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1. Introduction 
 

Shear walls are the main structural components of a 

building that bear both vertical and lateral loads, including 

gravity, wind, and earthquake loads. Prefabricated shear 

walls have attracted much attention because they are 

convenient to use in construction processes. Specifically, 

wall segments can be prefabricated in factories and 

assembled on site, reducing both construction waste and 

noise. Precast shear wall structures are thus widely regarded 

as being ecofriendly (VanGeem 2006), saving on labor, 

consuming little energy in their manufacture (Boafo et al. 

2016), and having high construction efficiency. Moreover, 

many building structures fitted with precast shear walls 

have performed well in large earthquakes over recent 

decades (Fintel 1977, Fintel 1995, Ghosh 1995, Scanlon et 

al. 1988). Prefabricated shear walls are thus extensively 

applied in practical engineering. 

Limited by transport requirements, a monolithic wall 

typically has to be divided into smaller segments before 

being transported to the construction site for assembly. 

Jointing techniques for assembling the wall segments have 

thus been researched extensively. 

As an example, unbonded post-tensioned (UPT) steel 

strands have been used widely in assembling reinforced  
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concrete (RC) wall segments (Sritharan et al. 2015), where 

the RC panels are anchored to the ground by steel strands 

and post-tensioning anchors. The post-tensioning force 

reduces the tensile stress transferred to concrete (Smith et 

al. 2007), and the wall segments are endowed with self-

centering behaviors (Khaled et al. 1995). However, UPT 

precast shear wall systems have insufficient energy 

dissipation capacity owing to a large gap at the base (Zhu et 

al. 2018). Accordingly, Sritharan et al. (2015) proposed an 

O-shaped mild-steel connector that can be used to link wall 

panels horizontally, and specimens have exhibited stable 

energy dissipation in full-scale tests. 

Besides UPT walls, the vertical bars of adjacent RC wall 

panels can be connected using grout-filled splice sleeves 

(Ameli et al. 2016, Henin et al. 2015, Haber et al. 2014, Lin 

et al. 2016, Ling et al. 2016, 2017), where steel bars are 

anchored to splice sleeves embedded in the RC panels, 

while post-cast layers filled with non-shrinkage mortar are 

set between upper and lower panels. 

Another typical technique is to link wall segments using 

dry connections, where assembly can be achieved by 

welding or bolting with the help of embedded parts. Deng et 

al. (2017) proposed a precast shear wall horizontally 

assembled using H-shaped mild-steel connectors, where the 

connectors were set into the slots between the parallel RC 

wall segments and welded onto the embedded anchoring 

components, which were composed of steel plates and 25-

mm-diameter bars. Guo et al. (2019) similarly designed a 

three-story precast shear wall structure, which was 

assembled using anchored rebar steel plates and high-

strength bolts, and their test results validated the seismic 

behavior of this novel structure. Notably, researchers have 

focused mainly on the linking strength at the wall joints  
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instead of the anchoring strength of the embedded parts in 

the wall segments, which has been designed according to 

the checking equations for the relative specifications. 

However, the dimensions and strength of an embedded part 

affect the local stiffness and deformation ability of the RC 

wall segment and the mechanical properties of the entire 

precast shear wall, which are not considered in the checking 

equations. 

The present paper proposes a precast shear wall 

assembled using steel shear keys (SSKW). As shown in Fig. 

1, a typical SSKW is composed of wall segments, steel 

shear keys (SSKs), and embedded plates, where the SSKs 

are fixed on the embedded plates of the adjacent 

prefabricated wall segments by combined fillet and plug 

welding. The number and size of SSKs are to be specially 

designed to maximize the energy dissipation capacity under 

seismic loading (Shen et al. 2019a, b). Additionally, the 

embedded steel plate comprises a steel plate and rivets for 

anchoring. Two SSKW specimens with different anchoring 

components of shear keys were designed and loaded in 

quasi-static cyclic tests to develop a systematic design 

approach for anchoring components. 

 

 

 

 

 

 

 

 

2. Design approach for anchoring components 
 

In a typical SSKW, the internal forces of the wall 

segments are transferred by the SSKs to the anchoring 

components, which consist of embedded steel panels and 

rivets. Figs. 2(a) and 2(b) shows that, under the deformation 

of an SSK, the internal forces of the rivets on the embedded 

steel panels are made up of rotation and shear forces, and 

their design values depend on the in-plane shearing and 

flexural strength of the SSK. Thus, the designed internal 

forces of the rivets as shown in Fig. 2(c) were obtained by 

taking the sum of the vector forces shown in Figs. 2(a) and 

(b) 

ri fi siF F F   (1) 

where Fri is the designed internal force of a rivet under the 

deformation of an SSK, Fsi is the designed internal force of 

a rivet under in-plane rotation, which is obtained according 

to the ultimate flexural strength of the SSK, and Fsi is the 

designed internal force of a rivet under shearing, which is 

based on the ultimate shearing strength of the SSK. 

