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Abstract. 3-dimentional precast recycled aggregate concrete (RAC) finite element models were developed
by means of the platform OpenSees to implement sophisticated nonlinear model subjected to seismic loads.
Efforts were devoted to the dynamic responses (including dynamic characteristics, acceleration
amplifications, displacements, story drifts) and capacity curve. In addition, this study extended the prediction
on dynamic response of precast RAC model by parametric study of material properties that represent the
replacement percentage of recycled coarse aggregate (RCA). Principles and assumptions that represent
characteristics of precast structure and influence of the interface between head of column and cast-in-place
(CIP) joint on the stiffness of the joints was put forward and validated by test results. The comparison
between simulated and tested results of the precast RAC frame shows a good correlation with most of the
relative errors about 25% in general. Therefore, the adopted assumptions and the platform OpenSees are a
viable approach to simulate the dynamic response of precast frames made of RAC.

Keywords: recycled aggregate concrete (RAC); precast frame; dynamic responses; dynamic nonlinear
analysis; simulated result; tested result; interface

1. Introduction

As recycled aggregated concrete (RAC) has widely been recognized as a structural material,
studies on mechanical properties have become a focal topic in the current literature. These studies
have, to some extent, contributed to understanding the characteristics and behaviors of RAC such
as mixture ratio, strength, elastic modulus, stress-strain relationship, and durability. More
specifically, these studies have indicated some noticeable conclusions. Studies on fundamental
behaviors of RAC have been investigated comprehensively (Limbachiya 2004, Lo 2008,
Bhikshma and Kishore 2010, Fonseca et al. 2011, Xiao et al. 2012). For instance, the compressive,
tensile and shear strengths of RAC are generally lower than those of natural aggregate concrete
(NAC); the modulus of elasticity for RAC generally reduces as the recycled coarse aggregate
(RCA) replacement percentage increases; the RCA replacement percentage has only nominal
influence on the bond strength between RAC and deformed rebars. Added to these, studies on the
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structural performance of RAC have also been investigated not only on elements but also on
structures subjected to both static and dynamic loads. For instance, studies on beams (Fathifazl et
al. 2009, 2010, Xiao et al. 2014a), columns (Xiao et al. 2012), beam-column joints( Xiao et al.
2010), slabs (Xiao et al. 2015b) and frames ( Xiao et al. 2006, Cao et al. 2011). The positive
results of these studies further support and strengthen the possibilities of applying RAC in civil
engineering structures. Especially, the seismic performance of both components and structures of
RAC have been performed in recent years by some researchers (Du and Wang 2015, Xiao et al.
2012, Zhang et al. 2012). However, the current literature on RAC reveals that most of the studies
focus on monolithic (wholly cast-in-situ) structures and the topics of earthquake response of
precast RAC structures seem to be ignored. In addition, the properties of RAC are influenced
greatly by preparation condition of mix proportion (Parekh and Modhera 2011), and it is well
known that mixing concrete will be controlled much better in factory conditions. Therefore, the
authors suggest that RAC components can be produced in precast factories in order to take
inherent advantages of precast elements and ensure the quality of construction. From the view of
combination between RAC and prefabrication, the precast RAC components are feasible to use
and develop application of RAC in civil engineering as a structural material. Therefore, the overall
structural response of a space precast frame made of RAC subjected to seismic loads was carried
out by shaking table test and investigated by authors in order to validate simulated results of a 3-
dimentional precast RAC finite element model.

Static and dynamic nonlinear analysis of reinforced concrete structures have been researched
for decades. It can be clearly seen that dynamic nonlinear analysis of the inelastic responses of
structures subjected to dynamic loads such as seismic load is one of the most difficult tasks. There
have been many dynamic nonlinear analyses carried out to predict the dynamic response
(D’Amato et al. 2012, Quaranta et al. 2012, Xiao et al. 2014b) since a number of computer
programs have been developed for nonlinear finite element analysis of reinforced concrete
structures such as Ansys, Abguas, SAP 2000, OpenSees and so on. Among these programs, the
Open System for Earthquake Engineering Simulation (OpenSees) is one of the prominent software
for simulating dynamic responses of structural systems. As a result, OpenSees has been employed
in many researches on the overall structural dynamic response of both reinforced concrete and
steel structures (Gavali and Shah 2008, Morales 2011, Xiao et al. 2014b) and experimental results
verified a capable prediction of structural response subjected to strong earthquake excitations.
Therefore, this study aims at comprehensive understanding of the dynamic response of 3-
dimensional RAC precast frames by developing sophisticated nonlinear finite element models by
OpensSees. The dynamic responses including dynamic characteristics, acceleration amplifications,
displacements, story drifts and capacity curve were analyzed and compared to those obtained from
shaking table test. In addition, parametric study of material properties was also conducted through
the replacement percentage of Recycled Coarse Aggregate (RCA). Moreover, the interface effect
between head of columns and cast-in-place (CIP) joint was comprehensively analyzed and
evaluated through both simulation and comparison with characteristic of a similar CIP frame
structures made of RAC.

2. Research significance

Some 3-dimentional precast RAC finite element models were developed to implement
sophisticated nonlinear model in the numerical simulation analysis in order to reproduce the
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dynamic response observed by shaking table test and extend the prediction on dynamic response of
precast RAC model by parametric study of material properties. Based on the achievements
inferred from simulated results, the influence of interface between head of columns and CIP joint
was revealed. The results of this study will contribute to the view of combination between RAC
and prefabrication both theoretical field and practice design/construction.

