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Abstract 

The embedment properties of the dowel-type fasteners is a fundamental parameter that can determine the shear 
resisting performance of the connections utilized in cross-laminated timber (CLT) structures. To investigate the 
embedment strength of the smooth dowels inserted in CLT narrow side, totally 504 CLT embedment specimens 
were tested to evaluate the effects of the influencing factors on the embedment strength, which included the load-
ing angle, the embedment angle, the embedment position, the diameter of the dowels, and the gaps between the 
lumbers. The existing predictive equations of the embedment strength were validated based on the experimental 
results, and modified empirical equations were proposed for a more accurate prediction on the average embedment 
strength. It is found that when the loading direction with a loading angle of 90 degree is parallel to the adhesive 
layer, for the dowels embedded in the core layer and for those embedded between layers, the average embedment 
strength decreases by 27.89% and by 33.61% with an increase of the diameter from 8 to 24 mm, respectively. When 
the loading direction is perpendicular to the adhesive layer, the average embedment strength of the smooth dow-
els with an embedment angle of 90 degree is 85.25–218.96% higher than that of the dowels with an embedment 
angle of 0 degree. Furthermore, almost no drop can be identified for the embedment strength of the dowels with an 
embedment angle of 0 degree when the gap exists in their embedment position. A more accurate prediction on the 
average embedment strength can be achieved based on the modified empirical equations.
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Introduction
Cross-laminated timber (CLT) as a massive engineered 
wood is composed of several layers of lumber boards 
stacked crosswise (typically at 90 degrees) and glued 
together on their wide faces and, sometimes, on their 
narrow faces as well [1, 2]. Compared to solid wood 
or glulam, CLT with improved dimensional stability 
can provide relatively higher in-plane or out-of-plane 
strength and stiffness, making it typically used as the 

shear walls or floor diaphragms in mid- and high-rise 
timber structures [3–5]. Due to the high strength and 
stiffness properties of the massive CLT, the lateral per-
formance of the structure that adopts the CLT as pri-
mary lateral force resisting members mainly depends 
on the mechanical properties of the metal connections 
[6]. Based on their installation locations, the CLT con-
nections can be categorized into the wall-to-foundation 
joint, wall-to-floor joint, wall-to-wall joint, and floor-to-
floor joint [4].

Currently, the most common CLT connections are 
hold-downs and angle brackets fastened by nails, self-
tapping screws or smooth dowels, which are originally 
introduced from light-weight timber constructions (e.g., 
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light-frame wood construction or glulam frame struc-
ture) [7, 8]. The embedment strength of the adopted 
fasteners inserted in CLT is a fundamental parameter 
that can determine the shear resisting capacity of the 
CLT connections. Furthermore, compared to glulam or 
solid wood, the embedment properties of CLT are more 
complicated due to its unique features. It includes the 
orthogonal layups, the existing gap between the lumbers, 
and the reinforcement effect provided by the cross lum-
bers. Therefore, the CLT embedment strength is actually 
a system property influenced by several dominant fac-
tors, which include the size of the fasteners, the loading 
angle, the density of CLT, the gap between neighboring 
lumbers, etc. In addition, it should be noted that the CLT 
embedment side (e.g., plane side or narrow side) adopted 
for the connections corresponds to the specific positional 
relationship between the lumbers and the fasteners. Both 
the plane side insertion and the narrow side insertion 
are illustrated in Fig.  1. Therefore, the specific embed-
ment side adopted for the connections can determine the 
potential factors capable of influencing the CLT embed-
ment strength.

Currently, a large number of studies focus on the 
embedment behavior of solid wood or glulam [9–12]. 
Yurrita and Cabrero [10] concluded that the fastener 
diameter is usually considered as a secondary parameter 
describing the embedment strength of wood in addi-
tion to the wood density. One approach considering the 
influence of the steel properties was also proposed for 
the determination of the embedment strength of wood. 
By contrast, the studies on the more complicated embed-
ment behavior of CLT are relatively limited, and most 
of them focus on comprehending the influences of the 
factors on the embedment strength of different fasten-
ers in CLT. Uibel and Blab [13–15] were the first to test 

the embedment performance of dowel-type fasten-
ers inserted in both the plane and the narrow sides of 
CLT. Empirical models considering the CLT layup fea-
tures were proposed to predict the embedment strength 
of the fasteners inserted in CLT. Tuhkanen et  al. [16] 
experimentally investigated the influences of the num-
ber and the thickness of the lamellas on the embedment 
strength of fasteners in the case of the CLT plane side 
insertion. The hardening effect in CLT cross layers was 
pronounced on larger fastener displacement, resulting 
in higher embedment strength. For the smooth dowels 
inserted in CLT plane side, Dong et al. [17] investigated 
the effects of the lamination thickness, the CLT density, 
the dowel diameter, and the loading angle on the embed-
ment strength. Overall, each influencing factor could 
affect the CLT embedment strength significantly, and the 
influence trends of the four investigated factors were dis-
tinctive. Ringhofer et al. [18] reviewed the existing design 
proposals in form of generic approaches for the embed-
ment strength, and some guidance were suggested. Giko-
nyo et  al. [19] developed a spring model based on the 
embedment properties of each layer for predicting the 
embedment behavior of the dowels inserted in CLT plane 
side. For the CLT with a lamination thickness larger than 
20  mm, an ideal agreement was achieved between the 
numerical behavior and the experimental behavior. Maia 
et  al. [20] evaluated the embedment strength of dowel-
type fasteners inserted in CLT plane side, and found the 
embedment strength depended on the dowel diameter 
significantly in the case of the loading angle of 0 degree 
or 90 degree.

