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Abstract: North America’s engineered mass timber sector has expanded rapidly in the past decade, with growing
adoption of mass timber products as structural components in tall buildings. Among these, mass timber panels
have emerged as viable shear wall elements for lateral force-resisting systems. In taller balloon-type or self-
centering rocking wall constructions, panels are stacked vertically, necessitating reliable splice connections
between adjacent panels. This paper introduces a novel glued-in rod (GiR) splice connection for vertical joints
between stacked panels, featuring a two-stage adhesive installation process and a filler/weep hole system designed
to promote full adhesive penetration and accommodate construction tolerances. An experimental program was
conducted to evaluate the interface shear strength of GiRs embedded in veneer-based cross-laminated timber
under both monotonic and reversed-cyclic loading. Unlike previous studies that focused on tensile strength or
monotonic loading only, this work investigates shear behavior relevant to seismic and wind demands. Experimental
results are compared against conservative yield strength predictions from the U.S. National Design Specification
for Wood Construction (NDS) dowel-type equations. Findings offer new insights into the shear performance of
GiR splices in veneer-based cross-laminated timber, informing design assumptions for vertical panel joints in
balloon-type mass timber wall systems and providing experimentally validated allowable loads for seismic design.

Keywords: Glued-in rods; Interface shear; Mass ply panel; Shear wall; Splice connection; Veneer-based cross-
laminated timber

Introduction

The continued advancement of mass timber engineered wood
products provides architects and engineers with a wide range
of design solutions. Among these, the use of mass timber panel
elements in floor diaphragms and shear walls has emerged
as a promising strategy for achieving both sustainability and
structural resilience (Tannert et al. 2018; Izzi et al. 2018; Sun
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et al. 2020; Granello et al. 2020; Di Cesare et al. 2020; Abed
et al. 2022). These developments have enabled mass timber
to be considered as a primary structural material for mid- and
high-rise buildings. However, challenges remain, particularly
in implementing mass timber panels in tall structures (Pei et
al. 2016). A key limitation stems from manufacturing and
transportation constraints, which restrict panel lengths. In tall
balloon-frame wall systems, for instance, the required wall
height may exceed the available panel length, necessitating
vertical stacking and the use of splice connections at panel joints
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to ensure structural continuity. Therefore, the performance and
reliability of panel splice connections have become a critical
focus of research and design. Figure 1 illustrates this need,
showing a rendering of a 10-story mass timber shake-table
test building (Pei et al. 2024), where splice connections are
required to form continuous balloon-type shear walls.

Several design alternatives have been proposed for splice
connections in balloon-type mass timber shear walls. Two
conceptual examples are illustrated in Figure 2. In the first
configuration (Figure 2a), six steel plates are fastened exter-
nally across the panel joint. In this design, the end plates are
typically assumed to resist overturning moments, while the
central plates carry shear forces (Zimmerman et al. 2020).
The second configuration (Figure 2b) utilizes glued-in rods
(GiRs) to transfer forces across the splice in a similar manner.
In design, the GiRs are grouped according to their function:
longer rods embedded near the panel ends can be assumed to
resist overturning moments, while shorter, centrally located
rods are assumed to resist shear.

Both splice types shown in Figure 2 are viable. The steel plate
connection offers the advantage of rapid on-site assembly but
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Figure 2. Examples of mass timber wall splice connections: (a) external steel
plates; (b) internal GiRs.
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requires additional measures for corrosion and fire protection. In
contrast, the GiR connection provides benefits such as improved
corrosion and fire resistance, enhanced aesthetics, and favorable
ductile behavior under seismic loading (Townsend et al. 1990),
making it an attractive option for designers. However, GiR con-
nections demand greater prefabrication effort, as precise hole
alignment is necessary for proper rod placement—especially
challenging for longer embedded lengths. Moreover, successful
installation requires controlled environmental conditions and
skilled application to ensure proper adhesive bonding between
the rods and the mass timber substrate. Based on the design
premise presented in the previous paragraph, when designing
the GiR splice connection to resist lateral loads from both wind
and seismic actions, the main design considerations are that the
moment-resisting outer rods produce an internal force couple,
which places individual rods in tension (and potentially some
compression), while the central rods resist shear forces and
provide lateral stiffness.

Glued-in rod connections were originally developed for glue-
laminated timber, where their axial (pull-out) capacity and, to
a lesser extent, their lateral (shear) and combined load-carrying
behavior have been experimentally characterized (Deng 1997,
Bengtsson and Johansson 2002; Jensen and Gustafsson 2004;
Steiger et al. 2007; Jensen and Quenneville 2009). More
recently, the axial and bond performance of GiRs has been
investigated in cross-laminated timber (Azinovi¢ et al. 2018;
Sofi et al. 2021; Ayansola et al. 2022), and the tension pull-out
capacity of single GiRs has been quantified in mass ply panel
(MPP) (Field et al. 2023). GiR splice connections are attrac-
tive for vertical panel-to-panel joints because the rods are fully
embedded within the panels, providing improved corrosion
and fire resistance, enhanced aesthetics, and ductile behavior
relative to externally fastened steel-plate splices (Townsend
etal. 1990; Zimmerman et al. 2020). In contrast, the behavior
of GiR connections loaded in interface shear, especially un-
der reversed-cyclic demands and in the panel-to-panel splice
configuration studied here, has received comparatively little
attention. The present study addresses this gap by characterizing
the interface shear capacity, stiffness, and cyclic response of
GiR splice connections in MPP and by comparing the observed
response with U.S. National Design Specification for Wood
Construction (NDS) yield predictions (AWC 2018).

