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Experimental Investigation of Axial Pull-out Behavior of
Glued-in Threaded Rods in Cross-Laminated Timber
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Cross-laminated timber (CLT), known for its high performance,
prefabrication, low carbon emission, and eco-friendliness, has gained
widespread adoption in the construction industry. Glued-in rod (GiR)
connections, which offer a concealed appearance, high strength,
withdrawal stiffness, ease of construction, and fire resistance, have
become a promising solution for CLT structures. This study experimentally
investigated the axial pull-out behavior of GiR connections in CLT. Forty-
five CLT specimens with single GiR were designed and tested under pull-
out conditions. The experimental variables included embedment length,
threaded rod diameter, and rod-to-grain angle (parallel and
perpendicular). The results revealed that CLT connections with GiR
parallel to the grain exhibited an ascending load-slip response until peak
load, followed by a sudden failure, while those with GiR perpendicular to
the grain showed a linear increase to peak load with a subsequent gradual
load reduction. Increasing the embedment length from 5 d to 15 d
enhanced the pull-out load but decreased the average bond stress.
Additionally, larger rod diameters led to higher pull-out loads and
withdrawal stiffness within a certain range but reduced the average bond
stress. The study also evaluated the effectiveness of existing bond stress-
slip models and pull-out load prediction models for GiR connections in
CLT, providing a foundation for future standardization efforts.
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INTRODUCTION

Cross-laminated timber (CLT) was initially introduced in Europe and has since
been adopted globally as a high-performance, prefabricated, low-carbon-emission, and
eco-friendly construction material with outstanding dimensional stability. Beyond its
common use in walls and floors, CLT has become a critical material in contemporary
construction, often combined with other materials to create extended spans and taller
structures (Sofi et al. 2021). In these applications, the CLT structures demand connections
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with significantly higher load-carrying capacity and stiffness than conventional timber
joints, especially in tall buildings and large-span scenarios.

In recent years, glued-in rod (GiR) timber connections have gained significant
attention on account of their concealed appearance, high strength, withdrawal stiffness,
ease of construction, and fire-resistant properties (Zhang et al. 2023). Although GiR
connections have been successfully implemented in glued laminated timber (glulam) and
laminated veneer lumber (LVL) structures, no unified design provision exists worldwide.
Given the proven effectiveness of GiR techniques in glulam and LVL, they are considered
a promising connector solution for CLT structures. Potential applications include wall-to-
foundation connections, spliced wall-wall joints, and beam-to-wall linkages. To
standardize GiR design, initiatives such as the GIROD project (Gustafsson and Serrano
2002) and German DIN 1052:2004-08 (2008) and New Zealand codes (Buchanan 2007)
have been conducted consequently (Tlustochowicz et al. 2010).

The axial pull-out behavior of GiR connections is critical for ensuring the structural
integrity and reliability of structures, as it directly affects the load-carrying capacity and
failure modes of the connections. Previous studies on GiR connections in various timber
products have been conducted over the past three decades. These studies have employed
theoretical derivations (Gardelle and Morlier 2006; Hassanieh et al. 2018), numerical
simulations (Lartigau et al. 2014; Coureau et al. 2016; Madhoushi and Ansell 2017,
Grunwald et al. 2019), and experimental investigations (Tannert et al. 2016; Myslicki et
al. 2019)). For solid timber, Otero Chans et al. (2009, 2011, 2013) conducted extensive
research on the strength and behavior of GiR connections. In glulam, Rossignon and Espion
(2008) and Ling et al. (2014, 2019) focused on the pull-out strength and bond behavior of
GiR connections. Stepinac et al. (2016) and Myslicki et al. (2018) investigated GiR
connections in laminated veneer lumber (LVL).

Research on GiR connections in CLT remains relatively limited, both in terms the
of scope of conclusions and the volume of studies conducted. Rajc¢i¢ et al. (2006)
demonstrated that GiR connections in CLT exhibit significantly lower pull-out strength
and distinct failure modes compared to glulam counterparts. Koets (2012) conducted pull-
out tests to analyze adhesive types and rod-grain angles, proposing empirical formulae that
require further validation. Azinovic et al. (2018, 2019) identified failure mode
dependencies and load-capacity relationships with embedment length and rod diameter
through 60 pull-pull tests and numerical simulations, noting stress distribution similarities
to glulam connections. Sofi et al. (2021) further validated these findings through 30 pull-
pull tests, highlighting discrepancies between experimental results and existing design
equations. However, research on GiR connections in CLT remains limited, with
insufficient data and unresolved failure mechanisms, thus hindering broader application.
To address these gaps, this study investigates the influence of CLT cross-layers on the pull-
out behavior of GiR connections.

