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Introduction

The rapid development of urbaniza-
tion and the construction industry 
has witnessed an increase in the gen-
eration of construction and demolition 
waste. From the viewpoints of environ-
mental preservation and effective utili-
zation of resources, adopting recycled 
aggregate concrete (RAC) is a neces-
sary and productive solution so as to 
conserve natural resources and reduce 
demolition waste.1,2

As a result, researchers have engaged in 
systematic investigations of the physi-
cal and mechanical properties of RAC. 
Achievements summarized in Refs. 
[3–8] have all shown that the mechani-
cal properties of RAC may be generally 
lower than those of natural aggregate 
concrete (NAC). The replacement per-
centage of recycled coarse aggregates 
(RCAs) has a considerable influence 
on the stress–strain relationship of 
RAC under uniaxial compression and 
tensile loading. Furthermore, in order 
to apply RAC as a kind of structural 
material, a series of experimental 
studies on the seismic behavior of 

RAC structural components were also 
carried out b  y researchers worldwide. 
  Experimental studies on RAC beams 
revealed that the shear capacity of 
reinforced RAC beams is comparable, 
or even superior, to that of beams 
made entirely with NAC, provided the 
mix proportion is designed appropri-
ately.9,10 Semi-precast columns with 
RAC investigated in Ref. [11] showed 
that RAC semi-precast columns have a 
good seismic behavior, similar to that 
of NAC columns. Behavior studies in 
Refs. [12, 13] found that cast-in-place 
(CIP) joints prepared with both 100 
and 30% RCA replacements show an 
adequate cyclic behavior if the joints 
are suitably designed. Particularly, 
four 1:2 scaled plan frame specimens 
made of RAC under low-frequency 
cyclic lateral load were   studied in Ref. 
[14]. Furthermore, shaking table tests 
were conducted to investigate the 
seismic performance of RAC frame–
shear wall structures.15 According to 
these studies, the general seismic per-
formance of RAC structures declines 
with an increase in RCA replace-
ment percentage. However, it has also 
been found from these tests that the 
RAC frame failure mechanism can be 
characterized in a manner of “stron-
gest joints, stronger columns and 
weaker beams.” The energy dissipa-
tion and stiffness degradation of RAC 
structures is comparable to that of 

conventional concrete structures; that 
is, RAC structures with a proper mix 
design are still good enough to resist 
earthquake shocks, in general. T  he pos-
itive results of these pioneering studies 
demonstrate the favorable structural 
performance of RAC and also provide 
the basic technical support for the safe 
application of RAC in structures of 
civil engineering.

  Nowadays, contractors and researchers 
are suggesting that RAC components 
should be manufactured in factories.16 
Although the construction quality 
control is more difficult for RAC than 
NAC in the construction field, the 
prefabricated construction technology 
can ensure the construction quality of 
the RAC components and avoid the 
disadvantages of RAC preparation. 
Structural systems employing pre-
cast concrete elements made of RAC 
might, to some extent, promote the 
popularization of RAC and conform 
to the trend of industrialization.

However, most investigations on 
precast structures were focused on 
structures made with NAC. Studies 
conducted in Refs. [17–19] focused 
on the connections in precast frame 
structures. These authors proposed 
different kinds of available joints in 
prefabricated systems and provided 
several suggestions to improve their 
seismic performance. Furthermore, in 
the 1990s, a large-scale five-story pre-
cast concrete building, which was tested 
under simulated seismic loading20 in 
the USA based on the precast seismic 
structural systems research program 
(PRESSS), s  howed that the structural 
behavior of this structure was satisfac-
tory, with no significant capacity loss. 
Recently, a shaking table test was car-
ried out at INCERC-Jassy in Romania, 
focusing on a 1:4 scaled five-story pre-
cast concrete structure. The results 
showed that the interstory drifts dur-
ing the tests satisfied the requirements 
of the Romanian Seismic Design.21 
Applying RAC into precast products 
has already attracted the attention of 
experts and contractors, and some ten-
tative investigations undertaken show 
similar mechanical properties when 
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that is, tests for peak ground accelera-
tion (PGA) of 0.066 g (frequently occur-
ring earthquakes of intensity 7), 0.130 g 
(frequently occurring earthquakes 
of intensity 8), 0.185 g (occasionally 
occurring earthquakes of intensity 7), 
0.370 g (occasionally occurring earth-
quakes of intensity 8), 0.415 g (rarely 
occurring earthqu  akes of intensity 7), 
0.550 g (rarely occurring earthquakes 
of intensity 8), and 0.750 g (maximum 
considered events) in X direction (X 
and Y directions are shown in Fig. 1a). 
According to Appendices G and I of 
the Seismology Committee27 and the 
revisions proposed for the Appendix 
in the SEAOC Performance-
Based Seismic Engineering Ad Hoc 
Subcommittee,28 these seismic actions 
were identified as of four earthquake 
intensity levels EQ-1 (0.066 g-inten-
sity 7; 0.130 g-intensity 8), EQ-2 
(0.185 g-intensity 7; 0.370 g-inten-
sity 8), EQ-3 (0.415 g-intensity 
7; 0.550 g-intensity 8), and EQ-4 
(0.750 g-intensity 8). These four lev-
els of earthquakes were character-
ized as frequent, occasional, rare, and 
maximum considered events, having a 
mean return period of 25, 72, 250–800, 
and 800–2500 years, respectively. These 
test phases were set to evaluate the 
different seismic responses of the two 
structures including overall capacity 
and dynamic response.