Previous research has studied the behavior of GiRs in tension
in a variety of timber substrates. Bengtsson and Johansson
(2002), Deng (1997), and Steiger et al. (2007) investigated the
structural performance in a glue-laminated timber substrate;

Ayansola et al. (2022), Azinovi¢ et al. (2018), and Sofi et
al. (2021) in a cross-laminated timber (CLT) substrate; and
Field et al. (2023) in an MPP (ICC-ES 2022) substrate. The
experimental program presented in Field et al. (2023) char-
acterized the pull-out tensile strength and stiffness of a single
GiR at different levels of embedment. Test results were used
to propose a design equation with a format that is similar to
the ones available in the New Zealand design code (NZS 3603
1993), which is based on work developed in Deng (1997),
among others.

With respect to the behavior of GiRs in shear in timber sub-
strates, several experimental and analytical modeling efforts
are available in the literature. Bengtsson and Johansson (2002)
evaluated steel-threaded GiRs embedded into glulam specimens
as part of the Glued-in Rods for Timber Structures (GIROD)
project used to promote code adoption of this connection type
in Europe. The objective of the study was to investigate the
effect of rod spacing and edge distance on the axial and lateral
load-carrying capacity. For the lateral loading tests, rods were
glued-in at a length of 320 mm parallel to the grain of glulam
specimens with varied edge distances. For some specimens,
low-strength rods were installed to investigate the influence of
steel quality on lateral load-carrying capacity. For low-strength
rods particularly, two plastic hinges were observed to form in
the rods during testing. When the edge distance was decreased,
larger embedding displacements in the timber were observed.
Jensen and Gustafsson (2004) and Jensen and Quenneville
(2009) validated this conclusion through experimental analysis
and modeling of a GiR shear connection of dowels embed-
ded in glulam. In both works, different joint parameters were
evaluated with varying glulam geometries, as well as dowel
quantities and placement, ultimately confirming that increasing
edge distance increased observed shear strength. From these
test programs, the minimum edge distance was 2 rod diameters
(d), from which an initial testing plan could conceivably be
developed based on this minimum distance to provide a lower
bound for expected capacity of GiRs in shear.

This research for both tension and shear loading has helped to
establish parameters for detailing GiR connections. In state-
of-the-art reviews, Steiger et al. (2015) and Tlustochowicz et
al. (2011) summarized several important recommendations as
follows: target edge distance of 2.5d with a lower bound of
2d, rod spacing minimum of 5d, and an upper bound glue-line
thickness of 2 mm. Three adhesives were also listed that have
been utilized most prominently for GiR connections: polyure-
thane (PUR), phenol resorcinol (PRF), and epoxy resins (EPX),
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where it was noted that EPX developed an especially strong
bond with the steel and wood. A study by Xu et al. (2020)
pointed out that some uncertainty can arise in the strength
of these connections due to panel manufacturing defects that
lead to panel voids, underscoring the necessity for the careful
selection and application of adhesive in order to maximize the
strength of the bonded connection.

In shear design, the European Yield Model (EYM) developed
by Johansen (1949) serves as the basis for calculating the lat-
eral load-resisting capacity of the embedded dowels in timber.
This EYM established several parameters that are needed for
characterizing the embedment strength, including bearing resis-
tance, dowel size, and loading angle. The model has been used
extensively to predict the shear strength of embedded dowels in
a variety of timber substrates, including glue-laminated timber
(Stamatopoulos et al. 2022), CLT (Uibel and Bla3 2006), and
laminated-veneer lumber (Bader et al. 2016).

Mass ply panel is a veneer-based cross-laminated timber panel
fabricated from nominal 25.4 mm (1 in.) Douglas-fir veneers
assembled in cross-laminated layups in accordance with ANSI/
APA PRG 320 (APA 2025) and ESR-4760 (ICC-ES 2022).
This veneer-based assembly produces a homogeneous layup
with lower variability than sawn-lumber-based CLT. Relative
to lumber-based CLT wall panels, MPP provides greater di-
mensional stability and higher in-plane shear stiffness for an
equivalent panel thickness, owing to the absence of the gaps
and lumber-layer discontinuities present in lumber-based CLT
and the elimination of strength-reducing characteristics such as
knots and slope of grain that can govern shear capacity. Relative
to structural insulated panels (SIP) and plywood-sheathed
light-frame walls, for example, MPP offers a solid, mass timber
panel capable of carrying significant in-plane shear without
reliance on fasteners between a frame and sheathing. These
attributes make MPP well suited to wall applications requiring
high in-plane stiffness and strength and serve as motivation for
the development of high-capacity, internally embedded splice
connections such as the GiR connections studied here. Recently,
experiments have been performed to determine the embed-
ment strength in MPP using the half-hole method prescribed
in ASTM D5764 (ASTM International 2018). Miyamoto et
al. (2020) evaluated the embedment strength of MPP with
screws, nails, and bolts in different orientations. While bolts
were not tested along the ply (loading parallel to the plane of
the veneer, and perpendicular to the strong axis), screws and
nails were tested in this orientation, and an average strength
of 18 MPa was recorded.

