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Abstract

As an innovative structural system aligned with construction industrialization, prefabri-
cated Steel-Reinforced Concrete (SRC) structures are characterized by high load-bearing
capacity, efficient material utilization, and rapid construction. In this study, the mechani-
cal behavior, failure mechanisms, and ductility characteristics of a prefabricated SRC
multi-floored grain warehouse frame were investigated through quasi-static cyclic load-
ing tests. To complement the experimental program, high-fidelity numerical models were
developed using Abaqus, incorporating concrete plastic damage and steel material non-
linearity. The simulation results were rigorously validated against the experimental data.
The findings indicate that the specimens exhibited typical shear failure modes with full
hysteretic loops, demonstrating substantial energy dissipation capacity (equivalent vis-
cous damping coefficient of 0.261). Notably, the results of the parametric study indicate
that the integration of wall panels can significantly increase the load-bearing capacity and
lateral stiffness of the frame system. The ductility of the samples was excellent, with dis-
placement ductility coefficients ranging from 3.1 to 3.7. The ultimate inter-story drift an-
gles at failure (1/49-1/38) substantially exceeded the code-specified limit (1/50), indicating
robust collapse-prevention capacity. The numerical results strongly agreed with the ex-
perimental observations in terms of the hysteretic behavior, failure patterns, and skeleton
curves, confirming the reliability of the modeling strategy for subsequent seismic perfor-
mance analyses and parametric evaluations.

Keywords: prefabricated building; steel-reinforced concrete structure; multi-floor grain
warehouse; seismic performance

1. Introduction

Grain storage infrastructure is fundamental to ensuring national food security and
maintaining stable strategic reserves [1]. With the rapid progression of urbanization and
increasingly limited land resources, Multi-floored Grain Warehouses (MGW) have
emerged as a major storage typology in large-scale logistics parks. Compared with tradi-
tional flat warehouses, MGW provides substantial advantages in terms of land use effi-
ciency, mechanical automation, and storage performance [2—4]. These structures are gen-
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erally characterized as heavy-duty systems, with large spans, high story heights, and ex-
treme live loads—often 3 to 5 times those of conventional residential frames—to accom-
modate bulk grain storage capacities of up to 100,000 tons [5].

Traditional reinforced concrete (RC) frames used in MGWs often require excessively
large cross-sections to satisfy load-bearing requirements, resulting in intensive on-site
construction and associated environmental concerns. To overcome these limitations,
Steel-Reinforced Concrete (SRC) structures have been introduced. By embedding steel
sections within concrete members, compared with conventional RC members, SRC sys-
tems achieve superior ductility [6-8], enhanced energy dissipation capacity, and a reduc-
tion in cross-sectional area of more than 20% [9-12]. Furthermore, the construction indus-
try is shifting toward prefabricated SRC systems to minimize onsite wet work, reduce
environmental pollution, and shorten construction periods. At present, research on SRC
structures focuses mainly on the seismic performance and strength of joints and frames.
Im et al. [13] experimentally evaluated the seismic response of monolithic precast beam-
column connections incorporating beam-end U-shaped keyways. Through cyclic loading
tests on six full-scale specimens, the effects of the beam-end reinforcement ratio, seating
length, and supplementary angle-steel configurations on the structural response were sys-
tematically examined. The results demonstrated that these precast joints exhibited seismic
performance comparable to that of conventional monolithic concrete connections, with all
the mechanical parameters satisfying the requirements of current design specifications.
Parastesh et al. [14] developed an optimized ductile flexural joint for high-intensity seis-
mic regions. Their findings revealed that the failure mechanism, characterized by flexural
cracking within the beam-end plastic hinge, strictly followed the “strong column-weak
beam” design philosophy. The incorporation of diagonal reinforcement within the joint
core significantly delayed the initiation of diagonal cracking and reduced shear damage,
resulting in a 30% increase in energy dissipation capacity compared with monolithic cast-
in-place joints while maintaining comparable strength and ductility. Furthermore, Eom et
al. [15] improved U-shaped keyway joints by applying a plastic-hinge relocation strategy.
Through optimized anchorage and the use of irregular bar sections to adjust the beam-
end reinforcement, bar slip and core shear failure were effectively mitigated, resulting in
better mechanical performance than that of conventional monolithic connections. Com-
plementing these studies, Rong et al. [16] demonstrated that the encasement of steel sec-
tions in SRC beam-column joints substantially increases global structural stiffness and
ductility, thereby effectively improving overall seismic resistance. Xue et al. [17] con-
ducted quasi-static tests on a 1:4-scale, six-story precast frame comprising cast-in-place
columns and precast composite beams. Their findings indicated that the system exhibited
favorable energy dissipation capacity and ductility. Damage developed through the se-
quential formation of plastic hinges—first in the beams and subsequently in the col-
umns—which is consistent with the “strong column-weak beam” strategy, thereby veri-
fying the seismic reliability of the hybrid precast structure. Although current research has
begun to investigate the dynamic characteristics of prefabricated SRC structures, a sub-
stantial knowledge gap remains regarding their seismic performance under different
grain loading scenarios. In particular, the synergistic mechanical interaction and load-
transfer mechanisms between prefabricated SRC joints and wall panels under the com-
bined effects of seismic action and out-of-plane grain pressure remain insufficiently un-
derstood.

