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Abstract

In order to assess the behavior of the precast shear walls with three different variables and promote the application of the new types
of precast shear walls in structures, six precast shear walls with boundary elements designed based on Chinese code for design of
concrete structures were tested under quasi-static cyclic loading. The three variables are reinforcement type, horizontal connection
and vertical connection. In particular, there are three types of reinforcement, which are uniform, 3 × 3 and 4 × 4; three types of
horizontal connection, which are dovetail joint, T-shape slot and rough surface; two types of vertical connection , which are welding
and slurry sitting. Tests results indicate that the failure mode of specimens SW-1 through SW-5 was diagonal tension failure and
failure mode of specimen SW-6 was shear sliding; the three variables have effect on peak load, drift ratios and ductility; the
combination of reinforcement type “4 × 4”, dovetail joint and welding make an improvement on peak load, ductility and energy
dissipation; while the T-shape slot is not applicative preferentially in horizontal connection and the slurry sitting vertical connection
type is not recommended in mid-rise buildings.
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1. Introduction 

With advantages of fast construction, energy-saving, environmental

protection and low cost, precast shear wall structure is suitable for

residential construction industry architecture. At present in China,

with the rapid development of construction industry and housing

industrialization, construction technology of precast shear wall

structure is becoming an urgent matter. 

In recent years, studies on the structural performance of

components and nodes connections in precast shear structural

system have been carried out. Some scholars (Kurama et al.,

2006; Kurama et al., 2008)investigated the performance of the

unbonded post-tensioned hybrid coupled wall structures, and test

results showed that it was feasible to use unbonded posted-

tensioned technology in connections between walls. Meanwhile,

the seismic behavior of precast reinforced concrete shear walls

using different ways vertical reinforcement connection were

invonestigated to assess the new vertical connection (Qian et al.,

2011; Qian et al., 2011). Test results indicated that the stresses of

vertical reinforcements can be transferred effectively by grout

sleeves and the failure mode of the precast concrete shear wall

specimens is the same as that of the cast-in-site wall specimen,

i.e., tensile yield of reinforcements and compressive failure of

concrete. An improved on grout sleeve splicing was made and

studied the seismic behaviors of precast shear walls with vertical

distributed reinforcements spliced by a single row of steel bars

indirect splicing (Zhang et al., 2012). The test results indicated

that the vertical rebars yield before the specimens reach their

ultimate strengths, the concrete crushes at the bottom of the wall,

and the failure mode of all specimens is compression-bending. In

order to promote building and housing industrialization, tests on

joints of new precast concrete shear wall structure were carried

out (Zhu et al., 2012), and test results showed that precast

specimens have similar seismic behaviors with the cast-in-situ

specimens. Some scholars investigated the carrying capacity,

deformation behavior, and the property of energy absorption of

the superimposed slab shear walls (Ye et al., 2009), found that it

is possible to replace the RC shear wall with the superimposed

slab shear wall under the necessary conditions, and they gave a

suggestion that it is recommended to set shear reinforcement or

shear oblique groove at wall base. Although a large amount of

experimental researches have been conducted, additional studies

should be performed to promote the knowledge and application

of these kinds of connections in precast shear wall structures,

especially experiments on large-scale precast reinforced concrete

shear wall structure. Previously, a three-story full-scale model for

TECHNICAL NOTE

*Professor, College of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China (E-mail: qqhuangwei2005@126.com)

**Lecturer, School of Management Science and Engineering, Hebei University of Economics and Business, Shijiazhuang 050061, China (Corresponding

Author, E-mail: mzhangsjz528@163.com)

***Lecturer, College of Civil Engineering, Henan Polytechnic University, Jiaozuo 454000, China (E-mail: 94027203@qq.com)



Wei Huang, Min Zhang, and Zengke Yang

− 4956 − KSCE Journal of Civil Engineering

an elastic quasi-static was tested (Jiang et al., 2011). Test results

indicated that the overall seismic energy dissipation capacity of

the structure can be enhanced if the connections between precast

members have adequate deformation capacities, and further

experimental and theoretical studies need to be carried out so that

it can be applied in seismic design of practical engineering. 

In order to solve these problems which are technically challenging

and cost prohibitive in existing connections ways (Zhang et al.,

2012; Zhu et al., 2012; Jiang et al., 2011; Zhang et al., 2014), a

new precast concrete wall structure is proposed based on the

previous research, i.e. the ecological composite wall structure

(Chen et al., 2012; Liu et al., 2010; Liu et al., 2013). The precast

concrete wall structure is composed of precast wallboard, cast-

in-situ boundary elements, and the floor, as shown in Fig. 1.