Accordingly, the checking equation of a rivet is 

( 1)s ri ri sn F N n   (2) 

 

Fig. 1 Configuration of the SSKW 

  
 

(a) Rotating (b) Shearing (c) Vector sum 

Fig. 2 Internal forces of embedded steel panels and rivets under the deformation of SSKs 
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where Nri is the bearing strength of a rivet (PRC National 

Standard. 2017), ns is the safety coefficient, which is 

commonly no less than 1 such that the strength of a rivet is 

greater than the corresponding designed internal force. 

However, owing to factors such as the construction 

quality and fatigue failure, if ns is too small, the embedded 

steel panel with rivets provides insufficient anchoring 

strength. As shown in Fig. 3(a), under the lateral excitation 

of earthquakes, the embedded steel panels slip along with 

the shear keys owing to the fracturing of the rivets, which 

blocks the transference of the internal force between wall 

segments. Consequently, the wall segments function  

 

 

independently absent of the effective linking provided by 

the SSKs. In contrast, if ns is too large, the embedded panels 

need to be large and many rivets are required, as shown in 

Fig. 3(b). As a consequence, the wall segment is 

strengthened in the region of the anchoring components and 

a “short column” is produced between the embedded panel 

and the bottom of the shear wall, which exhibits a lack of 

deformation capacity and energy dissipation under seismic 

loadings. From another perspective, ns also affects the 

stiffness of shear walls because it determines the 

dimensions of anchorage components, which directly 

affects the section stiffness of wall segments at the  

  
(a) Low anchorage strength (b) High anchorage strength 

Fig.3 Shortcomings of precast shear walls with different anchorage strength 

 

  
(a) A1 (b) A2 

 
(c) Section of wall segments 

Fig. 4 Dimensions of test specimens 
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corresponding position. Thus, the mechanic properties of 

precast shear walls, including stiffness and deformation 

ability, are influenced by the safety coefficient ns. 

To this end, two specimens with different strengths of 

anchoring components of SSKs were designed to 

investigate the effects of the safety coefficient ns on the 

seismic properties of SSKWs. 

 

 

3. Quasistatic cyclic tests 
 

3.1 Test specimens 
 
Two SSKW specimens with the same dimensions, 

materials, and reinforcement were designed for loading, the 

only difference being the strength of anchoring components. 

Figs. 4(a) and 4(b) shows that the two specimens, 

named A1 and A2, having a base block with dimensions of 

2400 mm×800 mm×600 mm and shear wall with 

dimensions of 3500 mm×1620 mm×200 mm. A 20-mm 

vertical slot divides the shear wall into two identical 

segments and an SSK is welded to the anchoring 

components of the two wall segments, linking the wall 

segments together. As shown in Fig. 5(a), two specimens 

are fitted with the same SSK, and the dimensions of a SSK 

is determined according to the method proposed by El-

Tawil (2010), which is aimed at controlling the relative 

strength between shear walls and connectors to obtain the 

best performance of shear walls. 
The SSK anchorage components in A1 and A2, shown 

in Figs. 5(b) and 5(c), are named E1 and E2, where E1 

comprises two 400 mm × 200 mm steel panels and a 4×5 

array of rivets and E2 comprises two 320 mm×560 mm 

steel panels and a 6×7 array of rivets. On the basis of 

formula (3), ns values of E1 and E2 were designed to be 0.9 

and 2.1, respectively. 

In addition, the rebars of the specimens were made from 

HRB 400 steel bars and the SSKs were made from Q345 

steel. The concrete, used for the wall segments and base 

beams, was C30. The results of material testing show that 

the average compressive strength of the C30 concrete was 

41.8 MPa and the ultimate strength of HRB 400 rebar was 

455 MPa. 

 

 

 

 

 

Fig. 6 Test setup 

 

 

 

3.2 Test setup and loading scheme 
 
Fig. 6 shows that the loading setup mainly included a 

loading frame and hydraulic actuators. The SSKW 

specimens were fixed at the bottom by jacks, pressing 

beams, and anchor bolts and were free at the top. Two 

vertical actuators were installed on the loading frame, 

providing an axial compressive force of 500 kN to each 

wall segment, equating to an axial force ratio of 0.2. 
Meanwhile, a horizontal actuator was used to exert a lateral 

reciprocal loading at the top of the specimens. 