3. General introduction on the precast RAC model and shaking table test.
3.1 Description of the model

The tested model was designed by scaling down the geometric from prototype structure and the
dimension scaling parameter was taken as 1:4 due to the limitation of shake-table parameters of
the State Key Laboratory for Disaster Reduction in Civil Engineering at Tongji University. The
main similarity relations between the prototype structure and the model, the diameter range of
recycled coarse aggregate (RCA), the proportion of recycled concrete mixture of nominal strength
grade C30 and the measured average mechanical properties of the fine iron wires can be found in
detail from Xiao et al. (2015a).
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Fig. 2 Joint detail of precast frame

The tested model was a two-bay, two-span and six-story frame structure regular in elevation.
The RAC frame model was 2175x2550mm in plan and had a constant story height of 750mm as
presented in Fig. 1. Column, beam sections and the details of the reinforcing bar in the columns,
beams as well as beam-column joints are presented in Xiao et al. (2015a). Fig. 2 describes three
typical joints of the precast RAC model.

In order to measure the acceleration, a total of 30 accelerometers were installed, with 2 on the
ground floor on both the X and Y-directions, 4 on each floor from the 1* to the 5™ floor, and 8 on
the roof. In order to measure the displacement, a total of 14 displacement Linear Variable
Differential Transducers (LVDTSs) were installed, with 2 on each floor from the 1% to the 5" in
both X and Y-directions, and 4 on the roof.

3.2 Seismic waves and loading program

According to the Code for seismic design of buildings (Chinese standard GB 50011-2010),
Wenchuan seismic wave (WCW, 2008, N-S) should be considered for Type-II site soil in term of
acceleration spectra as described in Fig. 3(a). Considering the spectral density properties of Type-
Il site soil as shown in Fig. 3(b), EI Centro wave (ELW, 1940, N-S) was also selected. Shanghai
artificial wave (SHW) were also used for comparison analysis purpose as shown in Fig. 3(c).

The loading program consisted of 8 levels for peak ground acceleration (PGA) and the detail of
loading program is presented in Table 1.

4. Simulation modeling
4.1 Principles and assumptions

The factors necessary to be taken into considerations in modeling precast frame made of RAC
are, (1) the difference of precast concrete section from cast-in-place concrete section, including the
location of longitudinal bar, cover concrete thickness, (2) the difference in compressive strength of
concrete for cast-in-place concrete and precast concrete, (3) the interface between head of column
and CIP joint which causes reduction of strength and stiffness of the joint where the lower column



Simulation study on dynamic response of precast frames made of recycled aggregate concrete 647

350 3
— (=5% — {=5%
3 25
25F
@ 27
2 E
s T 15
515 2
e &
1
1
05 0.5
00 0:5 % 1.‘5 é 2.‘5 é 3:5 ti 4.‘5 é 5.‘5 é 00 0.‘5 1‘ 1:5 é 2.‘5 é 3.‘5 :1 4.‘5 é 5:5 é
Periodis) Period(s)
(a) Acceleration spectra of WCW (b) Acceleration spectra of ELW

457

— =5%

4t

Spectral value
= N w
- (4] %] (4] (%) wn

bt
w

0

0 0,‘5 1| 1,‘5 é 2!5 é 3,‘5 =|1 4,‘5 é 5,‘5 é
Period(s)
(c) Acceleration spectraof SHW

Fig. 3 Earthquake input motions

framing into due to the reduced contribution of the moment resistance of the lower column, and (4)
constitutive model for concrete with recycled coarse aggregates.

The considerations (1) and (2) were governed well by modeling sections of precast beam and
column elements precisely as sections designed. The third consideration, thanks to the assumption
of rigid joint which is presented by rigid end zones in the beams and columns framing into the
joint, the head and foot column sections were modeled.

The head cross sections of columns were reduced 30% compared with middle section of
columns in order to reflect the interface behavior between precast columns and CIP joints. The
foot cross section of columns were increase 20% in order to take the contribution of monolithic
structural parts including foot of column, beam and slab, to stiffness of joints.

The cross sections of head and foot columns were calibrated with the following rules:

(1) The initial natural frequency must be close to initial natural frequencies obtained from test
result.

(2) Mode shape coefficients of the first vibration in both X and Y-direction must be close to
those obtained from shaking table test.

The last consideration was highly respected by material parameters used in modeling concrete
model such as compressive strength, modulus elastic.
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Table 1 Loading program

PGA (9) PGA (9)
No. Input X-direction No. Input X-direction
Designed Measured Variation (%) Designed Measured Variation (%)
1 White noise  0.050 0.032 -36.00 18 WCW 0.370 0.374 1.08
2 WCW 0.066 0.075 14.09 19 ELW 0.370 0.349 -5.68
3 ELW 0.066 0.067 1.21 20 SHW 0.370 0.278 -24.86
4 SHW 0.066 0.068 2.58 21 White noise  0.050 0.036 -28.00
5 White noise  0.050 0.037 -26.40 22 WCW 0.415 0.443 6.75
6 WCW 0.130 0.139 7.31 23 ELW 0.415 0.440 6.02
7 ELW 0.130 0.135 3.85 24 SHW 0.415 0.438 5.54
8 SHW 0.130 0.146 12.00 25 White noise  0.050 0.034 -31.20
9 White noise  0.050 0.037 -26.00 26 WCwW 0.550 0.595 8.18
10 WCW 0.185 0.231 24.86 27 ELW 0.550 0.548 -0.36
11 ELW 0.185 0.197 6.49 28 SHW 0.550 0.561 2.00
12 SHW 0.185 0.175 -5.41 29 White noise  0.050 0.035 -30.00
13 White noise  0.050 0.036 -28.00 30 WCwW 0.750 0.744 -0.80
14 WCW 0.264 0.273 341 31 ELW 0.750 0.766 2.13
15 ELW 0.264 0.261 -1.14 32 White noise  0.050 0.036 -28.00
16 SHW 0.264 0.269 1.89 33 SHW 0.750 0.679 -9.47
17 White noise  0.050 0.035 -30.00 34 White noise  0.050 0.036 -28.00
Ocl | Ac.Kf)
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Fig. 4 Kent-Scott-Park model for concrete

4.2 Material properties and models

The monotonic envelope curve of the hysteretic model for concrete in compression follows the
monotonic stress-strain relation model of Kent and Park (1971) as extended by Scott et al. (1982).
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Even though more accurate and complete monotonic stress-strain models have been published
before, the so-called modified Kent and Park model offers a good balance between simplicity and
accuracy, and is widely used. Then the hysteretic unloading and reloading rules proposed by
Yassin (Yassin 1994) are a set of linear stress-strain relations. Finally, in the numerical modeling
of the RAC space frame, the hysteretic material model of concrete is illustrated in Fig. 4.

