

The objectives of this research project are to:

e Determine if the new 2001 NDS equations for group tear-out and row tear-
out accurately predict modes of failure for 6-bolt and 4-bolt wood-to-steel
connections.

e Assess the effects of row spacing in 6-bolt wood-to-steel connections.

e Assess the effects of bolt spacing in 4-bolt wood-to-steel connections.

e Determine if ultimate test loads coincide with predicted tear-out

capacities.

1.3 — Significance

Prior to the 2001 edition of the NDS, designers accounted for reduced capacity in
multiple-bolt joints by use of a group action factor. The group action factor is applied in
conjunction with yield limit equations that model connection yield behavior. However,
brittle failure modes such as group tear-out and row tear-out have been observed to occur
in wood members, particularly those with large diameter fasteners spaced at NDS
minimum distances for full design values. Provisions for these additional brittle failure
modes were added to the 2001 NDS in the form of equations for row tear-out and group
tear-out. These equations model wood behavior rather than bolt behavior and provide
allowable loads associated with ultimate failure modes. Through limited testing of
multiple-bolt connections, it has been shown that group tear-out and row tear-out failure

modes sometimes predict a lower ultimate strength compared to yield limit models that



use the group action factor. Even though these new brittle failure equations have
frequently been found to be more critical than the yield model equations, they are non-
mandatory as seen in NDS Appendix E. This research addresses the accuracy of the yield
limit equations in conjunction with the Appendix E equations in predicting which yield or

failure modes govern connection behavior.

1.4 — Thesis Overview

The information in Chapter 2 provides background regarding multiple-bolt
connection behavior and design equations. Previous research in the area of multiple-bolt
connections is reviewed with an emphasis on attempts to model uneven load distribution
to individual fasteners. Chapter 3 describes the experimental methods used in all
connection and component testing such as the multiple-bolt connection tests, bolt bending
yield tests, dowel bearing strength tests, shear coupon tests, tension coupon tests, and
specific gravity tests. It also describes the materials and instrumentation used for this
project. Chapter 4 presents the results of the connection and component testing and
compares experimental results with what is predicted by the NDS equations. The

summary and conclusions appear in Chapter 5.



Chapter 2 - Literature Review

2.1 — Introduction

Bolts are a common type of fastener used in timber construction. They have the
advantages of being relatively easily installed and the ability to carry relatively high loads
between members. There are many parameters that affect the overall strength of bolted
connections in wood members. These parameters include member strength, member
thickness, moisture content of the wood, number of shear planes, bolt diameter, bolt
strength, and fabrication tolerances. While all of the above parameters influence single-
bolt connections, there are additional parameters that play vital roles in the behavior of
multiple-bolt connections. These parameters include row spacing, bolt spacing, the total
number of bolts, the number of bolts per row, and the number of bolt rows.

Timber joints may be single-bolt or multiple-bolt connections. As the name
states, a single-bolt connection consists of a single bolt used to transmit load between
members. On the other hand, a multiple-bolt connection may either consist of more than
one bolt in a single row, or multiple bolts in two or more rows. Although single and
multiple-bolt connections typically involve bolts of similar size and strength, there exist
differences in single-bolt connection behavior and multiple-bolt connection behavior.

Through the investigations of Lantos (1968) and Cramer (1969), it has been
shown that the capacity of individual bolts in a multiple-bolt connection is not always
equivalent to the capacity of a bolt in a single-bolt connection. It has been shown that the
bearing stress at failure in the wood adjacent to the bolt in a multiple-bolt connection can
be as much as 10% lower than that of a single-bolt connection (Cramer, 1968). This

decrease in bearing stress is due to uneven load distribution to the bolts as the load passes



from the main member to the side member. This uneven distribution causes higher
stresses in the wood at the bolt holes at the end of the rows resulting in splitting and block
shear failures. Based on this research, a group action factor was developed to model
uneven load distribution for multiple-bolt connections. The group action factor and the
research of Lantos and Cramer are based upon an assumption of linear elastic material
behavior below the proportional limit.

The group action factor first appeared in the 1973 NDS. Although it addresses
the issue of uneven load distribution through strength reduction on a per bolt basis, it
does not accurately represent the ultimate capacity of wood because it assumes a linear-
elastic behavior. Recent research suggests that row spacing, bolt spacing, the number of
bolts, and the number of bolt rows play vital roles in determining connection strength.
Failure modes such as row tear-out and group tear-out are functions of row spacing, bolt
spacing, the number of bolts, and the number of bolt rows along with the shear strength
(F,’) and tension strength (F;’) of the wood member. In both failure modes, shear cracks
parallel to grain and tension cracks perpendicular to grain encompass the bolt pattern. If
either row spacing or fastener spacing is small enough, row tear-out and group tear-out

will govern connection behavior over standard bolt yield limit models.

2.2 — Background

Empirical equations for bolted timber connections used in the early 1900’s can be
linked to research by Trayer (1932). Prior to Trayer’s research, there had not been a
significant amount of research in the U.S. regarding design loads for bolted connections.

Using various hardwood and softwood species along with varying bolt diameters and



lengths, Trayer tested hundreds of connections in order to acquire a better understanding
of the behavior of bolted connections. He defined the proportional limit as the point on
the load-displacement curve when the slip (displacement) in the joint ceases to be

proportional to the load (Trayer 1932). See Figure 2.1.

Load

T ———Proportional Limit

Displacement

Figure 2.1 — Proportional Limit for a Bolted Connection

Trayer’s research formed the basis for the allowable bolt connection design values
used in U.S. design codes for years to come (Moss 1996). Trayer’s empirical research
procedures were used for bolted connection design from the first edition (1944) of the
NDS to the 1986 NDS. Based on extensive testing and analysis, a European method for
design of timber connections was adopted in the 1991 NDS. This method, referred to as
the Yield Model (YM), provided mechanics-based equations for designers to use when

designing bolted timber connections. (Anderson 2001). Because use of 1986 NDS bolt



provisions had resulted in satisfactory designs, connection capacities based on the YM
equations did not change drastically when they were introduced in the 1991 NDS.

In the early 1940’s, Johansen introduced the Yield Model as a design method for
connections that relied on the dowel embedment strength (also called dowel bearing
strength) of the wood and the yield strength of the fastener (Jorissen 1996). Researchers
throughout the years have expanded on Johansen’s idea that lateral connection yield
strength is reached when the compressive strength of the wood beneath the bolt is
exceeded (Mode I or II yielding) or when plastic hinges form in the bolt (Mode III or IV
yielding). Despite its advantages over Trayer’s empirical approach, a reputable definition
of connection yield strength was still needed. As explained by McLain (1991), Harding
and Fowkes (1984) compared predicted yield strengths to test data and developed a
method to consistently predict the yield load. This method is known as the 5% diameter
offset method (5%D-offset). The research of Harding and Fowkes defines the yield
strength of a connection with a dowel fastener as a characteristic load that occurs between
the connection proportional limit and the ultimate strength.

Using the 5%D-offset, a line is drawn parallel to the initial linear region of the
load-displacement curve. This line is then offset 5% of the fastener diameter to the right
of the initial linear region. The point at which this 5%D-offset line intersects the load-
displacement curve is called the yield point (ASTM D5652, 2002). If the 5%D-offset
line does not intersect the load-displacement curve, the yield load is defined as the
ultimate load. The 5%D-offset method is used as a basis to enable comparisons between
predicted yield load and test data (McLain 1991). Based on predicted yield loads

obtained through analytical consideration of material properties and connection



geometry, limit states corresponding to different yield modes were introduced in the 1991

NDS. These yield models are currently used in the 2001 NDS and are described below:

Yield Mode I — Wood crushing in either the main member or side members.

Yield Mode II — Localized wood crushing near the faces of wood members based
on the pivoting of a rigid fastener about the shear plane.

Yield Mode III — Fastener yield in bending at one plastic hinge point per shear
plane and associated localized wood crushing.

Yield Mode IV — Fastener yield in bending at two plastic hinge points per shear

plane and associated localized wood crushing.

The connection diagrams in Figure 2.2 represent different yield modes that can
occur based on member size, the number of shear planes, bolt diameter, dowel bearing
strength, and bolt yield strength. Yield Modes I, I, I, I1I,,,, I1l, and IV that appear
under the heading “Single Shear” in Figure 2.2 must be considered in the design of single
shear lateral load connections. Double shear lateral load connections only require yield
Modes I, I, 1L, and I'V to be considered.

The equations in Figure 2.3 correspond to each of the yield modes in Figure 2.2.
When considering a single shear connection, the smallest value given from the
corresponding yield mode equations in the left-hand column of Figure 2.3 is the
governing connection strength. When considering a double shear connection, the
smallest value given from the corresponding yield mode equations in the right-hand

column of Figure 2.3 is the governing connection strength.



Single Shear Connections Double Shear Connections
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-
-
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-
- M -
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-

Figure 2.2 — Single Shear and Double Shear Yield Modes (AF&PA 2001)
(Courtesy, American Forest & Paper Association, Washington, D.C.)
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Figure 2.3 — Yield Mode Equations for Wood Connections (AF&PA 2001)
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where: D = fastener diameter (in.)
F, = dowel bending yield strength (psi)
6 = angle of load to grain (degrees)
Ko=1+.25(0/90)
R, =Fen/Fes
R, =1/l
l,, = main member dowel bearing length (in.)
[; = side member dowel bearing length (in.)
F., = main member dowel bearing strength (psi)

F,s = side member dowel bearing strength (psi)

_ JR +2R(1I+R, +R)+R’R’ —R,(1+R,)

ki
(1+R,)
2F,(1+2R,)D’
ko= —1+_[2(1+R,)+ o R
3Femlm

2(1+R) 2F,(2+R,)D’
ks= -1+ d+ €)+ it ;)
R, 3F [

It has been shown through various tests that the yield limit models provide
accurate predictions of the yield load of single-fastener timber connections. However,

there is not a generally accepted methodology for predicting the capacity of multiple-bolt

connections.

2.3 — Group Action Factor

According to Cramer (1968), the uneven distribution of load to individual
fasteners in multiple-fastener connections was first recognized by J.T. Milton (1885). In

dealing with steel connections, he saw that the inner most and outermost rivets in double-
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butt strap joints carried a greater proportion of the load compared to the intermediate
rivets (Cramer 1968). Similarly, Cramer and Lantos also observed uneven load
distribution in bolted timber connections. However, until 1973, the strength of a
multiple-bolt connection was estimated by simply multiplying the strength of a single
fastener connection by the total number of fasteners. Based on uneven load distribution,
the research of Lantos and Cramer led to what is now called the group action factor in the
2001 NDS.

Cramer (1968) developed an analytical model to account for unequal load
distribution between multiple bolts in multiple rows. This model was based on the
assumption that the stress in the wood main member was not uniformly distributed
throughout the wood cross section. In his research, Cramer tested several bolted
connections and found that his analytical model closely predicted experimental results up
to the proportional limit. Through use of strain gages located on the steel side plates
between the bolts, Cramer was able to show that an unequal stress distribution exists
among the bolts. It was also shown that bolt misalignment has the potential to cause
large variations in bolt loads. Due to this, it is very difficult to predict bolt load
distribution in field-fabricated joints.

Lantos (1969) also developed an analytical model to predict multiple fastener
joint strength. Unlike Cramer, Lantos based his model on the assumption that the stress
in the wood main member was uniformly distributed throughout the wood cross section.
The validity of Lantos’s analysis was limited to elastic behavior of the bolts (i.e. the
proportional limit). Since design values were based on the proportional limit, Lantos’s

model seemed viable. Even though Lantos did not perform any experimental testing to

12



validate his research, his model was introduced in the 1973 NDS (NFPA 1973) in the
form of tables of modification factors. These modification factors were used to reduce
individual bolt strength in multiple-bolt connections.

According to Salenikovich et al. (1996), Wilkinson (1980) compared these
modification factors to his own experimental data. He concluded that the Lantos model
gave an accurate prediction of the proportional limit load for a row of fasteners.
However, because the Lantos model was only useful in the elastic region, the failure load
was over-predicted because he neglected the nonlinear material behavior.

Based on the research of Cramer, Lantos, and Wilkinson, the group action factor
was introduced in the 1991 NDS. This factor is an algebraic version of the Lantos model
that allows designers to more accurately account for reduced bolt strength in multiple-

bolt connections.

(Eq 2.11 — Group Action Factor)

m(1—m®") }{1+REA}
C -
& n[(1+REAm”)(1+m)—1+m2”J 1-m

C, = group action factor
n, = number of fasteners in a row
R,, =the lesser of E.A, or l;’” j’"
mm sy
E, = modulus of elasticity of main member, psi
E = modulus of elasticity of side member, psi
A~ = gross cross-sectional area of main member, in”
A, = gross cross-sectional area of side members, in”
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m =u—u’-1

s 1 1
u =l+y—| ——+——

2 Em Alﬂ ES AS
s = center to center spacing between adjacent fasteners in a row, in.
% = load/slip modulus for a connection, Ib/in.

Although the group action factor provided a more accurate means of dealing with
the uneven load distribution to bolts in a row, it still had many limitations. These
limitations include the inability to account for row spacing, the tensile strength of wood
members (F;’), the shear strength of wood members (F,’), inelastic load-slip behavior,

and fabrication tolerances.

2.4 — Brittle Failure Modes

When considering multiple-bolt connections loaded parallel to grain, there are
many factors that are involved in the overall strength and behavior of the connection.
These factors include moisture content of the wood member, row spacing, fastener
spacing in a row, end and edge distances, and fabrication tolerances. Material properties
such as dowel bearing strength, tensile strength, shear strength, and the bolt yield strength
are also important to connection strength and behavior. Studies from many researchers
such as Wilkinson (1980, 1991), Kunesh and Johnson (1968), Lantos (1969), Cramer
(1968), and Trayer (1932) addressed parameters such as fabrication tolerances, dowel
bearing strength, moisture effects, bolt yield strength, bolt spacing within a row, and end
and edge distances. Through recent studies by Anderson (2001) and Rammer (2002), the

effects of fastener and row spacing have been shown to influence brittle failure modes
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such as net section tension, row tear-out, and group tear-out in wood members. However,
there has been a limited amount of research regarding row spacing and fastener spacing.