To investigate the influence of CLT cross-layers on GiR pull-out behavior, forty-
five CLT specimens with rods embedded parallel and perpendicular to the grain were
designed. The pull-out configuration (Muciaccia 2017) was adopted to analyze bond-slip
relationships and mechanical performance. Experimental results were compared with
existing prediction models to assess their validity, providing a foundation for future
standardization efforts.
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EXPERIMENTAL

Material Properties
Timber

For this study, Spruce-pine-fir CLT panels, which consist of three layers of
laminates and are classified as C24 (Borgstrom and Frobel 2019), were utilized. These
panels were produced by Ningbo Sino-Canada Low-Carbon New Technology Research
Institute Ltd. The total thickness of CLT panels is 105 mm, allocating 35 mm to each layer.
The mechanical properties of lamellae of CLT are presented in Table 1. The strength
classes are as defined by Gagnon and Pirvu (2011). The mean density of CLT was
measured as 410.5 kg/m?®. The moisture content of CLT was obtained as 12% according to
GB/T 1927.4-2021 (2021). Test diagram of CLT specimen is presented in Fig. 1.

Fig. 1. Test diagram of CLT specimen: (a) compression test; and (b) Moisture content test

Table 1. Mechanical Properties of Lamellae of CLT

Tensile Tensile Rolling | Modulus of Modulus of
Bending | Strength Strength Shear Shear Elasticity Elasticity
Strength | Strength | Parallel to Perpendicul Strength | Strength | Parallel to | Perpendicular
, pendicular . .
Class fok the Grain |~ " Grain fox furs the Grain to the Grain
(M Pa) ft,o,k ft ook (M pa) (M Pa) (M Pa) Em,o,mean Em,90,mean
(MPa) o (MPa) (MPa)
C24 24 14.5 0.4 4.0 1.1 11000 370

Threaded rods

Grade 8.8 threaded rods were chosen as the GiR in this study. The mechanical
properties of GiR reported in Table 2 were obtained by the manufacturer in accordance
with the Chinese standard GB/T 3098.1-2010 (2010) for tensile testing of metal materials.

Table 2. Mechanical Properties of Threaded Rods

Properties Value (MPa)
Modulus of Elasticity 211200
Yield Strength 662
Tensile Strength 834
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Adhesive

Two-component epoxy resin was selected as the adhesive herein due to its good
environmental adaptability and stable bonding performance. The mechanical properties of
the adhesive were provided by the manufacturer and were determined according to (GB/T
7124-2008), as shown in Table 3.

Table 3. Mechanical Properties of Adhesive

Properties Value (MPa)
Splitting Strength 19.57
Compressive Strength 107.6
Bond Strength 19.2

Specimens and Testing Procedure

Five replicates were prepared for each group of specimens considering the
discreteness of test results. The specimens featured a cross-section size of 105 mm x 105
mm, a length of 400 mm, and an edge distance of 3.28d, meeting the minimum edge
distance recommendation of 2.5 d found in the literature (Steiger et al. 2015), as shown in
Fig. 2. The pre-drilled holes were cleaned with a brush in order to remove all debris and
dust. The epoxy adhesive was then injected into the holes with two-thirds of the hole
volume filled empirically. The rod was inserted into the partially epoxy-filled hole while
twisting to remove any air bubbles so that the adhesive was evenly distributed along the
length of hole. All the specimens were cured at a constant room temperature for one week
before testing. The specimen group code was labelled as Specimen (S)-Nominal Diameter-
Embedded Length-Parallel (P) or Perpendicular (PP) to the grain, as shown in Table 4.

i 400 mm : 200 mm " j 105 mm
5 - N : ! | -
. d,) It d | 3
Dirccti(;n of grain /4 / @ <
a N
400 mm 200 mm , 105 mm
| i T N o —1 |8
Direction i)’r'grain ’ ’ (b) L— % ~1_

7

Fig. 2. Schematic diagram of specimen: (a) Parallel to the grain; and (b) perpendicular to the
grain.

Figure 3 illustrates the set-up of pull-out tests. A steel frame consisting of two thick
steel plates connected by four steel rods was designed to transfer the load from the jaws of
the machine to the specimen, with a hinge joint on the top of the frame. It is worth
mentioning that the pull-out test configuration might repress the pull-out failure of cross
layer for the CLT specimens with GiR, which is a drawback of the test setup for the pull-

Ling et al. (2025). “Axial pull-out of rods in CLT,” BioResources 20(3), 5407-5428. 5410



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

out tests of GiR in CLT. Although this configuration may affect the pull-out strength of the
connections, the selection of the minimum edge distance avoids longitudinal splitting of
timber and reduces the effect of compression on the pull-out strength to a certain extent
(Shekarchi et al. 2019; Navaratnam et al. 2022).