The concrete model takes into account the confinement effect due to the stirrups through
modifying concrete strength parameters, because it is well known that the confined concrete by
suitable arrangements of transverse reinforcement achieves a significant increase in both the
strength and the ductility of compressed concrete (Mander et al. 1988, Montya 2000). The tensile
behavior of the concrete model takes into account tension stiffening, and the degradation of the
unloading and reloading stiffness for increasing values of the tensile strain after initial cracking. In
this study, the maximum tensile strength f=0.07/",, and the tension stiffening modulus E=0.05E,
(Orakca et al. 2006) were adopted. The other parameters of material properties used in modeling
beams and columns as detailed in Tables 2-3.

The hysteretic material model used for the steel can reflect strain hardening and softening in the
loading process, and takes into account pinching of force and deformation and unloading stiffness

Table 2 RAC material model parameters for beams

Unconfined concrete Unconfined concrete
Elastic modulus Elastic modulus
Index f! &) 0.2f; €20 E, Kf! & 0.2Kf, €20 E,
(MPa) (107%) (MPa) (1073) (GPa) (MPa) (1073%) (MPa) (107%) (GPa)
Precast RAC Cast-in-place RAC

1F 32583 2.09 6.51 3.27 2480 3035  2.05 6.07 3.32 24.26
2F 2599 1.98 5.20 3.45 23.03 3717 2.16 7.43 3.16 25.78
3F 27.99 2.01 5.60 3.39 23.63 32.02 2.08 6.40 3.28 24.68
4F  26.29 1.98 5.26 3.44 23.12 3261  2.09 6.52 3.26 24.82
SF  23.96 1.94 4.79 3.53 2235 29.08 2.03 5.82 3.36 23.93
6F 31.98 2.08 6.40 3.28 2467 2810 201 5.62 3.39 23.66

Floor

Table 3 RAC material model parameters for columns

Unconfined concrete Confined concrete
Elastic modulus Elastic modulus
e e 02f ey  E Kff & 02Kf & E

Index c
(MPa) 10-3) (MPa) (10-%) (GPa) (MPa) (10-%) (MPa) (10-%) (GPa)

Precast RAC Cast-in-place RAC
1F 27842 2000 5568 4.634 2358 3587 2577 7.175 53.369 23.58
2F 26315 2000 5263 4841 2313 3435 2611 6.869 53556 23.13
3F 29.009 2.000 5.802 4495 2391 37.04 2554 7.408 53.244 23091
4F 28882 2000 5.776 4510 2388 3691 2556 7.383 53.257 23.88
5F 28.309 2.000 5.662 4577 2372 36.34 2568 7.268 53.317 23.72
6F 27.718 2.000 5544 4650 2355 3575 2580 7.150 53.383 23.55

Floor
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Table 4 Longitudinal steel rebar material model parameters

Index D (mm) Sip (MPa) € Sop (MPa)  ©2p S3p (MPa) €3p
8# 3.94 329.36000 0.00165 431.79096 0.05117 230.55200 0.25000
10# 3.32 281.52000 0.00175 411.15996 0.08248 287.81197 0.25000

Type

|

—

€

Fig. 5 Hysteretic material model for steel reinforcement

degradation based on the ductility, and involves a material damage model related to the material
ductility and the energy dissipation. The material model (Mazzoni et al. 2011) for the steel bar was
shown in Table 4 and Fig. 5. As shown in Fig. 5 (Sip, €1p), (Szp, €2p) and (Ssp, €3p) represents stress
and strain at yielding, maximum and ultimate point of the backbone curve in the positive direction,
respectively, whereas (Sin, €1n), (Szn, €2n) @nd (Ssn, €sn) represents stress and strain at yielding,
maximum and ultimate point of the backbone curve in the negative direction, respectively.

4.3 Flexibility-based fiber elements

In order to accurately model the behavior of a reinforced concrete frame, the response of the
beam and column cross sections must be captured. The fiber section model (Taucer et al. 1991) is
employed in this study. The cross section of beam and column elements were discretized into
small fibers in which each fiber had a prescribed uniaxial stress-strain relationship and fiber
sections are integrated along the member using the Gauss-Labotto integration scheme. Each
control section consists of confined concrete fibers, unconfined concrete fibers and reinforcing
steel bar fibers.

There were no slabs modeled in the 3-D frame structure so effective flange width has to be
evaluated to consider the contribution of slabs to the behavior of the frame structure as real
situation. Therefore, L and T-beams were modeled in this study with the effective flange width
contributing to both flexural compressive strength and stiffness (Paulay and Priestley 1992). The
effective flange width was taken into account by 8 times of slab thickness for T-beams and by 3
times for L-beams in the analysis.

In order to avoid conflicts of longitudinal bars located in upper and lower precast columns, left
side and right side precast beams, the different covers of beam and column elements were
considered and designed. In addition, all beam-column joints were assumed to be completely rigid,
with the physical size of the joint being represented by rigid end zones in the beams and columns.
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Fig. 6 Simulated model

Thus, the head sections of columns were modeled in order to reflect the interface behavior
between precast columns and joint core of CIP joints. Head cross sections of column were reduced
30% compared with the middle sections of columns. In addition, foot cross sections of columns
were increase 20% in order to take the contribution of monolithic structural parts including foot of
column, beam and slab, to stiffness of joints as shown in Fig. 6(a). The length of such elements is
equal to the depth of beam which represents for rigid end zones of columns framing into a joint.
The overall precast structure was modeled in Fig. 6(b).