Generalized yield limit equations were developed based on the
EYM (AWC 2014, 2018) to predict yield strengths for dowel-
based connections in single and double shear. Table 1 shows a
schematic of the six different yield modes and the corresponding
equations for single shear, whereby the predicted yield strength
for each dowel was determined by taking the lowest result
from the six yield mode equations. Note that to determine the
reference lateral design values, the predicted yield strength
equations shown in Table 1 were divided by a reduction term,
R, that is listed in the NDS Table 12.3.1B (AWC 2018). This
term converts the theoretical yield load predicted by each EYM
equation into a reference lateral design value consistent with
the NDS allowable stress design (ASD). R is mode-specific
and accounts for the ratio between the load at first yield and
the load corresponding to the reference deformation limit of
0.381 mm (0.015 in.), as well as the format conversion from
the Load and Resistance Factor Design (LRFD) basis of the
yield model. Applying R, ensures the resulting reference design
value reflects appropriate deformation and safety levels for
dowel-type connections. For Mode III, III_, and 1V, and for
dowels with diameter between 6.35 mm (0.25 in.) and 25.4
mm (1 in.), the R is given by:

R,=3.2K, (1]

where K, =1+ 0.25(6/90), and 0 is equal to the maximum
angle between the direction of load and the direction of grain
for any member in the connection (0° < 6 < 90°).

Prior work has extensively characterized tension capacity of
GiRs in timber substrates and, to a lesser extent, monotonic
shear behavior. However, reversed-cyclic shear response of
GiR splices in MPP for vertical joints remains unexplored.
Thus, the main objectives of this work are to:

1. quantify interface shear capacity and stiffness under mono-
tonic and cyclic loading;

2. assess the influence of joint interface adhesion (unin-
tended adhesive at the panel interface) on strength and
stiffness; and

3. compare observed yield to NDS predictions (AWC 2018)
and report design values following ICC-AC526 (ICC-ES
2021).

Materials and methods
Specimen design

Eleven MPP specimens were fabricated for the experimental
program. The panels used in this study were grade F16, fabri-
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Table 1. Yield modes and predicted yield strength per NDS (AWC 2018).

Yield Mode Equation Eq. No.
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where: P = predicted yield strength

D = dowel diameter (in.)

Fy», = dowel bending yield strength (psi)

Re = Fem/ Fes
Ro=ln /15

Im = main member dowel bearing length (in.)
ls = side member dowel bearing length (in.)

Fem = main member dowel bearing strength (psi)

Fes = side member dowel bearing strength (psi)

cated from 1.6E Douglas-fir veneers with an equivalent specific
gravity of approximately 0.42 (ESR-4760). As shown in Figure
3, each specimen consisted of two 102-mm-thick grade F16-4
MPP parts, including a custom-cut top section (Part A) and a
rectangular bottom section (Part B). The shape of the specimens
allowed for the line of action of the actuator-applied load to

act collinearly with the interface between the two parts (i.e.,
no imposed moment at the panel-to-panel interface). Parts A
and B were connected using three 25.4 mm (1 in.) diameter x
406 mm (16 in.) long ASTM F1554 Grade 36 (248 MPa [36
ksi]) rods centered in the panel thickness and embedded 203
mm (8 in.) into each part. The rods were partially threaded on
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Figure 3. Specimen geometry.

the ends over a length of 102 mm (4 in.), leaving a 203 mm
(8 in.) unthreaded (smooth) length in the middle of the rod.
The outer rods were nominally spaced 279 mm (11 in.) from
the edge of Part B and nominally spaced between rods 203
mm (8 in.) on-center.

The position of the rods created an edge distance of 2d (51
mm; 2 in.), the minimum edge distance tested in the literature
(Steiger et al. 2015). This allowed characterization of a lower-
bound capacity. Rods were installed in 32 mm (1-1/4 in.)
diameter by 216 mm (8-1/2 in.) long holes in each panel and
bonded to the MPP with structural epoxy in the vertical posi-
tion. The holes were oversized by 6.35 mm (0.25 in.) relative
to the diameter of the rods, resulting in a glue-line thickness
of 3.175 mm, exceeding the largest recommended glue-line
thickness of 2 mm in the prior literature (Steiger et al. 2015).
This larger glue-line thickness represented an upper-bound
condition expected in practice, which may be needed, such
as in the case of construction tolerances of mass timber wall
splice connections to accommodate the simultaneous installa-
tion of dozens of long threaded rods into both panels. Four 8
mm (5/16 in.) diameter by 121 mm (4-3/4 in.) long Simpson
SDCF Timber-CF (fully threaded) screws were installed in
an alternating pattern on each side of the specimen to restrain
out-of-plane panel cracking and dilation.

Each rod was embedded 203 mm (8 in.) into each panel, cor-
responding to an embedment-to-diameter ratio of approximately
8 for the 25.4 mm (1 in.) diameter rods. This embedment was
selected so that the rods would be sufficiently anchored to de-
velop their full lateral (dowel) capacity and form plastic hinges

under interface shear, rather than failing by rod pull-out or loss
of adhesive anchorage. The selected length was consistent
with guidance that the bonded length be sufficient to mobilize
the stiffness and strength of the surrounding timber (Steiger
et al. 2015) and with embedment-to-capacity relationships
established for axially loaded GiRs in MPP (Field et al. 2023).
It was also compatible with the available panel thickness and
with the rod sizes adopted for the GiR splice connections in
the companion six-story shake-table study (Kontra et al. 2026).

Specimen fabrication

The grade F16-4 MPP were manufactured by Freres Engineered
Wood, Inc. (Lyons, OR USA). Parts were milled and machined
to size at A.A. “Red” Emmerson Laboratory at Oregon State
University (OSU, Corvallis, OR), then shipped to Timberlab
in Portland, OR for GiR installation and specimen assembly.
Specimens were then delivered back to OSU for testing in
the Structural Engineering Research Laboratory at the O.H.
Hinsdale Wave Research Laboratory.