The loading history is shown in Fig. 7. Specimens were 

loaded to generate later drift amplitudes of 1/1000, 1/800, 

1/500, 1/300, 1/200, 1/150, 1/100, 1/67, 1/50, and 1/40, and 

each amplitude was used in three cycles (Shen et al. 2017). 
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Fig. 5 Dimensions of SSKs and embedded steel panels 
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Fig. 7 Loading history 

 

 

3.3 Measurement scheme 
 
Many methods have been proposed on measuring the 

response of structures, including deformations, damage, etc. 

Yi et al. (2010, 2019) adopted GPS technology and real-

time kinematic to realise full-scale measurement of the 

dynamic response of a suspension bridge, which exhibited 

outstanding accuracy and produced profound influence in 

monitoring. Ye et al. proposed imaged-based measurement 

and multi-point displacement monitoring along with multi-

object tracking algorithms (2012, 2013, 2015a, b, 2016a, b, 

c), which showed considerable accuracy and high 

efficiency. In this study, the specimens were measured by 

displacement transducers strain gauges, and digital cameras. 

Fig.  8 shows that four displacement transducers, namely 

D1–D4, were mounted on the specimens, where D1 was 

used to measure the lateral displacement, d1, at the top of 

the specimens and D2 was used to measure the slippage, d2, 

of the foundation beam, so that the drift of the specimens 

could be calculated as 

1 2Δ=
d d

h


 (3) 

Here, h is the vertical distance between the loading point 

and foundation beam.  

D3 and D4 were used to measure the diagonal 

deformations, d3 and d4, of the SSKs, and the monitoring 

points were set at the corners of the embedded steel panels. 

Accordingly, the drift of SSKs can be calculated as 

3 4

2 2

d d a

ba b



 


 (4) 

where a and b are respectively the horizontal and vertical 

distances between the monitoring points.  

The lateral restoring forces of the specimens were 

measured using a transducer, where a specimen was to be 

judged to have failed when the restoring force reduced to no 

more than 85% of its peak value (Shen et al. 2019a, b). 

 

 

 

 

 

(a) Instrumentation for specimens 

 

(b) Instrumentation for SSKs 

Fig. 8 Layout of instrumentation system 

 

 
 

4. Test results 
 

4.1 Damage and failure mode 
 

Figure 9 shows photographs of specimens A1 and A2 

after testing. It is seen that the specimens failed mainly at 

the bottom of the wall segments, where the highest amounts 

of bending and strain were distributed. Consequently, the 

steel bars buckled and the concrete was crushed. 

Fig.  10 shows photographs of the SSKs after testing. 

The SSK of A2 was fractured, whereas the SSK of A1 

remained intact, despite A1 and A2 being equipped with 

SSKs of the same strength. This was due to ns of E1 being 

0.9, which resulted in a higher probability of fracturing of 

the rivets. Thus, the SSK of A1 failed in anchoring because 

it no longer deformed along with the lateral deformation of 

the wall segments. In comparison, E2, the anchoring 

component of the SSK in specimen A2, remained intact 

because of its high safety coefficient, meaning that the SSK 
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in A2 worked effectively throughout the loading test. With 

an increase in the loading drift, the deformation of the SSK 

gradually exceeded its capacity, and ultimately resulting in 

fracturing. There was not obvious out-of plane buckling 

observed in the energy dissipation plate of the SSK, 

additionally, the concrete cracking of A2 occurred earlier 

than that of A1 and with a larger cracking width, because 

E2 strengthened the wall segments in the local region, and a 

short column formed between the embedded anchoring 

components and the bottom of the shear wall, exhibiting the 

lack of deformation capacity and earlier cracking. 

 

4.2 Lateral resistance and performance points 
 

The hysteresis curves of the lateral restoring force 

versus the lateral displacement of the loading point for A1 

and A2 are shown in Fig. 11 and the corresponding skeleton 

curves are shown in Fig. 12.  