As shown in Fig. 3, three earthquake 
waves, namely Wenchuan seismic wave 
(WCW, 2008, N-S), El Centro wave 
(ELW, 1940, N-S), and Shanghai artifi-
cial wave (SHW), were selected as the 
input seismic waves. WCW, ELW, and 
SHW were input in sequence during 
the test process. Accelerometers 
and displacement Linear Variable 
Differential Transducers (LVDTs) 
were installed in each floor of the 
two models to measure and compare 
the acceleration and displacement 
response during the shaking table 
tests. The installation locations of these 
sensors are shown in Fig. 2c.

the precast model. Galvanized steel 
wires of 8# (diameter of 3.94 mm) 
and 10# (diameter of 3.32 mm) were 
adopted for the longitudinal reinforce-
ments and 14# (diameter of 2.32 mm) 
for the transversal reinforcement in 
both the tested models.

Design and Construction Details

The two models were designed by scal-
ing down the geometry from one pro-
totype structure and the dimension 
scaling parameter was taken as 1 : 4. 
The main similarity relations between 
the prototype and the models were 
derived from Buckingham π theorem25; 
more details are listed in Table 2.

Both the models were two-bay, two-
span, and six-story frame structures 
regular in plane and elevation: they 
were 2175 × 2550 mm in plane, with 
a story height of 750 mm and a slab 
thickness of 30 mm. The details of the 
general geometry, the element sec-
tions, and the corresponding reinforce-
ments of the beams and columns are 
shown in Fig. 1a–c for both X and Y 
directions. The reinforcing steel in the 
beam–column joints for the CIP model 
and the precast model, respectively, 
are shown in Fig. 1d. The design-
ing frame satisfied the ACI 318-0526 
seismic design provisions. It is worth 
mentioning that, unlike the CIP frame, 
the beams of the precast RAC frame 
were designed as semi-precast beams 
and the top reinforcements of the 
beams were assembled on the post-
cast construction area. In addition, a 
welding connection was adopted to 
link the longitudinal rebars of col-
umns in the joint and the concrete of 
the joints or slabs was post-cast for the 
precast frame. Figure 2a and b shows 
the two models fixed on the shaking 
table, respectively.

Test Procedure

The test program of the two shaking 
table tests consisted of seven phases, 

using RAC in precast products such as 
concrete paving blocks and concrete 
pavement flags.22,23 However, although 
the previous investigations   demon-
strated that precast concrete structures 
or products are available for applica-
tion in structural engineering, there 
were no comparative tests focusing on 
a CIP structure to provide convincing 
conclusions. In particular, the differ-
ence between an RAC precast frame 
structure and a CIP structure with 
regard to seismic response has not 
been studied systematically to provide 
a clear understanding.

  In this study,   for the purpose of 
finding out the difference between the 
structural behaviors of two RAC frame 
structures, two shaking table tests on 
CIP and precast RAC frame models 
were designed, to provide a compre-
hensive contrast analysis of the seis-
mic performance. A further analysis, 
particularly of the seismic behavior 
of the frame joints, was examined, in 
order to provide an intensive explana-
tion for the discrepancy in the seismic 
performance of the two frames.