In addition, a few studies have focused on the compari-
son of the embedment properties between the fasteners 
inserted in the CLT plane side and those inserted in the 
CLT narrow side. Ringhofer et al. [7] conducted a review 
on the empirical approaches for predicting the embed-
ment strength of dowel-type fasteners in case of both 
CLT narrow side insertion and CLT plane side insertion. 
It was suggested that the distinctions in ductility or fail-
ure mode between the fasteners inserted in CLT plane 
side and the ones inserted in CLT narrow side should be 
carefully addressed in design. Recently, Dong et  al. [21] 
experimentally investigated the effects of the embed-
ment side and the loading direction on the embedment 
strength of smooth dowels in CLT. It was found that the 
transverse and longitudinal layers shared the load jointly 
when the dowel was inserted in the CLT plane side, 
resulting in the locking or hardening effect. Therefore, 
compared to the dowel inserted in the CLT plane side, for 
that inserted in the CLT narrow side, its failure mode or 
embedment property was distinctive.

The application of CLT wall or floor panels in con-
struction requires their connections with each other and Fig. 1 Illustrations of plane side insertion and narrow side insertion
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with other components of the construction, and for that 
purpose dowel-type fasteners can be used. For the con-
nections of the CLT walls positioned at an angle, such 
as wall corners and junctions of partitions and exterior 
walls, the fasteners are driven into the narrow side (i.e., 
the edges) of the CLT wall panels to transfer the shear 
force between the shear walls positioned at an angle. In 
addition, in a structural system adopting the platform 
construction method, the CLT walls are connected to 
the floors above and below the floor level. For the wall-
to-floor connections, the fasteners are driven into the 
narrow side of the CLT wall panels for the transfer of the 
shear force between the floors and the shear walls, which 
is induced by the seismic and wind loads. Therefore, it 
is possible to insert the dowel-type fasteners in the nar-
row side of the CLT panels. Whereas, in the case of CLT 
narrow side insertion, the effects of the influencing fac-
tors on the embedment strength of the fasteners have not 
been explicitly addressed, and especially the influence 
of the gap between the lumbers on the CLT embedment 
strength still has not been comprehended. Besides, for 
the smooth dowel inserted in CLT narrow side, the exist-
ing limited empirical equations capable of predicting its 
embedment strength still require comprehensive exper-
iment-based validation. In this study, totally 504 CLT 
embedment specimens were tested to evaluate the effects 
of the influencing factors on the embedment strength of 
the smooth dowels inserted in CLT narrow side, which 
included the loading angle, the embedment angle, the 
embedment position, the fastener diameter, and the gap 
between the lumbers. In this study, the loading angle is 
defined as the angle between the loading direction and 
the grain orientation of the CLT face layers, and the 
embedment angle is defined as the angle between the ori-
entation of the fastener and the grain orientation of the 
embedment layer. The existing empirical equations for 
estimating the embedment strength were validated based 
on the experimental results. Besides, modified equations 
were also proposed, which could provide a more accurate 
prediction on the average embedment strength of the 
dowels inserted in CLT narrow side.

Equations for embedment strength of dowels 
inserted in CLT narrow side
Compared to the embedment strength of CLT plane side 
insertion, the existing empirical equations for potentially 
predicting the embedment strength of CLT narrow side 
insertion are relatively limited, which are introduced in 
the following. The notations relative to the density that 
are used in the equations are listed herein: (1) ρ12 (g/
cm3) is the measured density based on mass and vol-
ume of CLT with 12% moisture content according to 
European code EN 1995-1-2 [22]; (2) ρ12,k (g/cm3) is the 

characteristic density based on mass and volume of CLT 
with 12% moisture content according to EN 1995-1-2 
[22]; (3) G (g/cm3) is the characteristic relative density 
based on oven-dry mass and volume according to Cana-
dian code CSA O86 [23]; (4) G0 (g/cm3) is the measured 
relative density for the species or species group based on 
oven-dry mass and volume according to CSA O86 [23].

Based on the studies from Kennedy et al. [24] and NDS 
[25], the density defined in the European code can be 
transformed into the relative density defined in the Cana-
dian or American code based on the following adjust-
ments: (1) converting the average density at 12% moisture 
content to the characteristic density at 15% moisture 
content by multiplying by 0.89; (2) converting the charac-
teristic density at 15% moisture content to the oven-dry 
relative density by multiplying by 1.075; (3) converting 
the mean relative density to the oven-dry characteristic 
density by multiplying by 0.8.

Equations by Uibel and Blab
Uibel and Blab tested the embedment properties of the 
smooth dowels inserted in CLT narrow side and pro-
posed an empirical mode for predicting the embedment 
strength [13–15]. It can be expressed by Eqs. (1) and (2), 
in which, the average and the characteristic values of 
the embedment strength, fθ,ave,UB,nar (MPa) and fθ,k,UB,nar 
(MPa), are dependent on both the diameter of fasteners 
and the density of CLT. The d (mm) is the nominal diam-
eter of the dowels:

Equations from the code CSA O86
The empirical model from the CSA O86 [23] can be 
potentially applied to the estimation of the embedment 
strength of smooth dowels in the case of CLT narrow 
side insertion. In that model, the embedment strength is 
considered dependent on the diameter of fasteners, the 
density of CLT, and the loading angle relative to the grain 
orientation of the individual embedment layer of CLT. 
The empirical model can be expressed by Eqs. (3) and (4), 
in which, fθ,ave,CSA,nar (MPa) and fθ,k,CSA,nar (MPa), respec-
tively, represent the average value and the characteristic 
value of the embedment strength estimated based on the 
CSA O86 [23]. θe represents the loading angle relative to 
the grain of the individual embedment layer, which can 
be adopted as 0 degree and 90 degree for the embedment 
strength parallel to and perpendicular to the grain of the 
embedment layer, respectively. It should be noted that 
when the smooth dowel inserted in CLT narrow side was 

(1)fθ ,ave,UB,nar = 26.31 · (1− 0.017d) · ρ0.91
12

(2)fθ ,k,UB,nar = 23.36 · (1− 0.017d) · ρ0.91
12,k

.
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positioned between CLT layers, the θe was adopted as the 
loading angle relative to the grain orientation of the CLT 
core layer in this study:

Materials and methods
General plan
For the studied three-layer CLT, the angle between the 
loading direction and the grain orientation of the CLT 
face layers was defined as the loading angle θ; besides, 
the angle between the orientation of the dowel and the 
grain orientation of the embedment layer (i.e., core layer 
of CLT) was defined as the embedment angle β. For the 
smooth dowels inserted in CLT narrow side, based on 
the loading direction, the θ, and the β, totally four cases 
should be considered when estimating the embedment 
strength, as shown in Fig. 2. They are, namely, the load-
ing direction is parallel to the adhesive layer with a θ of 
0 degree (dir 1), the loading direction is parallel to the 
adhesive layer with a θ of 90 degree (dir 2), the loading 
direction is perpendicular to the adhesive layer with a β 
of 0 degree (dir 3), and loading direction is perpendic-
ular to the adhesive layer with a β of 90 degree (dir 4), 
respectively.