Table 4. List of Specimens

Specimen Number of
Group d(mm) | L, (mm) A t (mm) | Orientation | L (mm) )
Replicates
Code
S12.60-P | 12 60 5 2 P 400 5
312;,1 20- 12 120 10 2 P 400 5
812;,1 80- 12 180 15 2 P 400 5
S16-80P | 16 80 5 2 P 400 5
816;,1 60- 16 160 10 2 P 400 5
S1 6;,240' 16 240 15 2 P 400 5
S16-80-
o 16 80 5 2 PP 400 5
S1 %;,60' 16 160 10 2 PP 400 5
S1 %240- 16 240 15 2 PP 400 5

Note: L = Total length of CLT block, d = Nominal diameter of threaded rod, L, = Embedment
length, A=L,/d, and t = Thickness of adhesive layer.
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Fig. 3. Test set-up: (a) Schematic; and (b) photograph
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All the tests were carried out on a hydraulic universal testing machine with a
capacity of 1000 kN. The loading rate was set as a constant of 0.5 mm/min to failure of
specimens with a reference of (ASTM D1761-20, 2006). Two linear voltage displacement
transducers (LVDTs) were symmetrically arranged on both sides of the specimen to
measure the relative slip between the CLT and the GiR, and the average value of the
experimentally recorded displacements was taken as the slip value of the specimens.

RESULTS

Typical Failure Modes

Four failure modes were identified (Fig. 4): (a) Timber-adhesive interface shear
failure (adhesive layer fracture or fiber extraction from the adhesive interface), (b) Plug
pull-out failure (timber shear failure along the rod axis), (c) Mixed failure (combined
adhesive shear and localized timber fiber fracture), and (d) Splitting failure (longitudinal
timber cracking due to rolling shear in cross-layers). The timber-adhesive interface shear
failure, as the predominant mode in the specimens with GiR parallel to the grain (P-
specimens) with 5 d embedment length, indicated either the breakage of adhesive layer or
the extraction of timber fiber attached at the adhesive layer as the rod was pulled out, as
depicted in Fig. 4a which is consistent with the literature (Sofi et al. 2021).

Fig. 4. Typical failure modes of specimens: (a) Timber-adhesive interface shear failure; (b) plug
pull-out failure of timber; (c) mixed failure combining shear failure of adhesive layer and timber
shear failure; and (d) splitting failure of the cross layer in CLT

Table 5 indicates that plug pull-out failure of timber indicating timber shear failure
also occurred in the specimens with GiR parallel to the grain, as evidenced in Fig. 4b. Plug
shear failure usually occurred in the timber connections with GiR parallel to the grain in
previous studies (Azinovi¢ et al. 2018), and although the loading configuration used in this
study prevents further expansion of this failure mode, the trend of the evolution of the
failure mode as a whole can still be clearly seen. Overall, the concerning damage pattern
of timber splitting was almost absent in the failure modes of P-specimens. In the case of
the specimens with GIR perpendicular to the grain (PP-specimens), a mixed failure pattern
typically appeared (Fig. 4c), with timber fibers fracturing around the holes (fiber breakage
perpendicular to the grain) occurring irregularly. With the increase of embedment length,
the failure mode of the specimen was more unstable, as evidenced by splitting of the timber
along the bond-line direction (Fig. 4d). This highlighted a strong correlation between the
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failure of PP-specimens and timber material properties, indicating the importance of rolling
shear strength in the failure of specimens perpendicular to the grain (Hegeir and
Stamatopoulos 2023).

Load-slip Behavior

Figure 5 shows the individual and average load-slip curves for each group of
specimens. For the specimens with GiR parallel to the grain (Figs. 5a-5f), the curves
exhibited a linear rise at the initial loading stage, followed by a nonlinear slip between the
rod and CLT as the load increased to a sudden drop load, which indicated that brittle failure
had occurred. Discreteness among the curves in Figs. 5a-5f was observed especially for the
S12-180-P(4) and S16-80-P(4) specimens.
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Fig. 5. Load-slip curves: (a) S12-60-P; (b) S12-120-P; (c) S12-180-P; (d) S16-80-P; (e) S16-160-