The GiR installation procedure was the same for all shear
specimens. Figure 4 illustrates a multi-step process that was
developed for administering adhesive into the GiR connection
to facilitate uniform and complete bonding of the rod and MPP.
First, before applying any adhesive, holes were drilled and
then cleaned using a round wire brush and compressed air to
remove any free particles in both Part A and Part B. Second,
a small amount of high viscosity adhesive was applied to the
surface of the holes to fill any voids in the MPP so that the
injected low-viscosity epoxy was confined to the area around
the rod and did not disperse into the interior voids in the panel.
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Figure 4. Specimen fabrication process: (a) Part A with first coat applied to the holes, Part B with rods installed, assembled specimen resting upside down relative
to specimen geometry in Figure 3; (b) filler and weep hole in Part B; (c) filler and weep hole and direction of flow for Part A.

A custom-designed drill “spreader” attachment was used to
evenly spread the adhesive to the wall of the rod holes. This
was accomplished by plunging the spreader attachment on the
end of a long drill rod into a small amount of adhesive at the
bottom of the hole and then slowly extracting, while simul-
taneously spinning the spreader. The first coat of adhesive,
indicated in Figure 4a, was left to cure for approximately 24
h. The adhesive used to coat the holes in this first step was
designated as CI-GV epoxy gel (Simpson Strong-Tie 2023a).

After the adhesive had cured, 9.5 mm (3/8 in.) diameter holes
were drilled 25.4 mm (1 in.) from each end of the rod holes
to serve as the “filler” and “weep” holes, where the adhesive
was injected in the filler hole and flowed out the weep hole.
Any debris from drilling the filler and weep holes was cleaned
out with compressed air. The threaded rods were then placed
into the holes in Part B, and adhesive was applied through
the filler holes, as shown in Figure 4b. This method of forc-
ing the adhesive into the bottom of the hole and allowing it
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to flow to the top opening avoids formation and entrapment
of air bubbles along the bonded length. The adhesive used in
this study to fill the holes was the CI-LV FS epoxy (Simpson
Strong-Tie 2023b).

Once the GiRs were installed in Part B and allowed to cure,
the element was lifted and placed on top of Part A, such that
the assembled specimen rested upside down (Figure 4a and
Figure 4c) relative to how it is shown in Figure 3. The adhesive
was then injected through the filler hole and flowed out the
weep hole in Part A, as indicated in Figure 4c. As expected,
some weep holes were not sufficient to drain all the adhesive
being injected, and in some cases, adhesive would overflow
and cure at the joint interface (Figure 4b). The effect of the
excess adhesive in the joint interface is further discussed in
the results section. While the two-stage adhesive application
involved applying CI-LV FS epoxy over cured CI-GV gel
epoxy, limited published data exists on the bond characteristics
between these specific epoxy systems. The manufacturer’s
technical documentation does not indicate incompatibility
between these products, and both are epoxy-based adhesives
designed for structural applications. Post-test observations
confirmed adequate bonding at the rod-to-timber interface

in all specimens, with no evidence of delamination between
adhesive layers.

Once fabricated, specimens were stored inside OSU’s Structural
Engineering Research Laboratory at ambient temperature for 2
months prior to testing. The moisture content of the specimens
was measured at the time of testing and had a mean value of
11.7% and a coefficient of variation of 4.7%, measured using
a handheld surface moisture meter.

Test setup

Figure 5 shows an elevation and section view of the self-
reacting test setup design. The main components include
base connections, actuator and load cell, a transition W-shape
section, a steel reaction buttress, the primary support beam,
and out-of-plane restraints. Part B of each MPP specimen was
restrained using steel connections to a 6096 mm (20 ft) long
W14x159 reaction beam indicated as primary support beam.

The MPP specimen was attached to an actuator positioned so
that the centerline of the actuator force was at the same eleva-
tion as the specimen joint interface. A 32 mm x 127 mm x
673 mm (1-1/4 in. x 5 in. X 26-1/2 in.) steel plate was inserted
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292 mm + + 2388 mm + 1924 mm + 7 1930 mm —+
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Figure 5. Experimental setup: (a) elevation

view; (b) section view.
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between the face of the actuator and the end of the MPP speci-
men to uniformly distribute the applied load and prevent fiber
crushing at the load application point. Four 32 mm (1-1/4 in.)
diameter steel rods connected the actuator at the north end of
the specimen to a wide-flange beam at the south end of the
specimen to allow the specimens to be pushed and pulled
by the actuator. The actuator was attached to a steel reaction
buttress. The buttress was restrained to the primary support
beam with four 28.6 mm (1-1/8 in.) diameter steel bolts and
additional wrench clamps. The bolts were spaced at 203 mm
(8 in.) on-center and placed at the south end of the buttress.
To promote lateral stability of the reaction, a W12x120 section
was placed on top of the north end of the buttress and tensioned
to another W12x120 section that was oriented perpendicular
to the supporting beam beneath. The MPP specimen and steel
buttress rested upon and were restrained to the primary support
beam. The MPP specimen was attached to the primary support
beam by means of a steel base connection that was bolted to
the beam and screwed to the MPP specimen, using SDS 25312
holding screws. Underneath the primary support beam were
three perpendicular W12x120 beams that were clamped to
the primary support beam to provide lateral stability for the
primary support beam.

To facilitate in-plane movement of the MPP specimen during
testing, out-of-plane restraints were added to both sides of the
specimen, as shown in Figure 5b. This restraint mechanism
included roller bearings that allowed for Part A of the MPP
specimen to move in-plane with minimal resistance, while
restricting out-of-plane motions. In addition, two 1.5 mm thick
steel bearing plates were fastened to either side at the contact
point of the roller to prevent direct roller contact with the MPP.

Instrumentation setup

The responses of MPP specimens during interface shear tests
were monitored with six instruments. Four sensors were used
to measure the relative displacements between the top and
bottom elements across the joint of the specimen, as shown in
Figure 6, and two other sensors tracked the actuator-applied
load and actuator displacement. Two displacement sensors
(string potentiometers), SP1 and SP2, on the east and west
face, respectively, measured horizontal relative displacements
between Part A and B, and two linear potentiometers (Duncan-
type potentiometers), labeled SP3 and SP4, measured relative
vertical displacements between Part A and Part B.