The novelty of this study lies in the examination of the seismic response of prefabri-
cated SRC grain-warehouse frames under the combined effects of wall-panel interaction
and out-of-plane grain pressure, which has rarely been addressed in previous studies. To
address these issues, a systematic investigation of prefabricated SRC multi-floored grain
warehouses was conducted. By combining large-scale quasi-static testing with high-fidel-
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ity finite element (FE) analysis, the mechanical behavior, failure patterns, and seismic per-
formance of the specimens were rigorously evaluated. Particular attention was given to
the structural response under the combined effects of material storage loads and seismic
forces, thereby providing a theoretical basis and technical reference for practical engineer-
ing design and seismic resilience assessment.

2. Experimental Program
2.1. Construction of the Proposed Precast Frame

A multi-floored grain warehouse located in Guangdong was selected as the proto-
type, and a 1/2-scale model was designed for the experimental investigation. Q345-grade
steel was used for the steel sections of both the beams and columns, with a uniform cross-
section of H220 x 100 x 8 x 10. The reinforcing bars and concrete consisted of HRB400-
grade steel and C45 commercial concrete, respectively. The prefabricated steel-reinforced
concrete (SRC) column was 3300 mm high and had a square cross-section of 400 x 400 mm.
The longitudinal reinforcement comprised 12¢14 bars (corresponding to a reinforcement
ratio of 4.6%), and @8 stirrups were installed at a constant spacing of 150 mm (8@150).

The construction and assembly of the prefabricated SRC frame proposed in this study
were divided into four stages: (1) prefabrication of structural components, (2) assembly of
prefabricated beams and columns, (3) installation of sandwich wall panels, and (4) post-
casting of columns, beams, and wall-panel joints. During the precasting of the foundation
beams, the embedded steel sections within the foundation were bolted to the column steel
sections to ensure reliable connectivity. At the cast-in-place column-foundation beam in-
terface, the longitudinal reinforcement was connected using lap splices. A lap length of
500 mm was adopted, with the splices arranged in a staggered manner at intervals of 500
mm. At the beam-column joints, the top longitudinal bars of the beams were anchored
using 90° hooks. These bars extended beyond the inner side of the exterior column rein-
forcement into the joint core. The horizontal projection length (including the bend) was
maintained at no less than 0.4 lab, while the vertical extension length was at least 15d. The
wall system consisted of 250 mm-thick prefabricated panels, comprising two 100 mm-
thick concrete layers and a 50 mm intermediate insulation layer. To ensure structural in-
tegrity between the wall and frame, U-shaped hairpins (ring bars) were embedded along
the panel edges and lapped with the longitudinal reinforcement of the columns. Quality
control of the sample focused mainly on the prefabricated joints and post-cast connection
regions. During fabrication, the positions of the steel sections, reinforcement cages, lap
splices, and embedded U-shaped hairpins were inspected before concrete casting. The
post-cast regions at the beam-column joints and wall-column interfaces were carefully
compacted to ensure reliable force transfer between the prefabricated components and
cast-in-place concrete. The concrete specimens were cured under standard conditions for
28 days, and material tests were performed before the structural tests. Potential construc-
tion defects, including insufficient concrete compaction, poor interface bonding, bolt loos-
ening, and reinforcement misalignment, may reduce joint stiffness and accelerate the de-
velopment of local damage. Therefore, these defects should be strictly controlled in prac-
tical engineering applications.

2.2. Material Properties

The prefabricated components were cast using C45-grade ordinary concrete, whereas
the post-cast regions (wet joints) were constructed using C45-grade micro-expansive con-
crete. The specimens were subsequently cured under standard laboratory conditions for
28 days. Concurrently, three sets of concrete cubes measuring 150 x 150 x 150 mm were
prepared for each type of concrete and cured under the same conditions as the main spec-
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imens. The compressive strength of the concrete cubes was measured using a TYA-2000
electrohydraulic compression testing machine in accordance with the relevant specifica-
tions [18]. The measured mechanical properties are summarized in Table 1. In addition,
tensile tests on the steel sections and reinforcing bars were conducted using a DNS300
electronic universal testing machine, following the procedures specified in GB/T 228.1-
2010 [19]. The detailed material parameters are presented in Table 2.

Table 1. Concrete mechanical performance.

Concrete Type Grade fe/MPa fd/MPa fi/MPa EJ/MPa
ordinary concrete C45 46.7 47 3.60 3.42 x 10*
micro-expansive concrete C45 49.6 49.6 3.81 3.44 x 10

fc = 07fcu .

Note: Axial compressive strength ; axial tensile strength

E=10'/(22434711, )

lus .

_ ~0.55
S =0.3957.7" elastic modu-

Table 2. Steel mechanical performance.