P; (f) S16-240-P; (g) S16-80-PP; (h) S16-160-PP; and (i) S16-240-PP

Specimen S12-180-P (4) shows a relatively lower withdrawal capacity at the same
slip level, which might be due to internal defects, as illustrated in Fig. 5¢c. The specimen
S16-80-P (4) exhibited a circular shear failure interface, which was attributed to restraint
from the loading configuration. Subsequent separation of the rod from the lumber was
performed, and it was found that this specimen had a higher degree of adhesion than the
rest of the specimens in the same group. In general, the load-slip curves of the specimens
with GiR perpendicular to the grain (Figs. 5g-5i) generally show a linearly increasing
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response to peak load followed by a post-peak gradual decrease. It is worth noting that the
withdrawal capacity of S16-240-PP (5) was obviously higher than that of the other
specimens in the same group, as shown in Fig 4i. The presence of insect-induced holes in
timber can result in the formation of adhesive accumulation within the bottom cavities
during the gluing process. This occurrence has the potential to influence the bond integrity
of GIiR, thereby necessitating careful consideration in the evaluation of structural
performance and durability (Estévez Cimadevila et al. 2013).

Table 5. Summary of Experimental Values

Specimen Code F,. (KN) s, (mm) K (KN/mm) 7, (MPa) | Failure Modes
S$12-60-P (fé;,%* 0.34 (21%) | 91.08 (29%) | 9.65 (16%) |  4A+1B
S$12-120-P (4310'%6) 0.58 (28%) | 100.62 (20%) | 9.08 (30%) |  2A+3B
S$12-180-P (522507/:‘) 0.88 (40%) | 106.37 (36%) | 7.78 (25%) |  1A+4B
$16-80-P 2513}3 0.39 (28%) | 138.22 (42%) | 8.81 (31%) |  3A+2B
S$16-160-P (61%06/04) 0.64 (34%) | 145.44 (14%) | 7.54 (17%) | 2A+2B+1D
$16-240-P (72140?) 0.85 (29%) | 186.33 (28%) | 5.94 (24%) |  1A+4B
$16-80-PP (314502/3 0.68 (15%) | 105.06 (7%) | 8.52 (15%) 4c

$16-160-PP 801'%0) 0.81(30%) | 115.28 (26%) | 7.58 (11%) |  2C+3D
S16-240-PP (8189;)0) 0.87 (12%) | 140.77 (23%) | 7.32 (19%) 1C+4D

"The bracketed values are coefficient of variation (CoV). A= timber-adhesive interface shear failure; B= plug
pull-out failure of timber; C= mixed failure combining shear failure of adhesive layer and timber shear failure;
and D= splitting failure of cross layer in CLT.

The main test results are presented in Table 5. It should be noted that the group
S16-80-PP in Table 5 only has four individual specimens, since the specimen S16-80-PP(3)

failed prematurely. F,, indicates the pull-out load (KN) of specimens. s,, means the slip
at the loaded end (mm) corresponding to F,, and K is the initial stiffness (kN/mm)

calculated according to Eg. 1. In addition, the average bond stress 7, (MPa)at
timber/adhesive is determined based on Eq. 2.

K = 24P —0.1R,
Soa ~ So1 (1)
Ta:FuIt/(ﬂ.'dh'Ia) (2)

In Eq. 2, d, is the diameter (mm) of the hole, as shown in Fig. 2.

It is apparent that there were discrete characteristics of the same series of
specimens, which further illustrates the necessity of investigating the pull-out behavior of
GiR connection in CLT. In summary, the pull-out load, the slip corresponding to the pull-
out load, and the withdrawal stiffness increased with the embedment length increasing,
while the bond stress decreased. The coefficient of variation for pull-out load ranged from
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11% to 30%, showing moderate variability in load-bearing capacity within each group. The
withdrawal stiffness exhibited relatively higher variation compared to pull-out load,
especially in the S16-80-P group (42%) and the S12-120-P group (36%), indicating that
the properties of CLT greatly affected the withdrawal stiffness of the GiR in the CLT.

DISCUSSION

Effect of Embedment Length
The embedment length was confirmed as a critical factor influencing the pull-out
behavior of GiR connections. To facilitate comparison, the embedment length-to-diameter

ratio (A=1,/d ) was adopted to assess its impact on the mechanical behavior of the

connections, in line with previous literature (Steiger et al. 2006; Zhu et al. 2017). Figure 6
illustrates the connection behavior at varying ratio of embedment length to diameter. For
both the S12 and S16 specimen series, the results indicate that within a specific range,
increased embedment length corresponded to higher pull-out load. The increase in pull-out
load was more pronounced when the embedment length was extended from 5 d to 10 d
compared to the increment from 10 d to 15 d, a finding consistent with prior studies
(Ayansola et al. 2022; Vallée et al. 2022). As the embedment length increased, the failure
mode evolved from wood fiber shear failure at the bond line to timber block shear failure,
an undesirable mode that may compromise connection reliability. No rod yielding was
observed in this study, as high-strength steel rods were used to prevent ductile failure
modes. Consequently, low-yield-point steel rods are recommended for timber connections
to enhance ductility.
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Fig. 6. Connection behavior at different embedment length: (a) Pull-out load; (b) Average bond
stress; and (c) Stiffness