The equations of the 2001 NDS Appendix E include provisions for the following
non-mandatory brittle failure modes: net section tension capacity, row tear-out, and
group tear-out. Net section tension failure occurs when a tension crack forms through the
net cross sectional area of the wood member. Row tear-out occurs when two shear
failure lines form along each line of bolts. Group tear-out is somewhat analogous to
block shear rupture in steel shapes. In multiple-bolt wood connections, group tear-out
can be thought of as the material encompassed by the bolt group tearing out of the end of
the member. However, unlike block shear rupture in steel in which one surface yields
while the other fractures, group tear-out in wood can be thought of as both tension and
shear surfaces fracturing. When tension and shear fracture surfaces form around the bolt
group, the material encompassed by the bolt group tears out. As shown in the equations,
row tear-out and group tear-out take fastener and row spacing into account along with
material properties, and member area.

The net section tension equation addresses the tension capacity across the net

cross-sectional area of the wood member

Z,'=F'A4,, (Eq2.12— Net Section Tension)

t
where:
Zyr’ = allowable tension capacity of the net section of the wood member
Fr’ = allowable tension design value parallel to grain for wood member

A,.; = net cross-sectional area of the wood member
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The row tear-out equation addresses the tear-out capacity of the wood member

between fasteners in a row.

Zo'=nF'ts (Eq 2.13 — Row tear-out for a Single Row of Fasteners)

critical
where:
F,” = allowable shear design value parallel to grain for wood member

Zrr;’ = allowable row tear-out capacity of row i

n; = number of fasteners in row 1

t = thickness of wood member

Serirical = MINiMum spacing in row i taken as the lesser of
the end distance or the spacing between the

fasteners in row i

The total allowable row tear-out capacity of multiple
rows of fasteners can be estimated as:

n

row

Zpr'= z Zp' (Eq 2.14 — Row tear-out for Multiple Rows of Fasteners)

where:

Zrr' = allowable row tear-out capacity of connection

N,0w = number of rows of bolts

The group tear-out equation addresses the tear-out capacity of the wood member

between multiple rows of fasteners.

Zor' Lo ! (Eq 2.15 — Group tear-out)

'\_ ZRT-1 RT—n '
ZGT - 2 + 2 t ““group—net

where:

Zcr' = allowable group tear-out capacity of wood member between
rows of bolts

Zrr.; = allowable row tear-out capacity of Row 1 of
fasteners bounding the critical group area

Zrr.,” = allowable row tear-out capacity of Row n of
fasteners bounding the critical group area

AGroupner = critical group net cross-sectional area between
Row 1 and Row n
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According to Rammer (2002), Doyle (1964) first noticed the effects of row tear-
out and group tear-out. Doyle tested several double-shear multiple-bolt connections
consisting of two rows with four bolts per row and steel side plates. In comparing
multiple-bolt failures to single-bolt failures, Doyle noted that the multiple-bolt
connections failed in a brittle fashion by splitting, row tear-out, or group tear-out. The
ultimate strengths of individual bolts in multiple-bolt connections were found to be 60%
to 80% that of a single-bolt connection.

According to Rammer (2002), Masse et al. (1988) tested additional multiple-bolt
connections with main members of glued laminated timber, steel side-plates, and 19.1
mm (0.75 in.) diameter bolts. Masse et al. found that fastener spacing and end distance
played important roles in connection strength. Contrary to the NDS group action factor
provisions, Masse et al found connection strength to increase when fasteners spacing was
increased (Rammer 2002).

Quenneville and Mohammad (2000) tested multiple-bolt connections with varying
parameters of end distance, fastener spacing, row spacing, the number of bolts per row,
member thickness, bolt size, and wood type. They found that a majority of the
connections failed by group tear-out and row tear-out along with splitting. Based on
these observations, Quenneville and Mohammad argued that the most significant material
parameter involved in multiple-bolt connection is the shear strength of the wood member.

More recently, multiple-bolt connections were tested at the USDA Forest
Products Laboratory by Rammer (2002). Sixteen multiple-bolt connections were tested
that varied in the number of rows and the number of bolts per row. Steel side-plates with

dimension 9.53 mm (0.375 in.) were used in all double shear connections. All bolts were

17



grade A307 mild steel and 254 mm (1 in.) in diameter. The wood main members were
130.2 mm (5.125 in.) x 381 mm (15 in.) Douglas fir glulams.

Four different configurations were fabricated (A-D) with 5 replications per
configuration, except in the case of Configuration D that had only 1 replication.
Configuration A consisted of three rows of bolts with five bolts per row. Configuration B
was similar to Configuration A except that four rows of five bolts were tested.
Configuration C consisted of three rows of bolts. The outer rows had five bolts per row
and the inner row was staggered with only four bolts. All spacings for Configurations A
through C such as fastener spacing 4D, row spacing 1.5D, and end distance 7D
conformed to NDS required minimums for full design values. Edge distance varied
between configurations because the number of rows varied. Configuration D consisted of
three rows of three bolts with a fastener spacing of 7D and a row spacing of 4D.

Bolts from Configurations A-C did not have any permanent deformation after the
connection tests. This shows that the bolts did not yield prior to the brittle failure of the
wood members. However, all bolts from Configuration D showed deformation
corresponding to Yield Mode IIl;. This shows that bolts yielded prior to the brittle failure
of the wood member. Because the bolts in Configurations A-C did not yield prior to the
brittle failure of the wood member, it is important to note that row spacing for
Configurations A-C were spaced at the NDS minimum value (1.5D). On the other hand,
bolts in Configuration D yielded prior to brittle failure of the wood member when a row
spacing of 4D was used.

To determine whether wood failure modes such as row and group tear-out should

be included in design, ultimate test loads were compared with NDS allowable design
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values. The provisions of NDS Chapter 11 and the new provisions of NDS Appendix E
were used to calculate allowable lateral design values. Group tear-out was found to be
the governing limit state for Configurations A-C based on calculations. All specimens
for Configurations A-C exhibited group tear-out failures. Configuration D was governed
by Mode II1; yielding and matched experimental results.

Table 2.1 displays ratios of the average ultimate test loads to the allowable
connection design values. Because these ratios are ultimate load divided by allowable
strength, they can be viewed as a margin of safety. Configurations A-C show similar
margins of safety. Note that row spacing remained the same for Configurations A-C at
1.5D. The margin of safety for Configuration D is slightly higher than those of

Configurations A-C. Configuration D had an increased row spacing of 4D.

Table 2.1 — Factor of Safety for Connection Configurations A-D

Connection Limit Margin
Configuration State' of Safety
A GTO 1.7
B GTO 1.8
C GTO 1.7
D Y 2.1

'GTO = group tear-out, Y = yield
With respect to Configurations A-C, Rammer’s tests were limited to identical row
spacing (1.5D), bolt spacing (4D), bolt diameter (19.1 mm ) (1 in.), and species types (DF
glulam). Parameters such as the number of bolts per row, the number of rows, and the
alignment of bolt holes (i.e. staggered vs. unstaggered) varied between each
configuration. The only configuration with a different row spacing and bolt spacing was

Configuration D. Configuration D consists of three rows of three bolts with a row

19



spacing of 4D and a bolt spacing of 7D. Configurations A-C were chosen so that wood
failure would occur prior to the onset of fastener yielding. Configuration D was chosen
to observe the effects of increased row spacing and bolt spacing.

The research reported here expands on Rammer’s research by looking at the
effects of increased row spacing and fastener spacing. Four connection configurations
were tested where all parameters were held constant except row spacing. In two
additional configurations, row spacing was held constant and bolt spacing was changed.
As in Rammer’s research, the same wood species and bolt diameter were used in each

test.
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Chapter 3 — Methods and Materials

3.1 — General

In an initial effort to evaluate some of the effects of altering row spacing and bolt
spacing in multiple-bolt connections, 27 double-shear connections were monotonically
loaded to failure in tension parallel to grain. The 27 connections can be divided into six
different configurations that varied in row and fastener spacing. These configurations are
shown in Table 3.1. All bolts used in testing were 19.1 mm (0.75 in.) diameter ASTM
A307 bolts. Wood main members were 130.2 mm (5.125 in.) x 304.8 mm (12 in.)
Douglas fir (DF) glued laminated timber. A glued laminated timber (glulam) is a
member in which individual pieces of dimension lumber (2x4’s, 2x6’s, etc...) are glued
together to create a composite member.

Component testing included bolt bending yield strength, dowel bearing strength,
tension coupon, shear coupon, and specific gravity tests. All component tests were based
on the provisions of the ASTM standards.

All multiple-bolt connection configurations were predicted to yield in Mode III.
This type of yielding can be described as a single plastic hinge forming at each shear
plane between the main member and the two side members. In conjunction with these
design yield modes, the test connections were also predicted to fail in either row tear-out
or group tear-out.

Using a combination of yield limit models and the row tear-out and group tear-out
equations of NDS Appendix E, multiple-bolt connections were designed such that the

governing mode of failure for allowable design values would change as row spacing was
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increased. A load duration factor (Cg4) of 1.6 was used because the loading rate was such
that connection failure occurred in approximately 10 minutes. The group action factor
(C,) varied for each of the configurations due to the number of bolts per row and the
fastener spacing. All other factors such as wet service factor (Cy,), temperature factor
(Cy), and the geometry factor (Cp) were 1.0. Allowable glulam design values of F, =
16,547 kPa (2,400 psi) and Fy = 1,654 kPa (240 psi) were taken from Table SA of the
2001 NDS supplement for grade 24F-V4 (AF&PA 2001).

Predicted capacities were also predicted based on yield limit models and the row
tear-out and group tear-out equations of the 2001 NDS Appendix E. However, factors
such as load duration and group action were not included when predicting capacities.
Two sets of capacities were predicted. The first prediction set included using tension and
shear values from ASTM D2555 (2002) along with the average bolt bending yield and
average dowel bearing strength values from component tests. The second prediction set
included using all values from component tests such as tension, shear, bolt bending, and
dowel bearing.

All connections were monotonically loaded in tension. Connection configurations
were selected to observe changes in row tear-out failure and group tear-out failure as row

spacing and fastener spacing were altered between configurations.

3.2 — Classification

A reference system was created to distinguish between configurations. The first
symbol signifies the number of rows and the number of bolts in a row. For example, if

the symbol 2R2 were encountered, it would mean two rows of two bolts. The next
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symbol signifies the spacing between rows and the fastener spacing within each row. For
example, if the symbol 2F3 were encountered, it would mean a row spacing of 50.8 mm

(2 in.) and a fastener spacing of 76.2 mm (3 in.) See Figure 3.1.

# of Bolts Bolt Spacing

Per Row \ i / Within Each Row
2RX-2FX

L 1
# of Rows / \ Row

of Bolts Spacing

Figure 3.1 — Connection Configuration Reference System

Table 3.1 — Multiple-Bolt Connection Configurations

# of | # of bolts| row spacing | bolt spacing # of

rows | per row mm (in.) mm (in.) [repetitions| Symbol
2 3 50.8 (2) 76.2 (3) 5 2R3-2F3
2 3 63.5 (2.5) 76.2 (3) 5 2R3-2.5F3
2 3 76.2 (3) 76.2 (3) 5 2R3-3F3
2 3 88.9 (3.5) 76.2 (3) 5 2R3-3.5F3
2 2 50.8 (2) 76.5 (3) 4 2R2-2F3
2 2 50.8 2) 1524  (6) 3 2R2-2F6

3.3 — Materials

Douglas fir glulams were used as the main members in each of the connection
assemblies. The glulams were purchased from a local supplier and were placed in a

conditioning chamber upon delivery. The chamber was kept at a constant 24 ° Celsius
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(75 © Fahrenheit) and 64% relative humidity. Under these conditions, the moisture
content of each glulam was measured by a hand-held moisture meter. Moisture contents
for each specimen are shown in Table 3.2. Each glulam was grade 24F-V4. Laminating
grades L1, L2, and L2D were used in the outer tension and compression zones of each
glulam. Laminating grade L3 was used in the core of the glulam. The laminating grades
can be described as the following: L1 =L1 dense laminating grade, L2 = L2 medium
grain, L2D = L2 dense laminating grade, L3 = L3 medium grain (AITC, 2001). All
members had nominal dimensions of 130.2 mm (5.125 in.) x 304.8 mm (12 in.) and were
cut from 3.66 m (12 ft.) lengths into 1.22 m (4 ft.) lengths. Specimens could not be cut to
completely avoid defects such as knots. However, bolt hole locations were selected to

minimize the effect of knots.

Table 3.2 — Moisture Content for Each Connection Test

Configuration 2R3-2F3 2R3-2F4 2R3-2F5
Specimen | 1 2 3 4 5(1 2 3 4 5|1 2 3 4 5
MC % 13.5 13 13 13 13|13 12 13 13 13|12 13 12 12 13
Configuration 2R3-2F6 2R2-2F3 2R2-2F6
Specimen 1 2 3 4 5|11 2 3|1 2 3 4
MC % 12 13 12 12 1213 13 12{13 12 12 12

Bolt holes with a diameter of 20.64 mm (0.8125 in.) were drilled using a two-step
process because the depth of the glulams exceeded the travel of the bit on the drill press.
The holes were first drilled to a depth of 120.7 mm (4.75 in.) with the drill press. Next,
an electric power drill was used to penetrate through the remaining 9.53 mm (0.375 in) of

glulam. Although these tools provided a relatively efficient and accurate means for
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drilling, the holes were not always perfectly matched to the steel side plate fixtures. In
some cases, a bolt hole misalignment error of 1.588 mm (0.0625 in.) to 3.18 mm (0.125
in.) was experienced. These errors were not recorded. In specimens where a hole-
misalignment occurred, a rubber-head mallet was used to force the bolt through the hole.
Bolt hole misalignment is somewhat common in field applications and it was felt that this
method of fabrication approximated field conditions for typical multiple-bolt

connections.