The flexibility-based elements employed in modeling are derived from exact force interpolation
functions and therefore not encounter a discretization error, as generally found in the stiffness-
based elements (Neuenhofer and Filippou 1997). The main advantage of flexibility formulations
with respect to a displacement formulation is the use of interpolation functions to obtain the
internal forces starting from the forces at the element nodes. Such functions are actually exact for
frame elements and their determination from equilibrium is straightforward (Valipour and Foster
2007).

4.4 Loading

The applied load for this numerical model consisted of dead load and seismic load. The dead
load including self-weight of frame structure and distributed span load which was simulated from
the uniform load on slabs and self-weight of slabs. The load intensity was uniform and applied to
full beam element lengths.
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Table 5 Simulated and tested natural frequency

After test phase PGA (9)
Initial  0.066 0.13 0.185 0.264 0.37 0.415 0.55 0.75
X direction- Simulated result
1st Frequency (Hz) 4.110 3915 3439 2953 2950 2.817 2418 2408 2.323
2nd Frequency (Hz) 12578 12.285 11576 10.888 10.852 10.414 8.687 8.644 8.305
X direction- Tested result
1st Frequency (Hz) 4.125 3.750 3.125 2875 2500 2125 1.750 1.625 1.000
2nd Frequency (Hz) 13.625 12.625 11.125 10.750 9.875 9.125 8.000 7.250 6.500
Y direction- Simulated result
1st Frequency (Hz) 4.213 4213 4212 4199 4197 4168 4.095 4.091 4.051
2nd Frequency (Hz) 12.879 12.823 12.878 12.847 12.842 12.763 12.749 12.493 12.313
Y direction- Tested result
1st Frequency (Hz) 4.245 4125 3.750 3.375 3.250 2.625 2375 2125 1.875
2nd Frequency (Hz) 13.750 13.250 11.875 11.500 11.250 10.375 9.250 8.750 7.750
U
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Fig. 7 Simulated and tested natural frequency

(Note: the symbol “T” refers to tested results; S refers to simulated results)
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(Note: the symbol “T” refers to tested results; “S” refers to simulated results)

The ground motions obtained from the shaking table test were input to the models. The seismic
waves WCW, ELW and SHW were inputted in sequence with gradually increasing amplitude as
the shaking table test, which are PGA of 0.066 g, 0.130 g, 0.185 g, 0.264 g, 0.370 g, 0.415 g, 0.550
g, and 0.750 g. The sequence of inputs imposed to simulated model in series is presented in Table 1.

5. Simulated results and validation

5.1 Dynamic characteristics

Table 5 compares the natural frequencies of the first two vibration modes in X and Y directions
obtained from the simulations and the shaking table tests. It can be seen that the simulated
frequencies agree well with the test results, especially the initial frequencies in X direction of the
first mode. The comparisons between the tested and simulated natural frequencies are displayed in
Fig. 7.

As shown in Fig. 7, in the X-direction, both the tested natural frequency and the simulated
results descend continuously during a series of excitations with gradually increasing acceleration
amplitudes. However, after 0.415 g test phase, the tested natural frequency still tend to decline,
while the simulated natural frequencies remains relatively steadily. This may be due to the severe
damage of the model when suffered from such a high PGA whereas the simulation cannot take this
damage into account very well (Filippou et al. 1992). In addition, the interaction between shaking
table and structure also causes a reduction in the structural frequency (Rinawi and Clough 1991).
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In the Y-direction, the tested natural frequency tend to decline, while the simulated natural
frequencies remains steadily. It is likely that the earthquake loads were only input in the X-
direction so the damage could not be calculated in the Y-direction in modeling but it was well
considered in the shaking table test with white-noise scanning in both X- and Y- directions

The structural vibration modes in both X and Y- directions obtained from numerical analysis
compared with results from shaking table test at initially are shown in Fig. 8 (a, b), respectively.
The results show that numerical vibration modes are quite similar to the experimental vibration
modes, and most relative errors of mode coefficients of the first two vibration modes are within
10% as presented in Table 6. Both tested and simulated first-order vibration modes in Fig. 8 show
a typical shear type feature, as usually occurs in a normal frame structure and are all uniformly
distributed along the height.

Table 6 Simulated and tested mode coefficient

X-Direction Y-Direction
Floor level (m) Mode 1 Mode 2 Mode 1 Mode 2

T S V(%) T S V®) T S V™) T S V(%)
0.75 025 021 -160 066 061 -73 024 022 -96 069 062 -9.2
1.50 047 044 -67 100 098 -20 044 044 11 095 097 13
2.25 068 064 -66 081 08 41 062 064 3.0 077 082 7.0
3.00 083 080 -30 019 028 490 081 080 -12 022 026 205
3.75 094 093 -19 -052 -044 -141 089 092 41 -048 -045 -538
4,50 1.00 100 00 -095 -100 53 100 100 00 -1.00 -1.00 0.0

Table 7 Simulated and tested acceleration amplification factors

Floor level (m)
Earthquake 0.75 1.50 2.25 3.00 3.75 4,50

e S (S/f)) T s (‘}/ﬁ) T s (S/ﬁ) T s (‘}/ﬁ) T s ((}/ﬁ) TS (3/2)