Figure 6b shows that the average bond stress decreases approximately linearly as
the embedment length increased, and the dotted line in the figure indicates the linearly
fitted decreasing equation and provides the corresponding R? value. This phenomenon was
also observed in previous studies regarding the conventional GiR connections in other
kinds of timber products (Siha and Zhou 2021). It can be observed from Table 5 that the
degree of dispersion was affected by the failure mode, and the failure of timber results in a
deviation of pull-out load from the global tendency. The specimens with an embedment
length of 10 d showed a minimum deviation of withdrawal stiffness, as shown in Fig. 6c.
It can be preliminarily inferred from 10 d is supposed to the threshold value of embedment
length from the failure of P-specimens changed from adhesive layer fracture to timber
failure.
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The embedment length was confirmed as a critical factor influencing the
withdrawal stiffness of GiR connections. While previous studies on GiR in glulam (Steiger
et al. 2006) and LVL (Stepinac et al. 2016) have reported similar trends for embedment
length effects, the CLT cross-layers introduce distinct failure mechanisms. For instance,
Azinovi¢ et al. (2018) observed that withdrawal stiffness in glulam remains stable with
increased embedment length, whereas the S16-P group in CLT exhibited significant
stiffness variations (Fig. 6c¢). This discrepancy highlights the unique influence of
orthotropic structure on bond stress distribution of CLT, a phenomenon not extensively
addressed in prior literature. Additionally, the transition from adhesive failure to timber
shear failure at 10 d embedment length (Fig. 6b) contrasts with the findings of Sofi et al.
(2021), who reported adhesive-dominated failures in CLT even at longer embedment
lengths, underscoring the need for CLT-specific design guidelines.

Effect of Rod-to-Grain Angle

The effect of the rod-to-grain angle on the connection behavior is presented in Fig
7. The pull-out load was generally in a linear proportion to embedment length for both the
P- and PP- series of specimens, as shown in Fig. 7a. At shorter embedment lengths (5 d),
the pull-out load of P-specimens exceeded that of PP-specimens. However, as the
embedment length increased to 10 d and further to 15 d, the bearing capacity of PP-
specimens surpassed that of P-specimens, a trend consistent with prior literature (Azinovi¢
et al. 2018).
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Fig. 7. Connection behavior of specimens with different rod-to-grain angle: (a) pull-out load;
(b) average bond stress; and (c) stiffness.

Figure 7b illustrates that the average bond stress for both P and PP specimens
decreased gradually as the embedment length increased from 5 d to 15 d. Specifically, for
P specimens, the average bond stress decreased by 15% when the embedment length
increased from 5 d to 10 d, and by an additional 25% when extended to 15 d. In contrast,
for PP specimens, the average bond stress decreased by 10% from 5 d to 10 d, and only by
3% from 10 d to 15 d. This indicates that increasing the embedment length was more
effective in reducing average bond stress and promoting ductile failure in P specimens
compared to PP specimens. For PP specimens, the increase in embedment length did not
significantly affect the average bond stress and led to more pronounced rolling shear failure
of the wood, as detailed in Table 5. Moreover, the increase in embedment length had a
minimal effect on improving the withdrawal stiffness of PP specimens, as shown in Fig. 7.
The failure modes for PP specimens at medium and long embedment lengths (10 d and 15
d) were less desirable. Based on these findings, it is recommended to glue rods in parallel
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lamellas in CLT structures to ensure reliable load capacity and relatively high withdrawal
stiffness in practical applications.

Effect of Rod Diameter

Figure 8 shows the effect of rod diameter on the behavior of the GiR connections
in CLT including pull-out load, average bond stresses, and withdrawal stiffness. The pull-
out load of the S16-P specimen group was 62%, 47%, and 35% higher than that of the S12-
P specimen group at the embedment length of 5 d, 10 d, and 15 d, respectively. Meanwhile,
the average bond stress of the specimen group S16-P decreased by 8%, 17%, and 23% at
the embedment length of 5 d, 10 d, and 15 d, respectively compared to the specimen group
S12-P indicating the larger rod diameter, the relatively lower bond stress level in a certain
range. Also, increasing the rod diameter improves the withdrawal stiffness of the
connection moderately, with a corresponding increase in result deviation, as shown Fig.