In this study, six 1/2-scale precast shear wall specimens were

designed and tested under quasi-static cyclic loading to evaluate

the seismic behavior of the new precast wall and giving design

suggestions. In this study, effect of three parameters on the crack

patterns and failure modes, peak load, drift capacity, stiffness

degradation, and energy dissipation are compared and analyzed,

respectively. The experimental results of six specimens can be

used as reference for engineering practice of precast shear wall

structure. 

2. Experimental Program 

2.1 Test Specimens 

Six specimens with a height to length ratio of 0.96 were tested

to provide information on shear strength and drift capacity of

precast shear wall, and to evaluate shear requirements specified

by Chinese code for design of concrete structures GB50010-

2010 (2010) and Technical specification for precast composite

wall structure DBJ61/T 94-2015 (2015). And the objectives that

the tested walls must reach to have a good performance, in

particular the elastic displacement angle and elastoplastic interlayer

displacement angle are 0.1% and 8.3%. The testing program

consisted of three variables, which are reinforcement type,

horizontal connection type and vertical connection type, such that

a direct comparison could be made, as shown in Table 1.

The precast wallboard has a length of 950 mm, a height of

1350 mm and a thickness of 100 mm. With a 200 mm length

cast-in-situ boundary element and a 25 mm length construction

joint each side, all specimens have a overall length of 1400 mm.

The height from the top surface of foundation beam to the action

Fig. 1. Construction Details of Precast Shear Wall

Table 1. Characteristics of Specimens

No.
Reinforcement

 type
Horizontal 

connection type
Vertical 

connection type 

SW-1 Uniform Dovetail joint Welding 

SW-2 3 × 3 Dovetail joint Welding 

SW-3 4 × 4 Dovetail joint Welding 

SW-4 4 × 4 T-shape slot Welding 

SW-5 4 × 4 Rough surface Welding 

SW-6 4 × 4 Dovetail joint Slurry sitting 

Fig. 2. Geometry and Reinforcement Layout of Specimens: (a) Pre-

cast Wallboard of Uniform Reinforcement, (b) Precast Wall-

board of 3 × 3 Reinforcement, (c) Precast Wallboard of 4 × 4

Reinforcement, (d) Shell Frame, (e) Geometry of Shear Keys
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point of lateral loading is 1450 mm. The geometry and

reinforcement layout of specimens are illustrated in Fig. 2. 

The precast wallboard of all specimens were vertically web

reinforced with eight hot rolled ribbed bars D8 (diameter = 8

mm), constituting a vertically web reinforcement ratio ρv of

0.85%. Hot rolled ribbed bars D6 (diameter = 6 mm) spaced at

100 mm (D6@100) were used as the horizontal web reinforcement

of specimen SW-1 (shown as Fig. 2(a)), and eight hot rolled

ribbed bars D8 (diameter = 8 mm) were used as the horizontal

web reinforcement of specimen SW-2 (shown as Fig. 2(b)), and

specimens SW-3 through SW-6 (shown as Fig. 2(c)), constituting a

horizontal web reinforcement ratio ρh of 0.60%. Six hot rolled

ribbed bars D8 (diameter = 8 mm) were used as the vertical

reinforcement of the boundary of all specimens, constituting a

longitudinal reinforcement ratio ρ of 1.51%; and transversely

reinforced with hot rolled plain bars D4 (diameter = 4 mm)

hoops and ties spaced at 50 mm (D4@50). 

Three kinds of horizontal connection were used in this study,

as shown in Fig. 3. Dovetail joint was used as the horizontal

connection between wallboard and boundary element of specimens

SW-1 through SW-3, and specimen SW-6 (shown as Fig. 3(a));

T-shape slot was used as the horizontal connection between

wallboard and boundary element of specimen SW-4 (shown as

Fig. 3(b)); and Rough surface was used as the horizontal connection

between wallboard and boundary element of specimen SW-5

(shown as Fig. 3(c)). 