Testing protocols

Testing featured two loading protocols. The first was a displace-
ment-controlled monotonic loading protocol, and the second

was a force-controlled reversed cyclic loading protocol. Figure
7a shows the monotonic loading protocol applied in accordance
with ISO 6891 (ISO 1983). Under this first monotonic load-
ing protocol, two specimens were tested. A F_ value of 89
kN was used for the two monotonic tests. The initial actuator
displacement rate was first set at 2.5 mm/min, increased to 7.6
mm/min after 12.7 mm was reached, and lastly increased to
12.7 mm/min after 31.8 mm displacement was achieved. The
last displacement rate of 12.7 mm/min was maintained until
the post-peak load had reduced to 80% of peak load or until
the maximum stroke of the actuator was reached (~ +75 mm),
whichever occurred first.

Reversed-cyclic loading was performed in accordance with a
force-controlled CUREE protocol (Krawinkler et al. 2001),
as shown in Figure 7b, where the @, value was set to the
average peak load obtained from monotonic testing. Cyclic
testing included nine specimens. The first cyclic test began at
a displacement rate of 5.1 mm/min, was increased to 10.2 mm/
min after five cycles, then was increased to 20.3 mm/min after
another five cycles and maintained at this latter level for the
remainder of the test. Subsequent cyclic tests for specimens
numbered 2 to 9 were performed at a displacement rate of 20.3
mm/min for the entirety of the test.

Data post-processing and reduction

Two monotonic tests were conducted to determine a refer-
ence force value Q, to be used for the reversed-cyclic load-
ing. Reported results from the monotonic tests include peak
load, displacement at peak load, and the yield strength (to be
discussed more in the next section). The reported values for
the cyclic tests include the peak load (kN), number of cycles
to reach the peak load (#), and the cyclic elastic stiffness (kN/
mm). The first two parameters are self-explanatory. However,
for the cyclic elastic stiffness, multiple definitions could be
used. The elastic stiffness was determined by taking the aver-
age of the slope of the pushing phase for cycles 2 to 4 of the
load versus displacement graph, corresponding to regions
highlighted in Figure 7b.

Reporting guidelines for experimental tests involving GiRs
in wood structural elements are also provided in ICC-AC526
(ICC-ES 2021). While this document primarily relates to
strength in tension for this connection type, the allowable loads
in shear were determined using the definitions in the acceptance
criteria document, including: nominal shear strength, which is
the average of the peak loads; allowable GiR shear capacity,
which is the nominal shear strength divided by a safety fac-
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tor equal to 5; and available GiR strength in LRFD, which is
determined by using a format conversion factor, K, 0f3.32, a
resistance factor, ¢, 0of 0.65, and a time effect factor, A, of 1.00,
all applied to the allowable GiR shear capacity. The format
conversion factor, resistance factor, and time effect factor were
determined in accordance with Table N3.3 in Appendix N of
the 2018 NDS (AWC 2018).

Yield strength determination

The ability of the NDS equations to predict the yield strength
of this connection type was examined through comparison
with the yield strengths obtained from the monotonic tests.
While several approaches for determining yield strength are
available for timber connections (Krzan et al. 2023), two com-
monly used methods in North America were selected for this
study: (1) the 5% offset method described in ASTM D5764
(ASTM International 2018); and (2) the equivalent energy
elastic-plastic (EEEP) method described in ASTM E2126
(ASTM International 2005). The 5% offset method defines
the yield point as the intersection of the load-deformation
response with a line offset from the initial elastic stiffness
by 5% of the fastener diameter, and it is commonly used for
dowel-type connection testing and comparison with NDS yield
predictions. In contrast, the EEEP method determines the yield
point by using a bilinear idealization of the load-deformation
response with equivalent energy dissipation, and it is widely
used in cyclic connection testing and structural performance
assessment. Both methods were used in this study to facilitate
comparison with prior GiR connection research and to evaluate
the sensitivity of the calculated yield strength to the selected
interpretation method. Each specimen contained three rods;
therefore, the predicted yield strength reported for the con-
nection was taken as three times the predicted yield strength
of a single rod.

The GiR connections in this study were loaded in interface
shear, with each rod crossing the MPP panel-to-panel splice
and loaded transversely to its longitudinal (strong) axis. This
loading configuration is mechanically analogous to a single-
shear dowel connection between two wood members, for
which the EYM, as implemented in the NDS (AWC 2018), is
directly applicable. The term “longitudinal splice” refers to
the geometric arrangement of the panels, which were joined
along their length and major strength axis, rather than to the
loading direction relative to the rod. Because the load transfer
mode (transverse rod loading) was consistent with EYM as-
sumptions, the NDS yield limit equations were used to predict
the reference lateral design values for the GiR connection.

Experimental results and discussion

Test results for the two specimens subjected to monotonic load-
ing and nine specimens subjected to cyclic loading are reported
in this section. In addition, comparison of the test results to
existing design equations and use of acceptance criteria are
described to facilitate future designs using these test results.

Monotonic loading test results

The first phase of testing featured two monotonic tests (MT1-2)
to determine the specimen yield strength and reference force
value (Q,) for the cyclic CUREE protocol. The respective
peak load and displacement at peak load recorded were 122
kN and 24.9 mm, and 126 kN and 16.5 mm, for an average
peak load of 124 kN. Figure 8 shows the applied load versus
interface relative horizontal displacement for both tests, where
the displacement values were reported as the average of the
SP1 and SP2 sensor displacements.

