
Sun et al. Journal of Wood Science           (2023) 69:31  
https://doi.org/10.1186/s10086-023-02103-3

ORIGINAL ARTICLE Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Journal of Wood Science

An experimental and numerical study 
on the coupling effect of CLT wall-to-floor angle 
bracket connections
Xiaofeng Sun1, Minjuan He1* and Zheng Li1 

Abstract 

Cross-laminated timber (CLT) wall panels are commonly connected to the floor or foundation using metal con-
nections, which play a critical role in determining the seismic performance and energy dissipation of the CLT shear 
walls. In this study, to comprehend the tension–shear coupling effect of the CLT wall-to-floor angle bracket connec-
tions under seismic loads, both monotonic and cyclic shear tests were conducted on the angle brackets that were 
also simultaneously applied with different levels of prescribed vertical axial tension. The influence of the co-existent 
axial tension on the horizontal shear performance of the angle brackets was analyzed. Furthermore, a numeri-
cal model of the angle brackets was developed and validated with the experimental results, which could predict 
the tension–shear coupling effect based on the monotonic loading scenario. Based on the numerical model, para-
metric analysis was conducted, and an analytical tension–shear interaction diagram representing the coupling 
effect of the angle brackets under seismic loads was established. It is found that with an increase of the axial tension 
from 0 to 30 kN, the shear resisting capacity of the angle brackets is diminished by 33.29%, and the pinching effect 
of their hysteretic load–displacement curves is mitigated. When the number of the connection-to-floor screws 
of the angle brackets was increased from 10 to 14, the shear resisting capacity of the angle brackets can be enhanced 
by 6.43%, and their shear strength degradation can be relieved by 12.85–56.25%. For the CLT wall-to-floor angle 
brackets, the analytical interaction diagram can be described using one bilinear function, which consists of the ratio 
between the shear to the shear resistance and the ratio between the tension to the pull-out resistance.

Keywords Angle bracket, Tension–shear coupling effect, Seismic performance, Numerical model, Analytical 
interaction diagram

Introduction
Cross-laminated timber (CLT) is a massive engineered 
wood with the advantages of ideal integrity, large in-
plane stiffness, excellent thermal insulation performance, 
etc. [1–3]. These advantages of CLT make it a competi-
tive building material that is suitable for the floor dia-
phragms or the shear walls in mid- and high-rise timber 

structures. The CLT wall panels are commonly connected 
to the foundation or the floor diaphragms using hold-
downs and angle brackets, forming one typical CLT shear 
wall structure. The hold-downs and the angle brackets 
are commonly connected to the floor diaphragms using 
screws or nails, or anchored to the foundation using 
bolts. The CLT wall panels can behave rigidly with an 
elastic behavior due to their high in-plane strength and 
stiffness. Therefore, the mechanical properties of the 
hold-downs or the angle brackets can almost dominate 
the seismic performance of the CLT shear wall structures 
[4–6].
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During the early stage, most of the studies on CLT 
focus on comprehending the mechanical properties of 
typical CLT connections (e.g., hold-downs, angle brack-
ets, etc.), which serves as a basis for the subsequent 
studies on CLT shear walls. Gavric et  al. [7] conducted 
hysteretic tests on hold-downs and angle brackets, and 
the cyclic loading was applied along the vertical tension 
direction and the horizontal shear direction separately. 
It is found that the two typical CLT connections can 
provide desirable ductility and good energy dissipation. 
Tomasi and Smith [8] tested the shear performance of 
the specially designed wall-to-foundation angle brack-
ets. It was emphasized that experiment-based studies 
were the only reliable means of determining the design 
capacities of the connections. Hossain et  al. [9] investi-
gated the feasibility of using self-tapping screw assem-
blies with a double inclination of fasteners for the shear 
connection of CLT panels. The connection assembly with 
a double inclination of fasteners can provide excellent 
structural performance and the required ductility for the 
system. Izzi et al. [10] conducted vertical tension tests on 
CLT steel-to-timber joints fastened by annular-ringed 
shank nails. The experimental tensile capacity was con-
sistent with the predictive one based on the provisions 
from the European Technical Assessment (ETA) [11]. 
Sun et  al. [12] analyzed the seismic performance of the 
CLT shear wall structures equipped with the U-shaped 
flexural plate (UFP) connections as the dissipaters. It 
was approved that the UFP connections could effectively 
reduce the absolute horizontal accelerations of the struc-
tures under seismic loads. Overall, it is deemed that the 
CLT connections can provide substantial resistance in 
orthogonal directions (i.e., the vertical and the horizontal 
directions), and their ductility can affect the energy-dis-
sipating capacities of the CLT structures. For simplifica-
tion, the aforementioned studies were conducted based 
on a design assumption that the rocking mechanism and 
the slip mechanism of the shear walls act independently. 
Therefore, the shear behavior and the tensile behavior 
of the connections were considered uncoupled in these 
studies.

For one multi-story CLT shear wall structure under the 
seismic loads, the rocking and the slip mechanisms of its 
shear walls actually act jointly on the wall-to-floor and 
the wall-to-foundation connections. A series of studies 
have focused on the tension–shear coupling effect of the 
CLT connections, which can be described as a phenom-
enon that the vertical tension behavior (i.e., axial tension 
behavior) of the connections can affect their horizontal 
shear behavior and vice versa. Liu and Lam [13, 14] con-
ducted a series of tests with a specially designed setup to 
investigate the coupling effect of both CLT hold-downs 
and angle brackets. It was found that the co-existent axial 

tension could significantly reduce the shear resistance of 
the hold-downs or the angle brackets. Subsequently, Liu 
et  al. [15] modeled the coupling effect of hold-downs 
using a finite element-based algorithm called HYST, 
which was originally used for simulating the mechanical 
behavior of nail-based timber connections. In Liu’s stud-
ies [13–15], the tested angle brackets and hold-downs 
were designed to connect the CLT shear walls to the steel 
foundation. Pozza et  al. [16] tested the tension–shear 
coupling effect of the CLT wall-to-foundation hold-
downs. It was found that the axial mechanical properties 
of the hold-downs could be affected by the lateral defor-
mation imposed on the hold-downs. Then, Pozza et  al. 
[17] developed a novel coupled tension–shear numerical 
model capable of predicting the coupling response of the 
hold-downs under general loading scenarios.

