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A B S T R A C T   

This paper presents an experimental work on axially-loaded threaded rods inserted perpendicular to grain into 
the narrow face of cross laminated timber (CLT). Penetration length, loading type (tension, compression, fully 
reversed), and loading configuration (pull-pull and pull–push) were varied. The use of self-tapping screws as 
reinforcement was also explored. Stiffness under cyclic and monotonic loading, damping ratio, withdrawal ca
pacity, failure mode, reinforcement effect, and influence of loading history were investigated. The experimental 
results highlight the high withdrawal stiffness and capacity of threaded rods embedded into CLT elements, and 
hence their effectiveness as fasteners for stiff timber connections.   

1. Introduction 

1.1. Background 

The light weight and moderate stiffness of timber buildings limit the 
possibility for taller timber buildings. This is mainly due to increased 
wind-induced accelerations and lateral deformations under service-level 
loading [1–4]. The structural performance of timber structures relies 
heavily on their connections’ properties [1–4]. Stiff connections can 
therefore be used to allow for taller timber buildings [4]. 

Connections with threaded rods (i.e. rods with wood screw threads 
and greater diameters than self-tapping screws, typically 16–22 mm) 
generally feature high withdrawal strength and stiffness [5–7]. Threa
ded rods can be used in timber structures as fasteners in moment 
resisting connections [8], axially loaded connections, or can be used as 
reinforcements [9]. Compared to glued-in rods (abbr. GiR), threaded 
rods are less prone to construction quality problems. Experimental work 
on GiR has shown that the presence of defects or sawdust in the pre
drilled holes can influence their behavior [10,11]. Compared to GiR, 
systems of rods screwed into wood exhibit better fire resistance [12], 
and they are less brittle [5,13]. Threaded rods can also be pre-installed 
allowing a high degree of pre-fabrication [8], reducing the work onsite. 
Moreover, threaded rods can be designed following capacity design 

principles to allow for ductile behavior (e.g. yielding in the steel rods) 
[5,7]. 

Using cross laminated timber (abbr. CLT) elements as lateral load 
resisting system is becoming popular [14–19] due to their high in-plane 
strength and stiffness and their availability in larger dimensions than 
standard glued laminated timber (abbr. glulam). CLT panels consist of 
sawn timber boards, glued together in alternating directions resulting in 
panels with high in-plane strength and stiffness and better dimensional 
stability [20]. Due to their high in-plane strength and stiffness, the 
performance of CLT panels depends highly on their connections [20]. 

The advantage of utilizing the high withdrawal strength of inclined 
self-tapping screws (abbr. STS) was first presented by Bejtka and Blaβ 
[21]. A predictive model based on the results of 387 withdrawal tests for 
STS inserted into the wide and narrow face of CLT was developed by 
Uibel and Blaβ [22]. Equations for the calculation of withdrawal ca
pacity and strength of STS in softwood based on 1850 withdrawal tests 
were proposed by Frese and Blaβ [23]. Pirnbacher et al. [24] investi
gated the influence of several parameters on withdrawal strength of STS 
and proposed a calculation equation for the withdrawal strength. Sub
sequently, numerous studies have investigated the behavior of STS. This 
includes research on their withdrawal capacity [25–32], their stiffness 
properties [25,33], their use as reinforcement [9], their use in timber-to- 
timber joints [34] and in steel-to-timber joints [35], and force 
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distribution along screws [36]. 
The behavior of GiR in glulam and CLT has also been investigated by 

several studies, addressing their withdrawal capacity [37–44], stiffness 
[37,39,44], behavior as a group [45,46], failure modes [38], durability 
[47], use for strengthening existing timber structures [48], behavior in 
beam-to-beam [49,50] and beam-to-column [51,52] moment connec
tions, and the impact of construction methods and defects on their ca
pacity [10,11,53]. 