Description of Two Shaking 
Table Tests

Materials

For the purpose of drawing an 
intensive and credible seismic 
comparison between CIP and precast 
RAC frame structures, the same 
construction materials were used in 
the two models. For cement, a 28-day 
nominal compressive strength grade of 
42.5 MPa was used in the RAC mixing. 
The applied coarse aggregates used in 
the concrete were RCAs with a particle 
diameter of between 5 and 10 mm. The 
recycled concrete mixture of nominal 
strength grade C30 was proportioned 
with the RCA replacement percent-
age equal to 100% in both the shaking 
table tests. Th  e mix proportions 
of CIP RAC was water : cement : 
sand : RCAs = 1 : 1.887 : 2.301 : 3.312, 
while for the precast RAC, it was 
1 : 1.859 : 3.202 : 4.554. The mechanical 
properties of the RCAs and RAC used 
in the tests were almost identical, which 
can be inferred from Table 1. More 
details about the material properties of 
RCAs and RAC can be found in Ref. 
[24]. For example, the average com-
pressive strength of RAC was 38 MPa 
for the CIP model, and 38.2 MPa for 
the precast model; the apparent den-
sity of the RCAs used was 2520 kg/m3 
for the CIP model, and 2480 kg/m3 for 

Model frame RCAs RAC
Apparent density 

(kg/m3)
Water absorption 

(%)
Compressive strength 

(28 days) (MPa)
CIP 2520 11.55 38.0
Precast 2480 8.21 38.2

Table 1: Mechanical properties of the RCAs and RAC used

Parameter Length Acceleration Elasticity 
modulus

Time Damping Density

Model/prototype 0.250 1.848 1.000 0.368 0.092 2.164

Table 2: Similitude scale parameters of the two models
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and diagonal cracks spreading at the 
post-cast joints on the first and second 
floors. O  n the whole, during the shak-
ing table tests it was observed that the 
first plastic hinge occurred at the first 
story beam end, and then at the second 
story beam end, as expected, for both 
the frames. In general, some slightly 
curving cracks emerged at the ends 
of some frame beams between the 
first and second stories during the test 
phases, with PGAs ranging from 0.185 
to 0.550 g. Then several new fine cracks 
emerged at the top of the second story 
column. However, it was suggested on 
the basis of the test observation that 
the precast frame suffered more seri-
ous damage under the shear action of 
the earthquake. The crack develop-
ment situation of   typical beams and 
joints of the two RAC frame structures 
are shown vividly in Fig. 4.

Dynamic Response

The dynamic characteristics such as 
frequency and damping ratio of a 
frame structure, which are related to 
the energy dissipation and absorp-
tion capacity, are crucial parameters 

at the end of some beams. The width 
of flexural cracks increased with the 
models being subjected to an increas-
ing intensity of earthquakes. The third 
floor was slightly damaged while no 
visible cracks were observed on the 
fourth to the sixth floors in both the 
models. Compared to the CIP frame, 
during the later stages of the tests, the 
precast frame exhibited relatively seri-
ous damages, with more horizontal 

Seismic Response Comparison
Failure Patterns

During the first half of the shaking 
table tests, the  re were no obvious 
cracks appearing on the two models. 
However, at the end of the simulated 
earthquake tests  , the major damages 
to both models eventually occurred, 
and propagated at the first and sec-
ond stories with plastic hinges forming 
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Fig. 4: Typical crack modes of the two RAC frames. (a) Cracks on the side part of CIP frame (first floor); (b) cracks on the column base 
of CIP frame (base); (c) crack  s on the inner joint of CIP frame (first floor); (d) cracks on the beam end of precast frame (first floor); (e) 
cracks on the column base of precast frame (base) and (f) cracks on the inner joint of precast frame (first floor)
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table tests, the maximum roof displace-
ment and maximum interstory drift 
of the precast frame structures were 
larger than those of the CIP structure, 
as clearly illustra  ted in Fig. 6.

It was found that during the whole test 
process, the maximum interstory drift 
commonly appeared at the first or 
the second floor among the first–sixth 
floor s for both the models. In addition, 
the increasing amplitude for the maxi-
mum interstory drift of the first and 
second floors was greater than that 
of the third to the sixth floors. It was 
suggested that the damage leve  l of the 
precast structure was more serious in 
the later test stages and the interstory 
stiffness degradation of the first and 
second floors was a bit faster.

Stiffness Degradation

Based on the initial   structural stiffness, 
the stiffness degradation of the two 
models over the whole of the test 
phase was compared, as shown in Fig. 
7. The stiffness of the frame decreases 
continuously under the seismic action, 
which can be described as the secant 
stiffness variation using base shear 
force and roof displacement.