The yield strength for monotonic tests was calculated and
compared using the 5% offset method and EEEP method. For
the 5% offset method, the calculated yield strengths for the
tests were 110 kN and 85 kN, for an average of 97.5 kN. For
the EEEP method, yield strength values of 102 kN and 113
kN were calculated, for an average of 107.5 kN. Monotonic
test results are summarized in Table 2.

Cyclic loading test results

The second phase of testing featured nine fully reversed-cyclic
tests (CT1-9), where testing started on the pushing stroke, i.e.,
with the actuator applying a force on the specimen in the south

150

100

50

Load (kN)

0 10 20 30 40 50
Displacement (mm)

Figure 8. Monotonic tests: load versus relative horizontal displacement of the joint.

Table 2. Summary of monotonic test results.

MT No. Peak load Displacement at  Yield strength,  Yield strength,
(kN) peak load (mm) 5% offset (kN) EEEP (kN)
1 122 249 110 102
2 126 16.5 85 113
Mean 124 20.7 97.5 107.5
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direction. Figure 9a to Figure 9i show hysteresis plots, with
recorded actuator loads versus the average of SP1 and SP2
relative horizontal displacement measurements at the joint
interface, for the nine specimens plotted until 20 mm of relative
displacement. It can be observed from these responses that CT3
and CT6 reached 20 mm on the pulling (negative) direction,
while CT1, 2, 4, 7, 8, and 9 reached 20 mm on the pushing
stroke. However, for CT5, the adhesive bond was not seen to
fail prior to Part A twisting out-of-plane, leading to an early
termination of testing, and no appreciable inelastic response.
Figure 9j presents the relative joint displacement versus time
plot for a representative specimen, where the largest relative
displacements can be observed during the final cycle of testing.

The peak load and elastic stiffness values obtained from the
cyclic tests exhibited two distinct groupings, hereafter referred
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Figure 10. Clustering of cyclic test results.

Table 3. Cluster 1 test results.

Number of cycles  Elastic stiffness

CT no. Peak load (kN) el e (KN/mm)
1 106.8 20.5 25.4
2 104.5 20 46.7
6 107.2 23 58.5
7 96.5 14.5 27.8
8 88.5 14 21.7
Mean 100.7 18.4 36.0
cov 7.2% 19.2% 39.3%
Table 4. Cluster 2 test results.
CT no. Peak load (kN) N“g‘gzgﬁflgzzles Ela(sliilfl /Séliglt)‘ess
3 107.2 23 212
4 108.1 29.5 350
5 141.0 38 235
9 119.2 28 147
Mean 118.8 29.6 236
cov 11.5% 18.2% 31.1%

to as “Cluster 1” and “Cluster 2”. Figure 10 illustrates the
separation of data into the two clusters, while the correspond-
ing response values are summarized in Table 3 and Table 4,
respectively.

The unintended accumulation of epoxy at the MPP panel-to-
panel interface in a subset of specimens resulted in partial
adhesive bonding across the interface, altering the load transfer
mechanism from a purely mechanical dowel action to a com-
bined adhesive-mechanical system. Because the goal of this
study was to characterize the capacity of the mechanical GiR
connection alone, the two groups were analyzed separately, with
Cluster 1 providing the basis for the proposed design values.
Accordingly, statistical comparisons were used primarily to
identify trends, rather than to establish definitive population-
level differences. Specimens exhibiting the additional interface
epoxy (Cluster 2) consistently achieved higher peak loads than
those without it (Cluster 1). Even with four to five specimens per
cluster, the COVs of the peak loads were relatively small (7.2%
for Cluster 1 and 11.5% for Cluster 2). Statistical comparison
using a one-tailed t-test for two independent means indicated
significant differences (p < 0.05) between the clusters in terms
of peak load, elastic stiffness, and number of cycles to peak
load (p-values = 0.0290, 0.000588, and 0.00651, respectively).

As mentioned, the differences observed between the two
clusters are suspected to be attributable to variations in joint
interface conditions resulting from specimen fabrication and
assembly. Figure 11 and Figure 12 present representative pre-
test and post-test interface conditions for a Cluster 1 specimen
(CT8), while Figure 13 and Figure 14 show corresponding
views for a Cluster 2 specimen (CT5). A comparison of the
pre-test conditions shown in Figure 11 and Figure 13 indicates
that Cluster 1 specimens generally exhibited a larger interface
gap, within expected construction tolerances. Post-test ob-
servations further suggest that Cluster 2 specimens tended to
accumulate epoxy between the adjoining parts near the GiRs,
allowing an adhesive bond to develop across portions of the
interface. This unintended adhesive contribution is therefore
suspected to have altered the load transfer mechanism and
contributed to the observed differences in response between
the two clusters. Although the adhesive bond appeared to
increase peak load capacity, its influence on elastic stiffness
was substantially more pronounced.

Cluster 1 and 2 were also compared in terms of energy dis-
sipation. Figure 15 illustrates the cumulative energy dissipa-
tion per cycle of testing. Energy dissipation per cycle was
computed as the area enclosed by each load-deformation
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Gap Visible Between Panels :

Figure 11. Example joint condition before testing for specimens in Cluster 1, showing visible gap between top and bottom elements
(specimen from CT8 shown).