On the contrary, little research has investigated the properties of 
threaded rods embedded in timber. The withdrawal capacity and stiff
ness of threaded rods were studied by Stamatopoulos and Malo [5–7] 
and Blaβ and Krüger [54]. However, these studies were only conducted 
on glulam. An experimental study was conducted by Yang et al. [55] to 
investigate the pull-out behavior of threaded rods in CLT elements using 
a wall-type loading setup. In their study [55], the penetration length, 
number of threaded rods, and the effect of using reinforcement were 
investigated. Only monotonic tension load was applied to the rods, and 
therefore, properties such as cyclic stiffness, energy dissipation, and 
equivalent viscous damping were not reported in [55]. Besides – and to 
the knowledge of the authors - experimental studies of threaded rods 
embedded in CLT, subjected to pure axial loading conditions are lacking 
in the literature. 

1.2. Objective and scope 

In the research presented, an experimental work was performed to 
investigate the behavior of steel threaded rods screwed into CLT ele
ments. Five test series were carried out with a total of 23 test specimens. 
Out of the five series, three series were first tested under service-level 
cyclic loading followed by a monotonic tension load to failure, one se
ries was tested only under monotonic tension load to failure, and the last 
series was tested only under monotonic compression load to failure. 

The experimental work aimed to investigate the withdrawal capac
ity, stiffness under monotonic and cyclic loading, energy dissipation, 
failure modes, and the influence of STS as reinforcement. The penetra
tion length, the loading type (tension, compression, fully reversed), and 
the loading configuration (pull–push, pull-pull) were varied. The scope 
of this paper is limited to threaded rods inserted perpendicular to grain 
into the narrow face of CLT elements made of softwood with a reference 
moisture content of approximately 12 %. Moreover, only short-term 
loading is considered, and therefore, issues such as long-term loading, 
moisture dependency, and fatigue are out of the scope of this work. 

2. Materials and test methods 

2.1. Materials 

Fig. 1 depicts the CLT panel used in this study. Non-edge glued, 
three-layer CLT panels made of Norwegian spruce were used. The board 

thickness and width were 33 mm and 100 mm, respectively, and the 
total thickness was 100 mm, see Fig. 1. The outer layers and the inner 
layer were strength class T22 and T15, respectively (strength classes as 
defined by EN338 [56]). The CLT panels were stored in a climate room 
with controlled temperature and relative humidity of 20 ◦C and 65%, 
respectively. Prior to testing, the moisture content of each specimen was 
measured using an electric moisture meter and verified to be in the 
range of 10–12 %. The material properties of the used CLT panels are 
summarized in Table 1. 

Fig. 2(a) shows the geometry of the threaded rod used in this study. 
The rod is of class 8.8 and consists of 110 mm metric thread and 440 mm 
wood thread. The metric thread is used for attaching the rod to the 
loading jack. The wood thread has a core diameter (d1) of 16.1 mm, an 
outer thread diameter (d) of 22 mm, and a thread pitch of 8 mm. The 
rods were screwed into the narrow face of the CLT panels in pre-drilled 
holes with diameter equal to their core diameter (d1), confer Fig. 2(b). 
The holes are drilled all the way through the test specimen. 

In one of the test series, STS was used as reinforcement. STS with 100 
mm length (equal to the thickness of the CLT elements) were not 
available at the time of testing. Instead, 160 mm-long screws were used, 
60 mm longer than the thickness of the CLT. Since the actual embedded 
length of the screws is limited to the CLT panel thickness, the use of 160 
mm-long is equivalent to the use of 100 mm-long screws. The screws 
have an outer thread diameter of 8 mm, an inner thread diameter of 5 
mm, and a characteristic yield strength of 1000 N/mm2 [58]. 

2.2. Loading and variation of penetration length 

In this paper, two force levels were considered: service-level load and 
destructive load. The service-level load is taken to be 40 % of the ca
pacity, as recommended by EN 12512 [59] to ensure elastic behavior. 
Prior to testing, the withdrawal capacity is unknown and therefore was 
estimated (Fax,est) by use of a simplified equation proposed by Stamato
poulos and Malo [7]: 

Fax,est ≈ 15⋅d⋅l⋅
(ρmean

470

)
(1)  

where Fax,est is the estimated withdrawal capacity in N, d is the outer 
thread diameter of the rod in mm, l is the penetration length in mm, and 
ρmean is the mean density in kg/m3. 