Commenting on the tension–shear interaction rela-
tionship of CLT connections in a quantitative manner 
has become one critical task, which can facilitate a safer 
seismic design of CLT connections. Izzi et al. [18] devel-
oped a novel finite element model of the wall-to-floor 
angle bracket or hold-down, which was bolted to the 
floor diaphragm. In that model, by varying the inclination 
of the load representing the simultaneously applied lat-
eral and axial loads, based on numerical analysis, an ana-
lytical quadratic tension–shear interaction relationship 
was obtained for the CLT connections. D’Arenzo et  al. 
[19, 20] conducted monotonic tests on novel CLT wall-
to-floor angle brackets in tension and shear directions 
separately. A quadratic tension–shear interaction was 
recommended for the angle brackets based on numerical 
analysis. The work conducted by D’Arenzo for deriving 
the interaction relationship was similar to that conducted 
by Izzi et al. [18]. By assuming a quadratic tension–shear 
coupling effect, Masroor et al. [21] investigated the influ-
ence of the bi-axial contribution of the angle brackets 
on the lateral performance of the CLT shear walls. In 
the model, the lateral displacements and the rotations of 
the walls were decreased once considering the coupling 
effect of the connections, which indicated the necessity 
of considering the tension–shear coupling effect in engi-
neering design.

Based on the aforementioned literature review, it is 
found that the analytical tension–shear interaction rela-
tionship in some studies was obtained mainly based on 
the connection tests with a loading scenario of axial ten-
sion or horizontal shear separately rather than based on 
tests with simultaneously applied tension and shear. Fur-
thermore, experimental studies on the coupling effect of 
the wall-to-floor angle brackets fastened with self-tap-
ping screws are limited. To explicitly address the issues, 
monotonic and cyclic shear tests were conducted on CLT 
wall-to-floor angle brackets, which were simultaneously 
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applied with different levels of prescribed axial tension. 
The tension–shear coupling effect of the angle brackets 
under seismic loads was studied, and their horizontal 
shear performance was analyzed with respect to differ-
ent levels of co-existent axial tension. Subsequently, a 
numerical model of the wall-to-floor angle brackets was 
developed and validated. Based on the parametric analy-
sis, an analytical tension–shear interaction diagram rep-
resenting the coupling effect of the angle brackets under 
seismic loads was established. The results can deepen the 
comprehension of the coupling effect of CLT connections 
under seismic loads, resulting in a more rational and effi-
cient seismic design procedure for CLT connections.

Experimental program
In this study, the CLT wall-to-floor angle brackets were 
tested with the axial tension and the horizontal shear 
applied simultaneously. The loading setup was specially 
designed to minimize the influence of the eccentricity 
effect of the axial tension on the horizontal cyclic shear 
tests of the angle brackets. The test setup, the specimen 
details, and the loading protocol are introduced in this 
section.

Test setup
The test setup was specially designed to implement the 
bi-axial monotonic and cyclic loading tests on CLT angle 
brackets, as shown in Fig.  1. The assembly of the CLT 
panels connected by the two angle brackets was deemed 
as the specimen in the study. A 1.7-m-length steel cable 
with a 15.2-mm diameter was used to vertically connect 
the specimen and the steel load-transfer frame for apply-
ing the prescribed axial tension, as shown in Fig. 1b. The 
maximum lateral displacement of the specimen imposed 
by the actuator was around 80  mm. Therefore, during 
the test, the angle between the steel cable and the verti-
cal direction was 3 degree at most, which could minimize 
the influence of the eccentric tension on the horizontal 
monotonic or cyclic shear tests. The steel load-transfer 
frame was jacked up and the jack was connected in series 
with a load cell below. The load cell was supported by a 
steel beam. The load-transfer frame can transfer the force 
provided by the jack to the steel cable, which is finally 
applied on the specimen. Therefore, during the test, the 
axial force applied on the specimen can be measured by 
the load cell in series with the jack.

The horizontal shear test was implemented using the 
actuator, which could apply cyclic and monotonic shear 
forces close to the bottom of the CLT wall panel to mini-
mize the induced turning moment. The horizontal shear 
was actually applied to the centroid of the screws that 
connect the vertical leg of the angle bracket to the wall, 
and was then transferred through the angle bracket to 

the CLT floor below, as shown in Fig. 1b. A pair of wall-
to-floor angle brackets were included per specimen. 
They were located, respectively, on the front side and the 
rear side of the wall panel, forming a symmetrical test-
ing system. The HBS self-tapping screws with a dimen-
sion of 5  mm × 80  mm (diameter × length) were used to 
connect the angle brackets to the floor diaphragm and 
the wall panel. A pair of “L” shaped steel shear keys was 
mounted on the steel foundation to restrict the horizon-
tal movement of the specimen, as shown in Fig. 1b. In the 
specimen, one gap with a width equal to the wall thick-
ness was arranged between the neighboring CLT floor 
diaphragms. The gap between the floor diaphragms was 
also located below the wall panel, as shown in Fig.  1c. 
As a result, the CLT wall panel did not contact the CLT 
floor diaphragms, which could eliminate the CLT wall-
to-floor friction. In this study, the relative horizontal 
displacement between the CLT wall and the CLT floor 
diaphragms was measured using linear voltage displace-
ment transducers (LVDTs). The relative displacement 
measured by the LVDTs was adopted as the shear defor-
mation of the angle bracket under the horizontal shear 
force, considering that no significant rocking movement 
was observed for the CLT wall panel during the tests.

Specimen details
The plane size of the CLT wall panel and that of the 
CLT floor diaphragms were 300  mm × 450  mm and 
300  mm × 300  mm, respectively. These five-layer non-
edge-glued CLT panels were fabricated with the No. 
2 grade spruce-pine-fir (SPF) lumber [22] with a cross-
sectional area of 140  mm × 35  mm (width × thickness). 
Therefore, the thickness of the 5-layer CLT panels was 
175  mm. The average moisture of the CLT panels was 
12.1% with a coefficient of variation (COV) of 9.5%, and 
all the tests were conducted in an indoor environment 
with a relative humidity (RH) of 50% and an average tem-
perature of 25 Celsius. The spacing from the center of 
the two angle brackets per specimen to the lateral side of 
the CLT wall or floor panel was equal to half of the CLT 
width, which was 150 mm.

The tested wall-to-floor angle brackets were welded 
using 5-mm-thickness Q235 steel plates. The configu-
rations of the angle brackets are shown in Fig.  2. The 
angle bracket was designed by the authors, which rep-
resented the type of the connections commonly used in 
CLT construction. It was attested that the angle bracket 
could provide desirable hysteretic performance along 
the horizontal shear direction based on the tests con-
ducted by Sun et al. [23]. In this study, the angle brackets 
of the specimens can be divided into the normal group 
and the strengthening group. In the normal group, the 
angle brackets of the specimens were partial-screwing; 
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by contrast, in the strengthening group, the angle brack-
ets of the specimens were fully screwing, as illustrated 
in Fig. 2. In both the normal group and the strengthen-
ing group, the vertical legs of the angle brackets were 
connected to the CLT wall using eight 5  mm × 80  mm 
self-tapping screws (Fig. 2b). Furthermore, for the angle 
brackets in the normal group and those in the strength-
ening group, ten 5 mm × 80 mm self-tapping screws and 
fourteen 5  mm × 80  mm self-tapping screws were used 
to connect their horizontal legs to the CLT floor, respec-
tively (Fig. 2c). All the screws were fully threaded, which 

were provided by the manufacturer of Rothoblaas from 
Italy.