3.4 — Test Connection Geometry

The same 12.7 mm (0.5 in) thick A36 steel side-plates were used in each of the
connection tests. Two rows of three 20.64 mm (0.8125 in.) diameter slotted holes were
drilled in the side plates. The holes in the side plates were slotted to accommodate
variable row spacing for various connection configurations. As specified in the NDS, the
slotted holes were oversized 1.588 mm (0.0625 in.) in the vertical direction to make
installation of bolts easier. See Figure 3.2. All bolts used in the connection tests were
19.1 mm (0.75 in.) diameter ASTM A307 bolts and were 203 mm (8 in.) long. Bolt
lengths were selected to insure that threads were excluded from the shear plane in all

connection tests.
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Figure 3.2 — Typical Double Shear Test Connection

All row spacings and bolt spacings met or exceeded the 2001 NDS spacing
requirements for full design values. An end distance of 7D (133.35 mm) (5.25 in.) was
used for each test configuration. A fastener spacing of 4D was used in five of the six
configurations. The remaining configuration had a fastener spacing of 8D. Edge
distance also changed as row spacing changed. Because the minimum allowed row
spacing was small enough to prevent adequate socket and wrench access to the bolt heads
and because standard washers would overlap, a minimum row spacing of 50.8 mm (2 in.)
was used which exceeded the NDS minimum value of 1.5D (28.58 mm) (1.125 in.). This

row spacing allowed adequate socket and wrench access and prevented the washers from

overlapping. The maximum row spacing used was 88.9 mm (3.5 in.) Four of the six
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configurations consisted of two rows of three bolts with row spacing varying from 50.8
mm (2 in.) to 88.9 mm (3.5 in.) in 1.7 mm (0.5 in.) increments. The remaining two
configurations were two rows of two bolts with a row spacing of 50.8 mm (2 in.). One of
these configurations had a bolt spacing within rows of 152.4 mm (6 in.), while the other
maintained a 88.9 mm (3 in.) fastener spacing. Figure 3.3 shows an illustration of a

typical connection configuration.

Glulam Main 88.9 mm
Member (3.51n.)
4D B
| 50.8 mm | —]
] gﬂ] (2 in.)
] >
7D
N e Steel side- Z
i i plates 108 mm (4.25 in.)

Figure 3.3 — lllustration of a Typical Connection Configuration
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3.5 — Test Equipment

All testing was conducted at the Wood Materials & Engineering Laboratory
(WMEL) at Washington State University (WSU). All connection and component test
specimens were fabricated at the WMEL. Steel test fixtures were fabricated at the WSU
Engineering Shop.

All of the connections were tested using a servo-hydraulic 444.8 kN (100,000-1b.)
capacity Material Testing System (MTS) actuator. The actuator had a + 127 mm (% 5 in.)
stroke and was controlled by a potentiometer with a displacement range of £ 127 mm (£
5in.). An MTS 407 digital controller was used to control the rate at which hydraulic
fluid was transmitted to the actuator.

The actuator was connected to the specimen through use of a fabricated A36 steel
U-shape fixture. This U-shape fixture had 12.7 mm (0.5 in.) thick steel side plates and a
25.4 mm (1 in.) thick base plate. Each steel side-plate had twenty 20.64 mm (0.8125 in.)
diameter holes arranged in four rows of five. Three-quarter inch diameter ASTM A325
structural bolts were used to fasten the wood main member to the steel U-shape. This
bolt pattern was chosen so that it would not govern in comparison to the test connection.

Figure 3.4 displays the connection of the U-shape fixture to the wood main member.
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Figure 3.4 — Connection of Main Member (4 rows of 5 bolts) to
U-shape Fixture

A £ 127 mm (% 5 in.) potentiometer was attached from the main member to each
side member in order to measure slip in the test connection. Figure 3.5 shows how the
potentiometers were attached from the wood main member to the side-plates. Each
potentiometer was attached to a wood plate using wood screws. The wood plate with the
potentiometer attached was then attached to the outer edges of the wood main member of
the test connection. It was necessary to attach the wood/potentiometer fixture at the outer
edges of the wood main member due to splitting in the middle portion of the wood main

member.
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Figure 3.5 — Sample Connection Configuration and Potentiometer Location

Each side-plate for the test connection was welded to a 12.7 mm (0.5 in.) thick
A36 base plate. The base plates were attached to the top flange of a supporting W8x45
using eight 20.64 mm (0.8125 in.) diameter ASTM A325 bolts. The W-shape was
fastened to the test frame by twelve 19.1 mm (0.75 in.) ASTM A325 bolts. See Figure

3.6.
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Figure 3.6 — Illustration of the Side-Plate to W-shape Attachment

3.6 — Test Procedures
Connection testing consisted of the multiple-bolt connection tests. Component
testing included bolt bending yield tests, dowel bearing strength tests, tension coupon

tests, shear coupon tests, and specific gravity tests.

3.6.1 — Monotonic Connection Tests

All connection tests conformed to ASTM D5652 (2002). Each connection was
loaded in tension to failure. ASTM D5652 (2002) recommends achieving maximum load
in about 10 minutes, but not less than 5 minutes or greater than 20 minutes. The rate of
testing used was 1.814 mm/min (0.0714 in/min), which achieved 12.7 mm (0.5 in.)

displacement in approximately 7 minutes. Connection tests were stopped when the load
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dropped more than 50% below the ultimate load. The data-sampling rate was 5 hz. The
average displacement value between the two string potentiometers mounted on the side
members was used to determine the connection displacement. A 444.8 kN (100,000 1b.)
MTS load cell was used to record load levels. Figure 3.7 shows a typical double shear

multiple-bolt connection test loaded in tension parallel to grain.

Figure 3.7 — Typical Double Shear Connection Test

3.6.2 — Bolt Bending Yield Tests

Because there are no standard test methods in the U.S. for bolt bending, a
modified version of ASTM F1575 (2003) was used. This ASTM standard describes a
method for determining the bending yield strength of nails. Spacing between supports is

a function of the fastener diameter. For nails with diameter greater than 6.35 mm (0.25
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in.), a cylindrical bearing point spacing (spp) of 95.3 mm (3.75 in.) is specified. An sy,
spacing of 101.6 mm (4 in.) was used in these tests. This spacing is comparable to the
127 mm (5 in.) spacing used at the USDA Forest Products Laboratory for bolt bending
tests in which 25.4 mm (1 in.) diameter bolts were tested.

Ten ASTM A307 bolts were tested in order to acquire bending yield strength
values (Fy,). Specimens were loaded in flexure with a load applied at the midspan of the
bolt. Because the purpose of this test is to obtain 5%D-offset yield strengths based on the
initial elastic region of the load-displacement curve, tests were stopped after the curve

had significantly passed the 5%D-offset load. See Figure 3.8.

Figure 3.8 — Typical Bolt Bending Yield Test

A 133.4 kN (30,000 1b.) capacity Instron testing machine was used for the bolt
bending tests. A loading rate of 6.35 mm/min (0.25 in./min) was used in accordance with
Section 9.2.1 of ASTM F1575 (2003). Deflection was measured through an internal

LVDT with a resolution of 0.025 mm (0.001 in.) Once the test was completed, the
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bending yield load was determined by using the 5%D-offset method that is described in
Chapter 2. Next, the equation My = (P*sp,)/4 was used to determine the bending yield
moment where P is the 5%D-offset yield load. To determine the bolt bending yield
strength, Fy;,, the bending yield moment, My, was divided by the effective plastic section

modulus S.

3.6.3 — Dowel Bearing Strength

Dowel bearing tests were completed in accordance with ASTM D5764 (2002).
One dowel-bearing specimen from each of the original 3.7 m (12 ft.) long glulams was
tested. Tests were completed on a 97.9 kN (22,000 1b.) capacity MTS testing machine.
The half-hole specimen configuration was used for all dowel bearing strength tests. A
wood specimen was cut with dimensions 101.6 mm (4 in.) wide x 50.8 mm (2 in.) thick x
203.2 mm (8 in.) long. A 20.6 mm (0.8125 in.) diameter hole was drilled in the center of
the 101.6 mm (4 in.) dimension of the piece of wood such that when the wood was cut
through the middle of the hole parallel to the hole, the resulting specimen had dimensions
101.6 mm (4 in.) wide x 50.8 mm (2 in.) thick x 101.6 mm (4 in.) long with half of a
20.64 mm (0.8125 in.) diameter hole in one end of the wood. This specimen with overall
dimensions of 101.6 mm (4 in.) x 50.8 mm (2 in.) x 101.6 mm (4 in.) was referred to as
the dowel bearing strength specimen and can be seen in Figure 3.9. Dowel bearing
specimens were cut from the outer laminations of connection specimens after connection
tests had been completed. Severe splitting of inner laminations prevented specimens

from being cut in that area.
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Figures 3.9 — Illustration of a Typical Dowel Bearing Specimen

An ASTM A325 structural bolt was used in the dowel bearing tests and all
specimens were conditioned to 24° Celsius (75° Fahrenheit) and 64% relative humidity.
The bolt was placed in the half-hole portion of the dowel-bearing specimen. The bolt and
dowel-bearing specimen were then placed in the testing machine where a uniformly
distributed compressive load was distributed across the bolt. Displacement was measured
by use of an internal LVDT with a resolution of 0.025 mm (0.001in.). Tests were
conducted at a rate of 0.254 mm/min. (0.01 in./min.), which allowed maximum load to
occur between 1 and 10 minutes. The data acquisition rate was 5 Hz. Tests were
terminated when the entire fastener diameter was embedded in the specimen, or when
maximum load was reached. Once the test was completed, the yield load was determined
by using the 5%D-offset method that is described in Chapter 2. Because the 5%D-offset
line for 80% of the tested dowel bearing specimens did not intersect the load-
displacement curve, the yield load was defined as the ultimate load for those specimens.

The dowel bearing strength, F, was then calculated by dividing the yield load by the
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fastener diameter and specimen thickness. Figure 3.10 shows a typical dowel-bearing

test.

Figure 3.10 — Typical Dowel-Bearing Coupon

3.6.4 — Tension coupon tests

Tension coupons loaded parallel to grain were tested in accordance with ASTM
D143 (2002). Tension coupon specimens were cut from the outer laminations of
connection specimens after connection tests had been completed. A total of 10 tension
specimens were tested; one from each of the original 10 glulams. See Figure 3.11.
Severe splitting of inner laminations prevented specimens from being cut in that area.
Tension specimen dimensions are shown in Figure 3.12. Due to limitations of fabrication
equipment, actual dimensions of tension specimens varied slightly from ASTM
recommendations. All specimens were conditioned to 24° Celsius (75° Fahrenheit) and
64% relative humidity. A 142.4 kN (32,0000 Ib.) capacity Instron testing machine was
used to run the tests. Deformation readings were taken from an internal LVDT with a

resolution of 0.00254 mm (0.0001 in.) Tension activated grips at the ends of the tension
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coupons prevented excessive slip from occurring. Specimens were tested until failure
occurred within the 63.5 mm (2.5 in.) central gage length. Tension coupon tests were
completed at a rate of 1.588 mm/min. (0.0625 in/min.). Once the test was complete, the
ultimate tensile strength, T, was found by dividing the maximum tensile load from the

load-displacement curve by the cross sectional area of the central gage length.

38.1 mm 12.7 mm
(1.51n.) (0.5 in.)
(1™ &
6.35 mm
(0.25 in.)
63.5 mm 457.2 mm
(2.5in.) > |+ (18 in.)
: | v
Figure 3.11 — Typical Tension Figure 3.12 — Illustration of a
Coupon Specimen Typical Tension Coupon
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3.6.5 — Shear coupon tests

Shear strength parallel to grain was determined by the methods described in
ASTM D143 (2002). All shear coupons were cut from outer laminations of tested
connection specimens. A total of 10 shear specimens were tested; one from each of the
original 10 glulams. The dimensions of the shear coupons were approximately 63.5 mm
(2.5 in.) high x 50.8 mm (2 in.) thick x 50.8 mm (2 in.) wide. A notched section of 19.1
mm (0.75 in.) wide x 12.7 mm (0.5 in.) high was removed from one corner of the shear
specimen. The 12.7 mm (0.5 in.) dimension shall be referred to as the shelf height.
Figure 3.13 shows the height, thickness, and width dimensions of a typical shear
specimen along with the notched section.

The purpose of removing the notched section from the shear specimen is to
produce failure on a 50.8 mm (2 in.) by 50.8 mm (2 in.) surface when loaded in shear.
Shear specimens were placed in a test fixture that allowed uniform load to be applied on
the 19.1 mm x 50.8 mm (0.75 in. x 2 in.) shelf area. All specimens were conditioned to
24° Celsius (75° Fahrenheit) and 64% relative humidity. Shear coupon tests were
completed at a rate of 0.61 mm/min. (0.024 in./min.). Once the tests were complete, the
ultimate shear load, V, was found by dividing the maximum shear load from the load-
displacement curve by the shear failure area of the specimen that had approximate

dimensions 50.8 mm (2 in.) high x 50.8 mm (2 in.) thick.
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Figure 3.13 — lllustration of a Typical Shear Coupon Specimen

3.6.6 — Specific gravity tests

Specific gravity tests were completed in accordance with ASTM D2395 Method-
A (2002). From each of the 10 glulams, two samples were cut from the outer
laminations. All samples were cut to approximate dimensions of 111 mm (4.38 in.) long
x 76 mm (3 in.) thick x 38 mm (1.5 in.) wide with the 38 mm dimension parallel to the
grain as shown in Figure 3.14. A digital caliper with a resolution of 0.0005 in. was used
to measure all specimens. Once the samples were cut, they were conditioned to 24°
Celsius (75° Fahrenheit) and 64% relative humidity. The dimensions of each specimen
were recorded and each specimen was weighed. Next, specimens were oven-dried and
weighed again to obtain the oven-dry weight. From ASTM D2395 (2002), Equations 3.1,
3.2, and 3.3 were used to calculate the specific gravity of the specimens for oven-dry

weight and oven-dry volume conditions.
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MC, % = 100[(I-F)/F] (Eq. 3.1 — Moisture Content)
where:
I = initial weight, (g)

F= final weight (oven-dry), (g)

Specific gravity S;> = (0.061)F/Lwt (Eq. 3.2 — Specific Gravity)
where:

W; = initial weight of specimen, (g)

MC = moisture content of specimen, (%)

F = Wy/[1+(MC/100)] = final calculated oven-dry weight of specimen, (g)

L = length of specimen, (in.)
W = width of specimen, (in.)
t = thickness of specimen (in.)

Equation 3.2 calculates the specific gravity (Si,) at the moisture content when the
specimen was weighed initially. In order to convert S, to a specific gravity at oven-dry

conditions (Sq4), Equation 3.3 from ASTM D2555 (2002) was used.