 (1)

where Ki is the secant stiffness of the 
ith test case; Fi is the maximum shear 
force of the ith test case; and Xi is the 
roof displacement corresponding to Fi 
in the ith test case.

Figure 7 demonstrates the tendency 
of lateral stiffness degradation of the 
two models. During the early stages 
of the test phases, for example, with 
the PGA of 0.130 g (frequently occur-
ring earthquakes of intensity 8), the 
stiffness of the precast model was 
even a little larger than that of the CIP 
model, which showed that the precast 
frame had a comparable seismic 
performance, whereas, after the test 
case of 0.370 g (occasionally occurring 
earthquakes of intensity 8), when the 
two models moved into the nonlinear 
stage, the stiffness of the precast frame 
reduced somewhat faster than that of 
the CIP structure, which was consistent 
with the previous comparative analy-
sis of the displacement and dynamic 
response.

Envelop Curves

In Fig. 8, the envelop curves of the two 
models are depicted according to the 

drift response of the two models 
when WCW, ELW, and SHW were 
input during different intensities of 
earthquakes. The diagram reveals that 
the lateral deformation curves of the 
two model structures were roughly 
the same when the same levels of seis-
mic waves were input during the tests, 
including an average of the WCW, 
ELW, and SHW input.

During the test cases from 0.066 g 
(frequently occurring earthquakes of 
intensity 7) to 0.370 g (occasionally 
occurring earthquakes of intensity 
8), with the increase in earthquake 
intensity, the roof displacement and 
interstory drift of the two mod-
els increased proportionally for 
each test phase. The   maximum roof 
displacement and maximum interstory 
drift of the precast and CIP models 
were very close to each other, which 
meant that the seismic behavior of the 
two models was similar during these 
stages. However, in the later shaking 

for earthquake-resistant design. Based 
on the shaking table tests, the natural 
vibration frequency of the structure was 
obtained through white noise scanning 
and transfer function curve dealing. 
Moreover, the well-known half-power 
bandwidth method was used to cal-
culate the equivalent viscous damp-
ing ratios for the two frames. Figure 5 
demonstrates the variation of first order 
natural frequency and damping ratio of 
the two models in X direction. It can be 
inferred that in the first half of the tests, 
before 0.415 g of PGA (rarely occur-
ring earthquakes of intensity 7), the 
frequency of the two models decreased 
progressively at almost the same rate 
in the elastic and early elasto-plastic 
stages; the damping ratio of the CIP 
model was slightly less than that of the 
precast frame, revealing that the struc-
tural damage caused by earthquake 
action was a bit smaller. In general, 
b  ecause of the slight damage that 
occurred to the two frames subjected 
to small ground motion excitations, the 
difference in seismic response was not 
so obvious for the two models during 
this stage. During the test case with 
PGA ranging from 0.550 to 0.750 g 
(rarely occurring earthquakes of inten-
sity 8 to maximum considered events), 
that is, at the end of the tests, the fre-
quency of the precast frame was slightly 
less than that of the CIP model, because 
of a relatively fast decreasing tendency, 
while the damping ratio of the precast 
model also increased somewhat more 
rapidly during this stage.

Based on the observation of failure 
patterns during the tests, this phenom-
enon was assumed to be caused by the 
more severely damaged post-cast joints 
of the precast model in the nonlinear 
stage, compared to the CIP model.

Roof Displacement and Interstory 
Drift

Figure 6 shows the maximum roof 
displacement and maximum interstory 

Fig. 5: Variation of frequency and damping 
ratio in X direction
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out the tests. As for the difference, the 
lateral force of a precast frame with 
post-cast joints was greater than in the 
CIP model in the test case with PGA 
of 0.066 g (frequently occurring earth-
quakes of intensity 7). On the contrary, 
the lateral force of precast frame joints 
  was less than that of CIP frame joints 
in the test cases with PGAs of 0.370 g 
(occasionally occurring earthquakes 
of intensity 8) and 0.750 g (maximum 
considered events). This demonstrates 
that the stiffness of the precast frame 
joints was smaller compared to that of 
the CIP frame joints at this moment. 
Based on the observations during the 
tests, the main reason for a faster lat-
eral stiffness degradation of the pre-
cast frame may have been the   rapid 
failure of post-cast joints in earthquake 
actions of high-level intensity.

Lateral Stiffness Degradation 
of Joints

Just like the analysis of the stiffness 
degradation for the two models, Eq. (1) 
can also be adopted to calculate the 
stiffness degradation of the frame 
joints.