In this study, all the three-layer CLT embedment speci-
mens with a total thickness t of 105  mm were divided 
into group A and group B. All the CLT specimens were 
manufactured using the adhesive of phenol resorcinol 
formaldehyde (PRF), which was a conventional wood 
laminating adhesive. For the embedment specimens of 
the group A with the loading direction parallel to the 
adhesive layer (i.e., directions 1 and 2), the influence of 
the dowel nominal diameter d was considered. Besides, 
it is possible to position the smooth dowel between the 
core layer and the face layer when it is inserted in CLT 
narrow side, namely, the influence of the adhesive layer of 
CLT on its embedment strength was also considered for 
the specimens of the group A. Therefore, when the load-
ing direction was parallel to the adhesive layer, subgroups 

(3)fθ ,ave,CSA,nar =
0.9× 82ρ12(1− 0.01d)

0.9× 2.27 sin2 θe + cos2 θe

(4)fθ ,k,CSA,nar =
0.9× 50G(1− 0.01d)

0.9× 2.27 sin2 θe + cos2 θe
.

1 to 8 of CLT embedment specimens were tested to 
investigate the effects of the θ, the d, and the adhesive 
layer of CLT on the embedment strength of the smooth 
dowels inserted in CLT narrow side. In addition, for the 
embedment specimens of the group B with the loading 
direction perpendicular to the adhesive layer (i.e., direc-
tions 3 and 4), subgroups 9 to 16 of CLT embedment 
specimens were tested to investigate the effects of the 
d, the gap between the neighboring lumbers within the 
core layer, and the embedment angle β on their embed-
ment strength. For the embedment tests conducted in 
the group A or the group B, the d of the smooth dow-
els was adopted as 8  mm and 24  mm, respectively. The 
details of the cubic CLT embedment specimens from 
the subgroups 1 to 16 are listed in Table  1. Totally 504 
CLT embedment specimens were tested, and the repli-
cates of the specimens tested for each subgroup are also 
listed in Table 1. The final replicates tested in each sub-
group were determined based on an iterative calculation 
method recommended by EN 14358 [26]. During the 
iterative calculation method, the final replicates depend 
on the estimated coefficient of variation (COV) of the 
measured embedment strength per subgroup. Additional 
cubic specimens should be supplemented to the embed-
ment tests until the estimated COV is less than its upper 
limitation that is corresponding to a specific sample size.

Materials
All the cubic CLT embedment specimens were sampled 
from the non-edge-glued three-layer CLT panels with 
a total thickness of 105  mm, which were manufactured 
from the No.2-grade Spruce-pine-fir (SPF) lumbers [27] 
with a cross-sectional dimensions of 140  mm × 35  mm 
(width × thickness). The average density of these CLT 
panels was 494 kg/m3 with a COV of 4.3%. Based on the 
code EN 383 [28], it is recommended that the d of the 
dowel-type fasteners should be less than one quarter of 
the embedment length l. In this study, the l was adopted 
as 140 mm and 70 mm for the smooth dowels with a d of 
24 mm and those with a d of 8 mm, respectively. There-
fore, for the smooth dowels with a d of 24 mm and those 
with a d of 8 mm, the CLT embedment specimens with a 
plane size of 140 mm × 140 mm and those with a plane 
size of 140 mm × 70 mm were used to test their embed-
ment strength, respectively. The embedment length 
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Fig. 2 Smooth dowel inserted in CLT narrow side
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was different for the smooth dowels with a d of 8  mm 
and those with a d of 24 mm. It should be admitted that 
such an arrangement would induce the influence from 
the variation of the embedment length on the measured 
embedment strength. Whereas, based on the experimen-
tal studies conducted by Blaß and Uibel [29] and Xu et al. 
[30], it was indicated that the influence of the embed-
ment length on the embedment strength was much less 
compared to that of the d. Therefore, the influence of 
embedment length on the strength was not considered 
in this paper but should be studied further to quantify 
the influence of changes in embedment length on the 
embedment strength of the smooth dowels inserted in 
CLT. All the CLT embedment specimens were placed in 
the constant temperature and humidity chamber (20 ℃ 
and 65% relative humidity) for almost 2  weeks to reach 
an average moisture content of 12% prior to the embed-
ment tests. The configurations of the CLT embedment 
specimens in the subgroups 1 to 8 and those of the CLT 
embedment specimens in the subgroups 9 to 16 are illus-
trated in Figs. 3 and 4, respectively. Based on the ASTM 
D5764 [31], the half hole in each embedment specimen 
should be predrilled with a diameter 1.6 mm larger than 
the d of the tested dowel. Taking the smooth dowel with 
a d of 24 mm as an example, a pair of cubic embedment 
specimens were put together with their embedment sides 
closely adjacent, and then a 25.6-mm-diameter hole was 
drilled in the center of both embedment specimens, 
forming a predrilled half hole with an identical diameter 
in each embedment specimen.

Embedment test method
Compared to the complete-hole test configuration from 
the EN 383 [28], the half-hole test configuration from the 
ASTM D5764 [31] for the embedment strength is less 
susceptible to the bending of the dowels [32]. Therefore, 
all the embedment tests in this study were conducted 
based on the half-hole test configuration, as shown in 
Fig. 5. Since the displacement from the loading head was 
found much close to that measured from the linear vari-
able differential transducers (LVDTs) mounted at both 
sides of the specimen, the displacement from the load-
ing head was adopted as the embedment displacement 
for simplification. One Q235 steel plate with a thickness 
equal to the d of the dowel was connected to the load-
ing head to simulate the laterally loaded smooth dowel 
embedded in the cubic CLT specimen. The embedment 
specimens were loaded with a constant loading rate of 
1.0  mm/min, and the embedment test was terminated 
once the peak embedment load or the embedment dis-
placement equal to 0.5d was reached.