S _ SlZ
J =
1-S,,(0.009)(MC)

(Eq. 3.3 — Oven Dry Specific Gravity)

where:
MC = moisture content of specimen, (%)
Sq = oven dry specific gravity

S12 = specific gravity at a MC of 12%
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Chapter 4 - Results and Discussion

4.1 - Overview

This chapter presents the results of 27 multiple-bolt connections loaded parallel to
grain along with results for bolt bending, dowel bearing strength, shear, tension, and
specific gravity tests. Results from the aforementioned tests are provided in the form of

tables and load-displacement graphs.

4.2 - Component Test Results

Component testing included bolt bending yield tests, dowel bearing strength tests,
tension coupon tests, shear coupon tests, and specific gravity tests. The results of these
tests were used to determine material properties. The material properties were used in
accordance with connection behavioral equations to determine allowable design values
and to estimate connection capacities. The allowable design values and predicted

capacities were compared to ultimate test loads.

4.2.1 — Bolt Bending Test Results

Table 4.1 contains data from the bolt bending yield tests. Ten bolt bending yield
tests were conducted out of a sample size of 180 bolts. The average bolt yield strength
was found to be 546,190 kPa (79,200 psi). This value is 76% higher than 310,260 kPa
(45,000 psi), which indicates that on average, the bolts in this study have a higher

strength than the minimum bolt yield strength assumed in the 2001 NDS.
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Table 4.1 — Bolt Bending Yield Data

Bolt # Dia Max Load 5%D-offset Load | My Sy Fyb
© mm (in.) N (Ibs.) N (lbs.) N-m mm’ kPa (psi)
1 19.0 (0.749) | 33,400 (7,510) 25,330 (5,694) | 643 1150 559,000 (81,300)
2 18.9 (0.746) | 32,620 (7,333)| 24,990 (5,618) [ 635 1130 562,000 (81,200)
3 19.0 (0.749) | 32,490 (7,305)| 25,130 (5,650) [ 638 1150 555,000 (80,700)
4 19.1  (0.752) | 33,040 (7,429)| 25,810 (5,803) [ 656 1160 565,000 (81,900)
5 19.2 (0.756) | 29,970 (6,737)| 22,950 (5,159) [ 583 1180 494,000 (71,600)
6 19.1  (0.751)| 32,530 (7,313)| 25,540 (5,742) | 649 1160 559,000 (81,300)
7 18.9 (0.746)| 30,630 (6,886)| 24,180 (5436) [ 614 1130 544,000 (78,600)
8 19.0 (0.748)| 31,790 (7,148)| 24,100 (5417) [ 612 1140 537,000 (77,700)
9 19.0 (0.747)| 31,610 (7,107)| 23,790 (5,348) | 604 1140 530,000 (77,000)
10 19.1  (0.750) | 33,140 (7.450)| 25,310 (5,691) | 643 1150 559,000 (81.000)
Avg. Fyb = 546,000 (79,200)
Cov = 4.0%

Figure 4.1 shows a load-displacement plot for a typical bolt-bending specimen. The
point where the dashed line crosses the load-displacement curve marks the 5%D-offset

load.
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Figure 4.1 — Typical Load-Displacement Curve for a Bolt Bending Specimen

4.2.2 — Specific Gravity Test Results

Specific gravity specimens were tested in order to acquire specific gravity values
(Sq). Ten specimens were taken from the top laminations and the bottom laminations.

Table’s 4.2a and 4.2b contain specific gravity test data for specimens taken from the
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outer laminations of the top and bottom of the glulam beams. Sq4 represents the oven dry
specific gravity. The average specific gravity value for the outer laminations from the
top of the glulam beams was found to be 0.48. The average specific gravity value for the
outer laminations from the bottom of the glulam beams was found to be 0.51. The
overall specific gravity was 0.50. This value is identical to the specific gravity value of
0.50 that is tabulated in the NDS. All specific gravity values are based on an oven dry
moisture content.

Table 4.2a — Specific Gravity for Top Laminations of Glulam Members

Initial Final Length Thickness Width
Specimen| wt. (g) [ wt. (g) MC (%) mm (in.) mm (in.) mm (in.) Sq

1T 156.67 | 140.43 11.56 1111 (4.375)| 74.61 (2.938)| 36.51 (1.438) 0.49
2T 153.85 | 139.39 10.37 1111 (4.375)| 74.61 (2.938)| 36.51 (1.438) 0.48
3T 173.87 | 147.27 18.06 112.7 (4.438)| 74.61 (2.938)| 36.51 (1.438) 0.52
4T 147.98 | 132.85 11.39 1111 (4.375)| 73.03 (2.875)| 36.51 (1.438) 0.47
5T 150.53 | 135.35 11.22 1111 (4.375)| 74.61 (2.938)| 36.51 (1.438) 0.47
6T 158.79 | 141.45 12.26 112.7 (4.438) | 74.61 (2.938)| 36.51 (1.438) 0.49
7T 160.58 | 143.42 11.96 1111 (4.375) | 7461 (2.938)| 38.10 (1.500) 0.48
8T 147.83 | 132.05 11.95 1111 (4.375) | 74.61 (2.938)| 36.51 (1.438) 0.46
9T 156.09 | 139.38 11.99 112.7 (4.438) | 74.61 (2.938)| 36.51 (1.438) 0.48
10T 151.38 | 135.52 11.70 111.1 (4.375)| 73.03 (2.875)] 36.51 (1.438) 0.48
Avg. Sqg= 048

COV=_ 34%

Table 4.2b — Specific Gravity for Bottom Laminations of Glulam Members

Initial Final Length Thickness Width
Specimen| wt. (g) | wt. (g) | MC (%) mm (in.) mm (in.) mm (in.) Sy
1B 180.45 | 161.50 | 11.73 1111 | (4.375)| 74.61 (2.938) | 36.51| (1.438) 0.57
2B 169.38 | 153.03 | 10.68 | 111.1 | (4.375) 74.61 | (2.938) | 36.51 | (1.438) 0.53
3B 163.47 | 155.64 5.03 112.7 | (4.438)| 74.61 (2.938) | 36.51| (1.438) 0.52
4B 155.41 | 139.94 | 11.05 | 112.7 | (4438)( 74.61 | (2.938) | 36.51 | (1.438) 0.48
5B 148.19 | 13346 | 11.04 | 112.7 | (4.438) 74.61 | (2.938) | 36.51 | (1.438) 0.45
6B 171.02 | 152.49 | 1215 | 112.7 | (4438)( 74.61 | (2.938) | 36.51 | (1.438) 0.52
7B 164.07 | 146.95 | 11.65 | 111.1 | (4.375) 74.61 | (2.938) | 36.51 | (1.500) 0.51
8B 173.88 | 156.36 | 11.20 | 112.7 | (4.438)( 74.61 | (2.938) | 38.10| (1.500) 0.51
9B 160.48 | 144.02 | 11.43 | 112.7 | (4.438) 74.61 | (2.938) | 38.10| (1.500) 0.47
10B 185.12 | 166.46 | 11.21 112.7 | (4.438)| 74.61 (2.938) | 36.51| (1.438) 0.57
Avg. S4=  0.51
Cov=_ 75%
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4.2.3 — Dowel Bearing Strength Test Results

Ten dowel bearing specimens were tested in order to acquire dowel bearing
strength values (F.) for the glulam members used in this research. Table 4.3 contains
dowel bearing strength data. The average dowel bearing strength was found to be 26,413
kPa (3,831 psi). This value is 46% lower than 38,610 kPa (5,600 psi) that is assumed in
the 2001 NDS. Dowel bearing strength values in the NDS are based upon Wilkinson’s
(1991) formula for parallel to grain loading: F. = 11,200S4 where S4 is the oven dry
specific gravity. Dowel bearing strength values using Wilkinson’s formula in
conjunction with the average oven dry specific gravity value of the top and bottom outer
laminations are shown in the right-hand column of Table 4.3. In eight of the ten dowel
bearing specimens, the 5%D-offset line did not intersect the load-displacement curve.
Hence, the ultimate load was used for the yield load. This is one possible reason why the
average dowel bearing strength for the tested specimens was 46% lower than the assumed

NDS value. Figure 4.2 shows a load-displacement plot of a typical dowel-bearing

specimen.
Table 4.3 — Dowel Bearing Strength Data
Specimen Width Thickness Length MC 5%D-offset Load Area Fe Wilkinson's F,
# mm (in.) mm (in.) mm (in.) % N (lbs.) mm’ kPa (psi) kPa (psi)
1 101.6 (4.000)| 50.80 (2.000)| 101.6 (4.000) | 11 | 21,760 | (4,892) 9677 | 22490 (3,261)| 40,630 (5,893)
2 100.0 (3.938)| 50.80 (2.000)| 101.6 (4.000) | 11 | 27450 | (6,171) 967.7 | 28370 (4,114)| 39,080 (5,667)
3 101.6 (4.000)| 5240 (2.063)| 9843 (3.875) | 10 26,710 (6,005) 998.2 26,760 (3,882) [ 40,100 (5,816)
4 1016 (4.000)| 50.80 (2.000)| 101.6 (4.000) | 11 | 22,150 | (4,980) 967.7 | 22890 (3,320)| 36,560 (5,303)
5 1016 (4.000)| 50.80 (2.000)| 1032 (4.063) | 12 | 24,710 | (5556) 967.7 | 25530 (3,704)| 35600 (5,164)
6 1016 (4.000)| 50.80 (2.000)| 1032 (4.063) | 11 | 30,060 | (6,757) 967.7 | 31,060 (4,505)| 39,000 (5,656)
7 100.0 (3.938)| 50.80 (2.000)| 101.6 (4.000) | 11 26,360 (5,927) 967.7 27,240 (3,951) | 38,160 (5,535)
8 1000 (3.938)| 50.80 (2.000)| 101.6 (4.000) | 11 | 26,320 | (5917) 967.7 | 27,200 (3,945)| 37,470 (5,435)
9 101.6 (4.000)| 4923 (1.938)| 101.6 (4.000) | 11 | 29,750 | (6,689) 9377 | 31,730 (4,603)| 36,610 (5,310)
10 101.6 (4.000)| 73.03 (2.875)| 100.0 (3.938) | 12 29,010 (6,523) 1391.0 20,850 (3,025) | 40,680 (5,900)
AvgF.= 26410 | (3,831)
CoOv=_13.5%
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Figure 4.2 — Typical Load-Displacement Curve for a Dowel Bearing
Specimen

4.2.4 — Tension Coupon Test Results

Ten tension coupon specimens were tested in order to acquire ultimate tension
strength values (T) for the glulams used in this research. Table 4.4 contains tension
coupon test data. The average tensile strength was found to be 79,430 kPa (11,520 psi).
Based on ASTM D2555 (2002), the average tensile strength for Douglas fir considering
Coast, Interior West, and Interior North species groups is 52,430 kPa (7,605 psi).
However, this average strength is based on wood at the fiber saturation point, which is
approximately 30% moisture content. Because tension coupons for this research were at
an approximate moisture content of 12%, the average ASTM tensile strength was
multiplied by a moisture factor to adjust from green conditions to 12% moisture content.
Moisture factors for Douglas fir wood species are listed in Appendix X of ASTM D2555

(2002). The average factor for Douglas fir Coast, Interior West, and Interior North was
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found to be 1.67. After adjusting for moisture, the ASTM ultimate clear wood tensile
strength was found to be 87,742 kPa (12,726 psi). The average ultimate tensile strength
from testing was within 10% of the adjusted ASTM value. Figure 4.3 shows a load-

displacement plot of a typical tension coupon specimen.

Table 4.4 — Tension Coupon Data

Specimen Depth Width Length Area Max Load T
# mm (in.) mm (in.) mm (in.) mm? N (Ibs.) kPa (psi)
1 5.537 (0.2180)| 10.33 (.4065) | 454.0 (17.88)( 57.17 | 3,171 (713) 55,470  (8,045)
2 5474 (0.2155)| 10.11 (.3980) [ 454.0 (17.88)| 55.33 | 4,902 (1,102) | 88,580 (12,850)
3 6.020 (0.2370)| 12.04 (.4740) (| 447.7 (17.63)| 72.48 | 7,677 (1,726) | 105,900 (15,360)
4 5.817 (0.2290)| 11.98 (.4715) | 447.7 (17.63)| 69.66 | 6,089 (1,369) | 87,420 (12,680)
5 6.502 (0.2560) | 11.42 (.4495)| 458.8 (18.06)| 74.24 | 7,757 (1,744) | 104,500 (15,160)
6 5.969 (0.2350) | 11.32 (.4455)| 458.8 (18.06)| 67.54 | 6,040 (1,358) | 89,430 (12,970)
7 5.639 (0.2220) | 10.08 (.3970)| 454.0 (17.88)| 56.86 | 2,429  (546) 42,710  (6,195)
8 7.125 (0.2805)| 13.94 (.5490) | 447.7 (17.63)| 99.35 | 6,699 (1,506) | 67,420 (9,779)
9 6.604 (0.2600)| 10.06 (.3960) [ 457.2 (18.00)| 66.43 | 6,565 (1,476) | 98,840 (14,340)
10 6.744 (0.2655)] 10.22 (.4025)| 457.2 (18.00)| 68.94 | 3,727  (838) 54,060  (7.841)
Avg. T= 79430 | (11,520)

CoOv=_28.7%
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Figure 4.3 — Typical Load-Displacement Curve for a Tension Coupon Specimen
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4.2.5 — Shear Coupon Test Results

Ten shear coupon specimens were tested in order to acquire ultimate shear
strength values (V) for the glulams used in this research. Table 4.5 contains shear
coupon test data. The average shear strength was found to be 11,260 kPa (1,632 psi).
Based on ASTM D2555 (2002), the average shear strength for Douglas fir considering
Coast, Interior West, and Interior North species groups is 6,410 kPa (929 psi). However,
this average strength is based on wood at the fiber saturation point, which is at an
approximate moisture content of 30%. Because shear coupons for this research were at
an approximate moisture content of 12%, the average ASTM shear strength value was
multiplied by a moisture factor to adjust from green conditions to 12% moisture content.
Moisture factors for Douglas fir wood species are listed in Appendix X of ASTM D2555
(2002). The average factor for Douglas fir Coast, Interior West, and Interior North was
found to be 1.37. After adjusting for moisture, the ASTM ultimate shear strength was
found to be 8,777 kPa (1,273 psi). The average ultimate shear strength from testing was
28% higher than the ASTM value. ASTM ultimate shear values for Douglas fir wood
species are based on the average shear strength for all grades of Douglas fir lumber.
Shear coupon specimens for this research were cut from the outer laminations of the
glulam members after all connection tests had been completed. It is possible that the
average ultimate shear value from this research is higher than the ultimate shear value
from ASTM D2555 (2002) because denser grade laminations were used in the outer

laminations of the glulam members.
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Table 4.5 — Shear Coupon Data

