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Summary
A novel horizontal and vertical wall‐to‐wall and wall‐to‐floor connection methods for precast

box‐modularized structure with reinforced concrete shear walls (PBSRCSWs) are proposed in this

paper. The entailing behavior of the proposed connections and the seismic performance of one

full‐scale six‐story PBSRCSWs were experimentally studied by means of pseudodynamic

substructure tests. In order to improve the relevant experimental accuracy, we presented and

validated one versatile testing platform Hytest, combined with external displacement feedback

control (EDFC; Hytest with EDFC). In greater detail, it was shown from the pseudodynamic

substructure test results that the proposed Hytest with EDFC can effectively impose the desired

displacements on the specimens rather than on the actuators. Moreover, both the horizontal and

vertical wall‐to‐wall connections proposed for the PBSRCSWs exhibited a favorable behavior

whilst the PBSRCSWs subjected to earthquake records showed an excellent seismic

performance.
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1 | INTRODUCTION

1.1 | Background and motivation

The precast concrete construction can provide high‐quality production

with minimal construction time and represents an effective way to pro-

mote industrialization; therefore, it has been of great interest around

the world in recent decades. A single standardized three‐dimensional

precast component was used as the repetitive modular construction

element. This unit was then combined together to form different

house types. The structure—Habitat '67—was composed of clusters

of house units one on top of the other.[1] Previous research on seismic

precast structures goes back to the Precast Seismic Structural Systems

Research Program in the early 1990s.[2] Since then, a significant
wileyonlinelibrary.com/jo
amount of research has been conducted worldwide on the design

and seismic behavior of precast concrete frame structures and precast

concrete shear wall structures. The research on precast concrete shear

wall structures was mostly focused on the connections of different

types, that is, emulative,[3–5] posttensioned,[6,7] hybrid,[8,9] and in

posttensioned walls endowed with energy dissipation.[10,11]

In order to enhance the earthquake resistance of emulative pre-

cast concrete walls, Kang et al.[4] proposed that bonded or unbonded

longitudinal rebars with a partially reduced cross‐sectional area can

be used at the plastic hinge zone. Henin and Morcous[3] investigated

the use of nonproprietary bar splice sleeves for precast concrete

construction, and the test results indicated that the proposed bar

splice sleeves exhibit adequate capacity to fully develop reinforcing

bars while being simpler to use and more economical than current
Copyright © 2017 John Wiley & Sons, Ltd.urnal/tal 1 of 21
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proprietary splice sleeves. An assembly method was then proposed for

precast reinforced concrete shear walls using dry connection through a

horizontal steel connector (H‐connector) and high‐strength bolts.[5] In

addition, one design‐oriented analytical model to estimate the nonlin-

ear lateral load behavior of unbonded posttensioned walls was intro-

duced and validated with available experimental results.[7] The

effects of tendon layout, tendon end‐anchorage configuration, and

external vertical load on the self‐centering ability of unbonded
posttensioned precast concrete shear walls subjected to earthquake

loading were investigated by Erkmen and Schultz.[6] Conversely, Smith

et al.[8] presented the behavior of a hybrid precast concrete wall

specimen, which was characterized by a combination of mild steel

and high‐strength unbonded posttensioning steel for lateral resistance

across horizontal joints. Along the same line, the lateral load behavior

comparison of hybrid precast concrete shear wall test specimens with

a precast specimen designed to emulate monolithic cast‐in‐place
FIGURE 1 Plan view of the precast box‐
modularized structure with reinforced
concrete shear walls: (a) first story; (b) other
stories



FIGURE 3 Details of horizontal wall‐to‐wall connection
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reinforced concrete (RC) shear walls was conducted by Smith et al.,[9]

and the results showed the potential for the use of precast walls in

seismic regions. Moreover, the results of three half‐scale self‐centering

precast concrete jointed walls incorporating energy dissipators were

described by Restrepo and Rahman.[10] Finally, an innovative precast

concrete wall system consisting of a precast wall with end columns

was introduced by Sritharan et al.[11]; they combined a precast

unbonded posttensioned wall with two end columns using a set of

special cost‐effective energy‐dissipating connectors.

The aforementioned investigations on precast shear wall struc-

tures were normally conducted using quasi‐static testing; however,

due to the predetermined displacement protocol, the corresponding

experimental results cannot directly disclose the seismic performance

of an overall structure subjected to the earthquake randomness.

Conversely, the pseudodynamic testing (PDT) or pseudodynamic

substructure testing (PDST) method can economically and accurately

trace the seismic response of a structure with a large or even full‐scale

structure model.[12] In fact since it was proposed in the late 1960s, the

PDT has been systematically investigated worldwide, and the research

has mostly focused on improving the experimental accuracy operating

on integration algorithms, actuator control, model updating, finite

element software, and testing platform.
FIGURE 2 Model of Boxes A and B in each story: (a) Box A; (b) Box B
The integration algorithm is the key element of the PDT, PDST,

and real‐time substructure testing (RST), which is a new testing

methodology. There are several new variants that have been

investigated and applied in recent years.[13–20] The operator‐splitting

method for RST and the equivalent force control method for PDT

and RST were investigated byWu et al.[20] and Chen et al.[17] Chang[15]

presented the improved explicit Chang method for structural dynamics

and Bursi et al.[14] investigated novel coupling Rosenbrock‐based

algorithms for real‐time dynamic substructure testing. Bonnet

et al.[13] presented a comparison of methods for the analysis of the

numerical substructure in a real‐time hybrid test, and a multitasking

strategy was described capable of satisfying the various control and

numerical requirements. Chen et al.[16] proposed an unconditionally
FIGURE 4 Details of the sleeve



TABLE 1 Dimensions of the sleeve (mm)

Type L L1 L2 D M D0 t

GTB4‐22‐A 195 69 126 48 23 38 5

FIGURE 6 Details of the wall‐to‐floor slab connection
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stable explicit CR integration algorithm for real‐time hybrid testing.