The experimental embedment strength fe can be cal-
culated based on Eq.  (5), in which Py represents the 5% 
diameter offset load obtained based on the method from 
the ASTM D5764 [31], and l represents the embed-
ment length. The characteristic value of the experimen-
tal embedment strength fe,k was calculated based on EN 
14358 [26]:

(5)fe =
Py

l · d
.

Table 1 Details of cubic CLT embedment specimens

Subgroup Label d (mm) θ (degree) β (degree) Adhesive layer or 
gap

Replicates

1 A-θ = 0-24-NA 24 0 0 No 16

2 A-θ = 90-24-NA 24 90 90 No 20

3 A-θ = 0-24-A 24 0 – Yes 24

4 A-θ = 90-24-A 24 90 – Yes 43

5 A-θ = 0-8-NA 8 0 0 No 41

6 A-θ = 90-8-NA 8 90 90 No 29

7 A-θ = 0-8-A 8 0 – Yes 40

8 A-θ = 90-8-A 8 90 – Yes 39

9 B-β = 0-24-NG 24 – 0 No 37

10 B-β = 90-24-NG 24 – 90 No 20

11 B-β = 0-24-G 24 – 0 Yes 18

12 B-β = 90-24-G 24 – 90 Yes 22

13 B-β = 0-8-NG 8 – 0 No 36

14 B-β = 90-8-NG 8 – 90 No 43

15 B-β = 0-8-G 8 – 0 Yes 35

16 B-β = 90-8-G 8 – 90 Yes 41
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Results and discussion
Embedment behavior and failure mode
The related values of the experimental embedment 
strength of each subgroup are summarized and listed 
in Table  2, which include the maximum embedment 
strength fe,max, the minimum embedment strength fe,min, 

the average embedment strength fe,ave, the COVs, and 
the characteristic embedment strength fe,k. For the group 
A or the group B, when the d is enhanced from 8 to 
24  mm, the variation in the corresponding embedment 
strength fe is not significant. For instance, for the group 
A, fe,ave of the dowels with an 8-mm d is in the range of 

Fig. 3 CLT embedment specimens in the group A (subgroups 1 to 8)

Fig. 4 CLT embedment specimens in the group B (subgroups 9 to 16)
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5.84–38.55 MPa (Table 2), and that of the dowels with a 
24-mm d is in the range of 5.79–27.80 MPa (Table 2).

For the average force–displacement curves of the speci-
mens in subgroups 2 to 4 and for those of the specimens in 
subgroups 6 to 8, the embedment force declines when the 
displacement exceeds a critical value, as shown in Fig.  5a, 
b. Whereas, for the average force–displacement curves of 
the specimens in subgroups 9 to 16, no degradation of the 
embedment force can be observed during the loading pro-
cess, as shown in Fig. 5c, d. It indicates that a significant dif-
ference in ductility exists in the embedment behaviors of 
the dowels inserted in CLT narrow side between the case of 
the loading direction parallel to the adhesive layer and that 
of the loading direction perpendicular to the adhesive layer. 
The loading angle θ, the embedment angle β, the adhesive 
layer, and the gap between the lumbers have a statistically 

significant influence on the embedment strength of the dow-
els in CLT, and the influence trends of them on the embed-
ment strength are different. A more detailed analysis on 
the effects of these influencing factors on the embedment 
strength will be conducted in the following.

For the specimens in subgroups 1 to 4 and those in 
subgroups 6 to 8, in their average force–displacement 
curves, the embedment force declines when the displace-
ment exceeds a critical value. The embedment force cor-
responding to that critical displacement was obtained as 
the ultimate embedment force Fu of the CLT embedment 
specimens. As for the specimens in the other subgroups, 
no degradation of the embedment force can be observed 
in their average force–displacement curves (Fig.  6). The 
maximum embedment force Fmax was obtained from the 
average force–displacement curves of those CLT embed-
ment specimens. Fu or Fmax obtained from the average 
force–displacement curve of the specimens per subgroup 
is listed in Table 3. The embedment specimens in the sub-
groups 9 to 16 were tested using the smooth dowels with 
a d of 24 mm. For the specimens in the subgroups 9 to 
16, no significant decrease of the embedment force were 
observed in their force–displacement curves, although 
slight crushing might occur in some specimens during 
the loading process. Therefore, based on the require-
ments from ASTM D5764 [31], it was determined that 
all the specimens in the subgroups 9 to 16 were loaded 
to a displacement equal to 0.5d (i.e., 12 mm). The aver-
age force–displacement curves of those embedment 
specimens are shown in Fig.  6d, and the embedment 

Fig. 5 Half-hole embedment test configuration

Table 2 Experimental embedment strength of all the subgroups

fe,k was calculated based on the method from EN 14358 [26]

Subgroup Label Replicates fe,max (MPa) fe,min (MPa) COV (%) fe,ave (MPa) fe,k (MPa)

1 A-θ = 0-24-NA 16 7.98 4.77 12.0 5.79 3.73

2 A-θ = 90-24-NA 20 34.59 18.91 13.9 27.80 18.42

3 A-θ = 0-24-A 24 21.94 13.51 13.4 16.90 12.60

4 A-θ = 90-24-A 43 16.85 5.96 25.2 11.06 5.97

5 A-θ = 0-8-NA 41 8.70 3.97 19.8 5.84 3.72

6 A-θ = 90-8-NA 29 49.41 27.99 18.9 38.55 24.91

7 A-θ = 0-8-A 40 25.64 13.03 18.3 18.17 12.07

8 A-θ = 90-8-A 39 24.48 10.23 21.7 16.66 10.02

9 B-β = 0-24-NG 37 8.27 3.62 22.9 5.82 3.37

10 B-β = 90-24-NG 20 15.47 8.29 18.3 11.75 7.68

11 B-β = 0-24-G 18 7.69 4.53 13.5 5.83 3.54

12 B-β = 90-24-G 22 13.23 8.05 15.0 10.80 7.60

13 B-β = 0-8-NG 36 8.27 4.62 19.9 6.01 3.81

14 B-β = 90-8-NG 43 23.68 14.88 12.1 19.17 14.95

15 B-β = 0-8-G 35 9.98 4.53 25.5 6.77 3.61

16 B-β = 90-8-G 41 22.58 10.97 13.0 17.70 13.50
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force corresponding to the displacement of 12  mm was 
obtained as Fmax of the specimens.