 (3)

where  is the secant stiffness of the 
ith test case for the jth floor joint; 

 
is 

the lateral forc  e of the pick point in 
the ith test case for the jth floor joint; 
and  is the displacement of the pick 

µ1 = Δu1/Δy1 = 89.50/26.97 = 3.32 while 
that of the precast frame was µ2 = 
Δu2/Δy2 = 68.11/17.68 = 3.85. The val-
ues indicated are for the two models, 
both showing a good ductile behavior. 
Though the maximum bearing capac-
ity of the precast model was less than 
that of the CIP model, the ductility 
coefficient of the precast model was 
slightly larger.

Frame Joint Analysis
Seismic Response of Joints

The seismic damage of concrete frame 
structures occurred mainly at the ends 
of beams and columns, also in the core 
areas of joints, and this was observed 
in numerous earthquake shocks.29 
Because of the complexity of stress in 
frame joints, its failure will lead to the 
invalidation or collapse of the struc-
ture. Therefore, analysis of the failure 
process and seismic performance of 
the frame joints of the two models 
will probably give an elementary 
understanding regarding the seismic 
difference between CIP and precast 
RAC frame structures.

The lateral force of the ith floor can 
derived as follows:

 (2)

where Vi is the lateral force of the ith 
floor and n represents the total num-
ber of floors in the structure.

Figure 9 presents the lateral force of 
the first to fifth floor frame joints dur-
ing test cases with a PGA of 0.066 g 
(frequently occurring earthquakes 
of intensity 7), 0.370 g (occasionally 
occurring earthquakes of intensity 8), 
and 0.750 g (maximum considered 
events). It can be obser  ved from Fig. 9 
that the lateral force of both the models 
demonstrated a decreasing tendency 
along the floor height direction and 
the lateral force of the fourth to fifth 
floors was always very small through-

hysteresis curves from the earthquake 
tests, which can reflect the bearing 
capacity and the change in structural 
lateral stiffness. This envelop can be 
obtained through four straight lines 
joining four key points corresponding 
to the most distinct stiffness changes. 
The first point C is due to the first 
cracks appearing on the model. The 
second point Y is related to the ini-
tial yield stage of the model. Point M 
represents the maximum load achieve-
ment. Finally, point U corresponds to 
the ultimate load before the model 
collapse.

Obviously, both the models showed 
a similar seismic behavior. After the 
achievement of maximum load, the 
stiffness degradation was relatively 
fast for both the models. The figure 
also indicates that, for the precast 
frame, the bearing capacity was lower.

Ductility Coefficient

The ductility coefficient is defined 
by c  alculating the ratio µ = Δu/Δy 
to evaluate the ductility of the two 
RAC frames. Table 3 reports the val-
ues of key points on the two envelop 
curves. The ductility coefficient of the 
CIP frame was calculated and it was 

Key points Parameters CIP model Precast model Variation (%)

C (Cracking)
Pc : kN 37.9 43.4 –14.5
Δc : mm 11.9 11.9 0.0

Y (Yielding)
Py : kN 63.4 53.9 15.0
Δy : mm 27.0 17.7 34.4

M (Maximum)
Pm : kN 74.8 64.8 13.3
Δm : mm 52.0 37.9 27.1

U (Ultimate)
Pu : kN 63.6 57.1 10.2
Δu : mm 89.5 68.1 23.9

Table 3: Key points of the envelop curves

Fig. 8: Envelop curves of the two models
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1. The overall seismic performance of 
a precast RAC frame is favorable 
in the elastic and early nonlinear 
stage, which is almost similar to that 
of a CIP RAC frame. Although in 
the later nonlinear stage after the 
frames had suffered several strong 
earthquakes, the damage level of 
a post-cast joint in a precast RAC 
frame was relatively more serious 
than that in a CIP RAC frame, with 
more plastic hinges at the ends of 
beams and shear cracks in the joint 
core area, the structural lateral stiff-
ness degradation was a bit faster.

2. In the fi rst half of the tests, the dif-
ferences in the dynamic seismic 
response between the two models 
were quite small; however, in the 
later part of the shaking table tests, 
the variation of natural frequency 
and damping ratio of the precast 
frame was slightly larger than that of 
the CIP frame. The damage to a pre-
cast RAC frame was somewhat more 
severe than that to an NAC, during 
high- intensity earthquake actions. 
However, the shapes of the lateral 
deformations of the two frames were 
basically the same, though the dis-
placement response of the precast 
frame was greater than that of the 
CIP frame when the models moved 
into the nonlinear stage.