Both, the actuator control and the corresponding delay compensation

represent key elements of the RST, and there are several new types of

methods that have been proposed; see, among others, Wang et al.,[21]

Chae et al.,[22] Dong et al.,[23] and Ou et al.[24]

With regard to the use of FE software, a peer‐to‐peer Internet

online hybrid test system incorporating OpenSEES and ABAQUS was

developed by Wang et al.,[25] and the applicability of the proposed

approach was numerically verified with a simple steel moment‐

resisting frame. With reference to online model updating for substruc-

ture pseudodynamic hybrid simulation, Kwon and Kammula[26]

improved the PDST experimental accuracy by applying calibrated

weighting factors at each time step to the relevant numerical models.

The model updating with a constrained unscented Kalman filter for

hybrid testing was investigated by Wu and Wang.[27] Moreover, the

hybrid simulation of a multispan RC viaduct with plain bars and

sliding bearings was conducted by Abbiati et al.[28] with an offline

updating. One software framework for distributed experimental

computational simulation of structural systems—OpenFresco—was

proposed by Takahashi and Fenves[29] and a framework for multi‐site

simulation and application to complex structural systems‐UI‐Simcor

was proposed and validated by Kwon et al.[30] Nonetheless, one plat-

form capable of achieving an accurate control on the deformations of

the specimens instead of the actuator displacements is yet to be set.
1.2 | Scope

Although much progress has been made on the research of precast

concrete shear wall structures, new types of joint connections and

the corresponding seismic performance of overall structure are still

need to be investigated. Because the basic assembly elements of

precast concrete shear wall structures are normally chosen to be

individual shear wall, one faces time‐consuming and complicated

assemblies of elements and corresponding constructions of post‐cast

regions. In this respect, new types of assembly elements with easy

construction connections are desirable. Furthermore, for accurately

disclosing the seismic performance of newly proposed structures,
FIGURE 5 Details of vertical wall‐to‐wall connection
one versatile PDST platform, which can realize an accurate deforma-

tion control of the specimen, is still necessary to be developed.

In order for us to contribute to the solution of the aforementioned

problems, this paper proposes, in Section 2, a novel precast box‐

modularized structure with reinforced concrete shear walls

(PBSRCSWs) and the corresponding wall‐to‐wall and wall‐to‐floor

connections. Section 3 introduces both the specimen and the test

setup, whereas Section 4 presents and validates a high‐accuracy PDST

platform combined with external displacement feedback, that is,
FIGURE 7 Pictures of the horizontal wall‐to‐wall connection: (a) steel
bars for connecting upper story walls; (b) grouting of the sleeve
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HyTest with external displacement feedback control (EDFC). Both the

responses of the proposed connections and the relevant seismic

performances traced with the HyTest platform are discussed in

Section 5. Finally, conclusions are summarized in Section 6.
FIGURE 9 Picture of the whole connections
2 | DESIGN OF THE PRECAST BOX‐
MODULARIZED STRUCTURE

2.1 | Building configuration

The design motivation of PBSRCSWs is the program named “A Set of

Technology Study and Engineering Application Examples for Building

Industrialization in Yunnan Province.” The program aims to build and

popularize the PBSRCSWs affordable building in Yunnan Province.

The prototype structure was designed according to the China Code

for Seismic Design of Buildings, and the corresponding design

requirement of peak ground acceleration (PGA) is 400 gal (= 4 m/s2).

The representative building configuration of the PBSRCSWs is shown

in Figure 1.

Instead of individual shear wall, the box module was selected as

the basic assembling element in PBSRCSWs, in order to provide

high‐quality and easy installation production with minimal construction

time. The Boxes A and B in Figure 1 are depicted in Figure 2 for each

story. The building has an interstory height of 3,000 mm and plan
FIGURE 8 Picture of the vertical wall‐to‐wall connection
dimensions of 5,300 × 2,900 mm for Box A and 5,300 × 2,100 mm

for Box B. The thicknesses of the wall and floor are 180 and

120 mm, respectively. A concrete class C30 is used for the precast

walls and floors, C40 for the post‐cast regions, and C60 for the

grouting materials. The longitudinal steel bars for the shear wall are

S10@250, and the horizontal ones for the shear wall and floor slab

are S8@200. The longitudinal steel bars for elements GAZ and GYZ

are S12, S14, S16. The stirrups for GAZ and GYZ are S8 and S10.

For convenience of the transformation and installation of Boxes A

and B, parts of the wall are infilled with lightweight polystyrene boards,

such as the wall under coupling beam LL‐2, and this type of wall is

called infilled wall throughout this paper.
2.2 | Design of connections

The reliability of the connection between shear walls greatly affects

the structural integrity and seismic behavior, and hence, it is the key

element for the PBSRCSWs. Three types of joint connections should

be considered in the PBSRCSWs, that is, the horizontal wall‐to‐wall

connection, vertical wall‐to‐wall connection, and the horizontal wall‐

to‐floor connection. With the aim to improve both structural integrity

and seismic behavior, we propose and use three types of new connec-

tion methods together for the PBSRCSWs in this paper: (a) a horizontal

wall‐to‐wall connection characterized by vertical reinforcements

spliced indirectly by single‐row grout‐filled sleeves; (b) a vertical

wall‐to‐wall connection characterized by a stirrup bolted with

vertical reinforcements; (c) a horizontal non‐composite wall‐to‐floor

slab connection.