For the specimens in subgroups 2 to 4 and those in 
subgroups 6 to 8, the increasing ratio between Fu of the 
24-mm-d dowels to that of the 8-mm-d dowels is within 
the range of 3.69–5.39. For the specimens in subgroups 9 
to 16, when the β is 0 degree, the increasing ratio between 
Fmax of the 24-mm-d dowels to that of the 8-mm-d dow-
els is within the range of 7.18–7.91. By contrast, when the 
β is 90 degree, the increasing ratio between Fmax of the 
24-mm-d dowels to that of the 8-mm-d dowels is within 
the range of 4.15–4.27. It should be noted the influence 
of the embedment length on the embedment force was 
not considered, which should be studied further to quan-
tify the influence of changes in embedment length on the 
embedment force of the dowels in CLT.

The failure mode of the embedment specimens from 
subgroups 1 to 8 depends on the specific embedment 
location of the dowels in CLT. When the embedded 
smooth dowel was positioned within the CLT core 
layer, for the embedment specimen with a θ of 90 

(a) Diameter of 8 mm in subgroups 1 to 8 (b) Diameter of 24 mm in subgroups 1 to 8

(c) Diameter of 8 mm in subgroups 9 to 16 (d) Diameter of 24 mm in subgroups 9 to 16
Fig. 6 Average force–displacement curves of the CLT embedment specimens

Table 3  Fu or Fmax obtained from the average force–
displacement curve

Subgroup Label Force Value (kN) Increasing ratio

1 A-θ = 0-24-NA Fu 24.00 4.53

2 A-θ = 90-24-NA Fu 106.03 4.94

3 A-θ = 0-24-A Fu 54.73 5.39

4 A-θ = 90-24-A Fu 34.37 3.69

5 A-θ = 0-8-NA Fmax 5.30 –

6 A-θ = 90-8-NA Fu 21.47 –

7 A-θ = 0-8-A Fu 10.15 –

8 A-θ = 90-8-A Fu 9.30 –

9 B-β = 0-24-NG Fmax 31.47 7.91

10 B-β = 90-24-NG Fmax 56.83 4.15

11 B-β = 0-24-G Fmax 30.86 7.18

12 B-β = 90-24-G Fmax 55.17 4.27

13 B-β = 0-8-NG Fmax 3.98 –

14 B-β = 90-8-NG Fmax 13.67 –

15 B-β = 0-8-G Fmax 4.30 –

16 B-β = 90-8-G Fmax 12.91 –
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degree, splitting failure occurred within its longitudinal 
core lamination; for the embedment specimen with a θ 
of 0 degree, its transverse core lamination was crushed, 
as illustrated in Fig.  7. When the embedded smooth 
dowel was positioned between the CLT layers, prelim-
inary crack formed and propagated in the CLT trans-
verse lamination; besides, delamination failure might 
occurred along the adhesive layer of a small part of 
embedment specimens, as illustrated in Fig. 8.

For the embedment specimens with the loading direc-
tion perpendicular to the adhesive layer of the CLT, 
when gap did not exist in the embedment position, 
crushing failure occurred in the embedment lamination 
of the specimens in case of a β of 0 degree or 90 degree, 
as shown in Fig.  9. When the gap between lumbers 

existed in the embedment position of the dowel, in 
case of a β of 90 degree, preliminary crack formed and 
propagated near the edge sides of the embedment spec-
imens, which was induced by the warpage of the CLT 
embedment lamination, as shown in Fig. 10b.

Influencing factors on the embedment strength
Diameter of dowel
The curves formed based on the empirical cumulative 
distribution functions (CDFs) of the embedment strength 
fe were adopted to analyze the effects of the influenc-
ing factors on fe. The influence from the diameter of 
the smooth dowels d on the embedment strength was 
investigated for the CLT embedment specimens in the 
group A and for those in the group B, respectively. For 
the embedment tests conducted in the subgroups 1 to 8, 
whether the d had an effect on fe depended on the value 
of θ. As shown in Fig. 11a, c, in case of the θ adopted as 
90 degree, when the d is enhanced from 8 to 24 mm, fe,ave 
decreases by 27.89% and 33.61% (Table  2) for the dow-
els embedded in the core layer and for those embedded 
between layers, respectively. Whereas, in case of the θ 
adopted as 0 degree, fe of the dowels with a d of 8 mm is 
similar to that of the dowels with a d of 24 mm, as shown 
in Fig. 11b, d.

For the embedment tests conducted in the subgroups 
9 to 16, whether the d had an effect on the embedment 
strength fe depended on the value of β. As shown in 
Fig. 12a, c, in case of the β adopted as 90 degree, when 
the d is enhanced from 8 to 24  mm, fe,ave decreases by 
38.71% and 43.70% (Table 2) for the dowels that are not 
influenced by the gap and for those influenced by the 
gap, respectively. Whereas, in case of the β adopted as 0 
degree, fe of the dowels with a d of 8 mm is similar to that 
of the dowels with a d of 24 mm, as shown in Fig. 12b, d.