WCW 1.98 1.14 -42 2.25 1.89 -16 2.47 2.22 -10 2.47 2.75 12 258 3.17 23 3.483.66 5
0.07 ELW 1.93 1.11 -43 2.39 1.75 -27 2.84 2.27 -20 3.17 2.74 -14 3.71 3.17 -14 4593.64 -21
SHW 1.72 1.43 -17 2.73 2.34 -14 295297 1 328341 4 371373 0 417459 10
WCW 1.63 1.05 -35 1.92 194 1 216209 -3 215215 0 250222 -11 2.68259 -3
0.13 ELW 1.77 1.38 -22 242 198 -18 2.77 2.01 -28 2.90 1.90 -34 3.11 2.31 -26 3.592.81 -22
SHW 1.65 1.82 10 222 210 -6 2.74 283 3 3.07 310 1 3.46 296 -14 4192093 -30
WCW 1.08 1.05 -3 153 131 -14 142 1.26 -11 142 147 3 162163 1 191177 -7
0.19 ELW 132 1.72 31 178 213 19 17919 6 171174 2 193173 -10 2.072.00 -3
SHW 1.83 1.55 -15 2,59 2.26 -13 3.16 2.49 -21 2.82 2.80 -1 3.03 2.66 -12 3.403.05 -10
WCW 1.24 0.98 -21 1.63 1.29 -21 1.62 1.32 -19 147 1.37 -7 171157 -8 219171 -22
0.26 ELW 1.13 1.60 41 164 2.14 31 155191 24 151145 -3 168173 3 221204 -8
SHW 154 1.17 -24 2.01 1.59 -21 197 212 8 2.02 225 12 2.05239 16 258256 -1
WCW 1.36 1.07 -22 148 148 0 1.80 1.32 -26 1.59 1.26 -21 1.61 1.42 -12 2.131.60 -25
0.37 ELW 1.09 1.25 14 144 179 25 131 153 17 106 147 38 116 157 35 152165 9
SHW 159 1.36 -14 2.01 1.62 -19 2.04 208 2 220220 0 240244 2 253260 3
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Table 7 Continued
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WCW 1.20 1.16 -4 1.40 1.60
0.42 ELW 1.08 1.10 1 0.88 1.37
SHW 1.30 1.85 42 1.54 2.26

14
55
46

0.99 1.60
0.86 1.50
1.60 2.24

62
75
40

0.92 1.22
0.77 1.47
1.64 2.15

32
91
31

1.05 1.09
0.94 1.63
1.79 2.47

73
38

1.531.15
1.10 1.67
2.46 2.75

WCW 1.05 1.12 6 1.38 1.26
0.55 ELW 1.11 0.99 -11 0.88 1.30
SHW 1.04 1.90 83 1.21 2.12

47
75

0.97 1.37
0.79 1.39
1.03 1.70

42
76
65

0.90 1.22
0.79 1.33
112 1.77

35
67
58

1.08 1.07
0.87 1.59
1.26 1.75

83
38

1.531.01
1.131.70
1.62 2.48

WCW 0.78 1.40 79 0.96 1.12
0.75 ELW 1.03 0.70 -32 1.09 1.17
SHW 1.02 1.21 18 1.08 1.88

17

74

0.77 1.47
0.72 0.93
0.83 1.60

90
29
93

0.73 1.62

123

0.82 1.39

0.85 1.09 28 0.92 1.27
1.00 1.25 26 0.96 1.27

69
39
32

0.971.28
0.851.49
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45 AN

w >
(] o
L T

w
(=]

N
o

=
3]

Acceleration Amplification
N
(6]

0.5

0.0

—=— 1st floor-S
—=— 4th floor-S

--=---1st floor-T

--x--4th foor-T

—— 2nd floor-S
—»— 5th floor-S
--=---2nd floor-T

-->--5th floor-T

—— 3rd floor-S
—+— 6th floor-S
---+--3rd floor-T

--+--6th floor-T

5.2 Acceleration amplification

Test level (g)
Fig. 9 Simulated and tested acceleration amplification factors vs. input motions

The acceleration amplification factors are shown in Table 7 and illustrated in Fig. 9. As seen in
Fig. 9, the distribution forms of the acceleration amplification factors for both the numerical model
and the test model are in general similar. Acceleration amplification factor increases gradually
along the height under the same earthquake level, especially in the early test stages when the PGAs
are low, and decreases gradually with the increasing PGAs. This trend, however, is not strictly
followed in later stages with higher PGA, probably caused by the complicated higher vibration
modes due to the accumulation of nonlinear damage. As presented in Table 7, it can be found that
before the structure stepped into the severe damage stage (from 0.415g test phase) most relative
errors of acceleration amplifying factors are within 25%. Thereafter, most of the relative errors
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increase up to over 50% as PGAs of input motions increase. The best agreement is conducted by
SHW and followed by WCW and ELW.

45 45 .
3.75 375 | M 4
3 3| &
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(c) Simulated and tested maximum displacement under SHW

Fig. 10 Simulated and tested maximum displacement of precast RAC model
(Note: the symbol “T” refers to tested results; S refers to simulated results)



Simulation study on dynamic response of precast frames made of recycled aggregate concrete

Table 8 Simulated and tested maximum displacements
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Earthquake
level ()

Floor level (m)

0.75

1.50

2.25

3.00

3.75

Vv

> )

T

S

v
(%)