TABLE 2 Properties of the concrete

Element Story Class of concrete Number of samples Average compressive strength/MPa Cube compressive strength/MPa

Wall and floor slab First C30 3 36.7 34.8

Wall and floor slab Second C30 3 39.4 37.4

Post‐cast concrete First C40 3 47.6 45.2

Post‐cast concrete Second C40 3 44.8 42.6

Grouting material Both C60 3 74.1 70.4
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2.2.1 | Horizontal wall‐to‐wall connection

With the aim to both design and develop engineering applications for

affordable houses, this paper utilizes a connection technology charac-

terized by “vertical reinforcements spliced indirectly by one single‐row

of steel bars centrally grouted in a sleeve in horizontal joint connec-

tions” for PBSRCSWs, as shown in Figure 3. The connection tech-

nology is named as “single‐row grout‐filled sleeve connection”

throughout this paper. The details and the dimensions of the sleeve

are shown in Figure 4 and Table 1. The quantity and diameter of the

steel bars for the vertical reinforcements indirectly spliced can be

determined by the principle that the area of the steel bars is equal to

the area of the spliced reinforcements in the wall. In this paper, 91

S22 spliced steel bars are used for the two‐story shear wall horizontal

connection. The length of the steel bar is determined in such a way

that it meets the requirements of the Chinese Code for Design of Con-

crete Structures. The steel bars for connecting the lower story wall are

screwed into the sleeves before anchoring them at the predetermined

position at the bottom central line of the wall. The corrugated pipes are

then installed on both the grouting hole and the vent hole of the

sleeves. The steel bars for connecting the upper story wall are

anchored at the predetermined position on the top central line of the

wall with a sleeve connection length of 145 mm outside of the wall.

The concrete was cast after all the connecting steel bars, sleeves,

and reinforcements for Boxes A and B were shaped. The sleeves were

fully grouted by a self‐leveling grouting material after the upper stories

of Boxes A and B are assembled, as shown in Figure 3.
2.2.2 | Vertical wall‐to‐wall connection

Figure 5 shows the details of the vertical connection of wall‐to‐wall

characterized with a stirrup bolted by vertical reinforcement. There is

a 350 mm wall‐to‐wall post‐cast region and 50 mm aligned U‐shaped

reinforcements outside of the walls on Boxes A and B. The construc-

tion of the post‐cast region starts with the placement of 4S10 vertical

steel bars and a series of S8 horizontal stirrups. The template is fixed,

and then the concrete is cast.
TABLE 3 Properties of the steel bars

Type and grade Symbol d/mm fy/MPa fu/MPa

HRB400 S 8 410.3 651.9

HRB400 S 10 427.4 673.1

HRB400 S 12 458.6 611.5

HRB400 S 14 468.2 624.3

HRB400 S 16 455.9 607.8

HRB400 S 22 467.5 618.2
2.2.3 | Horizontal wall‐to‐floor connection

Figure 6 presents the details of the horizontal connection of wall‐to‐

floor characterized by a non‐composite floor slab joint connection.

When Boxes A and B are assembled, there is a 350 mm post‐cast

region of floor slab to floor slab, a series of 330 mm U‐shaped rein-

forcements outside of the Box A floor slab, a series of 330 mm bottom

reinforcements outside of the Box B floor slab, and a series of

L‐shaped reinforcements starting from the top of the Box B floor slab

and anchored to the wall of Box B. The construction of the post‐cast

region starts with the placement of 4S8 steel bars. The template is

fixed, and then the concrete is cast.
3 | EXPERIMENTAL SPECIMEN AND SETUP

3.1 | Overview of the specimen

In view of the capabilities of the loading facilities at the Structural and

Seismic Testing Center of the Harbin Institute of Technology, one six‐

story structure—with the plan view shown in Figure 1—was chosen. It

was estimated that the nonlinear behavior of the investigated six‐story

structure was mainly concentrated on the bottom of the structure.

Therefore, the experiments were carried out using PDST, with the bot-

tom two stories as the experimental substructure and the upper four

stories as the numerical substructure.

Because the weight of each box is approximately 270 kN, special

lifting tools and equipment are necessary to assemble the boxes,

although this is not the focus of this paper. For convenience, Boxes

A and B in the first story are manufactured separately at the experi-

mental site in the laboratory, and Boxes A and B in the second story

are manufactured on the first story 2 weeks later than the pouring of

the concrete for the first story. To simulate the effect of the box

assembling, we use cement mortar for leveling and separating the

two stories. Figure 7 shows both the shear wall horizontal connections

and the grouting of the sleeves. In addition, Figures 8 and 9 depict the

shear wall vertical connection and the whole connections, respectively.
3.2 | Material properties