Overall, for the embedment specimens with the load-
ing direction parallel to the adhesive layer, when the θ is 
90 degree, the embedment strength decreases with an 
increasing of the diameter of the dowels, as shown in 
Fig. 11a, c. For the embedment specimens with the load-
ing direction perpendicular to the adhesive layer, when 

Splitting of 
longitudinal lamination 

Crushing in 
transverse lamination

(a) Loading angle of 90 degree (b) Loading angle of 0 degree
Fig. 7 Specimen with dowel positioned within a single layer

Crack in transverse 
lamination 

Delamination  

(a) Crack in transverse lamination (b) Delamination failure
Fig. 8 Specimen with dowel positioned between layer (θ of 90 
degree)

Crushing Crushing

(a) Embedment angle of 0 degree (b) Embedment angle of 90 degree

Fig. 9 Damage modes of embedment specimens without the 
influence from the gap

Gap
Crack

Gap

(a) Embedment angle of 0 degree (b) Embedment angle of 90 degree

Fig. 10 Damage modes of embedment specimens influenced by 
the gap
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the β is 90 degree, the embedment strength decreases 
with an increasing of the diameter of the dowels, as 
shown in Fig. 12a, c. Similar findings were also reported 
in the references [13–15, 17, 29]. It is because the embed-
ment area of the CLT specimens covered by the dowels 
is enhanced when the d increases. Due to the size effect, 
more intrinsic defects would be contained and the exper-
imental embedment strength is weaken. Considering the 
influence of the embedment length on the embedment 
strength was much less compared to that of the diameter 
of the dowels [29, 30], the influence of the embedment 
length on the embedment strength was not considered 
in this study, which should be further investigated in the 
future.

Loading angle
When embedded in the CLT core layer, fe of the dow-
els laterally loaded with a θ of 90 degree is significantly 
higher, compared to the dowels loaded with a θ of 0 
degree, as shown in Fig. 13a, b. It is due to the obvious 
reason that the grain orientation of the embedded core 
layer is parallel to the loading direction in the case of the 
90-degree θ, and in the case of the 0-degree θ, the grain 
orientation of the embedded core layer is perpendicular 

to the loading direction. By contrast, when embedded 
between the CLT layers, fe,ave of the dowels loaded with 
a θ of 90 degree are 34.55% smaller and 8.31% smaller 
(Table  2) than that of the dowels loaded with a θ of 0 
degree for the d of 24 mm and for the d of 8 mm, respec-
tively (Fig. 13c, d). It is because the CLT with the dowels 
loaded with a θ of 0 degree is composed of two longitudi-
nal face layers and one transverse core layer. Its in-plane 
compressive strength is higher than that of the CLT with 
the dowels loaded with a 90-degree θ, which is com-
posed of two transverse face layers and one longitudinal 
core layer. Therefore, for the smooth dowel positioned 
between the face layer and the core layer,  the fe actually 
belonging to the local in-plane compressive strength of 
CLT is higher in the case of the θ adopted as 0 degree.

Adhesive layer of CLT
For the embedment specimens in subgroups 1 to 8, when 
the θ is adopted as 90 degree, fe of the dowels embed-
ded within the CLT longitudinal core layer is signifi-
cantly higher than that of the dowels embedded between 
the face layer and the core layer, as shown in Fig.  14a, 
c. Whereas, when the θ is adopted as 0 degree, fe of the 
dowels embedded between the face layer and the core 

fe (MPa) fe (MPa)
(a) θ = 90 & embedded in core layer (b) θ = 0 & embedded in core layer

fe (MPa) fe (MPa)
(c) θ = 90 & embedded between layers (d) θ = 0 & embedded between layers

Fig. 11 Embedment strength of dowels with different diameters (group A)
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layer is significantly higher than that of the dowels 
embedded within the CLT transverse core layer, as shown 
in Fig.  14b, d. It is because the embedment area (i.e., 
l × d) equally covers the longitudinal layer and the trans-
verse layer for the dowel positioned between the CLT 
layers, and the corresponding fe can be approximated as 
the average value of the parallel-to-grain compressive 
strength and the perpendicular-to-grain compressive 
strength of the lumber. Besides, comparison between 
the experimental embedment strength and the compres-
sive strength of the lumber was conducted. The material 
data of the No. 2-grade SPF lumber was provided by the 
CLT manufacturer. The average compressive strength of 
the lumber in the parallel-to-grain direction flc,0 and that 
of the lumber in the perpendicular-to-grain direction 
flc,90 were adopted as 28.7 MPa with a COV of 9.2% and 
5.8  MPa with a COV of 10.4%, respectively. Therefore, 
the average value of flc,0 and flc,90 was 17.25 MPa. For the 
specimens in the four groups with the dowels embed-
ded between layers (i.e., A-θ = 90-24-A, A-θ = 90-8-A, 
A-θ = 0-24-A, and A-θ = 0-8-A), their fe,ave was within 
the range of 11.06–18.17  MPa. The average value of 
17.25  MPa was similar to fe,ave of the specimens in the 

four aforementioned groups, which was within the range 
of 11.06–18.17 MPa.

Embedment angle
For the CLT embedment specimens in the subgroups 9 
to 16, fe,ave of the laterally loaded dowels with a β of 90 
degree is 85.25–218.96% higher (Table 2) than that of the 
dowels with a β of 0 degree. It indicates that the β is the 
most dominant factor affecting fe of the dowels inserted 
in CLT narrow side in case of the loading direction per-
pendicular to the adhesive layer. Besides, the distinction 
between fe of the dowels with a β of 90 degree and that of 
the dowels with a β of 0 degree is more pronounced when 
the d decreases from 24 to 8  mm, as shown in Fig.  15. 
It is because when the β is 90 degree, the orientation of 
the dowel is perpendicular to the grain orientation of 
the embedment layer. More wood fibers of the embed-
ment layer are subjected to the embedment force, and the 
number of the embedded wood fibers is actually deter-
mined by the length of the dowels. By contrast, when the 
β is 0 degree, the orientation of the dowel is parallel to 
the grain orientation of the embedment layer, and less 
wood fibers of the embedment layer are subjected to the 

fe (MPa) fe (MPa)
(a) β = 90 & without the gap (b) β = 0 & without the gap

fe (MPa) fe (MPa)
(c) β = 90 & influenced by the gap (d) β = 0 & influenced by the gap

Fig. 12 Embedment strength of dowels with different diameters (group B)
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embedment force. Therefore, the embedment strength of 
the dowels with a β of 90 degree is higher than that of the 
dowels with a β of 0 degree.