Fig. 1. CLT panel.  

Table 1 
Material properties of lamellae [57].  

Strength class fm,k ft,0,k fc,0,k E0,mean E90,mean ρk ρmean 

N/mm2 kg/m3 

T15 22.0 15 21 11,500 380 360 430 
T22 30.5 22 26 13,000 430 390 470  
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To study the effect of the penetration length on the withdrawal 
stiffness, four penetration lengths were investigated: 5, 10, 15 and 20 
times the outer thread diameter (5d, 10d, 15d, 20d), confer Fig. 3. The 
threaded rod is first screwed into the specimens at a 5d penetration 
length, and the service-level load testing is then performed. The same 
threaded rod is further screwed into the specimen at a step of 5d, and 
testing is performed again for 10d, 15d and 20d penetration lengths. At 
penetration lengths of 5d, 10d, 15d, and 20d, the rod fully penetrated 
one, two, three and four lamellae, respectively. 

Monotonic loading does not represent various real-case loading 
scenarios such as wind or human excitation. To investigate stiffness and 
energy dissipation under such scenarios, cyclic load testing is more 
representative. Therefore, in this paper, two loading protocols were 
considered:  

1. Service-level: Cyclic loading was applied for each penetration length 
shown in Fig. 3.  

2. Destructive: Monotonic load is applied to failure, only at a 20d 
penetration length. 

The loading protocols for service-level and destructive loading are 
shown in Fig. 4. Three test series were tested under service-level loading 
followed by destructive loading (in tension). Two test series were tested 
only under destructive loading, with one series tested in tension and the 
other in compression. 

A simplified cyclic loading with constant amplitude was used in this 
paper, confer Fig. 4(a). Three types of cyclic loading were applied: cyclic 

tension (abbr. T), cyclic compression (abbr. C), and cyclic fully reversed 
(abbr. FR). The load limits for tension and compression cyclic loading 
were set to 0.10⋅Fax,est ↔ 0.40⋅Fax,est (the forces are negative for 
compression and positive for tension). The load limits for fully reversed 
cyclic loading were set to − 0.40⋅Fax,est ↔+ 0.40⋅Fax,est . For each type of 
cyclic loading (T, C, FR), eight cycles were applied. The load was applied 
with force control and a quasi-static loading rate of one minute per cycle 
for tension and compression and two minutes per cycle for fully 
reversed. The loading rate was chosen to achieve a reasonable test 
duration, while also maintaining quasi-static loading within the range of 
approximately 0.02 mm/sec-0.20 mm/sec [59]. The number of cycles 
was determined to allow for the examination of cyclic stiffness variation, 
if present, while still achieving a reasonable test duration. 

Monotonic loading was applied until failure of the specimen to 
investigate the withdrawal capacity. Since the monotonic loading was 
applied after the cyclic loading tests were performed, only a penetration 
length of 20d could be tested. Hence, the influence of varying the 
penetration length on the withdrawal capacity was not investigated. The 
monotonic loading specified by EN 26891 [60] was adopted, see Fig. 4 
(b). 

2.3. Experimental setup 

Two loading configurations were considered in this study, pull–push 
loading, and pull-pull loading, confer Figs. 5 and 6, respectively. In the 
pull–push loading (Fig. 5), the specimen was supported on two steel 
plates at the bottom and clamped using two steel rectangular hollow 

Fig. 3. Variation of penetration length.  

Fig. 2. (a) threaded rod, (b) predrilled hole at the narrow face of the CLT panel.  
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Fig. 4. Loading protocols (a) service level cyclic loading, (b) monotonic to failure loading.  