Loading protocol
For reproducing the tension–shear coupling load-
ing scenario, a constant prescribed vertical tension was 
applied and maintained to the specimen containing a 
pair of angle brackets. Subsequently, along the hori-
zontal direction, monotonic and cyclic shear tests were 
implemented on the specimen to investigate the cou-
pling effect of the included angle brackets based on a 
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displacement-based loading protocol from EN 12512 
[24]. A loading rate of 0.2  mm/s and that of 0.8  mm/s 
were adopted in the monotonic shear tests and in the 
cyclic shear tests, respectively. The loading protocol for 
the cyclic shear tests is shown in Fig.  3. The specimens 
were loaded until the included angle brackets were dam-
aged. Vy represents the yielding displacement of the angle 
brackets obtained from the monotonic shear tests, which 
varied from configuration to configuration. Such a ten-
sion–shear coupling loading scenario might be different 
from that actually applied to one angle bracket mounted 
in CLT shear walls, which was subjected to simultane-
ous variations in both tension and shear [25]. Whereas 
the adopted loading scenario can allow to obtain: (1) the 
influence of the axial tension on the shear behavior of the 
angle brackets; (2) an analytical interaction diagram rep-
resenting the tension–shear coupling relationship of the 
angle brackets.

The hysteretic shear tests and the pull-out tests were 
conducted on the 5  mm × 80  mm self-tapping screws 
to obtain their shear strength and pull-out strength, 
respectively. The hysteretic shear tests were conducted 
on totally 10 self-tapping screws. The loading protocol 
of the hysteretic shear tests was defined based on EN 
12512 [24], and the loading rate was adopted as 6 mm/
min. The pull-out tests were conducted on totally 10 
self-tapping screws, and the loading rate was adopted 
as 1  mm/min. Based on these tests on the self-tapping 
screws, the characteristic shear strength along the CLT 
major strength direction and the characteristic pull-out 
strength were obtained as 4.03 kN and 2.87 kN, respec-
tively. Besides, based on the coupon tests on the steel 
used for the angle brackets, the design yield strength was 
obtained as 280 MPa. The axial tensile resistance of the 
two angle brackets per specimen should be the minimum 
value of the total pull-out resistance and the total shear 
resistance of the self-tapping screws. It was estimated 
as 57.4 kN and 64.5 kN for the specimen in the normal 
group and that in the strengthening group, respectively. 
A strength safety factor of 2.5 should be considered when 
determining the design strength of the connections [26]. 
Therefore, four different levels of constant axial tension 
T that applied on the specimens were adopted in the 
tests, which were 0 kN, 10 kN, 20 kN, and 30 kN. In this 
study, one monotonic shear test and three cyclic shear 
tests were conducted on the specimen, which was simul-
taneously applied with one prescribed constant tension. 
Besides, when the applied axial tension T was 30 kN, 
both the specimens of the normal group and those of the 
strengthening group were tested under the monotonic 
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and cyclic shear loadings. The test matrix is listed in 
Table 1.

Experimental results
The damage modes and load–displacement curves are 
presented for the 5 specimens under the monotonic 
shear loading scenario and 15 specimens under the cyclic 
shear loading scenario. Besides, the key mechanical char-
acteristics of the angle brackets (i.e., secant stiffness, 
shear strength degradation, and energy dissipation) are 
presented in this section.

Damage modes
An eccentricity of 90  mm inevitably existed from the 
horizontal shear forces to the bottom of the CLT wall 

panel, as shown in Fig. 1c. Therefore, during the loading 
procedure of the horizontal cyclic shear, with an increase 
of the shear force, the induced turning moment applied 
on the CLT wall was enhanced. When no axial tension 
was applied on the specimens (i.e., T0C1–T0C3), little 
deformation could be observed in the connection-to-wall 
screws during the early stage of the loading procedure. 
Whereas, during the end of the loading procedure, sig-
nificant rotational tendency relative to the angle bracket 
was observed in the CLT wall panel, as shown in Fig. 4a. 
It resulted in the shear breakages of the connection-to-
wall screws that located close to the corner of the angle 
bracket. Furthermore, the eccentricity from the centroid 
of the eight screws drilled in the vertical leg to the surface 
of the floor would cause a slight overturning moment to 

Table 1 Test matrix

No. Tension T (kN) Type Monotonic Cyclic

1 0 Normal group T0M1 T0C1, T0C2, T0C3

2 10 Normal group T10M1 T10C1, T10C2, T10C3

3 20 Normal group T20M1 T20C1, T20C2, T20C3

4 30 Normal group T30M1 T30C1, T30C2, T30C3

5 Strengthening group ST30M1 ST30C1, ST30C2, ST30C3

Screw shear 
failure

Pull out

Crushing

Pull out 
slightly

(a) Zero tension (b) 10-kN tension

Pull out 
partially

Pull out 
completely

(c) 20-kN tension (d) 30-kN tension
Fig. 4 Damage modes of the specimens in the normal group
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be applied on the angle bracket. The overturning moment 
was coupled with the horizontal shear applied by the 
actuator. During the loading procedure, the angle bracket 
was rotationally deformed by the overturning moment. 
Therefore, when no axial tension was applied on the 
specimens (i.e., T0C1–T0C3), the connection-to-floor 
screws of the angle brackets were pulled out, as shown 
in Fig. 4a. Due to the reinforcement of the stiffening ribs, 
little stretch deformation was observed at the “L” corner 
of the angle brackets. After the tests, slight flexural defor-
mation could be identified on the horizontal legs of the 
angle brackets. Besides, by providing bearing due to con-
tact, the CLT floor could restrain the rotation movement 
of the angle brackets caused by the induced overturning 
moment. Therefore, localized crushing occurred on the 
CLT floor diaphragm.

When axial tension was applied and maintained to the 
specimens (i.e., T10C1–T10C3, T20C1–T20C3, T30C1–
T30C3), no shear breakages occurred on the connec-
tion-to-wall screws. It is because when a constant axial 
tension was applied on the specimens, the induced turn-
ing moment applied on the CLT wall panels was reduced 
due to the decrease in lever arm. A larger axial tension 
could result in a more severe pull-out of the connection-
to-floor screws after the cyclic shear loading. Besides, 
in the normal group, when the axial tension was 30 kN, 
a complete pull-out of the screws was observed in the 
angle brackets, as shown in Fig. 4d. It is noticed that the 
localized crushing of the CLT floor could be mitigated by 
enhancing the axial tension. It is because during the tests, 
an enhanced axial tension would enlarge the gap between 
the angle brackets and CLT floor, which could relieve the 
bearing on the angle brackets due to contact provided by 
the CLT floor. For an identical axial tension, compared 

to the monotonic shear loading scenario, the cyclic shear 
loading scenario could cause a more severe pull-out of 
the screws. It is because the cyclic shear loading scenario 
could broaden the preliminary gap between the screws 
and the surrounding CLT more efficiently. Therefore, 
the CLT embedment stress applied on the screws was 
declined, resulting in a more significant degradation of 
the pull-out resistance of the self-tapping screws.