Gap between lumbers
For the CLT embedment specimens in the subgroups 9 to 
16 with the loading direction perpendicular to the adhe-
sive layer, when the embedment angle β is 90 degree, the 
gap between the lumbers existing in the embedment posi-
tion of the dowels can weaken their fe. For instance, when 
the embedment angle is 90 degree and the d is 8  mm, 
fe,ave of the dowels embedded in the gap is 7.67% less than 
that of the laterally loaded dowels that are not affected by 
the gap (Table 2), as shown in Fig. 16c. Whereas, when 
the embedment angle β is 0 degree, namely, the orienta-
tion of the dowels is parallel to the grain orientation of 
the embedment layer, almost no drop can be identified 
for fe of the dowels when the gap exists in their embed-
ment position, as shown in Fig. 16b, d. It might because 
when the embedment angle is 90 degree, the gap between 
the lumbers existing in the embedment position cut off 
the original continuous wood fibers that pass through the 
embedment position. It would weaken the force-resisting 
capacity of the embedment position, which is provided 

by the group of the wood fibers passing through the 
embedment position. By contrast, when the embedment 
angle is 0 degree, the gap between the lumbers existing in 
the embedment position dose not cut off the wood fibers 
within the embedment area. Therefore, when the embed-
ment angle β is 90 degree, the gap between the lumbers 
can weaken the embedment strength. Whereas, when the 
embedment angle β is 0 degree, the gap between the lum-
bers has little effect on the embedment strength.

Verification of the existing design equations
In this study, the aforementioned Eq.  (1) by Uibel and 
Blab [13–15] and Eq.  (3) from the CSA O86 [23] were, 
respectively, verified, by comparing the average embed-
ment strength predicted by Eqs. (1) or (3) with the aver-
age value of the experimental embedment strength. 
It should be noted that the characteristic embedment 
strength predicted by Eqs.  (2) or (4) was not verified. It 
is because the characteristic value of the experimen-
tal embedment strength obtained based on the short-
term load duration (i.e., no more than 15  min) should 
be adjusted by the load-duration factor, before compar-
ing with the characteristic value of the predicted embed-
ment strength. Whereas, the load-duration factor for the 

fe (MPa) fe (MPa)
(a) d = 24 & embedded in core layer (b) d = 8 & embedded in core layer

fe (MPa) fe (MPa)
(c) d = 24 & embedded between layers (d) d = 8 & embedded between layers

Fig. 13 Embedment strength of dowels under different loading angles
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embedment strength of CLT has not been determined, 
which is dependent on the type of load, the type of engi-
neered wood, the required reliability specified by the 
domestic codes, etc.

The comparison of the average embedment strength 
between the experimental results and the predictions 
based on Eq. (1) is shown in Fig. 17. Around 8.7% of the 
embedment strength predicted by Eq. (1) are higher than 
the experimental embedment strength for the speci-
mens in the group A. As for the group B, around 39.8% 
of the predicted embedment strength are higher than 
the experimental embedment strength. It is noted that 
for the four subgroups with a β of 0 degree in the group 
B, the experimental embedment strength of all the repli-
cates is less than the embedment strength predicted by 
Eq.  (1), as shown in Fig.  17b. It indicates that Eq.  (1) is 
un-conservative for predicting the embedment strength 
of the specimens with a β of 0 degree.

Compared to Eq.  (1) from Uibel and Blab [13–15], 
the influence of the loading angle relative to the grain 
orientation of the embedment layer is considered in 
Eq.  (3) from the CSA O86 [23]. The comparison of the 
average embedment strength between the experimental 

results and the predictions based on Eq.  (3) is shown 
in Fig.  18. Around 49.2% of the embedment strength 
predicted by Eq.  (3) are higher than the experimental 
embedment strength for the specimens in the group A. 
By contrast, for the specimens in the group B, the ratio 
of the predicted embedment strength that is higher 
than the experimental embedment strength is enhanced 
to 68.3%. Therefore, compared to Eq.  (1), Eq.  (3) is less 
conservative for the estimation of the average embed-
ment strength of the dowels inserted in CLT narrow 
side. For the two subgroups with a β of 0 degree in the 
group A (i.e., A-θ = 0-8-NA and A-θ = 0-24-NA) and the 
four subgroups with a β of 0 degree in the group B, the 
experimental embedment strength of all the replicates 
is less than the predicted embedment strength. It indi-
cates that Eq.  (3) is un-conservative for predicting the 
embedment strength of the dowels inserted in CLT nar-
row side with a β of 0 degree. Besides, it is noted that for 
the subgroups of A-θ = 90-8-A and A-θ = 90-24-A, the 
average embedment strength is overestimated by Eq. (3), 
when compared to the average value of the experimental 
embedment strength, as shown in Fig. 18a.

fe (MPa) fe (MPa)
(a) θ = 90 & d = 24 (b) θ = 0 & d = 24

fe (MPa) fe (MPa)
(c) θ = 90 & d = 8 (d) θ = 0 & d = 8

Fig. 14 Embedment strength of dowels positioned within CLT core layer and between CLT layers
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Modification of the existing equations for average 
embedment strength
The empirical model expressed by Eq. (3) is more compli-
cated compared to the general empirical model expressed 
by Eq.  (1). Therefore, it was determined that necessary 
modification was conducted based on the empirical 
Eq. (3) from the CSA O86 [23] for a more accurate pre-
diction on the average embedment strength of smooth 
dowels inserted in CLT narrow side. The modified empir-
ical model can be expressed by Eqs. (6)–(8), in which, the 
influencing factors including the embedment position, 
the loading angle relative to the grain of the embedment 
layer θe, and the embedment angle β are considered. 
Based on the modified Eqs.  (6)–(8), the average embed-
ment strength fθ,ave,Mod,nar was predicted for the sub-
groups 1 to 16, which was then compared to the average 
value of the experimental embedment strength fe,ave, as 
shown in Fig. 19. Statistical comparison of the prediction 
accuracy was conducted for the existing Eqs. (1) and (3) 
as well as the modified Eqs.  (6)–(8), as listed in Table 4. 
It is found that the mean absolute error or the absolute 
percent error based on the modified Eqs. (6)–(8) is much 
less than that based on the existing Eq. (1) or (3). It sug-
gests that compared to the existing empirical Eq.  (1) or 

(3), the modified empirical equations can provide a more 
accurate prediction on the average embedment strength 
of the smooth dowels inserted in CLT narrow side.