Fig. 5. Pull-push loading (a) 3D view, (b) side view.  
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sections (abbr. RHS) at the top. In the pull-pull loading (Fig. 6), one rod 
(the tested rod) was inserted at one end of the specimen, and two rods 
were inserted at the other end. The use of two rods ensures the failure of 
the tested rod. For both loading configurations, linear variable differ
ential transformers (abbr. LVDTs) were used to measure the displace
ments of the threaded rod relative to the test specimen, see in detail 
Figs. 5 and 6. Two wooden blocks or L-shaped steel profiles were glued 
at each side of the specimen to allow for measuring the relative 

displacement between the rod and the CLT specimen, confer Figs. 5 and 
6. The average displacement of the two LVDTs was used as the with
drawal displacement. The LVDTs were attached to the rod using a 
purpose-made steel cross. The load was applied by attaching the metric 
part of the threaded rod to a loading jack. To facilitate the testing in pull- 
pull loading configuration, the specimens were rotated upside down (the 
tested rod is at the bottom) as shown in Fig. 6. To apply the load, the two 
rods at the top were connected to a rigid steel attachment and then 

Fig. 6. Pull-pull loading (a) 3D view, (b) side view.  

Fig. 7. Overview of test series (dimensions in mm).  
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connected to a loading jack. 

2.4. Test series 

Fig. 7 illustrates all test series. In total, five experimental test series 
were conducted as follows:  

1. PL (Fig. 7 (a)): Four specimens were tested in pull-pull loading 
(Fig. 6). The specimens were first subjected to service-level cyclic 
load at different penetration lengths, then tested to failure under 
monotonic tension at 20d penetration length.  

2. PL-R (Fig. 7 (b)): Four specimens were tested in pull-pull loading 
(Fig. 6). The specimens had an identical geometry to PL, but were 
reinforced using eight STS. The specimens were first subjected to 
service-level cyclic load at different penetration lengths, then tested 
to failure under monotonic tension at 20d penetration length.  

3. PS (Fig. 7 (c)): Six specimens were tested in pull–push loading 
(Fig. 5). The specimens were first subjected to service-level cyclic 
load at different penetration lengths, then tested to failure under 
monotonic tension at 20d penetration length.  

4. PS-T (Fig. 7 (d)): Five specimens were tested in pull–push loading 
(Fig. 5). The specimens were tested to failure under monotonic ten
sion at 20d penetration length.  

5. PS-C (Fig. 7 (e)): Four specimens were tested in pull–push loading 
(Fig. 5). The specimens were tested to failure under monotonic 
compression at 20d penetration length. 

Specimens tested in pull–push loading were prepared wider to allow 
for placing the supporting RHS beams on the top (Fig. 5). Specimens 
tested in pull-pull loading were prepared higher to accommodate the 
two supporting rods (Fig. 6). For both loading configurations, the 
number of vertical lamellae that were free to deform was approximately 
the same (three), confer Figs. 5–7. 

Fig. 8. Axial cyclic and monotonic stiffness (a) tension loading, (b) fully reversed loading.  

Fig. 9. Definition of dissipated and potential energy.  
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Fig. 10. Mean and standard deviation of cyclic and monotonic stiffness under cyclic loading.  

O.A. Hegeir and H. Stamatopoulos                                                                                                                                                                                                          



Construction and Building Materials 408 (2023) 133740

8

2.5. Stiffness estimation 

In the current version of Eurocode 5 [61], no formula is provided to 
calculate the axial stiffness of threaded rods in glulam or CLT. Under 
service-level cyclic loading (Fig. 4 (a)), two types of stiffness were 
estimated, the cyclic stiffness (Kcyc) and the monotonic stiffness (K1), i.e. 
the stiffness at the first loading, confer Fig. 8. 

The cyclic stiffness (Kcyc) was estimated by fitting a straight line 
(using the method of least squares) through each hysteresis loop of the 
cyclic test. The stiffness for each cycle was calculated individually, then 
the average value for all cycles was calculated and used as cyclic stiffness 
(Kcyc). The stiffness was calculated for all penetration lengths (5d, 10d,
15d, 20d), for cyclic tension, compression, and fully reversed loading 
(Kcyc,T, Kcyc,C, and Kcyc,FR). 