When the axial tension was 30 kN, for the angle 
brackets of the specimens in the normal group (i.e., 
T30C1–T30C3), a complete pull-out of the 10 connec-
tion-to-floor screws was observed under the cyclic shear 
loading. Therefore, for the angle brackets of the speci-
mens in the strengthening group, totally 14 connection-
to-floor screws were used to connect them to the floor 
diaphragm for the purpose of strengthening. When the 
co-existent axial tension was 30 kN, cyclic shear tests 
were conducted on the angle brackets of the specimens 
in the strengthening group (i.e., ST30C1–ST30C3). 
Their damage modes are shown in Fig. 5. For the speci-
mens labeled as ST30C1 and ST30C3, the included angle 
brackets were damaged with shear breakages of their 
connection-to-wall screws combined with significant 
plastic deformation (Fig.  5a). Besides, for the specimen 
labeled as ST30C2, the included angle brackets were 
damaged with tearing and even de-lamination failure 
of the CLT floor laminas (Fig.  5b). After the tests, little 
flexural deformation could be identified on the horizon-
tal legs of the angle brackets included in the three speci-
mens of the strengthening group. It is because during the 
coupling tests, the horizontal legs of the angle brackets 
were tightly attached to the upper surface of the CLT 
floor. Therefore, almost no gap existed along the inter-
face between the horizontal leg and the CLT floor, which 

Large deformation 
of screws

Screw shear 
failure

Tearing failure 
of laminas

(a) large deformation of screws (b) tearing failure of CLT laminas
Fig. 5 Damage modes of the specimens in the strengthening group
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resulted in a relatively uniform distribution of bearing 
due to contact provided by the floor.

Load–displacement curves
The load–displacement curves of the angle brackets 
under monotonic shear loading are shown in Fig. 6. The 
X-axis value represents the relative displacement meas-
ured by the LVDTs, which is approximated as the shear 
deformation of the angle bracket. The performance 
parameters of the angle brackets under monotonic shear 
loading are listed in Table 2. It shows that the initial shear 
stiffness kel (i.e., the force-to-displacement ratio of the 
elastic phase) is almost identical despite the co-existent 
axial tension varies. The kel of the angle brackets is around 
2.750 kN/mm. For the angle brackets of the specimens in 
the normal group, with an increase of the axial tension 
T, their shear resisting capacity Fv,max declines. There-
fore, the ratio between the T and the Fv,max enhances sig-
nificantly with an increase of the T, as listed in Table 2. 
The Fv,max of the angle brackets of the specimen T30M1 
under a 30-kN tension is reduced to 48.37 kN. Whereas, 
when strengthening these angle brackets using 14 screws 
to connect their horizontal legs to the floor diaphragms 
(i.e., ST30M1), the Fv,max increases by 23.2%. Based on 

the method “b” provided by EN 12512 [24] for defining 
the elastic and the post-elastic properties, the yielding 
displacement Vy was obtained as 20.05  mm, 12.02  mm, 
10.49 mm, 10.61 mm, and 10.67 mm, for the specimens 
labeled as T0M1, T10M1, T20M1, T30M1, and ST30M1, 
respectively. Then, the loading protocol for the cyclic 
shear tests could be determined. Based on the specially 
designed coupling test setup, the entire procedure of 
the coupling tests is introduced as follows: (1) the axial 
tension at a target level was preliminarily applied to the 
specimen within 5 s, which was maintained at this level 
approximately during the following cyclic shear loading 
procedure by controlling the jack; (2) the cyclic shear 
loading protocol was applied to the specimen until sig-
nificant damages occurred or the shear force dropped to 
80% of the Fv,max. Load–displacement curves of the angle 
brackets per specimen in the strengthening group and 
those of the angle brackets per specimen in the normal 
group are shown in Figs. 7 and 8, respectively.

A slight oscillation around the target value existed 
in the co-existent axial tension, which was recorded 
by the load cell during the cyclic shear loading pro-
cedure (Fig. 9). It was due to the influence of the cyclic 
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Table 2 Performance parameters of the angle brackets under monotonic shear loading

Fv,y represents the yielding shear force

ID T (kN) Fv,max (kN) T/Fv,max Fv,y (kN) Vy (mm) kel (kN/mm) Average kel (kN/mm)

T0M1 0 69.15 0 52.25 20.05 2.629 2.750

T10M1 10 62.05 0.161 32.30 12.02 2.710

T20M1 20 57.43 0.348 27.17 10.49 2.612

T30M1 30 48.37 0.620 29.34 10.61 2.789

ST30M1 30 59.59 0.503 31.84 10.67 3.010
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movement of the wall panel along the horizontal direc-
tion during the tests. The shear-resisting capacity of the 
two angle brackets per specimen is listed in Table  3. 
For the specimens of T20C1, T30C1, and T30C2, the 
included angle brackets carried less cycles of shear load-
ing. When finishing the second or the third cycle with the 
amplitude of 2Vy, premature pull-out failure occurred on 
the connection-to-floor screws of the angle brackets in 
these specimens. It indicates that the angle brackets are 
more prone to the pull-out failure with an increase of the 
T applied on the angle brackets, resulting in a higher ratio 
between T to Fv,max (See Table 3). By contrast, the angle 
brackets in other specimens were tested under a cyclic 
shear loading until the first or the second circle with the 
amplitude of 4Vy was finished, as listed in Table  3. For 
the specimens of T20C1, T30C1, and T30C2, the Fv,max 
of the included angle brackets carrying less cycles of 

shear loading is much close to that of the angle brackets 
in the specimens that has experienced a cycle with the 
amplitude of 4Vy. It means the premature pull-out failure 
occurring in the connection-to-floor screws of the angle 
brackets does not significantly weaken the shear resist-
ance of the angle brackets. It is because for the specimens 
of T20C1, T30C1, and T30C2, the Fv,max of the included 
angle brackets has already been reached within the cycles 
with the amplitude of 2Vy.