Material tests were performed to obtain basic mechanical properties of

the materials. Compression and tensile tests were carried out using a

universal testing machine at the Structural and SeismicTesting Center,

Harbin Institute of Technology. From each concrete batch, three

100 mm edged cube samples were taken. The cube compressive

strength of concrete is obtained by multiplying 0.95 by the measured

average compressive strength according to the Chinese Standard for



FIGURE 10 Test setup: (a) picture of the test
setup; (b) 3‐D model of the test setup
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Test Method of Mechanical Properties on Ordinary Concrete. The

results of the compression tests obtained on the cubic samples are pre-

sented inTable 2. Samples of steel bars of each diameter were collected

and tested. The experimentally obtained properties are presented in

Table 3. A more resistant concrete for the post‐cast joints was utilized

in this paper in order to promote the integrity and seismic behavior of

the PBSRCSWs. Although a more resistant concrete for the post‐cast

joints may induce more stresses in the joints, a minor difference in
resistant was a compromise to be accepted. The performance of the

post‐cast regions are necessary to be evaluated by PDSTs.
3.3 | Test setup

The test setup is comprised of a two‐story PBSRCSWs specimen, reac-

tion wall, four servo‐hydraulic actuators, eight steel connection beams,

four vertical steel reaction frames, posttensioned steel bars, and



FIGURE 11 Layout of transducers and actuators: (a) front view of Line
F; (b) front view of Line D. LVDT = linear variable displacement
transducer
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anchor bolts. A general view of the test setup and the layout of trans-

ducers and actuators are presented in Figures 10 and 11, respectively.

TwoMTS servo‐hydraulic actuators named A21 and A22, with a stroke

of ±250 mm and a loading capacity of ±1,000 kN, were used on the

second floor. Two MTS actuators numbered A11 and A12, with a

stroke of ±250 mm and loading capacities of ±1,000 and ±2,000 kN,
respectively, were used on the first floor. The loading of each actuator

acted at the central line of the floor slab on each story. Each actuator

was connected to the specimen through two steel connection beams

that were bolted on the top and bottom of the floor slab. In order to

take into account the weight of the upper stories, we adopt 20

posttensioned steel bars and attachments, as shown in Figure 10. In

this way, the P‐Δ effect is not accounted for during the tests. How-

ever, it is shown by numerical analyses that the influence of the P‐Δ

effect was negligible.

The deformation of the specimen was monitored by 14 linear

variable displacement transducers (LVDTs, named from WYJ‐1 to

WYJ‐14), as presented in Figure 11. The transducers numbered from

WYJ‐1 to WYJ‐4 are fixed around to the actuators along Line 7, and

the transducers numbered from WYJ‐5 to WYJ‐8 are fixed at the

corresponding position along Line 3. For monitoring the eventual

slippage of the bottom beam, transducers numbered WYJ‐9 and

WYJ‐10 are fixed along Line 7, and transducers numbered WYJ‐11

and WYJ‐12 are fixed along Line 3. The measured deformations on

the specimen corresponding to each actuator can be calculated by that

the average value of two LVDTs corresponding to the actuator minors

the average value of two relevant LVDTs on the bottom beam, that is,

d11 ¼ WYJ‐3þWYJ‐7
2 −WYJ‐9þWYJ‐11

2 ; d12 ¼ WYJ‐4þWYJ‐8
2 −WYJ‐10þWYJ‐12

2 ;

d21 ¼ WYJ‐1þWYJ‐5
2 −WYJ‐9þWYJ‐11

2 ; d22 ¼ WYJ‐2þWYJ‐6
2 −WYJ‐10þWYJ‐12

2 ; in

which d11 and d12 are specimen deformations corresponding to

actuators A11 and A12 in the first story, respectively, and d21 and

d22 are specimen deformations corresponding to actuators A21

and A22 in the second story, respectively. For monitoring the

vertical displacements of the bottom beam, transducers numbered

WYJ‐13 and WYJ‐14 are used. In PDSTs, the damage on the

specimen was observed, especially the regions marked by dash lines

in Figure 11—named from R1 to R5—were mostly concerned and

will be described in Subsection 5.1.
3.4 | Implementation of the PDST

A six degrees of freedom (6DoF) lumped mass model of the investi-

gated PBSRCSWs was used in the PDSTs, with the bottom two DoFs

as the experimental substructure and the upper four DoFs as the

numerical substructure. The corresponding mass, stiffness, and

damping matrix are so determined that the simulation results with

the lumped mass model are similar to the simulation results provided

by OpenSEES finite element model. The lumped mass of each story

was calculated to be 4.591 × 104 kg. The interstory stiffness of the

numerical substructure for the 3rd, 4th, 5th, and 6th stories were cho-

sen to be 463.4, 352.2, 255, 144.7 kN/mm, respectively, and they

remained unchanged during the PDSTs. The damping of the structure

was determined such that the damping ratio was 5% for both the first

and second mode of vibration. The El Centro (NS, 1940) earthquake

record with PGAs of 70, 125, 220, 400, and 620 gal was tested by

the HyTest. The Central Difference method with a time interval of

0.01 s was chosen as time integration algorithm. It is shown from

simulation result comparisons between the 6DoFs lumped model

and OpenSEES finite element model that the response of the simpli-

fied model is nearly identical to the response of the finite element

model. The results indicate that the simplified 6DoFs lumped mass



FIGURE 12 Framework of the HyTest with external displacement feedback control: (a) main components of HyTest; (b) block diagram of the
external displacement feedback control. LVDT, linear variable displacement transducer; TCP, transmission control protocol; IP, internet protocol

FIGURE 13 Displacement time histories for a pseudodynamic substructure testing of 70 gal peak ground acceleration: (a) histories related to
Actuator A11; (b) histories related to Actuator A12; (c) histories related to Actuator A21; (d) histories related to Actuator A22. LVDT = linear
variable displacement transducer
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TABLE 4 Mean values of displacement differences for a PDST with 70 gal PGA

Item A11 (mm) A12 (mm) A21 (mm) A22 (mm)

|Desired Disp‐LVDT Disp| 0.01 0.02 0.01 0.01

|Desired Disp‐Actuator Disp| 0.2 0.3 1 0.5

Note. LVDT = linear variable displacement transducer; PDST = pseudodynamic substructure testing; PGA = peak ground acceleration.