8c.
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Fig. 8. Connectlon behavior of specimens with d|fferent rod diameter: (a) Pull-out load;
(b) Average bond stress; and (c) Stiffness.

Analytical Bond Stress—Slip Relationship

Over the past few decades, several bond-slip models have been proposed to
elaborate the interfacial bond-slip behavior between steel or fiber-reinforced polymer
(FRP) and concrete. These models can provide guidance for predicting the bond-slip
relationship of the GiR connections in CLT.

Cosenza et al. (1997) proposed the Cosenza-Manfredi-Realfonzo (CMR) model
expressed as Eq. 3 to predict the bond stress-slip relationship between concrete and FRP
bar. It should be noted that the CMR model only has an ascending branch, indicating that
the CMR maodel is suitable for the case of brittle bond failure. The literature (Siha and Zhou
2021) indicates the CMR model can be used to predict the bond stress-slip relationship of
the GIiR timber connections effectively. Due to the GiR connections in CLT parallel to the
grain mainly failed by brittle failure, the CMR model was used to predict the bond-slip
relationship of the GiR connections in CLT parallel to the grain herein, as shown in Eq. 3,

T _(l-exp(->))’ 0<s<s,

n 5 @3)
where s, and g are the parameters obtained from curve fitting of experimental results. For
L, <10d,s, =0.2 and g=1.4, while forL, >10d ,s =0.3 and B =1.3 in this study.
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Table 6. Parameters of the Bond Stress-Slip Relationship

Specimen Group Code a ;]
S16-80-PP 0.64 0.32
S16-160-PP 0.66 042
S16-240-PP 0.72 0.56
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Fig. 9. Partially modified BPE model by Ling et al (2014)

Given the significance of predicting the pseudo-ductility of GiR connections in
timber, and recognizing that the CMR model only predicts the ascending branch, Ling et
al. (2014, 2018) partially modified the BPE model (Eligehausen et al. 1983) to predict the
bond-slip response of the GiR connections in glued laminated timber, as depicted in Fig.
9. This modified model by Ling et al. (2014) was selected to predict the bond stress-slip
curve of the GiR connections in CLT perpendicular to the grain in this section, as expressed
in Eq. 4,

Ly -E-nS ossss,
T a S, o Sm
Tm i.;z S>Sm
Sm §+IB(§_1)

(4)
where 7, and S, are the maximum bond stress and its corresponding slip. « and g are

the parameters obtained from curve fitting of experimental results, listed in Table 6.

Figure 10 depicts the comparison between the theoretical bond stress-slip models
and average experimental curves. It can be seen from Fig. 10a-10f that for the specimens
with parallel-to-grain GiR connections in CLT, the predicted bond-slip curves showed
good agreement with the experimental curves in the ascending branch indicating the CMR
model can predict the ascending branch of GiR connections in CLT parallel to the grain
effectively. Figure 10g-10i clearly shows that for the connection specimens with GiR
perpendicular to the grain in CLT, the proposed bond-slip model proposed by Ling et al.
(2014) generally fit the experimental curves well in both the ascending and the descending
branches.

Predictions of Pull-out Load
This section aims to evaluate the feasibility of using existing theoretical models for
predicting the pull-out strength of the GiR connection in CLT. The following prediction
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models were chosen for comparisons, since most of the GiR connection specimens failed
by bond failure or timber shear failure.
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Fig. 10. Comparisons of analytical model with the average test curves

The GIROD Project Proposal
Bengtsson (2002) provided the design equations for the GIROD project. The

theoretical equations are based on the GiR connections in glulam, where the thickness of
the adhesive layer in the GiR specimens was 0.5 mm or less. The model was obtained based
on a simplification of the pull-compressive loading configuration, as presented in Eq. 5:

Fo=7-7-d-1-(tanhw)/ @ ©)
where 7, means the shear strength (MPa) of the adhesive,

7, =|8129-d, - 1% - (p/480)"° | (5)
where o indicates the stiffness ratio of the joint, and F; represents mean axial capacity (N)
of GiR connection. The relevant parameters are shown in Eq. 6,

geo ' 'm
2
|geo =1/27dl*-1/ A +(E,/E,)/A,) (6)
Im = Er (Gf /sz)
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where d =nominal diameter of rod (mm), | =embedment length (mm), A = the area of
the rod (mm?), A, = the area of the wood (mm?), E,and E, = the modulus of elasticity
of the rod and wood (MPa), and G, = fracture energy (J/m?). The following values of
parameters were assumed in this paper: A, =110.25 cm?, E,=10010 MPa, E, =210000
MPaand G, = 1750 J/m?,