Two kinds of vertical connection types were used in this study,

as shown in Fig. 4. Welding was used as vertical connection

between wallboard base and foundation beam of specimens SW-

1 through SW-5 (shown as Fig. 4(a)); Slurry sitting was used as

vertical connection between wallboard base and foundation

beam of specimen SW-6 (shown as Fig. 4(c)). The construction

details of welding are shown in Fig. 4(b). There were plates with

two hot rolled ribbed bars D14 bended like U wielded on each as

dowel reinforcement. Two plates are embedded in wallboard and

other two plates embedded in foundation beam. The length of the

dowel bars extended into the wallboard and into the foundation

was 300 mm. 

The construction of specimens mainly includes the following

three steps: (1) construction of foundation beam; (2) prefabrication

of wallboard; (3) assembly of the wallboard and the cast-in-situ

boundary elements. The construction procedures are shown in

Fig. 5. 

2.2 Mechanical Properties oF Material 

In this study, the mix proportion of concrete: cement: sand:

aggregate = 1: 2.3: 4.2; water/cement = 0.49. The cement is

P.O32.5 ordinary Portland cement, the fine aggregate is medium

sand, and the size of aggregate is 5-20 mm. Several cubes of 150

mm side length were prepared and cured in the laboratory in a

water bath under a temperature of 20°±2°C and then tested at the

age of 28 days for compressive strength and tensile splitting

Fig. 3. Horizontal Connection Types: (a) Dovetail Joint, (b) T-shape

Slot, (c) Rough Surface

Fig. 4. Vertical Connection Types: (a) Welding, (b) Details of Welding, (c) Slurry Sitting

Fig. 5. Vertical Connection Types: (a) Construction of Foundation

Beam, (b) Prefabrication of Wallboard, (c) Assembly of

Wallboart and Boundary Elements
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strength. The average of three values was recorded as the

strengths of concrete. The average cube crushing strength of

concrete is 29.5 MPa, and average tensile splitting strength is

18.6 MPa. Several standard prisms of 150 mm × 150 mm × 300

mm were prepared and cured in the laboratory in a water bath

under a temperature of 20o ± 2oC and then tested at the age of 28

days for axial compressive strength and elastic modulus. The

average of three values was recorded as the strengths of concrete.

The average compressive strength of concrete is 25.1 MPa, and

the elastic modulus is 29.8 GPa. The mechanical properties of

reinforcement are shown in Table 2. 

2.3 Test Setup 

The horizontal load was applied on the specimens by a double-

acting actuator with a capacity of ±1,000 kN, as shown in Fig.

6(a). While the axial load was applied with a hydraulic jack on

the steel beam which was placed on the top of the RC coupling

beam to simulate the vertical pressure of the underlying wall in

the actual project. The value of the axial load is 700 kN,

calculated according to the axial compression ratio of the ground

wall of a 12 layer precast shear wall structure. The steel beam

was used for making sure that the axial load could be applied

uniformly to the specimens. Fig. 6 shows a front view and a side

view of the test setup. 

2.4 Instrumentation

A series of LVDTs, i.e., liner variable displacement transducers,

were applied to measure the deformations of specimens. One

200 mm LVDT was used to measure the top displacement at the

application point of lateral load, and the other one LVDT was

Table 2. Mechanical Properties of Reinforcement

Type
Yield strength 

fy / MPa
Ultimate strength

 fu / MPa
 Elastic modulus 

Es  / MPa 

D4 368 467 2.1 × 105

D6 456 569 2.0 × 105

D8 445 555 2.0 × 105

D14 467 618 2.0 × 105

Fig. 6. Test Setup: (a) Front View, (b) Side View

Fig. 8. Measured Stain Gauges: (a) SW-1, (b) SW-2, (c) SW-3, SW-4, SW-5 and SW-6

Fig. 7. Instrumentation of Specimens
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installed at the foundation beam to measure the sliding displacement

of the specimens. Moreover, to measure the bending deformation

and shear deformation of the specimens, two more LVDTs were

installed in the diagonal directions, as shown in Fig. 7.

The electrical resistance strain gauges were mounted on some

selected vertical and horizontal reinforcements to monitor and

analysis the steel strain during the test. Fig. 8(a) and Fig. 8(b)

show the selected locations of stain gauges in specimen SW-1

and SW-2, respectively. While, the selected locations of stain

gauges in specimens SW-4 through SW-6 were same as specimen

SW-3, as shown in Fig. 8(c).

2.5 Loading Procedure 

The observed loading procedure during tests is shown in Fig.