TABLE 5 Mean values of displacement differences for a PDST with 400 gal PGA

Item A11 (mm) A12 (mm) A21 (mm) A22 (mm)

|Desired Disp‐LVDT Disp| 0.5 1.5 3.0 1.0

Note. LVDT = linear variable displacement transducer; PDST = pseudodynamic substructure testing; PGA = peak ground acceleration.
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model is an alternative for the PDSTs. Therefore, in the PDSTs, the

horizontal deformations were simulated by high‐accuracy servo‐

hydraulic actuators, the weight of the upper four stories were simu-

lated by posttensioned steel bars, and the overturning moment on

the boundary was neglected. It should be mentioned that the PDSTs

for PGAs of 70, 125, and 220 gal were conducted by HyTest com-

bined with EDFC (HyTest with EDFC), but not the large PGAs of

400 and 620 gal. One reason is that the influence of the limited joint
FIGURE 14 Displacement time histories for a pseudodynamic substructure

Actuator A11; (b) histories related to Actuator A12; (c) histories related to
variable displacement transducer
gaps and the deformation of supports and connectors was compara-

bly small for large deformations of the structure when subjected to

large earthquakes. Another reason was for safety considerations. If

the LVDT failed to properly measure the deformations of the speci-

men, in case of the specimen suffers serious local damage or even

collapse under large earthquake, the PDSTs may fall out of control.

Therefore, the EDFC is highly recommended for the PDSTs of small

earthquakes.
testing with 400 gal peak ground acceleration: (a) histories related to

Actuator A21; (d) histories related to Actuator A22. LVDT = linear



FIGURE 15 Failure modes of the infilled wall at R1 on Line F: (a)
pictures at 220 gal peak ground acceleration (PGA); (b) pictures at
400 gal PGA; (c) pictures at 620 gal PGA
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4 | THE HyTesT PLATFORM WITH EDFC

4.1 | The framework of the HyTest with external
displacement feedback control

In order for us to carry out a more accurate investigation with hybrid

testing, a new platform called HyTest is under development at the

Harbin Institute of Technology. As shown in Figure 12a, this testing

platform consists of three main components, namely, MTS Connector,

Coordinator, and Numerical Controller. The Coordinator module is

designed to solve the equations of motion of the emulated structure

using an explicit or implicit time integration algorithm. The Numerical

Controller is to communicate with finite element software, including

OpenSEES and Abaqus, whereas the Connector is used to com-

municate with MTS system. The internet or intranet using socket com-

munication protocol is available for communicating data between

components. When utilizing this platform, the emulated structure

should be split into a dynamic part and one or more static parts. The

dynamic part is evaluated within the coordinate, while the static parts

can be physically tested or numerically simulated. If necessary, some

static parts are numerically simulated using finite element software.

In this way, this platform can perform different kinds of hybrid simula-

tion, or even distributed hybrid simulation. The objective of this

platform is not only to investigate the hybrid testing methodology

but also to implement hybrid testing to evaluate structural seismic

performance. Therefore, this software is written using the commonly

used Visual C++ and provides friendly client interface. Furthermore,

compared with other available hybrid testing platforms, such as

OpenFresco[29] and UI‐Simcor,[30] the HyTest can realize accurate

control on the deformations of specimens instead of the displacements

of actuators by the EDFC strategy.

Joint gaps and elastic or even elastic–plastic deformation of

supports and connectors for actuators are inevitable in PDT or PDST,

especially for specimens with comparably large stiffness, as in this

paper. Meanwhile, non‐negligible slippage often occurs between the

specimen bottom beam and the laboratory strong floor. Research

reveals that these loading errors can accumulate and propagate in

the test. For accurately disclosing the seismic performance of

structures with reliable testing results, especially for PDT or PDST

with a relatively weak earthquake, where the structural responses

are small, effective measures or even an effective feedback control

method must be taken. Even it is not a new topic in the field of

PDT or hybrid testing, this is critical for a platform of hybrid testing.

In addition, it is a good choice to implement control algorithm on a

common PC. As far as the authors' knowledge, this platform is the

first one that successfully performs outer loop control for hybrid

testing on PC using a sampling interval less than settling time of

the testing system.

The EDFC method shown in Figure 12b is adopted in HyTest to

eliminate the loading errors aforementioned in the PDSTs. The mea-

sured actual deformations dLVDT of the specimen are measured with

12 high‐accuracy LVDTs and fed back to compare with the corre-

sponding desired displacements ddesired, which are the calculated dis-

placements provided by the time integration algorithm. The errors e

between the measured and desired displacements are then converted



FIGURE 16 Failure mode of the coupling beam on Line F corresponding to 220 gal peak ground acceleration: (a) R2 on Line F; (b) R3 on Line F
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to actuator commands dcmd by a displacement controller, such as a

proportional–integral (PI) controller. As well known, the propor-

tional–integral controller can be expressed in the time domain as

dcmd
j;kþ1 ¼ KP⋅ ddesiredj −dLVDT

j;k

� �
þ KI⋅

ðt
0

ddesiredj −dLVDT
j;k

� �
dt; (1)

in which KP and KI are proportional and integral gains, respectively.