 

 

 

(a) A1 

 
(b) A2 

Fig. 9 Photographs of specimens after loading 

 

 

(a) E1 

 

(b) E2 

Fig. 10 Hysteresis curves for specimens 

 

 

Table 1 Performance points for test specimens 

Specimen A1 A2 

Initial stiffness (kN/mm) 40 44 

Yield force of a specimen (kN) 183 198 

Peak force (kN) 311 396 

Yield drift of wall segments 1/470 1/485 

Yield drift of SSK 1/800 1/820 

Drift of peak force 1/100 1/50 

Fracture drift of SSK / 1/60 

Fracture drift of embedded components 1/150 / 

Ultimate drift of a specimen 1/41 1/44 

 

 

In general, A1 had lower lateral resistance than A2, whereas 

the restoring force of A2 rapidly declined after peaking. 

Detailed test results are listed in Table 1, where it is seen 

that the initial stiffness and yield force of A2 were 

respectively 44 kN/mm and 198 kN, values that are no more 

than 110% of those of A1. This indicates that the initial 

strengths of A1 and A2 were approximately similar. 

However, the peak force of A2 was 28% higher than that of 

A1, because the SSK of A1 failed in anchoring at a loading 

drift of 1/150, far before A1 reached the peak force. 

Consequently, the linking of the two wall segments of 

A1 failed and the segments functioned independently with 

lower stiffness after the anchoring failure of the SSK. In 

comparison, the anchoring of the SSK in A2 remained intact 

and A2 thus functioned with an obviously higher lateral 

strength during the tests. However, after reaching a peak 

force at 1/50, A2 was quickly damaged at a drift of 1/44 and 

Fracture
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the restoring force dropped by 25%. In comparison, the 

force of A1 reduced by 19% when the drift increased from 

1/100 to 1/44. Notably, the declining slope was only 14% 

that of A2. This indicates that an ns value as high as 2.1 for 

the embedded component E2 can lead to the rapid failure of 

specimen A2 after a peak force is reached. 

 

 

 

(a) A1 

 
(b) A2 

Fig. 11 Hysteresis curves for specimens 

 

 

 

Fig. 12 Skeleton curves of specimens 

 

 

 

 

Fig. 13 Anchorage failure of E1 

 
 
4.3 Performance of anchoring components 

 
The embedded components E1 and E2 had different 

properties under loading. Specifically, E2 remained intact 

throughout the loading test whereas E1 was seriously 

damaged. Additionally, the maximum deformation drift of 

SSKs in A1 and A2 were 1/42 and 1/11, and the 

corresponding loading drift were 1/150 and 1/40, 

respectively. In Figure 13, the fractured rivets of E1 are 

marked with red points. It is observed that fracturing mainly 

occurred for the peripheral rivets located far from the 

stiffness center of E1, because each of them produced a 

higher shearing force under the rotating deformation of the 

SSKs, as shown in Fig. 2(a). Moreover, the anchoring 

failure was observed to be a vicious circle. As a rivet 

fractured, it could no longer bear the shear load. This put 

pressure on the other rivets, because they had to bear more 

shear force, which sped up the failure of anchoring. In 

conclusion, an ns value as low as 0.9 is insufficient for 

anchoring because of the lack of the shear resistance of 

shearing rivets (Cui et al. 2018, Cui et al. 2019). 

Conversely, an ns value as high as 2.1 can lead to the brittle 

failure of specimens. Therefore, from the results of the 

present study, an appropriate safety coefficient range 

between 1.3 and 1.7 is preliminarily assumed and to be 

validated in the future study. 

 

 

5. Conclusions 
 

A precast SSKW was developed alongside a design 

approach for anchoring components of SSKs. To obtain an 

appropriate range of safety coefficients ns for design, two 

SSKW specimens with different strengths of SSK anchoring 

components were designed and loaded in quasi-static cyclic 

tests. The major findings of the study are as follows.  

(1) The SSK of specimen A1 failed in anchoring at a 

loading drift of 1/150, indicating that an ns value as low as 

0.9 for the anchoring components is insufficient, because 

the failure process of anchoring is a vicious circle. 

(2) The anchoring component E2 in specimen A2 

remained intact. However, after reaching a peak force at a 

drift of 1/50, A2 was quickly damaged at a drift of 1/44, and 

its restoring force sharply decreased. This indicates that an 

ns value as high as 2.1 for the embedded anchoring 

component E2 can lead to the brittle failure of specimens, 

giving rise to a short-column effect and a rapid decline in 
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lateral strength. 

(3) The initial stiffness and yield force of A2 were only 

10% higher than those of A1. However, the peak force was 

28% higher for A2 than for A1. This indicates that ns of the 

embedded components mainly affects the nonlinear 

properties of specimens, including the deformation ability 

after the peak force and the ultimate damage modes, instead 

of the initial status. 
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