The monotonic stiffness (K1) was also estimated for all penetration 
lengths, for both cyclic tension and compression loading (K1,T, K1,C). 
According to EN 26891 [60], the stiffness is estimated from the mono
tonic loading protocol shown in Fig. 4 (b). The initial half cycle of the 
cyclic loading (from 0 to 40 % of Fax,est) resembles the first loading ramp 
in the monotonic loading (from 0 to 40 % of Fax,est). Therefore, the 
monotonic stiffness was estimated by fitting a line to the initial half cycle 
of the cyclic loading, see Fig. 8 (a). The stiffness under the monotonic 
loading shown in Fig. 4 (b) was also estimated by fitting a line to the first 
loading ramp from 10 % to 40 % of Fax,est. 

2.6. Equivalent viscous damping ratio 

Under cyclic loading, several mechanisms contribute to energy 
dissipation. It is nearly impossible to describe such mechanisms math
ematically [62]. It is therefore widely accepted to sum all energy dissi
pation mechanisms in an equivalent viscous damper [62]. The 
equivalent viscous damping ratio (ξeq) can be calculated as per EN 
12512 [59]: 

ξeq =
1

2π⋅
Ed

Ep
(2)  

where Ed is the energy dissipated per half cycle and Ep is the available 
potential energy, confer Fig. 9. The damping ratio for each cycle was 
calculated individually, then the average value across all cycles was 
calculated and used as the equivalent viscous damping ratio (ξeq). The 
equivalent viscous damping ratio (ξeq) is a non-dimensional parameter 
that represents the hysteresis damping of a joint. The damping ratio can 
be used for modeling the energy dissipation of members and connections 
under service-level cyclic loading using finite element analysis, see e.g. 
[8]. 

Table 2 
Mean and coefficient of variation (COV) of cyclic and monotonic stiffness under cyclic loading.     

Cyclic stiffness Kcyc** Monotonic stiffness K1** 

Test series Loading type Penetration length Mean (kN/mm) COV (%) Mean (kN/mm) COV (%) 

PL Cyclic tension 5d  118.4  17.2  77.2  9.8 
10d  225.5  17.5  154.5  21.5 
15d  249.7  8.3  204.7  23.3 
20d  255.1  3.1  176.5  4.7 

Cyclic compression 5d  100.4  19.5  66.6  18.2 
10d  126.9  9.5  86.8  17.3 
15d  142.4  15.7  105.5  12.3 
20d  133.8  7.3  122.1  16.6 

Cyclic fully reversed 5d  82.2  16.9 – – 
10d  119.1  10.4 – – 
15d  124.1  8.1 – – 
20d  128.1  6.4 – –  

PL-R Cyclic tension 5d  86.5  23.0  65.3  21.4 
10d  189.7  19.8  133.2  22.3 
15d  206.6  10.9  166.1  19.6 
20d  275.1  23.9  163.4  16.0 

Cyclic compression 5d  67.0  34.7  51.9  25.2 
10d  101.3  9.2  80.1  15.3 
15d  119.6  10.4  104.2  11.9 
20d  134.9  7.3  113.0  9.2 

Cyclic fully reversed 5d  56.0  26.7 – – 
10d  97.3  22.2 – – 
15d  100.4  18.7 – – 
20d  102.6  11.1 – –  

PS* Cyclic tension 5d  76.0  20.3  46.2  39.7 
10d  134.7  14.3  83.8  26.3 
15d  194.6  15.9  129.7  16.2 
20d  204.8  11.0  138.5  11.0 

Cyclic compression 5d  80.0  13.9  63.7  29.2 
10d  112.5  10.6  77.5  14.4 
15d  132.8  10.1  98.1  18.1 
20d  122.7  9.8  102.2  8.2 

Cyclic fully reversed 5d  51.1  24.3 – – 
10d  73.1  20.8 – – 
15d  87.3  10.5 – – 
20d  97.5  15.4 – – 

*Result from one test specimen was considered as an outlier and was not included in the calculation, ** The reported values refer to the stiffness at the entrance point; 
the effect of the free length (L0 = 50 mm) is removed considering the embedded part and the free length of the rod as springs in series. 
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3. Experimental results and discussion 