Using the following quadrature formula the integral reads

dcmd
j;kþ1 ¼ KP⋅ ddesiredj −dLVDT

j;k

� �
þ ∑

k

p¼0
KI⋅ ddesiredj −dLVDT

j;p

� �
⋅Δt; (2)

which is the expression used in the tests.

Running the EDFC on a common PC is promising, because this can

communicate with testing control software using digital signal instead
of the complicated and costly real‐time digital signal‐processing board.

However, it is a challenge due to the uncertainty of communication

delay between HyTest and MTS system. For resolving this problem,

the maximum communication delay was measured to be 35 ms, and

the sampling interval in PDSTs was set greater than this maximum

delay value, namely, 100 ms. However, one should know that this

interval is much smaller than the settling time of the loading system.

Online tuning of proportional and integral gains was performed before

PDSTs as well. In view of the possible change of the communication

delay during tests, the delay is online monitored and warning informa-

tion is given when the communication delay is larger than the

predetermined sampling interval. Fortunately, no warning information

was found for the PDSTs in this paper, and it shows the effectiveness

of the control method.



FIGURE 17 Failure mode of the coupling
beam on Line F for 400 gal peak ground
acceleration: (a) R2 on Line F; (b) R3 on Line F
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4.2 | Experimental validation of the HyTests with
EDFC

4.2.1 | Main results with EDFC

PDST with the El Centro (NS, 1940) Earthquake record with a PGA of

70 gal was performed to validate the effectiveness of the EDFC

method. Figure 13 shows the displacement time histories related to

four actuators. In this figure, “Desired Disp” denotes the target dis-

placement of each story, computed by the Central Difference method,

whereas “Slippage Disp” means the average of two LVDTs at the bot-

tom beam—such as WYJ‐9 and WYJ‐11 or WYJ‐10 and WYJ‐12—to

monitor the movement of the bottom beam. “LVDT Disp” means the

measured deformations of specimen corresponding to each actuator

by external LVDTs. “Actuator Disp” means the actuator displacements
measured by the displacement transducers internal to the actuator. It

is clearly shown from Figure 13 that the LVDT displacements almost

overlap with the desired displacements for all actuators, while a great

difference can be observed for the actuator displacement. This indi-

cates that the joint gaps and/or deformation of the supports and con-

nectors are effectively compensated. On the other hand, for the case

of PDSTs without the EDFC, the actuator displacements should be

close to the desired displacements, whereas the actual deformations

of the specimen measured by LVDTs must be different from the

desired ones. Therefore, the displacement control errors will induce

errors in the measured restoring forces and distort the test results.

To demonstrate the improvement with the EDFC method quantita-

tively, we analyze the displacement differences. Taking Actuator A21,

for example, the maximum difference between the desired



FIGURE 18 Failure mode of the coupling beam on Line F for 620 gal peak ground acceleration: (a) R2 on Line F; (b) R3 on Line F
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displacement and the actuator displacement is approximately 3 mm,

while that between the desired displacement and the LVDT just

approximately 0.02 mm. The mean values of the displacement differ-

ences are given inTable 4. The maximum mean value of the difference

between the desired displacement and the actuator displacement is

approximately 1 mm, while that between the desired displacement

and the LVDT is only approximately 0.02 mm. Meanwhile, the differ-

ences between two measured deformations at the same story, such

as d11 and d12 for the first story or d21 and d22 for the second story,

are so small that the structure moves as a stiff body and rotation is

negligible. A sharp displacement difference can be observed approxi-

mately 1.2 s in Figure 13, such as A11. The reason is that the LVDT

measurement system is disturbed. For us to save space, similar results

of PDSTs with PGAs of 125 and 220 gal are not presented herein.
4.2.2 | Main results without EDFC

The PDST results for a 400 gal PGA without EDFC are reported in

Table 5 and Figure 14. The differences between the desired

displacements and the actuator displacements are negligible in the

case of PDSTs without EDFC. It is clearly shown in Figure 14 that

the actuator displacements almost overlap with the desired displace-

ments for all actuators, while a big difference can be observed for

the LVDT displacements. The maximum mean value of the

difference between the desired displacement and the actuator dis-

placement is negligible, while that between the desired displacement

and the measured LVDT displacement is approximately 3.0 mm. The

error maybe induced by the gaps and elastic–plastic deformations of

connectors for actuators and the slippage between the specimen



FIGURE 19 Failure mode of the wall limb on first story for 220 gal peak ground acceleration: (a) R4 on Line D; (b) R1 on Line F
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bottom beam and the laboratory strong floor. The influence of the

error was relatively small for large deformations of the structure when

subjected to large earthquakes (such as in Figure 14, the error is about

3.0 mm, while the peak value of the response is about 30 mm) com-

pared to small deformations of the structure when subjected to small

earthquakes (such as in Figure 13, the error is about 1 mm, while the

peak value of the response is just about 0.5 mm). It should also be

noted that the test results may be influenced by control errors, but in

view of test safety, this was an acceptable compromise. Similar results

can be obtained from the PDST with a PGA of 620 gal. The compari-

sons with the results related to PGAs of 70, 125, and 220 gal indicate
the effectiveness of the proposed HyTest endowed with the EDFC