10000

5000

0

7

Shelf
Specimen Height Height Thickness Area Max Load v
# mm (in.) mm (in.) mm (in.) mm? N (Ibs.) kPa (psi)
1 63.80 (2.512)| 13.08 (0.5150) | 53.47 (2.105)| 2712 | 27,870 (6,266) | 10,280 (1,490)
2 65.84 (2.592)| 13.06 (0.4185) | 53.62 (2.111)| 2830 | 33,440 (7,518) | 11,820 (1,686)
3 63.63 (2.505) | 12.37 (0.5140) | 52.73 (2.076)| 2703 | 18,810 (4,228) 6,960 (1,022)
4 64.11 (2.524) | 11.94 (0.4865) | 52.15 (2.053)| 2721 | 28,320 (6,366) | 10,410 (1,521)
5 64.85 (2.553)| 11.86 (0.4700) | 53.11 (2.091)| 2814 | 34,730 (7,808) | 12,340 (1,792)
6 65.20 (2.567)| 13.28 (0.4670) | 52.88 (2.082)| 2746 | 31,040 (6,978) | 11,310 (1,595)
7 64.62 (2.544)| 13.26 (0.5230) | 52.35 (2.061)| 2689 | 35,640 (8,013) | 13,260 (1,923)
8 63.98 (2.519) | 12.98 (0.5220) | 53.24 (2.096)| 2715 | 32,800 (7,373 12,080 (1,761)
9 62.94 (2.478)| 12.62 (0.5110) | 52.25 (2.057)| 2629 | 32,580 (7,325) | 12,390 (1,809)
10 65.02 (2.560) | 12.24 (0.4970) | 52.83 (2.080)| 2789 | 32,800 (7,373 11,760 (1.717)
Avg.V=_ 11,260 | (1,632)
COvV=_ 15.6%
Shear Coupon Specimen #9
35000
30000 "’J-H-F
25000 ’H-rpr"-’r
S 20000 J_‘J"-rr'-
3 F,_.-""'—r
S 15000

T

"

0

0.2

0.4 0.6

0.8 1

Displacement (mm)

Figure 4.4 — Typical Load-Displacement Curve for a Shear Coupon Specimen

4.3 — Monotonic Connection Test Results

Six different multiple-bolt connection configurations were tested that varied in

row spacing, fastener spacing, edge spacing, and the number of bolts per row. Load-

displacement curves are provided in Appendix A for each connection tested.
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4.3.1 — Ultimate Load and Failure Mode Predictions

Average ultimate tension and shear values from ASTM D2555 (2002) along with
the average dowel bearing strength and bolt bending yield strength values from
component tests were used to predict connection capacities and failure modes.

Capacities and failure modes were also predicted by using average tension and
shear values from component tests along with average dowel bearing strength and bolt
bending yield strength values from component tests. Table 4.6 shows the tension (T),
shear (V), dowel bearing (F.), and bolt bending (Fy;,) values that were used to predict

capacities and failure modes for both ASTM and component test predictions.

Table 4.6 — Material Properties Used to Predict Capacity and Failure Mode

Component ASTM
Material Strength Values Strength Values
Properties kPa (psi) kPa (psi)
T 79,430 (11,520) | 87,743 (12,726)
Y 11,260 (1,632) 8,777 (1,273)
Fe 26,410 (3,831) - -
Fyb 546,000  (79,200) - -

Ultimate strength values for T, V, F., and Fy;, were used in place of allowable
design values F/’, F,’, F., and Fy, in yield limit equations along with tear-out equations
of NDS Appendix E to predict capacities and modes of failure for the connection
configurations. The group action factor was not taken into account in yield limit

equations or tear-out equations. See Table 4.7.
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Table 4.7 — Predicted Capacity/Ultimate Loads and Failure Modes using Component
Strength Values and ASTM Strength Values

Component Values ASTM Values
Ultimate Predicted Predicted Predicted
Connection Test Load Failure Capacity Failure
Configuration N (Ibs.) Mode' N (Ibs.) Mode'

2R3-2F3 | 646,704 (145392) | GTO |522,346 (117,434)] RTO
2R3-2.5F3 |669,655 (150,552) | RTO | 522,346 (117,434)| RTO
2R3-3F3 | 669,655 (150,552) | RTO | 522,346 (117,434)| RTO
2R3-3.5F3 |669,655 (150,552) | RTO | 522,346 (117,434)| RTO
2R2-2F3 | 446,437 (100,368) | RTO | 348,230 (78,290) | RTO
2R2-2F6 _ [702,508 (157.938) | GTO | 609.407 (137,007)| RTO

' Row tear-out = RTO, Group tear-out = GTO

Because the ultimate shear value from testing was 28% higher than the ultimate
shear value from ASTM D2555 (2002) and shear coupons may not have been
representative of shear strength in the inner laminations of the glulam members, it was
decided to compare ultimate test loads to predicted capacities based on the ASTM tension
and shear values along with the average dowel bearing strength and bolt bending yield

strength values from component tests.

4.3.2 — Connection Configuration 2R3-2F3

Connection Configuration 2R3-2F3 shall be referred to as Configuration A. Each
connection was composed of two rows of three bolts with a row spacing of 50.8 mm (2
in.) The bolted connections were loaded in tension and tested to failure. All specimens
failed at a much lower load than the predicted capacity. On average, the ultimate test
load was 34% of the predicted capacity. As seen from Table 4.8, the failure modes were
not accurately predicted for this configuration. All specimens but one failed by splitting,

a mode that is not specifically covered in the NDS.
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Table 4.8— Configuration A Ultimate Test Loads and Failure Modes vs. Predicted

Capacities and Modes of Failure

"RTO = row tear-out, GTO = group tear-out, SPL = splitting

Tested Predicted
Ultimate Capacity Allowable Design Value
Test Load Failure Row tear-out (RTO) Group tear-out (GTO)

Specimen N (Ibs.) mode’ N (Ibs.) N (Ibs.)

1A 183,760 (41,314) GTO 522,346  (117,434) 126,430 (28,423)

2A 198,450 (44,616) SPL 522,346  (117,434) 126,430 (28,423)

3A 135,440 (30,450) SPL 522,346  (117,434) 126,430 (28,423)

4A 181,040 (40,701) [ SPL& RTO| 522,346 (117,434) 126,430 (28,423)

5A 188,150 (42,300) SPL 522,346  (117,434) 126,430 (28,423)
Average = 177,370 (39,876)

cov=_ 137% |

Specimens 5A and 3A are good examples of splitting failures. Both specimens

experienced sporadic decreases in load prior to connection failure. These decreases in

load represent splits occurring in the glulam member and are shown in Figures 4.5 and

4.6.
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Figure 4.6 — Specimen 34 Load-Displacement Curve

In Specimen 5A, a split formed through one row of bolts and propagated into the
middle of the member and through the end distance as loading continued. Connection
failure occurred at approximately 180,000 N (40,465 1bs.). After the test was stopped,
the wood specimen was removed from the testing apparatus. It was observed that bolts in
Row 1 remained undeformed while those in Row 2 were deformed an average of 2
degrees.

Specimen 3A was similar to SA in that the bolts in Row 1 were deformed an
average of 3 degrees while those in Row 2 remained undeformed. Splitting occurred in
Row 1 and Row 2. Although row tear-out did not occur, shear lines formed between the
bolts in Row 1. Figures 4.7 and 4.8 display Specimens 5A and 3A after connection

failure.
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Splitting

Figure 4.7— Splitting Along Figure 4.8— Splitting Along a
Rows of Bolts in Specimen 34 Row of Bolts in Specimen 54

Specimen 1A is a good example of group tear-out, the failure mode predicted by
NDS equations for this connection configuration. The NDS defines group tear-out as
fracture of the wood member around the perimeter of the fastener group due to local
tensile and shear stresses. This means that two shear fracture lines are formed along with
a tension line that causes the group of bolts to tear-out as one section. The fracture lines
in Specimen 1A failed did not occur simultaneously. Initially, a split formed along Row
1 leaving the bolts in Row 2 to carry the load. Consequently, two of the three bolts in
Row 2 were deformed because they had to carry additional load after the split occurred
along Row 1. The failure of Specimen 1A was a two-part process: splitting followed by
tear-out of the entire bolt group. The load-displacement curve for Specimen 1A is shown

in Figure 4.9. Specimen 1A after connection failure is shown in Figure 4.10.
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Figure 4. 9 — Specimen 14 Load-Displacement Curve

Figure 4.10 — Group Tear-out Failure of Specimen 14

All specimens of Configuration A exhibited bolt deformation primarily in one of
the two rows of bolts. Based on the data in Table 4.7 and the progressive failure

observed in connection tests, it appears that the bolts shared unequal portions of the load.
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This is evident based on the measurement of bolt deformation given in Table 4.9. Bolts 3
and 6 were closest to the end of the glulam member. Bolts 1 and 4 were farthest from the
end of the glulam member. Bolts 2 and 5 were in the middle of the bolt pattern. The

numbers in the table represent the angular deformation o from a straight line, as shown in

Figure 4.11.
Table 4.9 — Magnitude of Bolt Deformation for Configuration A
Row 1 Row 2
Specimen | Bolt#1 Bolt#2 Bolt#3 | Bolt#4 Bolt#5 Bolt #6

1A - - 1° 3° 3° -

2A 3° - - 6° 6° 6°
3A 2° 4° 2° - - -
4A - - - 2° 4° 3°
5A 1° - - 3° 2° 2°

Figure 4.11- Illustration of Bolt Deformation Measurement

4.3.3 — Connection Configuration 2R3-2.5F3

Connection Configuration 2R3-2.5F3 shall be referred to as Configuration B.
Each connection was composed of two rows of three bolts with a row spacing of 63.5
mm (2.5 in.) The bolted connections were loaded in tension and tested until failure. All

specimens failed much lower than the predicted capacity of 522,346 N (117,434 1bs.).
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On average, the ultimate test load was only 44% of the predicted capacity. As seen from
Table 4.10, three of the five connections exhibited the group tear-out failure mode
predicted by the NDS. One of the remaining specimens failed by row tear-out. The

remaining specimen failed by splitting.

Table 4.8— Configuration B Ultimate Test Loads and Failure Modes vs. Predicted
Capacities and Modes of Failure

Tested Predicted
Ultimate Capacity Allowable Design Value
Test Load Failure Row tear-out (RTO) Group tear-out (GTO)

Specimen N (Ibs.) mode’ N (Ibs.) N (Ibs.)

1B 260,130 (58,483) GTO 522,346  (117,434) 146,490 (32,933)

2B 218,260 (49,069) GTO 522,346  (117,434) 146,490 (32,933)

3B 268,620 (60,391) SPL 522,346  (117,434) 146,490 (32,933)

4B 238,430 (53,604) RTO 522,346  (117,434) 146,490 (32,933)

5B 175,500 (39,456) GTO 522,346  (117,434) 146,490 (32,933)
Average = 232,190 (52,200)

COV=_ 16.0% |

" RTO = row tear-out, GTO = group tear-out, SPL = splitting

In the case of Specimen 3B, splitting through one line of bolts and connection
failure occurred simultaneously at approximately 266,890 N (60,000 1bs.). The load-
displacement curve for this specimen is shown in Figure 4.12.

The split in Specimen 3B propagated from the end of the member along Row 1
and continued into the rigid 20-bolt connection at the other end of the member. Although
splitting occurred in only one row of bolts, bolts in both rows deformed a similar amount.

The failed specimen is shown in Figure 4.13.
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Fioure 4.12 — Specimen 3B Load-Displacement Curve

Figure 4.13 — Splitting Failure of Specimen 3B

Specimen 1B is a good example of group tear-out, the NDS predicted failure
mode. This connection test resulted in a group tear-out failure caused by initial splitting
along Row 1, and ultimately splitting along Row 2. At the ultimate load, a split formed
from the end of the member through Row 1. After the ultimate connection load was
reached, the load dropped to 111,210 N (25,000 lbs.) leaving the bolts in Row 2 to carry
the load. Finally, the connection failed by group tear-out. The load-displacement curve

for Specimen 1B is displayed in Figure 4.14.
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Figure 4.14 — Specimen 1B Load-Displacement Curve

Although the failure in Specimen 1B is classified as a group tear-out failure, it
does not completely match the idealized mode of failure described in NDS Appendix E.
The tension failure between the two rows did not occur directly between the two
uppermost bolts. Because Row 1 split initially and Row 2 was left to resist the load, the
high stress along Row 2 caused the wood to subsequently split along Row 2. Rather than
a tension fracture surface occurring perpendicular to grain between the bolts, the split
along Row 2 propagated along the grain of the glulam member until it intersected the
split from Row 1. However, from the photograph in Figure 4.15, there is evidence of

tension fracture where the two shear splits merge together.
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Figure 4.15 — Group tear-out Failure of Specimen 1B

Although Specimen 2B also failed by means of group tear-out, its load-
displacement curve looks somewhat different than the load-displacement curve for
Specimen 3A. At approximately 177,930 N (40,000 Ibs.), Specimen 2B began to

experience sporadic decreases in load until connection failure. In physical terms, the
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decreases as shown in Figure 4.16 represent localized tension fracture and splitting. The
localized tension fracture and splitting can be seen in Figure 4.17.
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Figure 4.16 — Specimen 2B Load-Displacement Curve

Figure 4.17 — Group tear-out Failure of Specimen 2B

The bolts in Row 1 carried most of the load and thus, were more deformed than the bolts
in Row 2. This observation can also be seen when comparing bolt deformation values in
Table 4.11. The bolts in Row 2 remained virtually undeformed while those in Row 1

deformed an average of 4 degrees.
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A variety of bolt deformation patterns were observed in Configuration B. All but
one bolt in Specimen 5B did not have any permanent deformation. Specimen 5B was a
group tear-out failure. Specimens 4B and 2B, also group tear-out failures, were similar
because bolts in one row exhibited greater deformation than bolts in the other row. Bolt
deformation in Rows 1 and 2 of Specimens 1B and 3B were similar. In all connections
except Specimen 5B, it is apparent that load was not distributed equally to each bolt in

the connection.