Overall, with an increase of the co-existent axial ten-
sion T from 0 to 30 kN, the average Fv,max of the speci-
mens in the normal group is diminished from 72.75 to 
48.53 kN. It should be noted that for the angle brackets 
of the specimens under cyclic shear loading, their Fv,max 
declines significantly with an increase of the axial ten-
sion T from 0 to 10 kN, and then to 20 kN. Whereas, 
when further enhancing the axial tension T from 20 
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to 30 kN, the Fv,max is almost unchanged. It is because 
for the angle brackets included in the specimen under 
a 20-kN axial tension, their connection-to-floor screws 
had been pulled out partially (Fig. 4c) within the cycles 
with the amplitude of 2Vy. It hindered the further 
enhancement of the shear force of the angle brackets 
when subjected to the following cyclic shear loading. 
Besides, for the angle brackets of the specimens under 
a 30-kN axial tension, preliminary pull-out failure still 
occurred in their connection-to-floor screws within the 
cycles with the amplitude of 2Vy. When the preliminary 
pull-out failure occurred, the shear deformation of the 
angle brackets under a 30-kN axial tension was much 
close to that of the angle brackets under a 20-kN axial 
tension (i.e., around 18 mm). Therefore, when enhanc-
ing the axial tension T from 20 to 30 kN, the Fv,max is 
almost undiminished.

Compared to the angle brackets in the specimens of 
T30C1–T30C3, for the angle brackets in the specimens 
of ST30C1–ST30C3, their preliminary pull-out failure 
was postponed due to the strengthening using more con-
nection-to-floor screws. When the preliminary pull-out 
failure occurred, the corresponding shear deformation of 
the angle brackets in the specimens of ST30C1–ST30C3 
was larger. When under a co-existent axial tension T of 
30 kN, the average Fv,max of the specimens in the strength-
ening group is 6.43% higher than that of the specimens 
in the normal group, as listed in Table 3. Namely, when 
strengthening the angle brackets using additional four 
self-tapping screws to connect their horizontal legs to 
the CLT floor, their average Fv,max can be enhanced from 
48.53 to 51.65 kN. Actually, the Fv,max of the ST30C1 is 
11.9% less than that of the ST30C2 and 13.5% less than 
that of the ST30C3, respectively. It is caused by the 
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wood defect (i.e., the knots) existing in the connection 
area from the CLT wall panel, as shown in Fig.  10. For 
the specimens of ST30C2–ST30C3, their average Fv,max 
is 11.1% higher than that of the specimens in the nor-
mal group. Since the Fv,max of the ST30C1 is significantly 
less than that of the ST30C2 or ST30C3, the COV for the 
specimens of ST30C1–ST30C3 is higher than that for the 
specimens of T30C1–T30C3. Furthermore, a significant 
pinching effect can be observed in the load–displacement 
curves of the angle brackets in the specimens under the 
0-kN axial tension, as shown in Fig. 8a, and a similar con-
clusion was also stated by Gavric et al. [7, 27]. Whereas, 
with an increase of the axial tension T, the pinching 
effect is mitigated, as reflected by the hysteretic curves in 
Fig.  8b–d. It is because during the cyclic shear loading, 
the gap between the screws and the surrounding CLT 
laminas could be eliminated due to the co-existent axial 

tension. A similar conclusion was also stated by Liu et al. 
[13].

Mechanical characteristics
Secant stiffness
The secant stiffness Ki was calculated for the cycle i of 
the experimental load–displacement curves using the 
Eq. (1), in which, Fi represents the maximum shear force 
of cycle i; Δi represents the displacement correspond-
ing to the Fi. The curves of the calculated secant stiffness 
for the angle brackets of the specimens in the normal 
group and those for the angle brackets of the specimens 
in the strengthening group are shown in Figs.  11 and 
12, respectively. Besides, for the angle brackets in the 
specimens of C1–C3, their average Ki corresponding to 
the cycles with an identical amplitude was calculated, 
which was marked below the secant stiffness curves. It is 
found that the secant stiffness of the first or the second 
cycle (i.e., K1 or K2) is smaller than that of the following 
cycles. It is because when during the cycles of 1–2 with 
an amplitude less than 0.50Vy, just embedment deforma-
tion occurred in the CLT subjected to the compression 
from the inserted screws, and almost no elastic deforma-
tion existed in the screws. By contrast, when during the 
cycles of 3–8 with an amplitude ranging from 0.50Vy to 
0.75Vy, significant elastic deformation occurred in the 
screws besides the embedment deformation occurring in 
the CLT due to the compression from the screws. There-
fore, the secant stiffness of the cycles of 1–2 is smaller 
than that of the cycles of 3–8. For the cycles of 3–5 with 
an amplitude of 0.75Vy and for the cycles of 6–8 with an 
amplitude of 1.0Vy, their corresponding secant stiffness 
remains stable, which indicates that the angle brackets 

Table 3 Shear resisting capacity of the tested angle brackets

Group Tension T (kN) ID Fv,max (kN) T/Fv,max Final cycle Average Fv,max

Normal 0 T0C1 67.83 0 1st cyclic of the amplitude of 4Vy 72.75 kN (COV = 6.3%)

T0C2 73.53 0 1st cyclic of the amplitude of 4Vy

T0C3 76.89 0 1st cyclic of the amplitude of 4Vy

10 T10C1 56.02 0.178 2nd cyclic of the amplitude of 4Vy 57.44 kN (COV = 2.8%)

T10C2 57.13 0.175 2nd cyclic of the amplitude of 4Vy

T10C3 59.18 0.169 2nd cyclic of the amplitude of 4Vy

20 T20C1 47.27 0.423 3rd cyclic of the amplitude of 2Vy 48.54 kN (COV = 3.3%)

T20C2 47.98 0.417 1st cyclic of the amplitude of 4Vy

T20C3 50.37 0.397 1st cyclic of the amplitude of 4Vy

30 T30C1 47.81 0.627 2nd cyclic of the amplitude of 2Vy 48.53 kN (COV = 1.6%)

T30C2 48.42 0.620 3rd cyclic of the amplitude of 2Vy

T30C3 49.37 0.608 1st cyclic of the amplitude of 4Vy

Strengthening 30 ST30C1 47.07 0.637 1st cyclic of the amplitude of 4Vy 51.65 kN (COV = 7.7%)

ST30C2 53.43 0.561 1st cyclic of the amplitude of 4Vy

ST30C3 54.44 0.551 1st cyclic of the amplitude of 4Vy

Knot

Knot

Knot

Fig. 10 Knots existing in the connection area from the CLT wall panel
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are within the elastic phase. When the angle brackets 
were loaded to the cycles with an amplitude of 2.0Vy or 
more, damages occurred in the angle brackets with plas-
tic deformation existing in their screws, resulting in the 
degradation of the secant stiffness, as shown in Figs. 11 
and 12.