method. The proposed Hytest with EDFC method is highly recom-

mended for PDSTs, especially for small earthquakes.
5 | EXPERIMENTAL RESULTS

5.1 | Test observations

The failure modes of the six‐story PBMSRCSWs were observed

for each PDST. In a greater detail, the measured displacements of



FIGURE 20 Failure mode of the wall limb on first story for 400 gal peak ground acceleration: (a) R4 on Line D; (b) right corner of R4 on Line D
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WYJ‐13 and WYJ‐14 were negligible. Moreover, there were no

visible failures on the proposed vertical and horizontal connections

of wall‐to‐wall and wall‐to‐floor joints; conversely, both damages

and failures were concentrated on the infilled walls, the coupling

beams, and the wall limbs. The cracks and failure modes of the

infilled walls, the coupling beams, and the wall limbs in PDSTs will

be introduced hereafter, in which the marked Regions R1 to R5 can

be located in Figure 11.
5.1.1 | Failure modes of the infilled walls

There were no visible damage on the infilled walls when the struc-

ture was subjected to the El Centro (NS, 1940) earthquake record

with PGAs of 70 and 125 gal, and the corresponding maximum
interstory drift was 0.68 mm. Figure 15 presents the failure modes

of the infilled walls at Region R1 on Line F from PDSTs with PGAs

of 220, 400, and 620 gal. The first series of cracks on the infilled

wall occurred vertically at the boundary of the shear wall and infilled

wall and horizontally under the openings when the specimen was

subjected to a 220 gal PGA, and the corresponding maximum

interstory drift was 8.9 mm. When subjected to a PGA of 400 gal,

the corresponding maximum interstory drift was 17.6 mm, the previ-

ous cracks constantly expanded and extended, and the correspond-

ing concrete cover was slightly damaged. The damage to the

infilled wall can be easily repaired. When subjected to a PGA of

620 gal, the corresponding maximum interstory drift was 27.5 mm,

the previous cracks widened, and the spalling of the cover concrete

occurred.



FIGURE 21 Failure mode of the wall limb on first story for 620 gal peak ground acceleration: (a) R5 on Line D; (b) right corner of R4 on Line D
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5.1.2 | Failure modes of the coupling beam

There was no damage to the coupling beam for PDSTs with PGAs of

70 and 125 gal, and the corresponding maximum interstory drift was

0.68 mm. The first series of inclined cracks of the coupling beam on

Line F occurred at the boundary of the shear wall and coupling beam,

as shown in Figure 16 for a PDST with a PGA of 220 gal, and the cor-

responding maximum interstory drift was 8.9 mm. The cracks started

from the edge of the opening extent inclined to the shear wall. For a

PDST with a PGA of 400 gal, the corresponding maximum interstory

drift was 17.6 mm, the previous cracks constantly widened, and cross

cracks were visible, as shown in Figure 17. The damage of the coupling

beam was repairable. For a PDST with a PGA of 620 gal, the corre-

sponding maximum interstory drift was 27.5 mm and the cross cracks

increased, accompanied by the spalling of the concrete and the baring
of the horizontal steel bars on the top corner region of the openings, as

shown in Figure 18.

5.1.3 | Failure modes of the wall limb

There were no visible cracks on the wall limbs for PDSTs with PGAs of

70 and 125 gal, and the corresponding maximum interstory drift was

0.68 mm. For PDSTs with a PGA of 220 gal, the corresponding

maximum interstory drift was 8.9 mm and the first series of horizontal

cracks on the wall limb occurred at the bottom of the first story, as

shown in Figure 19.

When subjected to a PGA of 400 gal, the corresponding maximum

interstory drift was 17.6 mm, the previous cracks constantly expanded

and inclined in their extension, as shown in Figure 20. More horizontal

and inclined cracks were visible, especially at the middle region of



FIGURE 22 Displacement responses to the El Centro earthquake record: (a) histories for 70 gal peak ground acceleration (PGA); (b) histories for
125 gal PGA; (c) histories for 220 gal PGA; (d) histories for 400 gal PGA; (e) histories for 620 gal PGA
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Line F. The cement mortar crashed at the right corner of R4 on Line D.

The damage to the wall limb appeared to be repairable.

When subjected to a PGA of 620 gal, the corresponding maximum

interstory drift was 27.5 mm and the cross cracks widened, accompa-

nied by the crashing and displacement of concrete at the bottom cor-

ner region on the first story, as shown in Figure 21. More inclined

cracks were visible, especially in the middle region of Line F.

5.2 | Displacement responses

The displacement responses of the structure subjected to PDSTs are

presented in Figure 22. The displacement responses of the first and
second stories are the average of the two measured deformations of

the specimen in each story, such as the average of d11 and d12, for

the first story or the average of d21 and d22 for the second story.