For smooth dowel positioned between CLT layers:

For smooth dowel positioned within CLT core layer & 
β = 90 degree:

For smooth dowel positioned within CLT core layer & 
β = 0 degree:

Based on a series of CLT embedment tests conducted 
by Uibel et  al. [14] and Dong et  al. [21], the average 
embedment strength fe,ave of the fasteners inserted in 

(6)
fθ ,ave,Mod,nar =

0.9× 82ρ12(0.5− 0.005d)

0.9× 2.27 sin2 θe + cos2 θe

+
0.9× 82ρ12(0.5− 0.005d)

0.9× 2.27 cos2 θe + sin2 θe
.

(7)fθ ,ave,Mod,nar =
0.9× 82ρ12(1− 0.01d)

0.9× 2.27 sin2 θe + cos2 θe
.

(8)fθ ,ave,Mod,nar =
0.5× 82ρ12(1− 0.01d)

0.9× 2.27 sin2 θe + cos2 θe
.

fe (MPa) fe (MPa)
(a) d = 24 & without the gap (b) d = 8 & without the gap

fe (MPa) fe (MPa)
(c) d = 24 & influenced by the gap (d) d = 8 & influenced by the gap

Fig. 15 Embedment strength of dowels with different embedment angles
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CLT narrow side was obtained. In these studies, both 
3-layer CLT and 5-layer CLT were tested, and the d of the 
dowel-type fasteners ranged from 8 to 24  mm. The test 
data from the references [14] and [21] were used to ver-
ify the proposed empirical Eqs. (6)–(8) in this study. The 

experimental embedment strength fe,ave from the refer-
ences and the embedment strength fθ,ave,Mod,nar predicted 
based on Eqs. (6)–(8) are listed in Table 5. It is illustrated 
that the predictive embedment strength is similar to the 
experimental embedment strength. It indicates that the 

fe (MPa) fe (MPa)
(a) β = 90 & d = 24 (b) β = 0 & d = 24

fe (MPa) fe (MPa)
(c) β = 90 & d = 8 (d) β = 0 & d = 8

Fig. 16 Embedment strength of dowels positioned in the gap and without the gap
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fθ,ave,UB,nar (MPa) fθ,ave,UB,nar (MPa)
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e
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(a) Average strength of group A (b) Average strength of group B
Fig. 17 Verification of the empirical Eq. (1)
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modified Eqs. (6)–(8) are capable of providing a relatively 
accurate prediction on the average embedment strength 
of the dowels inserted in CLT narrow side.

Conclusions
Based on comprehensive tests on 504 CLT embedment 
specimens, the embedment strength of the smooth 
dowels inserted in CLT narrow side was investigated, 
and the effects of the influencing factors on the embed-
ment strength were analyzed. Besides, the existing 

empirical equations for estimating the average embed-
ment strength were validated, and modified equations 
were proposed for a more accurate prediction on it. The 
main conclusions are as follows:

(1) When the loading direction with a loading angle of 
90 degree is parallel to the CLT adhesive layer, for 
the dowels embedded in the core layer and for those 
embedded between layers, the average embedment 
strength decreases by 27.89% and by 33.61% with 
an increase of the d from 8 to 24 mm, respectively. 
It is because when the d increases, the embedment 
area of the CLT specimens covered by the dowels is 
enhanced, and more intrinsic defects would be con-
tained. The influence of the embedment length on 
the embedment strength was not considered, which 
should be further investigated in the future.

(2) When embedded between CLT layers, the average 
embedment strength of the dowels under a θ of 90 
degree is less than that of the dowels under a load-
ing angle of 0 degree. It is because the CLT with the 

f e,
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e
(M

Pa
)

fθ,ave,CSA,nar (MPa) fθ,ave,CSA,nar (MPa)

f e,
av

e
(M

Pa
)

(a) Average strength of group A (b) Average strength of group B
Fig. 18 Verification of the empirical Eq. (3)
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(a) Average strength of group A (b) Average strength of group B
Fig. 19 Verification of the modified empirical equations

Table 4 Comparisons of the existing and the modified 
equations for average strength

Empirical model Mean absolute error 
(MPa)

Absolute 
percent 
error (%)

Equation (1) 7.1641 49.70

Equation (3) 6.2473 72.40

Equations (6)–(8) 3.1318 22.11
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dowels loaded with a θ of 0 degree is composed of 
two longitudinal face layers and one transverse core 
layer. Its in-plane compressive strength is higher 
than that of the CLT with the dowels loaded with a 
θ of 90 degree.

(3) When the loading direction is perpendicular to the 
adhesive layer, the average embedment strength of 
the smooth dowels with a β of 90 degree is 85.25–
218.96% higher than that of the dowels with a β of 0 
degree. It is because when the β is 90 degree, more 
wood fibers of the embedment layer are subjected 
to the embedment force.

(4) When the loading direction is perpendicular to 
the CLT adhesive layer, in case of a β of 0 degree, 
almost no drop can be identified for the embed-
ment strength of the dowels when the gap exists in 
their embedment position. It might because when 
the β is 0 degree, the gap between the lumbers 
existing in the embedment position dose not cut off 
the wood fibers within the embedment area.

(5) The modified empirical equations can provide a 
more accurate prediction on the average embed-
ment strength of the smooth dowels inserted in 
CLT narrow side, compared to the existing empiri-
cal equations.

To conclude, the results will be helpful to achieve a 
more efficient utilization of the dowel-type fasteners 
and facilitate a more reliable design of the CLT connec-
tions. Although CLT layup and connection combinations 
vary greatly, the proposed empirical model is capable of 
serving as a potential tool for estimating the embedment 
strength of dowels inserted in CLT narrow side.
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