Table 4.11 — Magnitude of Bolt Deformation for Configuration B

Row 1 Row 2
Specimen | Bolt#1 Bolt#2 Bolt#3 | Bolt#4 Bolt#5 Bolt#6
1B 2° 3° 2° 4° 3° -
2B 5° 6° 2° 1° - -
3B 3° 2° 2° 1° 1° 2°
5B - - - 1° - -
4B 2° 3° 2° 6° 5° 3°

4.3.4 — Connection Configuration 2R3-3F3

Connection Configuration 2R3-3F3 shall be referred to as Configuration C. Each
connection was composed of two rows of three bolts with a row spacing of 76 mm (3 in.)
The bolted connections were loaded in tension and tested until failure. On average, the
ultimate test load was only 45% of the predicted capacity. It is assumed that splitting is a
form of row tear-out where shear failure along both sides of the bolt hole combine to
form a single split through the line of bolts, the correlation between the experimental

failure modes and the predicted mode of failure is good. Four of the five specimens
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failed by splitting or row tear-out effects. The remaining specimen failed by group tear-

out. See Table 4.12.

Table 4.12— Configuration C Ultimate Test Loads and Failure Modes vs.
Predicted Capacities and Modes of Failure

Tested Predicted
Ultimate Capacity Allowable Design Value
Test Load Failure Row tear-out (RTO) Row tear-out (RTO)

Specimen N (Ibs.) mode’ N (lbs.) N (Ibs.)

1C 244,590 (54,989) SPL 522,346  (117,434) 157,570 (35,424)

2C 262,170 (58,941) RTO 522,346  (117,434) 157,570 (35,424)

3C 229,530 (51,602) SPL 522,346  (117,434) 157,570 (35,424)

4C 276,310 (62,121) SPL 522,346  (117,434) 157,570 (35,424)

5C 175,360 (39,425) GTO 522,346  (117,434) 157,570 (35,424)
Average = 237,590 (53,416)

COV=_ 16.4% |

" RTO = row tear-out, GTO = group tear-out, SPL = splitting

The splitting failure associated with Specimens 1C, 3C, and 4C varied for each of
the specimens. First consider Specimen 4C in which the load-displacement relationship
remains nearly linear prior to a split forming along Row 1. At the ultimate load, the split
along Row 1 propagated into the middle of the glulam member and the connection failed.
The load-displacement curve for Specimen 4C is shown in Figure 4.18. Although
splitting is the primary mode of failure for this specimen, Figure 4.19 shows a tension
fracture between both rows of bolts a distance of 203 mm (8 in.) away from the
connection. By comparing the magnitude of bolt deformation for the bolts in Rows 1 and

2, it appears that both rows of bolts shared the load.
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Figure 4.18 — Specimen 4C Load-Displacement Curve

Figure 4.19 — Splitting Failure of Specimen 4C
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Specimen 3C exhibited a much different failure mechanism compared to that of
4C. At approximately 200,170 N (45,000 1bs.), the load in Specimen 3C reached a
plateau while the joint displacement continued to increase. At the ultimate load of
229,540 N (51,602 1bs.), failure occurred due to splitting along Row 1. The bolts in Row
1 remained virtually straight while those of Row 2 deformed approximately 3 degrees.
The load-displacement curve for Specimen 3C is shown in Figure 4.20.
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Figure 4.20 — Specimen 3C Load-Displacement Curve

With respect to Specimen 2C, a split formed along the bolt line of Row 1 at
258,000 N (58,000 Ibs.). The splitting of Row 1 was followed by a row tear-out failure
of at approximately 222,410 N (50,000 lbs.). See Figure 4.21. After the test was stopped
and the specimen was removed from the testing apparatus, bolt deformation was

observed. Deformation of all 3 bolts in Row 2 varied from 6° - 7° while two of the three

bolts in Row 1 only deformed 1°. The remaining bolt in Row 1 did not show any signs of
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permanent deformation. The row tear-out failure of Specimen 2C is shown in Figure

4.22.
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Figure 4.21 — Specimen 2C Load-Displacement Curve

Figure 4.22 — Row tear-out Failure of Specimen 2C
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Specimens 5C and 1C exhibited permanent bolt deformation in only one row of
bolts. Specimens 2C, 3C, and 4C had bolt deformation in both rows of bolts. As shown
in Table 4.11, there is an unequal distribution of load between the rows of bolts. All bolts
in Row 2 of Specimen 2C deformed 2° - 3° while only 1 bolt in Row 1 deformed 2°. All
bolts in Row 2 of Specimen 1B deformed 6° - 7° while 2 of the 3 bolts in Row 1
deformed 1°. Based on the measurement of bolt deformation in Table 4.13, it appears

that the bolts shared unequal portions of the load.

Table 4.13 — Magnitude of Bolt Deformation for Configuration C

Row 1 Row 2
Specimen | Bolt#1 Bolt#2 Bolt #3 | Bolt #4 Bolt #5 Bolt #6
1C - - - 2° 1° 2°
2C 1° - 1° 6° 6° 7°
3C 2° - - 3° 2° 2°
4C 2° 4° 4° 4° 1° 3°
5C - - - 8° 7° 6°

4.3.5 — Connection Configuration 2R3-3.5F3

Connection Configuration 2R3-3.5F3 shall be referred to as Configuration D.
Each connection was composed of two rows of three bolts with a row spacing of 88.9
mm (3.5 in.). The bolted connections were loaded in tension and tested until failure. On
average, the ultimate test load was 47% of the predicted capacity. As seen in Table 4.14,
row tear-out failure occurred in each of the specimens. Specimens 3D and 5D
experienced row tear-out in both rows of bolts. Specimens 1D experienced row tear-out
in one row of bolts and minor splitting in the other row. Splitting through one row of

bolts in Specimens 2D and 4D was the only noticeable sign of failure.
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Table 4.14 — Configuration D Ultimate Test Loads and Failure Modes vs.
Predicted Capacities and Modes of Failure

' RTO = row tear-out, GTO = group tear-out, SPL = splitting

Tested Predicted
Ultimate Capacity Allowable Design Value
Test Load Failure Row tear-out (RTO) Row tear-out (RTO)

Specimen N (Ibs.) mode' N (Ibs.) N (Ibs.)

1D 230,200 (51,754) RTO 522,346  (117,434) 157,570 (35,424)

2D 264,940 (59,564) RTO 522,346  (117,434) 157,570 (35,424)

3D 278,660 (65,649) RTO 522,346  (117,434) 157,570 (35,424)

4D 274,740 (61,767) RTO 522,346  (117,434) 157,570 (35,424)

5D 166,740 (37,487) RTO 522,346  (117,434) 157,570 (35,424)
Average = 243,060 (54,644)

cov=_ 192% |

Specimen 3D is a great example of row tear-out. From Figure 4.23, it is seen that

the load-displacement relationship remained nearly linear until the ultimate load was

reached. At 280,280 N (63,000 Ibs.), a split formed along Row 2. Following the splitting

at approximately 258,000 N (58,000 Ibs.), Row 1 and Row 2 experienced row tear-out

failure. After the test was stopped and the specimen was removed from the testing

apparatus, bolt deformation was observed. Deformation between all bolts in Row 1 and 2

was identical. Bolts 1 and 4 deformed six degrees and bolts 2, 3, 5, and 6 deformed four

degrees.
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Figure 4.23 — Specimen 3D Load-Displacement Curve
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Shear failure lines between the bolts and the end of the member are seen in Figure
4.24. Shear plugs from Rows 1 and 2 are seen protruding from the bottom of the glulam

member. These shear plugs are outlined in thick black lines.

Shear Failure Lines

Figure 4.24 —Row tear-out Failure of Specimen 3D

Unlike Specimen 3D, Specimen 1D failed by row tear-out of only one row with a
split occurring along the other row. The load-displacement relationship remained linear
prior to the ultimate load. At the ultimate load, Row 1 split and the load dropped from
229,970 N (51,700 1bs.) to 151,240 N (34,000 Ibs.). Because of the split in Row 1, the
load was redistributed to Row 2 as the load increased again to 229,970 N (51,700 Ibs.).
Next, row tear-out of Row 1 occurred as the load dropped and the connection failed. The

load-displacement curve for Specimen 1D is shown in Figure 4.25.

69



Splitting Along  Load
Redistribution

Rowl

250000

200000

150000

Load (N)

100000

50000

\

Row tear-out

/ of Row 1
4

AN P2t

\//

N\

\

/

/

_

2 4 6 8

Displacement (mm)

Figure 4.25 — Specimen 1D Load-Displacement Curve

Tear-out of material in Row 1 is shown in Figure 4.26. It also displays a shear plug that

tore out between the first bolt of Row 1 and the end of the member.

Figure 4.26 — Row tear-out Failure of Specimen 1D
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Specimens 4D and 2D failed due to a combination of splitting and row tear-out
through one line of bolts. As seen in Figures 4.27 and 4.28, splits propagated through the
bolt lines and into the rigid 20-bolt connection. Approximately 203 mm (8 in.) above the

bolt group in Specimen 4D, a large tension fracture formed perpendicular to grain.

Tension Fracture

Row tear-out

Figure 4.27 — Row tear-out

Fi 4.28 — Row tear-out
Failure of Specimen 4D 1gure ow tear-ou

Failure of Specimen 2D
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Four of the five specimens for this configuration exhibited unequal magnitudes of
deformation between Rows 1 and 2. All bolts in Row 2 of Specimens 1D, 4D, and 5D
experienced more bolt deformation compared to deformation of bolts in Row 1. See
Table 4.15. Bolts in Row 2 of Specimen 2D deformed 2° - 3° while bolts in Row 1 did
not show any signs of permanent deformation. The bolts in both rows of Specimen 3D

had identical bolt deformation patterns.

Table 4.15 — Magnitude of Bolt Deformation for Configuration D

Row 1 Row 2
Specimen | Bolt #1 Bolt#2 Bolt #3 | Bolt #4 Bolt #5 Bolt #6
1D 2° 1° 1° 5° 2° 4°
2D - - - 2° 3° 2°
3D 6° 4° 4° 6° 4° 4°
4D - 3° 4° 7° 5° 5°
5D 1° 5° 2° 7° 6° 6°

4.3.6 — Connection Configuration 2R2-2F3

Connection Configuration 2R2-2F3 shall be referred to as Configuration E. Each
connection was composed of two rows of two bolts with a row spacing of 50.8 mm (2 in.)
and a fastener spacing of 76.2 mm (3 in.). The bolted connections were loaded in tension
and tested to failure. On average, the ultimate test load was 49% of the predicted
capacity. Specimen 3E failed by double row tear-out. Specimen 2E failed by group tear-
out. Specimen 1E failed by splitting through both rows of bolts. A comparison of the

failure modes is shown in Table 4.16.
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Table 4.16 — Configuration E Ultimate Test Loads and Failure Modes vs.
Predicted Capacities and Modes of Failure

Tested Predicted
Ultimate Capacity Allowable Design Value
Test Load Failure Row tear-out (RTO) Group tear-out (GTO)
Specimen N (Ibs.) mode’ N (Ibs.) N (Ibs.)
1E 184,160 (41,403) SPL 348,230 (78,290) 100,170 (22,519)
2E 180,300 (40,536) GTO 348,230 (78,290) 100,170 (22,519)
3E 149,030 (33,505) RTO 348,230 (78,290) 100,170 (22,519)
Average = 171,160 (38,481)
Cov=_ 11.3% |

" RTO = row tear-out, GTO = group tear-out, SPL = splitting

In observing the failure mechanism of Specimen 1E, a split along Row 1 formed
at a load of approximately 133,450 N (30,000 Ibs.). The ultimate load was reached at
approximately 177,930 N (40,000 1bs.) where the connection failed. Both bolts in Row 1
deformed 3° - 4° while those in Row 2 deformed 11° -

12°. The load displacement curve

for Specimen 1E is shown in Figure 4.29.
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Figure 4.29 — Specimen 1E Load-Displacement Curve
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Figure 4.30 shows two splits that propagated along both rows of bolts and into the
middle of the member. The split along Row 2 changed positions from the right side of
the bolt line to the left side of the bolt line. Similarly, the split along Row 1 changed

positions from the middle of the bolt line to the left side of the bolt line.

Row 2 Row 1

Figure 4.30 — Splitting Failure of Specimen 1E

Although Specimen 2E failed by group tear-out, the failed specimen does not
accurately represent a group tear-out failure as defined in the NDS. Figure 4.31 shows
the failed specimen with two shear splits along the outer edges of the rows of bolts along
with periodic tension fractures connected by a split. In the NDS, group tear-out is
defined as the tear-out of a group of bolts encompassed by two shear fracture lines and a

single tension fracture line between the uppermost bolts.
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Figure 4.31— Group tear-out Failure of Specimen 2E

Splitting along Row 2 in Specimen 3E was observed to occur at a load of
approximately 97,860 N (22,000 Ibs.). After the split formed along Row 2, the load was
redistributed to the bolts in Row 1 as the load-displacement relationship became non-
linear. See Figure 4.32. This is evident when observing magnitudes of bolt deformation
in Table 4.17. Connection failure occurred at 149,040 N (33,505 1bs.) as row tear-out
occurred along Row 1 in the glulam member. The row tear-out failure experienced by

Specimen 3E is shown in Figure 4.33.
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Figure 4.32— Specimen 3E Load-Displacement Curve

Figure 4.33— Row tear-out Failure of Specimen 3E

All three specimens exhibited unequal magnitudes of deformation between Rows
1 and 2. As shown in Table 4.17, the bolts in Row 1 of Specimen 6C deformed 9° while

those of Row 2 deformed 7°. Bolts in Row 1 of Specimen 6B deformed 3° - 4° while
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those of Row 2 deformed 11° -

while only one bolt in Row 2 deformed 1°.