The first modal response of the structure was activated by earthquake

waves. It is shown from Figure 22 that the displacement response his-

tories for 125 gal PGA are nearly linear related to the displacement

response histories for 70 gal PGA. This means the structure exhibited

elastic behavior and suffered limited damage when subjected to these

earthquakes. The conclusion is consistent with the test observations in

Subsection 5.1 that there was no visible damage on the infilled walls,

coupling beams, and wall limbs when the structure was subjected to

PGAs of 70 and 125 gal. The displacement time histories for higher



FIGURE 23 Force‐displacement hysteretic responses of the specimen from pseudodynamic substructure testings: (a) first story response for 70 gal
peak ground acceleration (PGA); (b) second story response for 70 gal PGA; (c) first story response for 125 gal PGA; (d) second story response for
125 gal PGA; (e) first story response for 220 gal PGA; (f) second story response for 220 gal PGA; (g) first story response for 400 gal PGA; (h) second
story response for 400 PGA; (i) first story response for 620 gal PGA; (j) second story response for 620 gal PGA

TABLE 6 Maximum interstory drift angle from PDSTs

Story

70 gal 125 gal 220 gal 400 gal 620 gal

+ − + − + − + − + −

1 1/14493 1/11538 1/5347 1/5300 1/365 1/337 1/219 1/193 1/129 1/134

2 1/13453 1/9118 1/5272 1/4437 1/392 1/375 1/297 1/170 1/109 1/133

Note. PDST = pseudodynamic substructure testing.

XU ET AL. 19 of 21
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level intensity of earthquakes were obviously different, and this means

that the specimen suffers higher levels of damage with the increase of

the PGA. The conclusion is also consistent with the test observations

in Subsection 5.1 that there were different levels of damage on the

infilled walls, coupling beams, and wall limbs when the structure was

subjected to PGAs of 220, 400, and 620 gal.

5.3 | Force‐displacement responses

Force‐displacement curves of the specimen from PDSTs are pre-

sented in Figure 23. It can be deduced that for lower values of

PGA (70 and 125 gal) the forces in the first and second stories were

linearly related to the displacement responses. This means the struc-

ture suffered limited the damage when subjected to these earth-

quakes. The conclusion is consistent with the test observations in

Subsection 5.1 that there was no visible damage on the infilled walls,

coupling beams, and wall limbs when the structure was subjected to

PGAs of 70 and 125 gal. Hysteretic loops were traced also for

PDSTs with PGAs of 220, 400, and 620 gal. The areas of the hyster-

etic loops clearly increased with the PGA increase. This indicates

that the specimen suffered from different levels of damage on the

infilled walls, coupling beams, and wall limbs, and the energy dissipa-

tion increased with the PGA increase. The conclusion is also consis-

tent with the test observations in Subsection 5.1 that different levels

of damage were present on the infilled walls, coupling beam, and

wall limb, when the structure was subjected to PGAs of 220, 400,

and 625 gal.

5.4 | Interstory drift angles

The interstory drift angle, which is defined as the relative deforma-

tions between two consecutive floors divided by the interstory

height in this paper, is analyzed also to disclose the seismic perfor-

mance of the investigated structure. The maximum interstory drift

angles of the specimen from PDSTs are shown in Table 6. It is shown

that the maximum interstory drift angle corresponding to 70 gal was

1/9118, which is less than the limitation of the elastic interstory drift

angle of 1/1000. Likewise, the maximum interstory drift angle associ-

ated to 400 gal was 1/170, which is less than the limitation of the

elastic–plastic interstory drift angle of 1/120; and the maximum

interstory drift angle corresponding to 620 gal was 1/109, while

the structure did not collapse or exhibited severe damage. As a

result, the PDST results indicate that the investigated six‐story

PBSRCSWs structure exhibited a favorable seismic behavior.
6 | CONCLUSIONS

The building configuration and the corresponding wall‐to‐wall and

wall‐to‐floor connections for a PBSRCSWs were conceived and

analyzed in this paper. Then, the PDST platform HyTest combined

with EDFC (HyTest with EDFC) was presented and experimentally

validated. Successively, the responses of the proposed connections

and the seismic performance of the six‐story PBSRCSWs were exper-

imentally studied by means of full‐scale PDSTs. The main conclusions

of this research work are summarized herein.
1. The box module, chosen as the basic assembling element in

PBSRCSWs, provides high‐quality and easy assembly production

with minimal construction time. As a result, the method appears

to have wide potential applications for civil engineering

structures.

2. Three types of connection were proposed and applied together

for the PBSRCSWs: (a) a horizontal wall‐to‐wall connection char-

acterized by vertical reinforcements spliced indirectly by single‐

row grout‐filled sleeves; (b) a vertical wall‐to‐wall connection

characterized by a stirrup bolted with vertical reinforcements; (c)

a horizontal non‐composite wall‐to‐floor slab connection. The rel-

evant joints exhibited good performances in terms of configura-

tion and easy assembly.

3. The high‐accuracy PDST platform, that is, the HyTest with EDFC,

was proposed and experimentally validated. Experimental results

showed that the HyTest endowed with the EDFC method can

realize accurate control on structural deformations and provide

high‐accuracy experimental results, especially for PDSTs with rel-

atively small PGAs. As a result, the HyTest with EDFC appears to

have wide application prospects for seismic testing of civil engi-

neering components or structures.

4. The damages of the structure exhibited during different levels of

earthquake wave record were concentrated on the infilled walls,

coupling beams, and wall limbs; no visible damage occurred on

the proposed horizontal and vertical wall‐to‐wall connections

and wall‐to‐floor slab connections. The PDST results indicate that

the proposed connections perform well for the investigated six‐

story PBSRCSWs.

5. The PBSRCSWs exhibited excellent seismic performance in

PDSTs. In particular, subjected to El Centro (NS, 1940) earthquake

wave record, the maximum interstory drift angle of the specimen

was 1/9118 with a PGA of 70 gal and 1/170 with a PGA of

400 gal. The specimen did not exhibit severe damage or collapse

even at 620 gal PGA.
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