Figure 14. Example of panel interface after testing for specimens in Cluster 2 (specimen from CT5 shown).
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Figure 15. Cumulative energy dissipated in each cyclic test sorted by cluster.

hysteresis loop using trapezoidal integration of the recorded
data, and the cumulative energy dissipation, i.e., the running
sum of the per-cycle loop areas, was reported for the first 25
cycles of each test under the CUREE protocol. The purpose of
this comparison was to evaluate the onset and accumulation
of energy dissipation for the two interface conditions. Cluster
1 specimens dissipated energy from the early cycles of load-
ing, whereas Cluster 2 specimens exhibited a delayed onset
of energy dissipation, consistent with their initially stiffer,
adhesive-dominated response prior to yielding (with CT5
and CT9 dissipating little energy). Given the limited number
of specimens per cluster, statistical comparisons were used
primarily to identify trends as discussed previously.

The condition of the GiRs was examined by dissecting the
specimens at the conclusion of the tests. Some specimens
contained rods that exhibited bending with a single plastic
hinge located in Part A (yield mode III), while two plastic
hinges were observed to have formed in other specimens
(yield mode IV). Figure 16a shows an example specimen
cross-section from CT3 displaying the formation of a single
plastic hinge. Figure 16b shows an example specimen from
CT2, where two plastic hinges can be observed. Plastic hinge
formation was observed to occur at approximately 75 mm
up/down from the joint interface. No significant correlation
was found between yield mode and structural response of
the connection.

Figure 16. Cross section of dissected specimens: (a) CT3 exhibiting yield mode I1I; and (b) CT2 exhibiting yield mode IV.

Plastic
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Discussion and design values

The two clusters observed in the data demonstrate that the
interface condition had a substantial influence on connection
response. Specimens observed to contain epoxy accumulation
at the panel interface (Cluster 2) were associated with increased
peak load and elastic stiffness, relative to specimens without
observed epoxy accumulation (Cluster 1). It is suspected
that this behavior can be attributed to a combined adhesive-
mechanical load transfer mechanism in Cluster 2, whereas
Cluster 1 specimens were governed primarily by mechanical
dowel action.

The distinction between the two clusters is important from a
design perspective. Although the additional interface adhe-
sion increased connection capacity, the amount of adhesive
engagement was dependent on fabrication tolerances and epoxy
accumulation that could not be reliably controlled or quanti-
fied using the proposed installation procedure. Consequently,
reliance on this unintended adhesive contribution could lead
to unconservative design assumptions. Because the objective
of this study was to characterize the performance of the GiR
connection itself, Cluster 1 specimens were considered more
representative of the intended mechanical connection behavior
and therefore provide a more appropriate lower-bound basis
for the proposed design values.

Utilizing results from the Cluster 1 specimens, design val-
ues were calculated following the procedures established in
ICC-AC526 (ICC-ES 2021) and described in the Data post-
processing and reduction section. The nominal shear strength,
taken as the mean peak load, was calculated as 100.7 kN for the
3-GiR connection and 33.6 kN for a single GiR. Applying the
prescribed safety factor of 5 resulted in allowable GiR shear
capacities of 20.1 kN and 6.7 kN for the 3-GiR connection

Table 5. Derived and predicted design values for Cluster 1 specimens.

and a single GiR, respectively. The available shear strengths in
LRFD were determined by applying format conversion factors
to the allowable values, resulting in available strengths of 43.5
kN for the 3-GiR connection and 14.5 kN for a single GiR.

The reference lateral design values from the NDS were calcu-
lated to compare with experimentally derived design values
(AWC 2018). For this calculation, the predicted yield strength
was first determined using NDS yield equations presented in
Table 1, and a dowel bearing strength of 18 MPa for MPP
loaded in-plane, with veneers oriented perpendicular to the
major strength direction (Miyamoto et al. 2020). NDS yield
mode IV governed this calculation and produced a predicted
yield strength of 85.3 kN for the 3-GiR connection. Finally, a
reduction value (R, = 4) was applied per Equation [1], and a
reference lateral design value of 21.3 kN was obtained (P/R ),
corresponding to 7.1 kN per GiR. This value exceeds the al-
lowable GiR shear capacity by a modest 5.6%. However, it is
important to note the difference in the values of the NDS (AWC
2018) reduction term (4.0) and the factor of safety adopted in
the ICC-AC526 (5.0, in ICC-ES 2021), which highlights the
importance of testing to validate predicted and design values.
Table 5 summarizes results for the nominal shear strength, al-
lowable GiR shear capacity, available GiR strength in LRFD,
and the NDS calculated reference lateral design value for the
3-GiR connection and for a single GiR.

The NDS predicted yield strength (AWC 2018) was also
compared to experimentally derived yield strength values
(presented in Table 2). This comparison showed that the mean
values of the 5% offset and EEEP methods exceeded the NDS
prediction by 14% and 26%, respectively. From pre-test visual
inspection, it was suspected that monotonic specimens may
also be influenced by adhesion at the interface. To confirm, a
one-tailed t-test for two independent means was performed to

ICC-AC526, nominal shear

ICC-AC526, allowable GiR

NDS, reference lateral design ICC-AC526, available GiR strength

GiR quantity strength (kN) shear capacity (kN) value (kN) in LRFD (kN)
3 100.7 20.1 21.3 43.5
1 33.6 6.7 7.1 14.5

Table 6. Comparison of peak load between monotonic and cyclic tests.