12°. Bolts in Row 1 of Specimen 7A deformed 8° - 9°

Table 4.17 — Magnitude of Bolt Deformation for Configuration E

Row 1 Row 2
Specimen | Bolt #1 Bolt #2 | Bolt #3 Bolt #4
1E 4° 3° 11° 12°
2E 9° 9° 7° 7°
3E 8° 9° 1° -

4.3.7 — Connection Configuration 2R2-2F6

Connection Configuration 2R2-2F6 shall be referred to as Configuration F. Each

connection consisted of two rows of two bolts with a row spacing of 50.8 mm (2 in.) and

a fastener spacing of 152.4 mm (6 in.). The bolted connections were loaded in tension

and tested to failure. On average, the ultimate test load was 32% that of the predicted

capacity. Two of the specimens failed by row tear-out of both rows of bolts. The

remaining specimens failed by group tear-out. A comparison of the experimental failure

modes can be seen in Table 4.18.

Table 4.18 — Configuration F Ultimate Test Loads and Failure Modes vs.
Predicted Capacities and Modes of Failure

"RTO = row tear-out, GTO = group tear-out, SPL = splitting
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Tested Predicted
Ultiamte Capacity Allowable Design Value
Test Load Failure Row tear-out (RTO) Group tear-out (GTO)
Specimen N (Ibs.) mode’ N (lbs.) N (Ibs.)
1F 181,890 (40,893) GTO 609,407  (137,007) 139,560 (31,375)
2F 187,100 (41,390) RTO 609,407  (137,007) 139,560 (31,375)
3F 256,080 (57,571) GTO 609,407  (137,007) 139,560 (31,375)
4F 163,310 (36,715) RTO 609,407  (137,007) 139,560 (31,375)
Average = 197,100 (44,142)
CovV=_ 206% |



Specimen 3F failed by group tear-out. Row tear-out of Row 1 occurred at the
ultimate load of 258,000 N (58,000 Ibs.) followed by complete group tear-out at 120,100
N (27,000 Ibs.). Figure 4.34 shows the tension fracture, shear splits, and row tear-out of
Row 1. As defined by the group tear-out equation of the NDS, the tension fracture
occurred between the uppermost bolts. The load-displacement curve can be seen in

Figure 4.35. .
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Figure 4.34— Group tear-out Failure of Specimen 3F
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Figure 4.35— Specimen 3F Load-Displacement Curve
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Specimen 2F failed by row tear-out along both rows of bolts. At 164,580 N
(37,000 1bs.), a split began propagating along Row 2. After the splitting of Row 2, the
load reached a plateau and was redistributed to the bolts in Row 1 due to the splitting in
Row 2. Tear-out of Row 2 along with splitting through Row 1 occurred at the load of
184,170 N (41,403 Ibs.). At 160,000 N (35,970 Ibs.), tear-out of Row 1 occurred and the
connection failed. Figures 4.36 and 4.37 display the load-displacement data and a

photograph of the failed specimen. Refer to Table 4.19 for magnitudes of bolt

deformation.
Row tear-out of ]
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Figure 4.36— Specimen 2F Load-Displacement Curve
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Figure 4.37— Row tear-out Failure of Specimen 2F

Table 4.19 displays magnitudes of bolt deformation for Configuration F. Bolts in
Row 1 of Specimens 1F, 2F, and 4F deformed more than bolts in Row 2. This is a sign
of unequal load distribution to bolts. Bolts in Rows 1 and 2 of Specimen 3F deformed
approximately 7°.

Table 4.19— Magnitude of Bolt Deformation for Configuration F

Row 1 Row 2
| Specimen | Bolt #1 Bolt #2 | Bolt #3 Bolt #4
1F 7° 5° 3° -
2F 12° 10° 2° -
3F 6° 6° 7° 7°
4F 8° 9° 3° 2°

4.4 — Load comparisons

In configurations with two rows of three bolts, the average ultimate load from
testing increased 37% as row spacing increased. For configurations with two rows of two

bolts, the average ultimate load from testing increased as bolt spacing increased.
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The predicted capacity did not change for configurations with two rows of three
bolts. At the minimum spacing of 50.8 mm (2 in.), the governing failure mode was row
tear-out. Because increasing row spacing influences group tear-out and not row tear-out,
the predicted capacity of 522,346 N (117,434 1bs.) remained the same. For
configurations with two rows of two bolts, the ultimate failure load increased as bolt
spacing increased.

Values in the right-hand column of Table 4.20 show a ratio of the average
ultimate test loads to the predicted capacities. If behavioral equations from NDS
Appendix E combined with wood ultimate strength properties were accurate predictors of
the connection capacities, these ratios should be close to unity. As seen in Table 4.20, the
average ratio for all connection configurations is only 0.42. This indicates that the
equations for group tear-out and row tear-out in the NDS Appendix E do not accurately

model ultimate behavior in multiple-bolt connections.

Table 4.20 — Magnitudes of Avg. Test Loads and Predicted Capacities

Avg. Ultimate Predicted Ratio of Avg. Test
Connection Test Load Capacity Load to Predicted
Configuration N (Ibs.) N (lbs.) Capacity
A 177,368 (39,876) | 522,346 (117,434) 0.34
B 232,190 (52,201)| 522,346 (117,434) 0.44
C 237,594 (53,416) | 522,346 (117,434) 0.45
D 243,057 (54,644)| 522,346 (117,434) 0.47
E 171,163 (38,481) | 348,251 (78,290) 0.49
F 196,250 (44,121)| 609,438 (137,007) 0.32
Avg. =0.42

Ultimate loads from testing were also compared with 2001 NDS allowable bolted
connection design values (Z;) and the minimum allowable design values: net section

tension (Zxt), row tear-out ( Zrr) and group tear-out (Zgr).
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Allowable bolted connection design values (Z;) were determined in accordance
with Chapter 11 of the 2001 NDS. Calculations were based on wood dowel bearing
strength of 38,610 kPa (5,600 psi.), bolt bending yield strength of 310,264 kPa (45,000
psi.) and a 1.6 load duration factor for short-term loading. The bolt bending yield
strength value of 310,264 kPa (45,000 psi) and dowel bearing strength value of 38,610
kPa (5,600 psi) were used to simulate typical values used by designers. An appropriate
group action factor was determined for each connection configuration. Mode IIl; yield
was predicted for all configurations.

Allowable design values (Znrt, Zrt, ZgT) Were determined in accordance with
Appendix E of the 2001 NDS. Allowable design values were based on F, = 1,655 kPa
(240 psi.), Fy = 7,584 kPa (1,100 psi.), and a 1.6 load duration factor. Row tear-out and
group tear-out allowable design values were found to be the governing modes of failure
for all six connection configurations. The group tear-out limit state governed
Configurations A, B, E, and F. The row tear-out limit state governed Configurations C
and D.

Ratios of average ultimate test loads to allowable connection design values for all
configurations are given in Tables 4.21a and 4.21b. The governing limit state for each
configuration is shaded in gray. Although group tear-out was the predicted mode of
failure based on NDS Appendix E equations for Configuration F, Yield Mode Ill; was the
governing limit state, which meant that bolt yielding was predicted to occur prior to the

failure mode of group tear-out, based on NDS allowable design value calculations.
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Table 4.21a — Connection Configuration Ultimate Test Load & Failure Mode
vs. Allowable Design Value & Failure or Yield Mode (SI units)

Ultimate Multiple Bolt Allowable Design Value (NDS Appendix E)
Test Design Value Net Section Row tear- Group Tear- Ultimate/
Connection Load Z Znt out, Zgr out, Zr Limit Allowable
Configuration (N) (N) (N) (N) (N) State’ Ratio
A 177,368 176,110 416,257 157,566 126,426 GTO 1.40
B 232,190 176,110 416,257 157,566 146,486 GTO 1.59
C 237,594 176,110 416,257 157,566 166,502 RTO 1.51
D 243,145 176,110 416,257 157,566 186,607 RTO 1.54
E 171,163 118,944 416,257 105,044 100,165 GTO 1.71
F 196,344 118,223 416,257 183,827 139,556 Y 1.41
Ty= yield model, NT = net section tension failure, RTO = tow tear-out failure, GTO = group tear-out failure Avg. =1.52

Table 4.21b — Connection Configuration Ultimate Test Load & Failure Mode
vs. Allowable Design Value & Failure or Yield Mode (Eng units)

Ultimate Multiple Bolt Allowable Design Value (NDS Appendix E)
Test Design Value Net Section Row tear- Group Tear-
Connection Load Z; Iyt out, Zgr out, Zgr Limit Ultimate/
Configuration (Ibs.) (Ibs.) (Ibs.) (Ibs.) (Ibs.) State' | Allowable Ratio
A 39,876 39,593 93,583 35,424 28,423 GTO 1.40
B 52,201 39,593 93,583 35,424 32,933 GTO 1.59
C 53,416 39,593 93,583 35,424 37,433 RTO 1.51
D 54,664 39,593 93,583 35,424 41,953 RTO 1.54
E 38,481 26,741 93,583 23,616 22,519 GTO 1.71
F 44,142 26,579 93,583 41,328 31,375 Y 1.41
"y = yield model, NT = net section tension failure, RT = tow tear-out failure, GT = group tear-out failure Avg. =1.52

Average ratios for the connection configurations vary from 1.40 to 1.71. The
overall average ratio for all 27 connection tests is 1.52. This ratio represents an average
margin of safety for the connections tested. Rammer (2002) also observed a low margin
of safety in his research. The average margin of safety for configurations A-D of
Rammer’s tests was 1.83.

In the design of single-bolt connections, the NDS yield limit equations use an R4
factor to account for material variability, duration of load, and to provide a factor of
safety. The Ry factor for each yield mode appears in Table 4.20. Ko, which appears in
each term, is a factor that depends on the angle of load to grain. For this research project,

Ko was 1.0 because all specimens were loaded parallel to grain. The Ry factor adjusts
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from the predicted yield load to an allowable connection capacity. Therefore, dividing Ry
by the load duration factor of 1.6, a ratio of predicted yield load to allowable load is
obtained. As shown in Table 4.22, the ratio of predicted yield load to allowable load for
Mode Il is 2.0. In comparing the ratio used for Mode I1I; in the NDS to the average
factor of safety obtained from experimental tests, 1.52 is significantly less than 2.0. This
implies that multiple-bolt connection may not provide the same level of safety as single-

bolt connections designed in accordance with the NDS.

Table 4.22 — Reduction Terms for 0.25 in. < Dia. < I in.

Reduction Ratio of yield load
Yield Mode term, Rq to allowable load
Im, Is 4K, 25
Il 3.6K, 2.25
Hlm, Hls, 1V 3.2K, 2

4.5 — Row spacing trends

When row spacing was increased from 50.8 mm (2 in.) to 88.9 mm (3.5 in.) for
configurations with two rows of three bolts, the average ultimate loads increased
approximately 37%. This trend is illustrated in Figure 4.38. A similar trend was
observed in NDS Appendix E tear-out equations for configurations with two rows of
three bolts. As rows spacing increased from 50.8 mm (2 in.) to 88.9 mm (3.5 in.), the
NDS allowable design value increased by 25%. Increases in allowable design values are

shown in Figure 4.39.
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Figure 4.39 — NDS Appendix E Allowable Design Value vs.
Row Spacing
As shown in Figures 4.37 and 4.38, the effects of row spacing appear to be
modeled effectively in the NDS Appendix E provisions. However, the capacity of a
multiple-bolt connection is not accurately predicted using the NDS Appendix E equations
with ultimate values of T and V substituted for F;” and F,’. Group tear-out and row tear-

out equations from NDS Appendix E combined with ultimate shear and tensile strength
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properties for wood members over-estimate the ultimate load of a multiple-bolt
connection by a factor ranging from 2.03 to 3.10. Two data series representing predicted
capacities and ultimate test loads are plotted in Figure 4.40. In all connection
configurations, the predicted capacity was greater than the average ultimate test load.

Table 4.23 shows the ratios of the predicted capacities to the average ultimate test loads.
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Figure 4.40 — Predicted Capacity & Avg. Ultimate Test Load
versus Row Spacing
Table 4.23— Ratio of Predicted Capacity to Average
Ultimate Test Load
Avg. Ultimate Predicted Ratio of the
Connection Test Load Capacity Predicted Capacity
Configuration N (Ibs.) N (Ibs.) to Avg. Ult. Test Load

177,368 (39,876) | 522,373 (117,434) 2.95
232,190 (562,201) | 522,373 (117,434) 2.25
237,594 (53,416) | 522,373 (117,434) 2.20
243,057 (54,644) | 522,373 (117,434) 2.15
171,163 (38,481) | 348,251 (78,290) 2.03
196,344 (44,142) | 609,438 (137,007) 3.10

TMOOm >
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For configurations with two rows of three bolts, increasing row spacing from 50.8
mm (2 in.) to 88.9 mm (3.5 in.) was found to increase the level of consistency in the
predicted failure modes. In Configuration A, the predicted limit state was group tear-out.
When five replications of this configuration were tested, only one of the five specimens
failed by group tear-out. The remaining four specimens failed by either row tear-out or
splitting of the wood member.

The predicted limit state for Configuration B was also group tear-out. However,
the level of consistency for Configuration B was much greater than that of Configuration
A. Three of the five specimens failed by group tear-out effects. The remaining two
specimens failed by row tear-out and splitting of the wood member.

The predicted limit state for Configuration C was row tear-out. Four of the five
specimens failed by row tear-out effects. However, this is based on the assumption that
splitting is a form of row tear-out where the shear fracture surfaces along both sides of
the bolt hole combine to form a single split through the line of bolts. The remaining
specimen failed by group tear-out. The level of consistency between predicted failure
modes and those experienced in testing is relatively high for this connection
configuration.

The predicted limit state for Configuration D was also row tear-out. All five
specimens of this configuration failed by splitting and row tear-out effects.

In comparing Configurations A, B, C, and D, the only varying parameter was row
spacing. Although edge distance also changed with respect to row spacing, it did not
appear to play a critical role in connection strengths since failures did not occur between

rows of bolts and the edge of the glulam member. In all cases, the edge distance was
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substantially greater than the minimum edge distance of 1.5D required in the NDS. All
other parameters such as fastener spacing, end distance, and bolt diameter remained the
same for each of these configurations. As row spacing was increased from 2.67D (50.8
mm) (2 in.) to 4.67D (88.9 mm) (3.5 in.), the consistency between predicted failure
modes and experimental failure loads became greater. Also, the predicted failure modes
transitioned from group tear-out to row tear-out as row spacing was increased. This
change in predicted failure mode shows that the increasing trend between predicted
failure modes and those experienced in testing is not limited to one particular failure
mode.