3.1. Service-level cyclic loading 

3.1.1. Cyclic and monotonic stiffness 
Fig. 8 (a) shows a representative force–displacement curve in tension 

at service-level cyclic loading, similar curves were observed for 
compression. Fig. 8 (b), shows a representative force–displacement 
curve under fully reversed service-level cyclic loading. As shown in this 
figure, little pinching (i.e. low stiffness around zero force) and imme
diate load-take up without initial slip was observed. As a result of the 
different stiffness in tension and compression (confer section 3.1.3), and 
the small pinching effect, the fitting of a line to the force–displacement 
curve under fully reversed loading has small deviation, confer Fig. 8 (b). 
However, it provides a fairly good fit to the experimental results. As 
shown in Fig. 8, the F-δ curves of all cycles coincide, and the stiffness 
estimated from all cycles was found to be nearly identical. Therefore, 
using the mean stiffness of all cycles provides an accurate 

approximation. Given the low load level and the observed identical F-δ 
curves for all cycles, it is likely that further loading cycles would exhibit 
a similar behavior. 

Fig. 10 shows the cyclic and monotonic withdrawal stiffness of PL, 
PL-R, and PS test series, obtained from the cyclic load tests as function of 
penetration length. The results are also summarized in Table 2. The 
mean value is indicated by a solid line and the standard deviation (abbr. 
std) is indicated by a shaded area around the mean, confer Fig. 10. As 
shown in the figure, in general, both cyclic and monotonic stiffness (Kcyc 

and K1) are higher for tension loading than for compression loading. 
This difference may be attributed to the different boundary conditions 
and different load paths under tension and compression loading. Claus 
et al. [36] performed withdrawal testing using innovative screws with 
internal fiber Bragg gratings to measure the forces along screws 
embedded in wood. The results in [36] show significant differences in 
the force distribution along the screw length under different boundary 
conditions. Experimental work by Ringhofer and Schickhofer [63] has 
shown that testing boundary conditions have no major influence on the 

Fig. 11. Ratio of mean cyclic stiffness to mean monotonic stiffness.  

Fig. 12. Ratio of mean stiffness for tension to compression loading.  
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withdrawal capacity of STS. However, studies on the influence of testing 
boundary conditions on the withdrawal stiffness of STS and threaded 
rods are lacking in literature. 

As a result of small pinching effects, the fully reversed loading shows 
lowest stiffness compared to tension and compression loading. Both 
cyclic and monotonic stiffness exhibit a non-linear relationship with 
penetration length, showing noticeable convergence beyond 15d (330 
mm) penetration length. 

Several models for calculating the withdrawal stiffness KSLS,ax of STS 
and threaded rods are available in literature. Eq. (3) is commonly re
ported in several technical approvals. Despite the lack of guidelines for 
the estimation of the withdrawal stiffness of axially loaded fasteners in 
the current version of Eurocode 5 [61], the current draft for the next 
generation of Eurocode 5 [64] provides Eq. (4) for withdrawal stiffness 
of axially loaded screws and threaded rods. 

KSLS,ax = 25⋅d⋅l (3)  

KSLS,ax = 160⋅
(ρmean

420

)0.85
⋅d0.9⋅l0.6 (4)  

In Eq. (3) and Eq. (4), KSLS,ax is in N/mm, d and l are in mm, and ρmean is 
in kg/m3. 

As shown in Fig. 10, Eq. (4) represents a lower bound for the cyclic 
and monotonic stiffness under tension, compression, and fully reversed 
loading. A better stiffness estimation can be obtained by use of Eq. (3). 
However, a limit on the penetration length should be set for Eq. (3) as 
the stiffness shows a noticeable convergence beyond 15d (330 mm) 
penetration length. 

To evaluate the difference in displacements between the outer layers 
(measured by the LVDTs shown in Figs. 5 and 6) and the middle layer, 
two additional LVDTs were placed at the top of the test specimens of 
series PS. The stiffness estimated from these additional LVDTs at the top 
was found to be, on average, 5 % different from the stiffness estimated 
from the LVDTs placed at the sides, showing that deformations occur 
predominantly in the middle layer. 

Fig. 13. Ratio of mean stiffness for pull-pull to pull–push loading.  