T

\
S(%)T

S

\
%) T S

WCW
0.066 ELW
SHW

0.8
0.8
1.0

0.7 -17
06 -19
0.9

1.3
1.4
1.9

1.4
1.4
1.9

7
-5
0

1.8
2.0
2.7

21 14 22
20 1 23
27 2 34

2.7
2.5
3.4

21 25
5 27
0 38

3.1
2.9
3.9

21 2.7
7 3.0
1 42

3.3
3.1
41

WCW
0.13 ELW
SHW

1.5
1.7
35

15 4
1.6
37 5

2.9
3.6
7.2

3.0
3.1
6.8

5

3.9
5.0
9.9

42 7 49
42 -17 6.2
9.1

5.0
4.9

11.8 105

2 53 55
-21 7.0 54
-11 12.8 11.3

3 58
-23 7.6
-11 13.8

5.8
5.6
11.8

WCW
0.185 ELW
SHW

2.3
2.7
4.7

24 2
28 5
4.4

4.6
5.2
8.8

4.3
4.9
7.9

6.2
6.9
11.3

5.8
6.3
10.3

7.5
8.3

6.8
7.1

13.4 11.7

-10 83 7.3
-15 89 75
-12 151 12.6

-12 8.9
-15 9.7
-17 15.7

7.6
7.8
12.9

WCW
0.264 ELW

3.4
3.5

2.9
3.8

7.1
7.1

5.2
6.7

SHW 6.6 6.0

129 120 -7

9.2
9.1
16.2

6.8
8.4

16.1

11.0 7.9
10.8 94
18.7 18.5

-28 12,1 8.6
-13 11.5 10.0
-1 19.7 19.9

-29 131
-13 12.3

9.0
10.3

1

20.6 206 O

WCW 7.4
0.37 ELW 3.8
SHW 11.6

5.6
4.4
6.2

153 11.2
80 85 6
23.3 12.6

19.6 14.9
10.1 11.3
29.8 17.2

22.0 16.7
116 12.7
34.1 19.9

-24 23.7 17.5
9 122 134
36.4 21.7

-26
10
-40

24.5
12.8
37.5

17.9
138 7
22.8

WCW 9.9
0.415 ELW 8.7
SHW 16.1

9.2
7.8
16.2

1

20.8 17.6
19.2 141
345 323

26.2 20.1
24.6 16.1
45.0 40.4

28.8 21.7
27.0 17.4
50.0 45.9

30.0 22.7
28.0 18.2
52.3 49.1

-24
-35
-6

31.1
29.0 18.7
54.5 50.8

23.3

WCW 14.1 13.3
0.55 ELW 11.7 111
SHW 19.9 28.8

-6
5
45

29.1 24.9
25.3 20.9
40.9 49.8

36.4 29.2
325 24.2
513 57.1

39.7 31.9
35.6 26.3
55.6 62.2

41.3 33.6
36.9 27.6
57.9 65.9

-19
-25
14

42.7 345
38.2 28.3
59.7 68.6

WCW 21.3 28.2
0.75 ELW 21.8 23.3
SHW 28.3 41.7

32
7
47

443 48.8
45.8 41.0
734 71.2 -3

54.0 56.3 4
56.3 43.8
87.8 79.0

58.5 61.4
60.5 45.7
934 84.8 -9 955 89.0 -7

5 60.4 65.2
62.2 47.0

8
-24

62.3 675 8
63.9 47.9
97.8 91.3 -7

5.3 Displacement

The maximum story displacements from numerical analysis and test results are illustrated in
Fig. 10. Overall, the simulated and tested relations are shown a very good correlation. Particularly,
before the structure stepped into the severe damage stage (from 0.415 g test phase) most relative
errors of acceleration amplifying factors are within 15% as shown in Table 8. Thereafter, the
difference between the simulated and tested results increases as the input acceleration amplitudes
increase gradually and most of the relative errors within 25% as presented in Table 8. The best
agreement is conducted by SHW and followed by WCW and ELW. The simulated maximum floor
displacements almost reproduce the tested values and the numerical model captures the primary
trend of story displacement distribution.

Both simulated and tested results indicate that the structural displacement responses of the
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RAC frame model behaved intensely with gradually increasing acceleration amplitudes. Both of
the results demonstrate that different earthquake waves slightly influenced the shape of the
structural displacement response while they obviously influenced the amplitude of the structural
displacement. Fig. 10 shows the story displacements under SHWs are the greatest, followed by the

Roof displacement (mm)

ThiLoan Pham, Jianzhuang Xiao and Tao Ding
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Fig. 11 Comparisons of simulated and tested roof displacement time histories
(Note: the symbol “T” refers to tested results; “S” refers to simulated results)

WCW and the ELW, which is consistent with the tested results.

The comparisons of simulated and tested roof displacement time-histories as shown in Fig. 11
verify the accuracy of the nonlinear seismic analysis. As shown in Fig. 11, the simulated model
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Table 9 Simulated and tested maximum inter-story drift
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Floor level (m)

Earthquake 0.75
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2.25 3

3.75

4.5
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> (%)
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(%0)
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T S
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\ \
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WCW 0.79
0.066 ELW 0.78
SHW 0.99

0.65 -17
0.64 -18
0.90 -9

0.67
0.65
0.92

0.77
0.71
1.00

15
10
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0.56
0.54
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0.69
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14
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captures not only the primary trend of the roof displacement response but also the values of
response. As a result, the simulated and tested roof displacement time-histories match very well.

5.4 Story-drift

The maximum inter-story drift obtained from simulated and tested results are listed in Table 9,
and the corresponding inter-story drift ratio curves are illustrated in Fig. 12. As shown in Table 9
and Fig. 12, the general variation trend between the simulated value and the tested result is that the
relative error increases gradually with progressively enhancing acceleration amplitudes under
different earthquake waves. Before the model was in severe damage stage (from 0.415 g test
phase), most of the relative error values are less than 25% and thereafter, most of the relative
errors are over 40% as shown in Table 9. In the later test phases with PGAs from 0.415 g, the
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Fig. 12 Simulated and tested maximum inter-story drift of precast RAC model
(Note: the symbol “T” refers to tested results; “S” refers to simulated results)

simulated model shown the biggest values of story drifts found at the first floor whereas that of
tested results are found at the second floor. In general, the comparison result between the

simulated inter-story drift ratio and the experimental under SHW and WCW shows much better
agreement than that under ELW.