In Configurations E and F, the only varying parameter was fastener spacing
within rows of bolts. As fastener spacing was increased from 4D (76.2 mm) (3 in.) to 8D
(152.4 mm) (6 in.), the average ultimate test load increased 15%. The predicted capacity
based on NDS Appendix E equations increased 18% when fastener spacing increased
from 4D to 8D. In considering modes of failure for Configurations E and F, there is not
enough statistical data to accurately determine if failure modes were predicted more
consistently as fastener spacing increased. However, general trends associated with bolt
spacing indicate that it may not be accurately addressed in the NDS Appendix E

equations.

4.6 — Splitting Behavior
Although all connections were predicted to fail by group tear-out or row tear-out,

19 of the 27 connection tests failed by splitting alone or the combined effect of splitting

and row tear-out. Currently, splitting is not specifically addressed in the NDS Appendix
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E provisions. However, based on these connection tests, splitting is a mode of failure that
needs further exploration.

In connection tests that failed by splitting, splits in the glulam member were
initially observed immediately above the top of the steel side plate. However, because
steel side plates were used in all connection tests, it was impossible to determine the
exact location where splitting began to form. Refer to Figure 3.3 of Chapter 3. As load
was increased, the split propagated through the end of the glulam member. Because a
57.2 mm (2.25 in.) gap existed between the bottom of the glulam member and the top of
the supporting W-shape, splitting at the end of the glulam member could be observed.
Also as load was increased, splitting was noted to propagate toward the far end of the
glulam member.

Rather than being a function of shear strength, it is possible that the splitting
phenomenon is caused by tension perpendicular to grain. In particular, it is possible that
the bolts pried the glulam member apart as they embedded in the surface of the bolt
holes, thus causing splitting. If splitting is associated with tension stresses perpendicular
to grain, then wood strength in tension perpendicular to grain (F;,) should be used in
place of shear strength (F,) for connection behavioral equations in NDS Appendix E.
Although there is only limited research available regarding tension strength perpendicular
to grain for wood members, the NDS indicates that Fy, is approximately equal to F,/3 for
most wood species. Using NDS Appendix E behavioral equations, Table 4.24 shows
comparisons of ultimate test loads to predicted capacities. The ultimate value of T, was
used in place of the ultimate value of V in the predicted capacity calculations. Note that

use of T, in place of V is based on the following two assumptions: A uniform stress
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distribution between bolts is assumed. Only one split per row of bolts is assumed when

using T, compared to V, which assumes two shear lines per bolt line.

Table 4.24 — Ratio of Predicted Capacity to Average Ultimate Test Load

using T, in place of V
Avg. Ultimate Predicted Ratio of the
Connection Test Load Capacity using T, Predicted Capacity
Configuration N (lbs.) N (lbs.) to Avg. Ult. Test Load
A 177,368 (39,876) 174,133 (39,144) 0.98
B 232,190 (52,201) 174,133 (39,144) 0.75
(o] 237,594 (53,416) 174,133 (39,144) 0.73
D 243,057 (54,644) 174,133 (39,144) 0.72
E 171,163 (38,481) 116,076 (26,096) 0.68
F 196,344 (44.142) 203,174 (45,669) 1.03

It appears that using an ultimate tension perpendicular to grain value in place of
an ultimate shear values in the NDS Appendix E behavioral equations provides a more
accurate estimation of the connection capacity. Referring to the right-hand column of
Table 4.24, all of the ratios with the exception of Configuration F are below 1.0. This
signifies that predicted capacities were lower than average ultimate test loads. With
respect to Configuration F, the predicted capacity was approximately 3% higher than the

average ultimate test load.
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Chapter 5 — Summary, Conclusions, and Recommendations

5.1 — Summary

The primary objectives of this research project were to:
e Determine if the 2001 NDS Appendix E equations for group tear-out and row
tear-out accurately predict modes of failure for multiple-bolt connections.
e Assess the effects of row spacing in 6-bolt wood-to-steel connections
e Assess the effects of bolt spacing in 4-bolt wood-to-steel connections
e Determine if ultimate test loads coincide with predicted tear-out capacities
from behavioral equations in the NDS Appendix E.
Twenty-seven multiple-bolt connections were tested with varying parameters that
included row spacing, bolt spacing within rows, and the number of bolts per row.
Component tests for bolt bending yield strength, dowel bearing strength, tension strength,

shear strength, and specific gravity were also conducted.

5.2 — Yield Mechanisms

The predicted yield limit state for each of the six connection configurations was
Mode III; based on the NDS yield limit equations of Chapter 11. Based on this yield
limit state prediction, all bolts were expected to yield. However, large differences were
observed between the deformation of bolts in one row versus the other row in 85% of the
connection configurations. It was found that bolts in one row were significantly more
deformed than bolts in the other row. In some cases, bolts in one row were yielded while

bolts in the other row remained straight. Unequal load distribution to the bolts is the
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most likely cause of sequential connection failures and varying magnitudes of bolt
deformation that were observed. Only 5 connection tests out of 27 exhibited equal bolt
deformation for all bolts in both rows. The bolts in both rows from one specimen did not

show any signs of deformation.

5.3 — Failure Mechanisms

This research has shown that brittle failure modes are common in a series of
double shear multiple-bolt connection configurations with 19.1 mm (0.75 in.) diameter
bolts and row spacing that varies from 50.8 mm (2 in.) to 88.9 mm (3.5 in.). Brittle
failure modes include splitting, row tear-out, and group tear-out. Two of these brittle
failure mechanisms are predicted by behavioral equations in the NDS Appendix E.
However, the capacities of multiple-bolt connections are not accurately predicted. In
some cases, predicted capacities can be range from 2.03 to 3.10 times higher than the

ultimate loads.

5.4 — Conclusions
Experimental modes of failure and failure loads from connection tests relate to the
NDS predicted failure modes and loads in the following ways:

e Failure modes are predicted with a higher level of consistency for multiple-
bolt connections with large row spacings (4D) compared to smaller row
spacings (2.67D).

e The relative effects of row spacing appear to be properly addressed in the

NDS Appendix E provisions. As row spacing was increased from 2.67D to
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4.67D for configurations with two rows of three bolts, average ultimate test
loads increased 37%. Similarly as row spacing was increased from 2.67D to
4.67D for configuration with two rows of three bolts, the predicted capacity
did not change and the predicted allowable design value increased 25%.

The relative effects of bolt spacing are not properly addressed in the NDS
Appendix E provisions. As bolt spacing was increased from 4D to 8D for
configurations with two rows of two bolts, the average ultimate test load
increased 15%. However, as bolt spacing increased from 4D to 8D for
configuration with two rows of three bolts, the predicted capacity increased
75% and the predicted allowable design value increased by 47%.

NDS Appendix E equations over-predict the connection capacity. Ultimate
test loads were on average only 40% - 50% of the predicted capacities.
Safety margins for multiple-bolt connections designed in accordance with
NDS Appendix E are not as large as typical safety margins for single-bolt
connections designed in accordance with NDS Chapter 11.

In multiple-bolt connections, load is unequally distributed to individual bolts.
NDS Appendix E equations do not address unequal load distribution to bolts.
Due to fabrication tolerances such as bolt hole misalignment, any single bolt
in a multiple-bolt connection may carry a larger portion of the load in
comparison to other bolts.

It is unclear whether splitting failure is a function of shear strength or tension

perpendicular to grain.
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5.5 — Research Limitations

Limitations of this research include:

e Only double shear wood-to-steel bolted connections were tested.

e The only wood species tested was Douglas fir glued laminated timber.

e Only 19.1 mm (0.75 in.) diameter bolts were used in test connections.

e The number of bolt rows was limited to two and the number of bolts per row
was limited to either two or three.

e Row spacing between bolt rows was limited to a minimum of 50.8 mm (2 in.)
and a maximum of 88.9 mm (3.5 in.)

e Bolt spacing within a row was limited to 88.9 mm (3 in.) for five connection
configurations and 152.4 mm (6 in.) for one connection configuration.

e For all connection tests, the end distance was 133.4 mm (5.25 in.)

e All connections were tested at an approximate moisture content of 12%

5.6 — Recommendations for Future Research

In considering multiple-bolt connections in wood members, there are many
parameters that influence the overall connection strength. Some of these parameters are
bolt diameter, row spacing, and bolt spacing within a row. Future research should
explore the effects of bolt spacing by testing several multiple-bolt connections with
varying bolt spacings.

This research only addressed multiple-bolt connections with two rows of bolts,

and unequal load distribution to individual bolts was observed. Future research should
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include the study of multiple-bolt connections with three or more rows of bolts to address
the effects on load distribution to bolts.

Because unequal load distribution to bolts can occur in a multiple-bolt connection,
it is important to study bolt behavior. In future multiple-bolt connection tests, careful
attention should be paid to each individual bolt throughout the entire test. Any bolt
deformation and the order in which bolts deform should be noted. If possible, the use of
strain gages on bolts or ultrasonic inspection of bolts could be useful in determining load
distribution to individual bolts at early stages of the tests.

Behavioral equations from NDS Appendix E combined with ultimate shear and
tensile strength properties for wood do not accurately predict the ultimate connection
capacity for multiple-bolt connections. Future research should investigate the effects of
wood strength in tension perpendicular to grain instead of shear strength for connection
behavioral equations in NDS Appendix E.

Future research should also consider finite element modeling of stress in wood
members of multiple-bolt connections. In particular, the combination of bearing stress,
shear stress, and tension stress perpendicular to grain at the perimeter of each bolt hole
could be evaluated. A finite element model of a multiple-bolt wood connection could be

a useful tool in determining load distribution to bolts and overall connection behavior.
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Appendix — A

This appendix includes load-displacement graphs for each connection specimen. All
units are English customary units (pounds and inches)
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A.1 - (2R3-2F3) Continued
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Displacement (in.)

Specimen 3

60000

50000

//\\

40000

/N

30000

/ N

Load (lbs.)

20000

/ N

AN

10000

/ an

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Displacement (in.)
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A.1 - (2R3-2.5F3) Continued

Load (lbs.)

A3 - 2R3-3F3)

Load (lbs.)

60000

Specimen 4

50000

40000

30000

20000

—

10000

45000

0.1

0.2 0.3

0.4

0.5 0.6 0.7

Displacement (in.)

Specimen 5

40000

PN

35000

30000

25000

20000

AN
™
"

15000

10000

5000

60000

50000

40000

30000

Load (lbs.)

20000

10000

0.05

0.1 0.15

0.2

0.25 0.3 0.35 04

Displacement (in.)

Specimen 1

Nz

0.05

0.1 0.15 0.2

0.2

5

0.3 0.35 04 0.45 0.5

Displacement (in.)
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A.3 - (2R3-3F3) Continued

Specimen 2

70000
60000 A/\
50000 / v\
8 40000 V4 /\
T /
S 30000 / \_\
-
20000 / \\
10000 T —
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Displacement (in.)
Specimen 3
60000
50000 vr\
~ 40000 /V(
[ g \
£ /
e 30000 / N
©
o \
=1 20000 / \
10000 \,
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
Displacement (in.)
Specimen 4
70000
N
60000 / \
50000 / N
E 40000 \
= yd N
S 30000
g v
20000 /
10000
/ \‘f
0 ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05

Displacement (in.)

103



A.3 - (2R3-3F3) Continued

Load (lbs.)

50000
45000
40000
35000
30000
25000
20000
15000
10000

5000

A4 - (2R3-3.5F3)

Load (lbs.)

Load (lbs.)

60000

50000

40000

30000

20000

10000

70000

60000

50000

40000

30000

20000

10000

Specimen 5

]
i
Ji/J/"
e
2
e
_//
0.05 0.1 0.15 0.2 0.25

Average Displacement (in.)

Specimen 1

A\ A\

/ N\

0.1 0.2 0.3 04 0.5 0.6

Displacement (in.)

Specimen 2

/N

/NN

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Displacement (in.)
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A.4 - (2R3-3.5F3) Continued

Specimen 3

70000

M\

60000 / \r/
50000 \

AJ
3 / N\
£ 40000 / \'
> |
S 30000 / ! ™ ——
3 /
20000 /
10000
0
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8
Displacement (in.)
Specimen 4
70000

60000 =\
50000 / \
40000

30000 /
20000 ,/ \\
10000 /

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Load (Ibs.)

Displacement (in.)

Specimen 5

40000

35000 N\ —

30000
N

@ 25000 N
2 \
= 20000
3 \\
9 15000 /
10000 S
/ /
5000 -
B
0

0 0.025 005 0.075 0.1 0.125 0.15 0.175 02 0.225 025 0.275 0.3 0.325 0.35

Displacement (in.)
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A.5 - 2R2-2F3)

Load [Ibs.])

Load [Ibs)

40000 -
35000

30000 £

Load [Ibs )

10000 £

25000 |
20000 |

15000 +

Specimen 1

45000

40000

35000

30000

25000

20000 /

15000

10000

5000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Displacement (in.)

Specimen 2

45000

40000

35000

30000

/»"Y"f

25000

20000

15000

10000

5000

0.1 0.2 0.3 0.4 0.5 0.6

Displacement (in.)

Specimen 3

5000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Displacement (in.)
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A.6 - 2R2-2F6)

Load (Ibs.)

45000

Specimen 1

40000

35000

30000

25000

20000

15000 /
10000

5000 pd

45000

0.1 0.15 0.2 0.25

Displacement (in.)

Specimen 2

0.3 0.35

0.4

40000

35000

30000

\ T

25000
20000

Load (Ibs.)

15000

10000 /
5000

0.1 0.2 0.3 0.4 0.

Displacement (in.)

Specimen 3

5 0.6

0.7

70000

60000

50000

40000

N

Load (Ibs.)

30000

20000

YN

10000

0.1 0.2 03 0.4

0.5

Displacement (in.)
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0.6




A.6 - (2R2-2F6) Continued

Load (Ibs.)

45000
40000
35000
30000
25000
20000
15000
10000

5000

Specimen 4

0.05

0.1

0.15 0.2

Displacement (in.)

108

0.25

0.3

0.35
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