Fig. 14. Mean and standard deviation of equivalent viscous damping ratio.  
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Fig. 15. Failure modes of all test series.  
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3.1.2. Cyclic vs monotonic stiffness 
Fig. 11 shows the ratio of the mean cyclic stiffness to the mean 

monotonic stiffness (Kcyc/K1) under cyclic tension and compression. The 
cyclic stiffness is 10–68 % higher than the monotonic stiffness. On 
average, cyclic stiffness is 45 % and 30 % higher than monotonic stiff
ness for tension and compression loading, respectively. 

3.1.3. Tension vs compression 
The ratio of the mean cyclic stiffness under tension and compression 

loading (Kcyc,T/Kcyc,C) and the ratio of mean monotonic stiffness 
(K1,T/K1,C) are shown in Fig. 12. Apart from the PS series with 5d 
penetration length, stiffness values are higher for tension loading than 
compression loading. 

3.1.4. Pull-pull vs pull–push 
The mean cyclic and monotonic stiffness for PL series (pull-pull) and 

PS series (pull–push) were compared. Fig. 13 shows the ratio of mean 
cyclic stiffness (PS-Kcyc/PL-Kcyc) and mean monotonic stiffness (PS-K1/ 
PL-K1). Mean stiffness of the pull–push series (PS) is lower compared to 
the pull-pull series (PL). 

3.1.5. Equivalent viscous damping ratio 
Fig. 14 shows the mean and standard deviation of the equivalent 

viscous damping ratio ξeq calculated according to Eq. (2). The mean 
damping ratio for all test series ranges from 0.03 to 0.12. In general, 
pull-pull loading (PL and PL-R) shows higher mean values and higher 
variability than pull–push loading (PS). 

3.2. Monotonic to failure loading 

The failure modes were visually inspected after each test. Fig. 15 
shows the failure modes of representative specimens from the five test 
series. For PL series, the four specimens failed in a combined withdrawal 
and splitting failure, confer Fig. 15 (a). The PL-R, however, did not show 
splitting failure and only withdrawal failure was observed for all spec
imens, confer Fig. 15 (b). This suggests that the use of reinforcement can 
prevent splitting failure. For PS and PS-T series, all specimens failed in 
withdrawal failure mode, confer Fig. 15 (c) and (d). For PS-C series, 

under compression loading, the threaded rod pushed through the CLT 
specimen, and the thickness of the specimen increased around the 
location of the rod (bulging), confer Fig. 15 (e). 

Representative specimens from test series PS-T and PS-C were cut 
open to examine their internal surface, confer Fig. 16. As shown in 
Fig. 16, the failure is accompanied by rolling shear failure and splitting 
perpendicular to grain in the middle layer. Despite this failure mode, 
high withdrawal capacity was attained in all tests. Failure accompanied 
by rolling shear failure has been reported for GiR [46] and screwed-in 
threaded rods [55] inserted perpendicular to grain into the narrow 
face of CLT elements. 

Fig. 17 shows the monotonic load–displacement curves for all test 
series. The mean load–displacement (F − δ) curves were calculated by 
fitting a higher degree polynomial to the test results. To ease the com
parison between different test series, both tension and compression 
forces and the corresponding displacements are plotted positive. 

Fig. 18 shows the mean load–displacement (F − δ) curves for all test 
series. Comparing the PL (pull-pull, unreinforced) with the PL-R (pull- 
pull, reinforced), both have similar mean withdrawal capacity. How
ever, the PL-R has better post failure load carrying capacity and shows 
more gradual drop in the load beyond failure. This suggests that using 
STS as reinforcement can enhance the post failure behavior without 
noticeable increase in withdrawal capacity. However, since only the 
rods at 20d penetration length were tested to failure, the effect of 
reinforcement using STS at different penetration lengths was not 
investigated. Experimental results of threaded rods embedded in CLT 
[55] shows that the effect of STS varies depending on the embedment 
length, with greater effect observed for shorter lengths. 