Since the secant stiffness of the cycles with the ampli-
tudes of both 0.75Vy and 1.0Vy is relatively stable, the 
secant stiffness corresponding to the amplitude of 0.75Vy 
or 1.0Vy is compared with respect to different levels of 
the co-existent axial tension, as shown in Fig. 13. With an 
increase of the axial load, a growing trend of the secant 

(1)Ki =
|+Fi| + |−Fi|

|+�i| + |−�i|
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Fig. 11 Scant stiffness of the angle brackets in the specimens of the normal group
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stiffness can be observed. It is because during the cyclic 
shear tests, a larger co-existent axial tension can allow 
for a tighter contact between the screws and the sur-
rounding CLT, eliminating the gaps between the screws 
and the CLT. It would enhance both the bearing due to 
contact and the friction force between the screws and the 
surrounding CLT, resulting in a larger hysteretic secant 
stiffness. Meanwhile, when under the identical axial ten-
sion of 30 kN, strengthening the angle brackets using 
four additional connection-to-floor screws can enhance 
their secant stiffness by 8.4% and by 6.7% for the cycles 
with a 0.75Vy amplitude and for the cycles with a 1.0Vy 
amplitude, respectively. By increasing the co-existent 
axial tension, a growing trend of the secant stiffness can 
be observed for the angle brackets subjected to the cycles 
with relatively small amplitudes (i.e., 0.75Vy and 1.0Vy). It 
is because the angle brackets subjected to the cycles with 
an amplitude of no more than 1.0Vy are still within the 
elastic stage. For the angle brackets with plastic deforma-
tion caused by the cycles with an amplitude of 2.0Vy or 
more, increasing the axial tension T could weaken the 
secant stiffness. For instance, when subjected to cycles 
with an amplitude of 2Vy, the average secant stiffness of 
the angle brackets declined from 1.87 kN/mm to 1.72 
kN/mm with an increase of the axial load from 10 to 30 
kN. It indicates that a strong tension–shear coupling 
effect exists in the angle brackets subjected to the cycles 
with large amplitudes.

Shear strength degradation
The degradation of the shear strength for the cycle i, the 
Di was calculated using Eq. (2) to verify the capability of 
the angle brackets to withstand the cyclic shear force. The 

angle brackets were approaching to the damages when 
they were loaded to the cycles with the amplitude of 2Vy. 
At this moment, the jack was manually adjusted drasti-
cally to maintain a stable co-existent axial tension applied 
on the specimen. Such an operation could increase the 
calculation errors of the Di corresponding to the cycles 
with an amplitude of 2Vy. Therefore, for the angle brack-
ets subjected to different levels of co-existent axial ten-
sion, the Di of the second and the third cycles with the 
amplitude of 0.75Vy and that of the second and the third 
cycles with the amplitude of 1.0Vy were calculated, as 
shown in Fig.  14. Overall, for the cycles with an ampli-
tude of 0.75Vy and those with an amplitude of 1.0Vy, 
the shear strength degradation is getting worse with an 
increase of the applied co-existent axial tension. Besides, 
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Fig. 13 Scant stiffness of angle brackets under different axial loads
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when under the identical axial tension of 30 kN, the 
degradation ratio of the shear strength Di is compared 
between the specimens of T30C1–T30C3 and those of 
ST30C1–ST30C3 (See the purple and the green columns 
in Fig. 14). It is found that when strengthening the angle 
bracket using more screws for connecting its horizontal 
leg to the CLT floor (i.e., from 10 to 14 screws), the Di 
can be mitigated by 12.85–56.25%.

Energy dissipation
The energy dissipation from the cyclic shear loading 
was calculated for the angle brackets in the specimens 
from both the normal and the strengthening groups. 
The energy dissipation of the angle brackets in the speci-
mens under both the 0-kN and the 10-kN axial ten-
sions and that of the angle brackets in the specimen 
under the 30-kN axial tension are shown in Fig.  15a, b, 
respectively. The energy dissipation of the angle brackets 
from shear loading enhances when the amplitude of the 
cycles increases. The energy dissipation increases by 70% 
approximately when the amplitude increases from 0.75Vy 
to 1.0Vy. Whereas, when the amplitude further increases 
from 1.0Vy to 2.0Vy, the energy dissipation increases by 
almost 4 times. Compared to the energy dissipation for 
the first cycle with an amplitude of 2.0Vy, the energy dis-
sipation for the second cycle with an amplitude of 2.0Vy 
reduces significantly (Fig. 15).

For comprehending the influence of the co-existent 
axial load on the energy dissipation of the angle brackets 

(2)Di = 1−
Fi

Fi−1

from the shear loading, the energy dissipations under 
different levels of axial tension T were compared with 
respect to each level of the amplitudes (Fig. 16). Apply-
ing a co-existent axial tension T on the angle bracket can 
decrease its energy dissipation from shear loading sig-
nificantly. For instance, when the amplitude is 0.75Vy, the 
average energy dissipation is 0.306 kJ for the axial load of 
0 kN. By contrast, for the axial load of 10 kN, the average 
energy dissipation drops by 65.0% approximately, which 
is just 0.107 kJ. The energy dissipation of the pair of angle 
brackets from shear loading is the lowest when the axial 
tension T increases to 20 kN. When the axial tension T 
further enhances from 20 to 30 kN, a growing trend of the 
energy dissipation from shear loading can be observed, 
which is more pronounced for the amplitude of 2.0Vy. It 
indicates that when the angle brackets are subjected to 
cycles with a larger amplitude, a stronger tension–shear 
coupling effect can be achieved. For the co-existent axial 
tension of 30 kN, when strengthening the angle brackets 
using more connection-to-floor screws, the energy dissi-
pation from shear loading is almost unchanged.

Numerical modeling
Model development
In this study, a detailed numerical model of the speci-
mens was developed based on the commercial software 
package ABAQUS. It was determined that the model of 
the specimens in the normal group rather than that of 
the specimens in the strengthening group was developed 
based on the following reasons: (1) the specimens in the 
normal group were tested in shear under four levels of 
prescribed co-existent axial tension. The shear behav-
ior of the model can be comprehensively validated with 
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respect to each axial tension level; (2) the Fv,max of the 
specimens could just be enhanced slightly from 48.53 to 
51.65 kN, when strengthening the angle brackets using 
more screws for postponing the preliminary pull-out fail-
ure; (3) the premature pull-out failure occurring in the 
angle brackets of the specimens in the normal group did 
not weaken their Fv,max significantly.