3. The comparison of the stiffness 
degradation and envelop curves 
showed that the lateral resistances 
of the two structures were basically 
the same in the fi rst half of the tests, 
whereas, after the maximum load 
achievement, the stiffness of the 
precast frame decreased faster than 
that of the CIP frame as seen in the 
major shear cracks in the models. It 
was also observed from the envelop 
curves that, for the precast frame, the 
bearing capacity was lower; however, 
calculation of the ductility revealed 
that both the structures showed a 
favorable seismic performance.

4. The intensive analysis of the frame 
joints of the two models showed that 
the relatively serious damage level of 
a post-cast joint after a strong earth-
quake action was the main  reason 
for the inferior seismic behavior of 
the precast frame compared to the 

CIP frame was larger than that on 
a precast frame. Adopting the shear 
capacity formula in the ACI 318-08 for 
the concrete structure directly is safe 
for the joint of the CIP frame, while 
it is somewhat improper for the cal-
culation of the post-cast joint of the 
precast RAC frame. Introducing some 
necessary parameters such as the inter-
face influence coefficient to calculate 
the precast RAC post-cast joint is 
suggested if this kind of structure is 
applied in practice. However, this 
needs to be investigated further in the 
future.

Remarks

1. The above analysis reveals that the 
seismic behavior of a post-cast joint 
is not inferior to that of the joint of 
a CIP frame under earthquakes of 
low intensity; however, it is dam-
aged relatively faster and more 
seriously with more shear cracks 
during strong earthquakes, leading 
to a lower seismic performance. The 
relatively severe damage level of a 
post-cast joint is the mai    n reason 
for the overall lower seismic perfor-
mance of the precast structure com-
pared to the CIP frame, during an 
earthquake of high-level intensity.

2. In order to improve the shear capac-
ity and prevent cracks or damages 
occurring between the interface of 
the old and new concrete in a post-
cast RAC joint, some measurements 
should be taken to strengthen the 
shear transfer between the post-cast 
joint and the precast concrete ele-
ments in the joint area. As a result, 
the progressive connection in a pre-
cast system is a   new topic if it is to be 
applied in precast RAC structures.

Conclusions

The construction and test details of the 
CIP and precast RAC frame model 
structures have been described in this 
paper. Comparisons of the seismic 
behavior as well as a further seismic 
analysis of the frame joints of the two 
models have also been presented. The 
following conclusions have been made:

point in the ith test case for the jth floor 
joint.

Figure 10 compares the stiffness deg-
radation of the first and second floor 
joints for the two models. It can be 
observed that the stiffness degradation 
trend of joints on the first and second 
floors of the two structures was rela-
tive with respect to each other. In the 
first half of the tests, the frame joint 
stiffness was basically the same for the 
two models with almost overlapping 
degradation curves; however, during 
the later stages of the tests, the frame 
joint stiffness of the precast frame was 
less than that of the CIP frame joint, 
with a compa ratively large   decay rate.

Calculation Analysis

Based on the column shear, the 
maximum joint shear Vj,u can be 
determined30 as follows:

 (4)

The calculating formula for the 
nominal joint shear capacity for frames 
is defined by ACI 318-08.26

 (5)

where Mpeak is the maximum value of 
the bending moment on X direction of 
the joint; d is the height of the beam 
cross section; Vc,peak is the maximum 
column shear; constant g depends on 
the connection classification according 
to ACI 352R-02, here g = 12; bj is the 
effective joint width; hc is the height 
of the column cross section; and fc is 
the specified compressive strength of 
concrete.

A further comparison is listed in 
Table 4 based on the above equations 
for the first and second floor joints of 
the two models. It can be concluded 
from the test results that the maximum 
shear capacity of a frame joint on the 

Joint Test value Vj,u : kN ACI 352R-02 Vj,n : kN Vj,u/Vj,n

first floor
CIP 44.49 40.14 1.11
Precast 38.56 40.14 0.96

second floor
CIP 49.57 40.24 1.23
Precast 42.33 40.24 1.05

Table 4: Comparison of tested and calculated shear capacity of frame joints

Fig. 10: Stiffness degradation of first and 
second floor joints
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CIP frame. It was also suggested 
that some effective measurements 
should be taken to strengthen the 
shear transfer between the post-cast 
joint and the precast concrete ele-
ments in the joint area for the pre-
cast frame.
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