Comparing the load–displacement curves (confer Figs. 17 and 18) of 
test series PS (with loading history) and PS-T (without loading history), 
small difference can be observed with PS-T showing lower stiffness and 
withdrawal capacity. However, the difference is small and therefore 
difficult to conclude whether this difference is attributed to loading 
history or natural variability of the tested material. The observed failure 
mode for all specimens of PS and PS-T series was withdrawal (confer 
Fig. 15 (c) and (d)), suggesting no influence of loading history on the 
failure mode. Among all test series tested in pull–push (PS, PS-T, and PS- 
C), the PS-C series shows the highest withdrawal capacity and lowest 

Fig. 16. Representative cut-open specimens.  
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monotonic stiffness, confer Figs. 17 and 18. 
The mean withdrawal capacity (Fax,mean) and mean withdrawal 

strength (fax,mean = Fax,mean/πdl) at failure were calculated, see Table 3. 
The mean withdrawal capacity of all test series is comparable, with a 
difference of less than 20 % between different series. The characteristic 
withdrawal capacity Fax,k and the characteristic withdrawal strength 
(fax,k) were calculated according to EN 14358 [65] assuming lognormal 
distribution, see Table 3. Although test series PL-R shows higher mean 
withdrawal strength compared to PL, it has higher variability resulting 
in lower estimation for the characteristic withdrawal capacity. 

Stamatopoulos and Malo [7] estimated mean withdrawal strength in 
the range of 4.46–5.12 N/mm2 for threaded rods inserted perpendicular 
to grain in glulam. Blaβ and Krüger [54] reported mean withdrawal 
strength in the range of 3.72–4.68 N/mm2 for similar rods inserted 
perpendicular to grain in softwood. Yang et al. [55] observed mean 
withdrawal strength in the range of 2.98–7.86 N/mm2 for threaded rods 
inserted perpendicular to grain into the narrow face of CLT. Li et al. [30] 
reported mean withdrawal strength in the range of 4.76–8.10 N/mm2 

for STS inserted perpendicular to grain into the narrow face of CLT. The 
results shown in Table 3 agrees best with the values reported by 

Fig. 17. Monotonic load–displacement curves.  
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Stamatopoulos and Malo [7] where threaded rods with similar diameter 
and wood of the same species were used. 

4. Conclusions 

This paper investigates the pullout behavior of threaded rods inser
ted perpendicular to grain into the narrow face of CLT elements. 
Threaded rods with outer thread diameter (d) of 22 mm were used in this 
study. Five test series were carried out, with three series tested under 
service-level cyclic loading followed by destructive monotonic loading, 
and two test series were tested under monotonic loading only. The in
fluence of the penetration length, the loading type (tension, compres
sion, fully reversed), the loading configuration (pull-pull, pull–push), 
and the effect of using self-tapping screws as reinforcement were 
investigated. The following main conclusions are drawn:  

• Threaded rods inserted perpendicular to grain into the narrow face of 
CLT elements exhibit high withdrawal stiffness. When inserted at a 
penetration length of 20d, the mean withdrawal stiffness ranges from 
100 to 250 kN/mm. The variation in the stiffness is possibly due to 
the different loading types and loading configurations.  

• The mean withdrawal stiffness under cyclic loading is generally 
higher than the stiffness under monotonic loading.  

• Under service-level loading, the equivalent viscous damping ratio 
ranges from 3 to 12 %.  

• Stiffness exhibits a non-linear relationship with the penetration 
length, showing noticeable convergence beyond 15d (330 mm).  

• Threaded rods inserted perpendicular to grain into the narrow face of 
CLT elements exhibit high withdrawal capacity. When inserted at a 
penetration length of 20 d, the mean withdrawal capacity ranges 
from 137 to 163 kN. The capacity seems not sensitive to the loading 
type and loading configuration.  

• Reinforcement with self-tapping screws can provide more ductile 
load–displacement curve without noticeable increase in the with
drawal capacity. However, the effect of reinforcement at rod pene
tration lengths other than 20d was not investigated. 

• All threaded rods with a penetration length of 20d failed in with
drawal failure mode. The only exception was for rods tested in pull- 
pull loading configuration without reinforcement where the with
drawal failure was combined with splitting failure. However, the 
influence of varying the penetration length on the failure mode was 
not investigated. 
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