Because a pair of angle brackets was fixed to the CLT 
wall and the floor diaphragms symmetrically in each 
specimen, only half of the specimen was considered in 
the numerical model. It consisted of one 175-mm-thick-
ness CLT floor diaphragm, one 87.5-mm-thickness CLT 
wall, and one angle bracket. The shear resisting capac-
ity of the specimen should be twice of that calculated 
from the model. The details of the numerical model of 
the angle bracket are shown in Fig. 17. Considering that 
no crushing failure was observed in the CLT after the 
tests, in the numerical model, a three-dimensional solid 

element (i.e., type C3D8R in ABAQUS) with an ortho-
tropic elastic material model was used to simulate the 
CLT. The CLT in-plane elastic modulus along the major 
strength direction and that along the minor strength 
direction were defined as 7185  MPa and 4906  MPa, 
respectively. The CLT out-of-plane elastic modulus was 
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Strengthening group

0 kN

10 kN

20 kN 30 kN 30 kN

Normal group

Strengthening group

0 kN

10 kN

20 kN 30 kN 30 kN

(a) amplitudes of 0.25Vy and 0.50Vy (b) amplitude of 0.75Vy

Normal group

Strengthening group

0 kN

10 kN
20 kN 30 kN 30 kN

Normal group

Strengthening group
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(c) amplitude of 1.0Vy (d) amplitude of 2.0Vy

Fig. 16 Influence of axial tension on the energy dissipation from cyclic shear loading
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Fig. 17 Numerical model of the angle brackets
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defined as 349 MPa. All the elastic modulus were deter-
mined based on the CLT compressive tests conducted by 
He et  al. [2]. An elasto-plastic isotropic material model 
with a Young’s modulus of 210 GPa was assigned to the 
C3D8R element for simulating the mechanical behavior 
of the angle brackets. The yielding strength and the Pois-
son’s ratio of the angle brackets were defined as 210 MPa 
and 0.3, respectively.

One nonlinear oriented spring pair (as ABAQUS 
user element) with the Q-pinch material model [28] 
was defined between the angle bracket and the CLT to 
simulate the shear behavior of the self-tapping screw 
along both the major strength direction and the minor 
strength direction of the CLT. The envelope of the 
Q-pinch material model can be described as an expo-
nential curve with a linear softening segment, which was 
originally developed by Foschi [29]. For the envelope 
curve, the relationship between the force F and the dis-
placement δ can be expressed by Eqs.  (3)–(5). F0 is the 
intercept of the asymptote line; k1 and k2 are the initial 
stiffness of the envelop line and the slope ratio of the 
asymptote line; Fu and δu represent the peak force and 
the corresponding displacement, respectively; k3 is the 
stiffness of the descending segment of the envelop line; 
δF represents the failure displacement. As for the param-
eters that control the hysteretic behavior of the Q-pinch 
model, k4 and k5 are the unloading stiffness and the 
stiffness of the pinching segment, respectively. k6 is the 

reloading stiffness determined by Eq.  (6), in which δy is 
the yielding displacement; δUD is the unloading displace-
ment; β and α are the stiffness degradation factor and 
the reloading degradation factor, respectively. It should 
be noted that the hysteretic rule of the Q-pinch model is 
different for the small deformation and the large defor-
mation. When within the small deformation, the shear 
behavior of the nonlinear oriented spring pair with the 
Q-pinch model follows the hysteretic model developed 
by Folz and Filiatrault [30] (Fig.  18a). Whereas, when 
under the large deformation, that shear behavior fol-
lows the hysteretic model developed by Stewart [31] for 
reproducing the pinching effect (Fig.  18b). The param-
eters of the Q-pinch model assigned to the spring pair 
can be calibrated based on the results of the cyclic shear 
tests on the self-tapping screws, which were conducted 
separately by the authors. The calibrated parameters of 
the Q-pinch model are listed in Table 4.

(3)

F(δ) = sgn(δ) · (F0 + k2|δ|) · [1− exp (−k1|δ|/F0)]

(|δ| ≤ |δu|)

(4)
F(δ) = sgn(δ)Fu + k3[δ − δu · sgn(δ)]

(|δu| ≤ |δ| ≤ |δF|)

(5)F(δ) = 0 (|δ| ≥ |δF|)

F

δ
1
k4

1

k1

Unloading

Reverse loading

Reverse unloading

Skeleton curve F
1

k1

1
k41

k5

Skeleton curve

Unloading

Reverse loading

Reverse unloading

δ

(a) under the small deformation [30] (b) under the large deformation [31]

Fig. 18 Hysteretic curve of Q-pinch model

Table 4 Calibrated parameters for the Q-pinch model in the spring pair

Stiffness (N/mm) Displacement (mm) Force (N) Degradation factor

k1 k2 k3 k4 k5 δu δF F0 α β

800 244  − 170 8200 20 10.21 40 3612 0.8 1.1
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For simulating the pull-out behavior of the self-tapping 
screws, an axial spring with the Q-pinch material model 
was defined between the angle bracket and the CLT, the 
orientation of which was perpendicular to the CLT plane 
(Fig. 17). Based on the results of the pull-out tests con-
ducted separately on totally 10 self-tapping screws, the 
parameters for the Q-pinch model in the axial spring 
were calibrated, as listed in Table 5. Comparison between 
the numerical curve from the calibrated Q-pinch mate-
rial model and the experimental curves from the pull-out 
tests on the screws are shown in Fig. 19. An ideal agree-
ment was achieved, indicating that the axial spring with 
the Q-pinch material model is capable of reproducing the 
pull-out behavior of the self-tapping screws drilled into 
CLT. Besides, the surface-to-surface contact element with 
a 5.0-kN/mm compressive stiffness was defined between 
the angle bracket and the CLT wide face. In the con-
tact element, the angle bracket was defined as the mas-
ter surface, and the CLT panels with a less density and 
a less-densified mesh was defined as the slave surface. A 
calibrated coefficient of friction of 0.25 was defined for 
the contact element to simulate the friction that existed 
in the contact interface between the angle bracket and 

(6)k6 = k1 ·

(

δy

β · δUD

)α the CLT wide face. Both the compressive stiffness of 5.0 
kN/mm and the steel-to-CLT friction coefficient of 0.25 
were determined based on the studies conducted by Has-
sanieh et al. [32] and Aira et al. [33].

Model validation
In the ABAQUS software, the explicit dynamic solver 
was adopted in the iterative calculations of the model. 
As shown in Fig. 20, when no axial tension is applied, the 
load–displacement curve of the model from the cyclic 
shear loading is approximately in agreement with that 
of the specimen from the cyclic shear test. It should be 
noted that a little difference can be observed between the 
numerical cyclic curve and the experimental cyclic curve 
when the displacement exceeds 40  mm. It is because 
when the displacement exceeded 40  mm, some dam-
ages occurred on the CLT floor panel, which included 
the localized crushing and the de-lamination failure of 
the CLT. These damage modes resulted in a significant 
drop in the shear force measured during the cyclic tests. 
Whereas, the damage modes of the CLT could not be 
reflected in the model, otherwise it would bring difficul-
ties in the convergence of the iterative calculations. More 
efforts will be made in the future to increase the predic-
tion accuracy of the model.