German Design Code DIN 1052: 2004-08

The design values for the load carrying capacity of GiR connections parallel and
perpendicular to the grain are provided in the German design code for timber structures
(DIN 1052:2004-08, 2008), as shown in Eq. 7:

Rax = ﬂdla fk1 (7)

where |, = embedment length (mm), and d = diameter of the rod (mm). The parameter
R, represents characteristic axial capacity (N) of GiR connection. The value of f,, is
obtained from Eq. 8:

f,=4.0 I, <250mm

f, =5.25-0.005I, 250mm < I, <500mm (8)
f, =3.5-0.0015I, 500mm < I, <1000mm

Steiger, Widmann, and Gehri Proposal

Steiger et al. (2006) conducted a total of 48 pull-out tests of epoxy-based adhesives
bonded GiR parallel to the grain in glulam. Then, the theoretical prediction model of the
pull-out load was proposed accordingly based on the test results, as shown in Eq. 9:

F=f
f

v0,mean T dh ’ Ia

=7.8-(4, 110) - (p/ 480)°° ©)

v0,mean

InEq.9, 4, =1,/d,, |, means embedment length (mm), and d, represents the diameter of

the hole (mm). F, represents characteristic axial capacity of GiR connection (N).

Widmann et al. (2007) investigated the pull-out properties of GiR connections
perpendicular to the grain in glulam according to a similar experimental protocol and
proposed a formula for calculating the pull-out load accordingly, as given in Eq. 10,

F, =0.045(z-d, -1,)" (10)

where |, means embedment length (mm), and d,, represents the diameter (mm) of the hole.
The parameter F,, represents characteristic axial capacity (kN) of GiR connection.

New Zealand Design Guide

An equation to predict the pull-out load capacity of GiR connections parallel to the
grain in glulam is provided in the New Zealand Design Guide (Buchanan 2007), as shown
in Eqg. 11:
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F, =6.73-K, -k, -k (I, /d)°®(d /20)*-(d, /d)°° - (e" d)°® (11)

Here, the values of k,, k., and k_ were calculated by the moisture content, type of rod,

and adhesive, e = edge distance (mm). The following values of parameters were assumed
in this paper: k, =k, =k =1.0. F, represents characteristic axial capacity of GiR
connection.

New Zealand Design Guide

Rossignol and Espion (2008) investigated the pull-out behavior of GiR connections
in glulam with thicker adhesive layers. It was found that the failure mode was mainly
timber splitting failure along the embedment length, and a semi-empirical formula was
proposed to predict the pull-out load capacity of GiR connections parallel to the grain in
timber, as depicted in Eq. 12,

FRO = fax,O,mean T dh ' Ia

f =5.8-(4, /10)°“ (12)

ax,0,mean

where 4, =1, /d,, |, represents the embedment length (mm).

Eurocode EN 17334-2021

Standard EN 17334 (2021) has been amended in accordance with Eurocode 5
Appendix (EN 1995-1-1, 2004) on glued rod connections to give the following prediction
formulae, as shown in Egs. 13 and 14:

fg XA
— mi yd f
Foca = MIN {ﬁx dxl, xf,, (13)
f
fy,d = }/ yk
M,steel
’ (14)
f _ fvr,la,dc,k X kmod
vrd
}/ M,wood/adhesive

where f ; is the design of yield strength (N/mm?) of steel rod; A is the stress design
relevant cross-section (mm?) of steel rod; f,.o is the design value of bond shear strength
(N/mm?); £, is the characteristic value of yield strength (N/mm?) of steel rod; y,, ., is
the partial safety factor for steel rod, taken from (EN 1993-1-1, 2022); 7\ weouachesive 1S the
partial safety factor for wood, taken from (EN 1995-1-1, 2004); K., is the modification
factor for load duration and service class, taken from (EN 1995-1-1, 2004); and f,, . ., IS
the declared characteristic bond shear strength declared by the adhesive manufacturer. The
following parameters were assumed in this paper: 7, e = 1.0, uuoodadnesive = 125+ Kinoa =
0.6, f, .4k =21.3 MPa.

BS EN 17334 also provides a formula for predicting the load carrying capacity of
glued rods perpendicular to the grain, as shown in Eq. 15:
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_ TooRK *

mod

(15)

where b is the width and h is the length of specimen. The parameters were assumed in this
paper: b =105 mm, h =400 mm.