Comparison group Mean peak load (kN) Difference (%) p-value Statistical difference
Monotonic 124 - -
Cyclic (Cluster 1) 100.7 -18.7 0.0063 Significant
Cyclic (Cluster 2) 118.8 -4.2 0.344 Not significant
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compare the monotonic test group with the cyclic test groups.
It was calculated that the difference between peak load values
for monotonic testing and Cluster 1 specimens was statisti-
cally significant p < 0.05 (p = 0.0063), while not statistically
significant for Cluster 2 (p = 0.344), as summarized in Table
6. This finding agreed with observed joint conditions and pro-
vided additional evidence that monotonic testing specimens
were similar to Cluster 2 specimens, explaining the higher
experimentally derived yield strength. Using a dowel bearing
strength of 18 MPa for MPP loaded in-plane with veneers
oriented perpendicular to the major strength direction, NDS
yield Mode IV (AWC 2018) governs and gives a predicted
yield strength of 28.4 kN per rod. The mean experimentally
evaluated yield strengths from the monotonic tests were 97.5
kN by the 5% offset method and 107.5 kN by the EEEP method,
exceeding the NDS prediction by 14% and 26%, respectively.
The comparison is based on the monotonic test results only.
Cyclic tests were not included because the CUREE cyclic
protocol is intended to characterize ductility and energy dis-
sipation, rather than yield strength, and extracting yield points
from a cyclic envelope introduces additional uncertainty. These
results indicate that the NDS EYM provides a conservative
estimate of the yield strength of the GiR splice connection for
the configuration tested.

Several limitations should be acknowledged when interpreting
the findings of this experimental program. First, the sample
size was limited, and the comparisons presented herein are
exploratory in nature and should be interpreted accordingly.
Even with four to five specimens per cluster, the coefficients
of variation of the peak loads were relatively small (7.2% for
Cluster 1 and 11.5% for Cluster 2). Second, the test program
addressed a single rod diameter, embedment depth, and adhe-
sive type, so the applicability of the proposed design values
to other configurations has not been experimentally verified.
Third, all tests were conducted under short-term loading at
ambient conditions; the long-term performance of these con-
nections under sustained loads and environmental exposure,
such as moisture cycling and temperature variation, remains
to be characterized and is identified as a priority for future
research. Additionally, the NDS yield capacity predictions
presented here use conventional NDS dowel bearing strength
values (F_ ) for MPP (AWC 2018), which do not account for
the full dowel-adhesive-wood load transfer sequence charac-
teristic of GiR connections. Prior studies on axially loaded
GiR connections have demonstrated that using adhesive-wood
interface bearing strength, characterized through dedicated
bearing tests, improves the accuracy of EYM predictions.

Future work should include bearing tests at the adhesive-MPP
interface to refine the EYM-based design methodology for GiR
shear connections in veneer-based panel products.

Conclusion

Interface shear tests were performed to characterize the struc-
tural behavior of GiRs in MPP. Monotonic loading tests were
conducted per ISO 6891 (ISO 1983), and fully reversed-cyclic
loading was performed according to a force-controlled CUREE
protocol (Krawinkler et al. 2001). The following summarizes
the primary findings and key observations from the experi-
mental investigation and subsequent analytical evaluation:

1. Cyclic test results were grouped into two clusters based
on a statistically significant difference in measured peak
load and elastic stiffness. The mean peak load and elastic
stiffness for specimens in Cluster 1 were 100.7 kN and
36.0 kN/mm, respectively, and 118.8 kN and 236 kN/mm
for specimens in Cluster 2. From pre- and post-test obser-
vations, it is strongly suspected that the condition at the
interface of the two parts of the specimens (accumulated
adhesive) was the primary factor separating clusters.

2. Cluster 1 was used as the basis for conservative design
values because it more closely represented the intended
mechanical dowel-action behavior. For a single GiR, the
nominal shear strength, allowable GiR shear capacity,
and available shear strength in LRFD were calculated as
33.6 kN, 6.7 kN and 14.5 kN, respectively. However, the
response observed in Cluster 2 is also informative and
may represent an upper-bound condition associated with
unintended interface adhesion. Additional testing is needed
to more accurately characterize the structural response of
this condition.

3. Comparison of experimentally derived design values with
NDS-based predictions showed reasonable agreement.
Using NDS yield mode IV (AWC 2018) and a dowel bear-
ing strength of 18 MPa for MPP, the predicted reference
lateral design value was calculated as 7.1 kN per GiR,
which exceeded the experimentally derived allowable
GiR shear capacity by 5.6%.

4. The experimentally evaluated yield capacity exceeded the
NDS prediction by 14% based on the 5% offset method and
by 26% based on the EEEP method (ASTM International
2005), indicating that the NDS EYM provides a conser-
vative estimate of the shear capacity of the GiR splice
connection for the configurations tested.
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5. The divergence in connection response between Cluster
1 and Cluster 2 specimens underscores the importance of
adhesive control during fabrication. Cluster 2 specimens,
which had epoxy accumulated at the panel interface,
exhibited substantially higher elastic stiffness (mean 236
kN/mm vs. 36.0 kN/mm) and modestly higher peak loads
(mean 118.8 kN vs. 100.7 kN) relative to Cluster 1. The
interface condition therefore governed stiffness far more
than peak load. In both cases, the specimens exhibited
ductile behavior consistent with yield modes III and IV.
However, the delayed onset of energy dissipation in Cluster
2 reflects the initially stiffer, adhesive-dominated response
before yielding. Future testing should explicitly character-
ize both interface conditions as controlled variables, using
separate specimen groups fabricated with and without
intentional interface adhesion, to establish distinct design
recommendations. In the interim, fabrication protocols
should incorporate measures to prevent unintended epoxy
accumulation at the panel joint, such as temporary inter-
face spacers or interface sealing prior to rod installation.

6. The findings of this study highlight the sensitivity of GiR
shear connection response to interface conditions and fab-
rication tolerances. Future work should further investigate
MPP interface behavior associated with unintended adhe-
sive bonding and develop improved EYM-based prediction
methods that better represent the dowel-adhesive-wood
load transfer mechanism in veneer-based mass timber
products.

Data availability statement

The data and codes generated related to this paper are avail-
able from the corresponding author upon reasonable request.
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