9; θm indicates the rotational angle corresponding to the

displacement of the coupling beam when the specimen reaches

the ultimate load. The axial load were invariant when the cyclic

lateral load was applied to the specimens. At the first state, force

control was taken with an increasing amplitude of 30 kN, and for

each load level one cycle was applied. After that, displacement

control was conducted. The ductility level was 2 mm per

amplitude, and for each ductility level three cycles were applied. 

3. Test Results 

3.1 Crack Patterns and Failure Modes 

According to the test, the failure process of most walls can be

classified into three stages, namely elastic stage, elastic-plastic

stage and failure stage, while the pictures taken at the failure

stage of six walls are shown in Fig. 10, respectively. But due to

the difference of the design variables, the failure mechanisms of

the specimens are different. 

For evaluating the observed behaviors of the specimens, three

failure modes were identified (Julian et al., 2015). The first mode

is diagonal tension failure. This is related to concrete inclined

cracking, no web crushing of concrete, and yielding or plastic

yielding of most longitudinal reinforcement of boundary element.

The second mode was diagonal compression failure and is

related to yielding of some steel bars or wires and noticeable webFig. 9. Loading Procedure

Fig. 10. Crack Patterns of Specimens at Failure Load: (a) SW-1, (b) SW-2, (c) SW-3, (d) SW-4, (e) SE-5, (f) SW-6
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crushing and spalling of concrete. A compression failure may

occur without significant plastification of web steel. This is

particularly the case when low strength concrete and/or large

steel ratios are used. The third mode is sliding shear failure,

which is characterized by resisting shear force by aggregate

interlock of concrete in the compression zone and dowel action

of the vertical connections. 

The final crack patterns of all specimens are shown in Fig. 10.

Failure mode of specimens SW-1 through SW-5 was diagonal

tension failure whereas diagonal compression failure mode was

not observed in specimens. Besides, failure mode of specimen

SW-6 was shear sliding at the vertical connection of slurry sitting

after diagonal tension was observed at the wallboard. 

3.2 Hysteresis Curves 

Figure 11 shows the hysteresis curves of all specimens

obtained the test, from which we can see that the hysteresis loops

of all specimens were typical of concrete walls controlled by

shear deformations. And although pinching of hysteresis loops

was observed, the loops of all specimens were nearly stable and

symmetric during tests. 

Based on the above introduced hysteresis curves, some useful

performance indexes are introduced. δ in Fig. 11 is the relative

displacement between the top and bottom of the specimens. Drift

at cracking, IDcr, is the ratio between the cracking displacement,

δcr, and the height of wall, H, which is expressed as IDcr = δcr/H.

Similarly, IDy, IDmax and IDu are associated to displacement

corresponds to yielding force, δy, displacement corresponds to

peak force, δp, and ultimate displacement, δu. Ductility, μ, is the

ratio between the ultimate displacement, δu, and the yielding

force, δy. The parameters measured during tests of specimens are

summarized in Table 3. 

To evaluate the deformation capability of the specimen, a ratio

of the horizontal displacement at the top of the specimen to the

height of the specimen is defined, which is represented as ID = δ/

H. It’s used to limit the horizontal displacement of structure

under the normal use condition, to ensure the high-level structure’s

stiffness, and to avoid producing too large displacement and

influence the bearing capacity, stability and use requirements of

structure. 

In general, specimen SW-3 exhibited a larger forces (increase

by 4% ~ 6% at peak state), and the strong crushing at the corners

of specimens SW-1 and SW-2 effect reduces the capacity of the

concrete in compression, leading to decrease the drift ratios and

Fig. 11. Hysteresis Curves of Specimens: (a) SW-1, (b) SW-2, (c) SW-3, (d) SW-4, (e) SW-5, (f) SW-6

Table 3. Main Parameters of Response Measured on Specimens

No.
Force Drift ratio

µ
Fcr (kN) Fy (kN) Fp (kN) Fu (kN) IDcr (%) IDy (%) IDp (%) IDu (%) 

SW-1 299.07 359.33 457.30 385.22 0.18 0.25 0.67 0.87 3.50

SW-2 241.99 361.74 449.65 367.81 0.14 0.33 0.87 1.19 3.60

SW-3 268.36 359.50 476.34 417.60 0.20 0.32 0.93 1.19 3.76 

SW-4 272.72 361.12 453.43 386.98 0.21 0.36 0.80 1.06 3.52 

SW-5 247.84 390.30 491.95 418.37 0.13 0.27 0.93 1.33 4.86 

SW-6 299.35 389.81 481.50 415.08 0.14 0.21 0.67 1.06 4.20 
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ductility, which means the “4 × 4” reinforcement type has a better

performance than the other two reinforcement types. Whereas

compared with specimen SW-4, specimens SW-3 and SW-5

exhibited larger force values, drift ratios and ductility, which shows

that horizontal connection types of dovetail joint and rough surface,

other than the T-shape slot, made the wallboard and boundary

elements work as one unit. Although specimen SW-6 got a similar

peak force value and ductility with specimen SW-3, lower drift

ratios because of the sliding of the slurry sitting vertical connection

type are observed. And the slurry sitting vertical connection type is

not recommended in high-rise buildings. 