Yeboah et al. (2013) Proposal

Yeboah et al. (2013) investigated the structural capacity of glued-in basalt fiber-
reinforced polymer (BFRP) rods perpendicular to the grain in glulam. The main parameter
investigated was the thickness of the glue layer from 2 mm to 12 mm and presented an
equation for the pull-out load capacity perpendicular to the grain, as shown in Eg. 16:

Fy = om0, o1, (16)

v,90,mean

where f
the hole.

= 5.7 MPaq, |, means embedment length, and d, represents the diameter of

v,90,mean

Comparison between Experimental Results and Prediction Models

Figures 11a and 11b depict the comparison between the predicted results for the
GiR connections parallel to the grain and the average experimental results. Solid squares
indicate the mean value of the test and hollow squares are the test values. For the S12-P
series of specimens, while EN 17334-2021 (2021) proposal and GIROD predictive model
provided a more reasonable prediction of pull-out strength when the embedment length is
60 mm, only DIN 1052 remained conservative as the embedment length increased. This
conservatism is necessary due to the high dispersion of GiR connection strengths in CLT.
The prediction for the S16-P series specimens was similar; most of the predictions were
valid when the embedment length was low (< 10 d), but the prediction decreased
progressively as the embedment length increases.
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Fig. 11. Comparison between experimental results and the theoretical predictions: (a) S12-P
series; (b) S16-P series; and (c) S16-PP series.

According to the results, DIN 1052 can relatively well predict the pull-out load of
GiR connections in CLT compared to other theories. However, the use of the pull-out
configuration may lead to discrepancies between the predicted and actual pull-out loads,
especially since it is uncertain whether this approach prevents the emergence of certain
failure modes of GiR connections in CLT that could lead to an overestimation of the pull-
out loads, warranting further investigation in the future.

With most theories focusing on GiR connections parallel to the grain, and fewer
design equations available for GiR connections perpendicular to the grain, a comparison
of these limited theories with the experimental results is presented in Fig. 11. The
theoretical model proposed by Yeboah et al. (2013) demonstrated better predictive
capability for the pull-out load of GiR connections in CLT. Similarly, the proposed formula
in DIN 1052 provided relatively conservative predictions. Because this investigation did
not focus on the effect of failure modes on GiR connections in CLT, while it is known from
the test results that failures due to different causes may have an impact on the final load
carrying capacity, it is necessary to pay corresponding attention in future studies.

CONCLUSIONS

This study presented an experimental campaign on the glued-in rod (GiR)
connections in cross-laminated timber (CLT), aiming to evaluate the pull-out performance
of GiR in CLT. Forty-five specimens were tested with the main parameters including rod
diameter, embedment length, and rod-to-grain angle. The main conclusions obtained are as
follows.

1. Embedment length significantly impacted the behavior of GiR connections in CLT.
Increasing the embedment length from 5 d to 15 d effectively enhanced the pull-out
load, while the withdrawal stiffness remained relatively unchanged. The rod diameter
also considerably influenced the bond strength of GiR connections. Specimens with a
16 mm rod diameter demonstrated a 62%, 47%, and 35% increase in pull-out load for
embedment lengths of 5 d, 10 d, and 15 d, respectively, compared to those with a 12
mm rod diameter. It should be noted that the grade 8.8 steel rod used in this study did
not yield; thus, adopting low-carbon soft steel rods for more detailed analysis is
recommended for future research to better understand the ductility of connections.

Ling et al. (2025). “Axial pull-out of rods in CLT,” BioResources 20(3), 5407-5428. 5423



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

2. The CMR model and the model proposed by Ling et al. (2014) were found to
effectively predict the bond-slip behavior of GiR connections in CLT, offering valuable
references for subsequent studies. However, further research is needed to expand the
dataset and enhance the understanding of the bond behavior in CLT.

3. Most existing pull-out load prediction models tend to overestimate the pull-out load of
GiR connections parallel to the grain in CLT. In contrast, the DIN 1052 model
demonstrated greater accuracy and reliability in predicting the pull-out load of GiR
connections in CLT, with some conservativeness that enhances its practical
applicability.

4. The properties of timber, particularly its shear and rolling strengths, significantly
influence the failure modes of GiR connections perpendicular to the grain in CLT.
Future research should focus on more specific analyses of these influences, along with
the development of refined prediction models that account for the unique mechanical
behavior of CLT and the specific failure modes of GiR connections. Additionally, the
study's limitations, including specimen size constraints and the push-pull test setup,
highlight the need for further experimental work to capture the full range of failure
modes and mechanical responses in CLT structures.
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