5.5 Capacity curve

Table 10 presents the values of the comparison of the maximum base shears between
simulation and test. The comparison shows that the simulated maximum base shears follow the
trend of tested values but smaller than those of test. For instance, most of the relative errors are
within 30% until the test phase with PGA of 0.415 g was input. Thereafter, the relative errors
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Table 10 Simulated and tested maximum base shear force

Earthquake level (g)

Base shear force (kN)

Earthquake level (g)

Base shear force (kN)

T S V (%) T S V (%)
WCW  13.859  16.660 20.2 WCW 57.642 42.912 -25.6
0.066 ELW 19.554  16.222 -17.0 0.37 ELW 36.749 32.717 -11.0
SHW 23.066  20.435 -11.4 SHW 64.222 48.082 -25.1
WCW  30.984 26.865 -13.3 WCW 40.742 16.995 -58.3
0.13 ELW 35.853  27.353 -23.7 0.415 ELW 33.992 15.604 -54.1
SHW  47.228 37.168 -21.3 SHW 64.324 49.307 -23.3
WCW 30916 23.694 -23.4 WCW 55.688 32.676 -41.3
0.185 ELW 38.250  28.376 -25.8 0.55 ELW 41.642 21.590 -48.2
SHW 52.803  39.007 -26.1 SHW 60.046 49.277 -17.9
WCW  39.037 25.886 -33.7 WCW 57.383 45.588 -20.6
0.264 ELW 43.274  34.013 -21.4 0.75 ELW 54,156 17.879 -67.0
SHW 56.314  48.218 -14.4 SHW 57.070 44.541 -22.0
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B Q.
60 Bk IO
I’o ~S.
50 | o
g s
‘g40 - !
2 30 s(A)_ T=99.39(¢0-007783A_,~0.062836A
mzo | & Simulation (data)
—— Simulation (Fit)
O Test (Data)
L o Test (Fit)
0 1 1 1 J
0 20 40 60 80

Roof displacement (mm)

Fig. 13 Simulated and tested capacity curves

increase as the amplitude of PGAs increases, especially in case of WCW and ELW. From the
Table 10, it is clearly seen that the best correlation between simulated and tested maximum base
shear is under SHW and followed by WCW and ELW.

By tracking the maximum base shear and the corresponding roof displacement, the simulated
and tested capacity curve in the form of exponential function is also constructed respectively as in
Eqg. (1a) and (1b) in order to compare with each other as shown in the Fig. 13.

S(A) — 55.55(6_0'00293A _ 6_0'1148A)

S(A) — 99.39(6_0'007783A _ e—0.062836A)

0 <A< 76.55

0 <A< 68.11

(1a)
(1b)
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Table 11 Feature points on the simulated and tested capacity curves

Feature point parameters Cracking point  Yielding point Maximum point Ultimate point

(Xc) 9c) (xv, gv) (w1, Gu) (Xu, 9u)
Simulation Roof displacement (mm) 7.908 11.788 32.766 76.555
Base shear (kN) 32.987 39.320 49.172 44.370
Test Roof displacement (mm) 11.845 17.682 37.937 68.114
Base shear (kN) 43.421 53.892 64.815 55.093
- Roof displacement (mm) -33 -33 -14 12
Variation (6) g e shear (kN) 24 27 24 19

Table 12 Parameters of RAC50 material model for beams

Unconfined concrete Unconfined concrete
ndex  Je & 02fl & E. Kff e 02Kf e, K
(MPa) (107%) (MPa) (1073) (GPa) (MPa) (1073) (MPa) (107%) (GPa)
Precast RAC Cast-in-place RAC

1F  42.29 2.20 8.46 3.27 20.76 3946  2.20 7.89 3.32 29.11
2F 33.79 2.20 6.76 3.45 27.64 4832 220 9.66 3.16 30.94
3F 36.39 2.20 7.28 3.39 28.36 4163 2.20 8.33 3.28 29.62
4F 3418 220 6.84 3.44 2774 4239 220 8.48 3.26 29.78
SF 3115 220 6.23 3.53 26.82 37.80 220 7.56 3.36 28.72
6F 41.57 2.20 8.31 3.28 29.60 36.53 2.20 7.31 3.39 28.39

Story

Table 13 Parameters of RAC50 material model for columns

Unconfined concrete Confined concrete
Elastic modulus Elastic modulus
Index f! & 0.2/ €30 E. Kf! & 0.2Kf, &5 E,
(MPa) (107%) (MPa) (1073) (GPa) (MPa) (1073) (MPa) (107%) (GPa)
Precast RAC Cast-in-place RAC

1F  36.19 2.20 7.24 4.63 28.30 40.82 248 8.16 53.05 28.30
2F 3421 2.20 6.84 4.84 27.76  38.60 248 7.72 53.20 27.76
3F 3771 2.20 7.54 4.50 28.69 4252 248 8.50 5295 28.69
4F 3755 2.20 7.51 451 28.66 4234 248 8.47 52.96  28.66
SF  36.80 2.20 7.36 4.58 28.46 4150 248 8.30 53.01 28.46
6F 36.03 2.20 7.21 4.65 28.26 40.64  2.48 8.13 53.06 28.26

Story

where, s(A) is the base shear (kN) and A is the roof displacement (mm).

The illustration from Fig. 13 reveals that the simulated capacity curve coincides with the tested
capacity curves when the model behaves in the linear stage. After the cracks appeared, which is
determined by cracking point as presented in Table 11, the simulated structure passed the yield
load and reached the maximum load, which are 27% and 24% smaller than those of test results,
respectively. Then, the load capacity and lateral stiffness of the overall structure of the simulated
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curve reduces less than those of test results. Although the values of feature points on the simulated
curve are lower than those of test around 25%, the simulated capacity curve can reflect both the
variation of the load capacity and lateral stiffness of the overall structure.

6. Parametric study

Compressive strength and elastic modulus of RAC are significantly influenced by replacement
percentages of RCA. The parametric studies of RAC take the compressive strength and elastic
modulus into consideration which represent another grade of RAC by a different replacement ratio
of RCA. The tested model and simulated model which was validated above used RCA replacement
percentage of 100%, so hereafter called RAC100 model. In the second numerical model simulated,
the compressive strength of RAC was increased 30% and elastic modulus was increased 20% in
order to investigate influence on the lateral loading capacity of the structures, so herein named
such concrete material in the second model as RAC50. The parameters of RAC50 used in
modeling of the second model are presented in Tables 12-13.