3.3 Initial Stiffness and Stiffness Degradation 

In order to evaluate the influence of the three key parameters

on wall stiffness, the initial stiffness and stiffness degradation

were calculated and plotted in Figs. 6(a), (b) and (c),

respectively. It is evident that initial stiffness value of specimen

SW-6 is smaller than the values of other five specimens, which

are nearly the same. The relation between displacement δ and

relative stiffness K/K0 of all specimens are plotted in Fig. 6(d),

from which we can see that specimen SW-5 shows a lower value

of stiffness degradation than the other specimens, especially

specimen SW-4, which indicates that the T-shape slot is not

applicative preferentially in horizontal connection. 

3.4 Energy Dissipation 

In a cyclic loading process, the energy dissipation due to

inelastic deformation is generally represented with the area

surrounded by the load-deformation hysteresis curve. And to

evaluate the energy dissipation capacity of the precast shear wall

specimen, a coefficient E, i.e. the energy dissipation coefficient

(Dang et al., 2014) is defined and cited, which is calculated as

follows: 

(1)

Where  is the area within hysteresis loop, i.e. the

energy dissipated by the specimen in a single hysteresis cycle;

SΔOBE and SΔODF represent the area of triangle OBE and the area of

triangle ODF, respectively. 

Figure  13 shows the calculation parameters in Eq. (1). 

E

S
ABC CDA+

SΔOBE SΔODF+

-------------------------------=

) )

S
ABC CDA+

) )

Fig. 12. Stiffness Degradadion: (a) Reinforcement Type, (b) Horizontal Connection Type, (c) Vertical Connection Type, (d) Relative Stiffness

Fig. 13. Calculation of Energy Dissipation Coefficient
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Energy dissipation coefficient E of all specimens at four states

are calculated by using Eq. (1), as shown in Fig. 14. 

From the above figure, some conclusions can be obtained that

all specimens reaches yield state energy accounted for 45% ~

59% of energy dissipation at peak state, the average is 52%; and

all specimens reaches peak state accounted for 68% ~ 91% of

energy dissipation at ultimate state, the average is 79%. From

cracking state to ultimate state, the energy dissipation coefficient

E shows a steady upward trend, which indicates the cumulative

energy dissipation. It’s evident that E of specimen SW-3 are

larger than the other specimens, which show that the combination of

reinforcement type “4 × 4”, vertical connection type “dovetail

joint” and horizontal connection type “welding” is more conducive

to the dissipation of energy. 

4. Conclusions 

An experimental study that comprised quasi-static cyclic tests

of six precast shear walls was conducted to provide information

on seismic performance of walls in terms of crack patterns,

failure modes, hysteresis curves, initial stiffness, stiffness

degradation and energy dissipation. The main results obtained

from the tests can be summarized as follows. 

1. The failure mechanism is different due to the design vari-

ables. Failure mode of specimens SW-1 through SW-5 was

diagonal tension failure and failure mode of specimen SW-6

was shear sliding at the vertical connection of slurry sitting

after diagonal tension was observed at the wallboard. 

2. The three key parameters, i.e. reinforcement type, horizontal

connection type and vertical connection type, all have effect

on peak load, drift ratios and ductility, when the web rein-

forcements remains constant. The combination of reinforce-

ment type “4 × 4”, vertical connection type “dovetail joint”

and horizontal connection type “welding” make an improve-

ment of peak load, ductility and energy dissipation but small

decrease in initial stiffness than the other specimens SW-1

and SW-2; while SW-5 has a slightly higher peak force and

a significant performance in ductility than SW-3. 

3. The T-shape slot is not applicative preferentially in horizon-

tal connection, and the slurry sitting vertical connection type

is not recommended in mid-rise buildings. However, the

practical application of the precast shear wall should be fur-

ther compared and investigated. 
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