When a constant axial tension T was applied on the 
specimen, it was difficult to converge for the iterative 

Table 5 Calibrated parameters for the Q-pinch model in the axial spring

Stiffness (N/mm) Displacement (mm) Force (N) Degradation factor

k1 k2 k3 k4 k5 δu δF F0 α β

4250 220  − 150 4250 20 1.45 5.4 4095 0.55 1.1

Fig. 19 Comparison between numerical and experimental pull-out 
curves

Fig. 20 Comparison of the load–displacement curves 
under the 0-kN axial load
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calculations of the numerical model. This difficulty arose 
because, during the iterative calculations of the model 
under a cyclic shear loading, the vertical displacement 
of the model would simultaneously fluctuate drastically 
to maintain a constant axial tension, which hindered the 
convergence of the iterative calculations. Whereas, when 
under a monotonic shear loading, the model of the speci-
men with a co-existent axial tension T could provide a 
numerical monotonic load–displacement curve, which is 
in agreement with the corresponding load–displacement 
curve from the monotonic shear test, as shown in Fig. 21. 
Overall, based on the monotonic loading scenario, the 
validated model can provide a reliable prediction on the 
tension–shear coupling effect of the wall-to-floor angle 
bracket. As for the cyclic loading scenario, more efforts 
should be conducted in the future to address the conver-
gence of the iterative calculations of the model.

Analytical tension–shear interaction diagram
For obtaining the analytical tension–shear interaction 
diagram representing the coupling effect of the CLT 
wall-to-floor angle brackets, comprehensive paramet-
ric analysis was conducted to investigate the influence 
of the co-existent axial tension T on the shear strength 
of the angle bracket based on the validated numerical 
model. In the parametric analysis, the axial tension T 
that was simultaneously applied to the specimen was 
defined from 0 to 55 kN with a 5-kN interval; besides, 
one 52-kN axial tension scenario was also consid-
ered. The co-existent axial tension T that applied on 
the specimen should be twice of that applied to the 
numerical model. Load–displacement curves under 
monotonic shear loading were obtained from the 
numerical model and compared for each level of axial 
tension T applied to the specimen (Fig. 22). The shear 

0 kN
10 kN

(a) 0-kN axial tension (b) 10-kN axial tension

20 kN 30 kN

(c) 20-kN axial tension (d) 30-kN axial tension

Fig. 21 Experimental curves versus numerical curves
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resisting capacity V of the specimen under each level 
of the axial tension T could be obtained based on the 
monotonic shear-displacement curves in Fig.  21. Fur-
thermore, based on the numerical analysis, when no 
shear loading was applied, the pull-out resisting capac-
ity T0 of the specimen was calculated as 61.03 kN. It is 
noted the T0 is 6.3% higher than 20 times of the tensile 
yield strength of the screws (i.e., 20 × 2.87 = 57.4 kN). It 
is because the shear provided by the screws connect-
ing the vertical leg of the angle bracket to the CLT wall 
also contributed to the T0. The relationship between 
the V/V0 and the T/T0 is shown in Fig. 23, in which V0 
represents the shear resisting capacity of the specimen 
when no axial tension was applied, which is 69.15 kN 
based on the monotonic tests. Based on the regression 

analysis, an analytical interaction diagram with one 
bilinear relation between the V/V0 and the T/T0 was 
established approximately, which could represent the 
tension–shear coupling effect of the angle brackets. 
The numerical tension–shear interaction relation and 
the established analytical interaction diagram are com-
pared, as shown in Fig.  23. The analytical interaction 
diagram can be expressed by Eq. (7).

The analytical interaction diagram was derived based 
on the monotonic action rather than the cyclic action of 
the angle brackets. The slope of the analytical interac-
tion diagram varied when the T/T0 reached 0.75, and a 
bilinear relationship between the V/V0 and the T/T0 was 
established approximately. It is because when the T/T0 is 
less than 0.75, i.e., the T applied on the specimen is no 
more than 45.77 kN, significant plastic deformation due 
to shear occurred in the self-tapping screws in addition 
to the connection-to-floor screws being pulled out (See 
Fig.  4). Especially, when the T is approaching to the 0 
kN, the connection-to-floor screws are more prone to a 
shear-type fracture. By contrast, when the T/T0 exceeds 
0.75, the connection-to-floor screws are pulled out pre-
maturely, so that the shear effect of the screws is hardly 
exerted. Especially, when the T is approaching to the 
T0, the connection-to-floor screws are more prone to a 
tensile-type fracture. The analytical interaction diagram 
can be served as a reference for the comprehension of the 
coupling effect of CLT connections. It should be empha-
sized that the Eq. (7) is only valid for the angle brackets 
investigated in the study. For the angle brackets with a 
different specification, the specific weakening ratio of the 
force-resisting capacity due to the coupling effect should 
be determined based on the judgement of the engineers.

Conclusions
In the study, the tension–shear coupling effect under 
seismic loads was investigated based on monotonic and 
cyclic shear tests on the CLT wall-to-floor angle brack-
ets, which were simultaneously applied with different lev-
els of co-existent axial tension. The influence of the axial 
tension on the shear performance of the angle brackets 
was analyzed, and an analytical interaction diagram rep-
resenting the coupling effect was obtained. The main 
findings can be concluded as follows:

1. A larger axial tension can result in a more severe 
pull-out of the connection-to-floor screws of the 

(7)
V

V0

=

{

−0.48
T

T0
+ 1 0 ≤ T

T0
≤ 0.75

−2.56
T

T0
+ 2.56 0.75 ≤ T

T0
≤ 1

Fig. 22 Monotonic load–displacement curves based on parametric 
analysis

V/V0=-0.48×T/T0+1

V/V0=-2.56×T/T0+2.56

Fig. 23 Numerical tension–shear interaction versus the analytical 
interaction diagram
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angle brackets after the cyclic shear loading. Besides, 
when under an identical co-existent axial tension, 
compared to the monotonic shear loading, the cyclic 
shear loading can cause a more severe pull-out of the 
screws.

2. With an increase of the co-existent axial tension from 
0 to 30 kN, the shear resistance of the angle brackets 
is diminished by 33.29%, and the pinching effect of 
the hysteretic curves is mitigated. When strength-
ening the angle brackets using more connection-to-
floor screws (i.e., from 10 to 14 screws), the shear 
resistance can be enhanced by 6.43%, and the shear 
strength degradation is relieved by 12.85–56.25%.

3. When the angle brackets are subjected to the cycles 
with larger amplitudes, a stronger tension–shear 
coupling effect can be achieved. When subjected to 
the cycles with the amplitudes of 0.75Vy and 1.0Vy, 
the shear strength degradation of the angle brackets 
is getting worse with an increase of the co-existent 
axial tension.

4. Applying a co-existent axial tension on the angle 
brackets can decrease their energy dissipation from 
shear loading by up to 65.0%. Besides, when strength-
ening the angle brackets using more connection-to-
floor screws, their energy dissipation from the shear 
loading is almost unchanged.

5. For the CLT wall-to-floor angle brackets, the ana-
lytical interaction diagram representing the coupling 
effect can be expressed by one bilinear function, 
which consists of the ratio between the shear to the 
shear resistance and the ratio between the tension to 
the pull-out resistance.
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