The initial stiffness of the RAC50 model increases as the results of natural frequencies are
shown in Table 14. Consequently, the natural frequencies of the RAC50 model are increased
around 9% due to the increase of 20% elastic modulus of RAC. It results in the increase of the
base shear when structures subjected to seismic load.

Table 15 presents the comparison of the maximum base shears between simulated RAC100 and
RAC50 models. The comparison shows that most of the maximum base shears of RAC50 model
are bigger than that of RAC100 model, especially, under the test phases caused by ELW and
WCW.

By tracking the maximum base shear with different amplitude of PGAs under three seismic
waves and the corresponding roof displacement, the lateral load capacity of RAC50 model is also
caused by SHW waves as shown in Table 15. The simulated capacity curve of the RAC50 model
in the form of exponential function is also constructed, as presented in the formula of Eg. (2), in
order to compare with simulated capacity curve of RAC100 model as shown in the Fig. 14.

S(A) — 72.65(6_0'007114A _ e—0.0905A) 0 < AS 56.05 (2)

where, s(A) is the base shear (kN) and A is the roof displacement (mm).

The illustration from Fig. 14 reveals that the trends of the two capacity curves are similar. They
behave the same in the elastic stage. After the cracks appeared, which is determined by cracking
point as presented in Table 16, the simulated RAC50 model passes the yield load and reaches the
maximum load, which are 13% and 10% larger than those of the simulated RAC100 model,
respectively. Then, the load capacity of the overall RAC50 structure reduces but still higher than

Table 14 Natural frequencies of model RAC100 and RAC50

. X-direction Y-direction
Initial 1st Frequency (Hz) 2nd Frequency (Hz) 1st Frequency (Hz) 2nd Frequency (Hz)
RAC50 model 4.475 13.691 4.565 13.963
RAC100 model 4.110 12.578 4.210 12.879

Variation (%) 8.9 8.9 8.4 8.4
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Table 15 Maximum base shear force of model RAC100 and RAC50

Earthquake level Base shear force (kN) Earthquake level Base shear force (kN)
(9) RAC50 RACI00 V(%) (9) RAC50 RACI00 V(%)
WCW  19.01 17.25 10 WCW  44.82 42.91 4
0.066 ELW  18.01 15.99 13 037 ELW 3742 32.99 13
SHW  27.32 21.65 26 SHW  47.35 48.04 -1
WCW  23.86 26.84 -11 WCW  24.69 18.45 34
013 ELW 2837 27.42 3 0415 ELW  17.83 15.76 13
SHW  35.78 39.68 -10 SHW  53.80 49.31 9
WCW  34.99 21.21 65 WCW  48.72 30.42 60
0.185 ELW  34.86 27.14 28 055 ELW  19.60 21.96 -11
SHW  44.01 38.84 13 SHW  52.95 49.75 6
WCW 2525 22.84 11 WCW  47.57 46.43 2
0.264 ELW  36.22 34.83 4 075 ELW 2831 21.36 33
SHW  49.63 48.20 3 SHW  48.10 46.01 5
60 r

}
¢

————eaaao
<o

N
o
T
N

" s(A)_RACS50 = 72.65(e~0-007114A _ ,-0.09054
s(A)_RAC100 = 55.55(e~0-002934 _ ,-0.1148A,
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o
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Fig. 14 Capacity curves of two simulated models

Table 16 Feature points on capacity curves of two simulated models

80

Feature point parameters

Cracking point  Yielding point Maximum point Ultimate point

(Xc, 9c) (Xv, 9v) (Xw, 9m) (Xu, 9u)
RACS0 Roof displacement (mm) 8.898 13.425 30.510 56.049
Base shear (kN) 35.710 44.464 53.878 48.305
RAC100 Roof displacement (mm) 7.908 11.788 32.766 76.555
Base shear (kN) 32.987 39.320 49.172 44.370
Variation Roof displacement (mm) 13 14 -7 -27
(%) Base shear (kN) 8 13 10 9
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those of RAC100 model.

Based on the Table 16, it can be seen that the increase of compressive strength and elastic
modulus of RAC result in the increase of the lateral load capacity and reduction of the roof
displacement. As a result, the simulated capacity curves of both models can reflect both the
variation of the load capacity and lateral stiffness of the overall structure.

7. Conclusions

The significant findings of the present simulation study are given as follows:

(1) The numerical analyses confirm that the flexibility-based beam-column element type, the
fiber section model, the confined/unconfined concrete model, the steel hysteretic material model,
and the numerical methods used in OpenSees framework are reasonable.

(2) The OpenSees numerical model can reproduce accurately the seismic performance of the
RAC frame structure by verification of the test results. Generally, most of the relative error values
are less than 25% in the linear range and 40% in the nonlinear range, so the acceptable agreement
between the calculated and tested results in terms of the dynamic characteristics, the story
displacement, as well as the inter-story drift, shows that the dynamic response can be simulated by
the numerical model.

(3) The influence of interface between head columns and CIP joint to stiffness of rigid joints
was modeled by reducing cross sections of head columns and validated by test results. The
comparison between simulated and tested results shows a good correlation.

(4) Tolerances of construction, inherent errors of instruments, interaction between shake table
and structure, higher-mode response, action of interface, joint failure of the tested model, critical
damping ratios, constitutive material models employed in simulation are considered the main
causes of the difference in simulated dynamic responses compared with tested results.

(5) Both experimental and numerical simulation analysis shown that the precast RAC frame
structure, in which precast RAC beams and columns elements were connected by cast-in-place
RAC, has enough capacity to resist a severe earthquake load. The good seismic resistance of the
model has been convectively proved by the results of the shaking table test and a further report on
analysis and evaluation of seismic performance of the precast RAC frame structure will be devoted
to enhance the emulation of such kind of precast frame structure. Therefore, the construction
process and designing of the model could be considered as a reference for aseismic precast frame
structures made of RAC.
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