Steel Diameter/Thickness Standard Grade Yield Strength Ultimate Strength  Elastic Modulus
(mm) fy (MPa) fu(MPa) Es(MPa)
8 HRB400 447.9 582.6 2.04 x 10°
10 HRB400 453.3 604.6 2.12 % 10°
12 HRB400 507.2 653.3 2.00 x 10°
Steel bar 14 HRB400 481.8 612.7 2.05 % 10°
16 HRB400 4455 683.2 2.10 x 10°
20 HRB400 426.2 559.1 2.13 x10°
22 HRB400 461.8 605.0 2.03 x 10°
Steel plate 8 Q345 379.5 496.1 2.06 = 10°
10 Q345 382.3 503.6 2.06 x 10°
Bolt 19.85 M?20 2.5 x 80 1168.20 1298.00 2.08 x 10°

2.3. Test Setup and Loading Protocol

The experimental setup is shown in Figure 1. The foundation beam of the specimen
was anchored to the laboratory floor using high-strength bolts. In addition, manual jacks
were positioned on both sides of the foundation beam to prevent potential horizontal slip-
page during testing. A column-tip loading configuration was adopted, in which a 2000 kN
electrohydraulic servo actuator was connected to the column tip through threaded rods.
A constant axial load was applied to the column using two hydraulic jacks. To permit
lateral displacement at the column head, sliding bearings were installed between the hy-
draulic jacks and the reaction beam. To simulate the lateral pressure exerted by the stored
grain, a horizontal hydraulic jack was used to apply an out-of-plane load to the wall pan-
els. A distribution beam was placed between the jack and the wall surface to provide uni-
form load transfer and prevent localized crushing. After the vertical axial load and lateral
wall pressure stabilized, quasi-static cyclic lateral loading was applied to the column top
under both the force-controlled and displacement-controlled modes. The lateral grain
pressure was therefore represented by the total horizontal load applied through the hy-
draulic jack and distribution beam. This loading method effectively accounted for the in-
fluence of out-of-plane grain pressure.
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Figure 1. Experimental setup.

Before the formal test, a small-amplitude cyclic lateral load was applied twice to verify
the reliability of the test setup and ensure stable data acquisition from all the sensors. Follow-
ing this preloading stage, all the measurement devices were initialized. The loading protocol
was established in accordance with the JGJ/T 101-2015 specification [20] (Figure 2). The vertical
axial load was initially applied to 40-60% of the target value and subsequently increased to
the design level of 1720 kN, corresponding to an axial compression ratio of 0.30. Five repre-
sentative axial compression ratios—0.20, 0.3, 0.4, 0.5, and 0.6—were selected to cover a broad
range of loading conditions from low to high axial compression levels. The composite frame
specimen with prefabricated wall panels, denoted as PSRCF, was numerically evaluated un-
der these different axial compression ratios. By comparing the responses of the same bench-
mark model, the effects of the axial compression ratio on the load-bearing capacity, ductility,
and hysteretic behavior were assessed. The corresponding parametric results also provided
insight into the collaborative load-transfer behavior of the frame and wall-panel system, alt-
hough the independent contribution of the wall panels could not be isolated from the experi-
mental sample. The load—-displacement skeleton curves of the prefabricated SRC frame of the
silo building under different axial compression ratios, together with the corresponding hori-
zontal shear capacities and displacement ductility coefficients, are presented in Figure 3. The
comparative results reveal a clear influence of the axial compression ratio on structural seismic
performance. When the axial compression ratio was no greater than 0.4 (n < 0.4), the skeleton
curves exhibited broadly similar trends, and the load-bearing capacity remained relatively
stable. However, once the axial compression ratio exceeded 0.4, the descending branch of the
skeleton curve changed markedly, with rapid degradation of the bearing capacity and a sub-
stantially steeper decline. In engineering applications, the design axial compression ratio of
such structures should preferably be controlled below 0.4 because the cases examined here
indicate that this limit is conducive to maintaining satisfactory seismic performance. Based on
these considerations, an axial compression ratio of 0.3 was selected for the experiments. Sim-
ultaneously, the lateral grain pressure was applied to the wall distribution beam in 4-5 incre-
ments using a horizontal hydraulic jack until the total applied out-of-plane load reached a
stable value of 200 kN. This value represented the horizontal load transmitted to the speci-
men'’s PSRCF through the hydraulic jack and distribution beam. After the vertical and lateral
loading stages were completed, quasi-static cyclic loading was applied. Before the specimen
reached the yield point, force-controlled loading was adopted, beginning at 10% of the esti-
mated yield load and increasing by 50 kN at each level, with one cycle applied per increment.
The yield displacement Ay was determined using the geometric construction method recom-
mended by JGJ/T 101-2015. The loading mode was subsequently changed to displacement
control, with multiples of Ay used as the displacement increments. Three complete cycles were
applied at each displacement level to evaluate cyclic degradation. Loading was terminated
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when the lateral load-carrying capacity decreased to 85% of the ultimate peak load or when
significant structural damage occurred.

P

A

3A,
24,

A)’
AN

Vo
_Ay

-24,

—3Ay
Loading
control

Displacement control

Figure 2. Schematic diagram of the loading system.
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Figure 3. Effect of the axial compression ratio on the skeleton curves.

2.4. Instrumentation and Data Acquisition

The principal measurements obtained during the experiment included the horizontal
load and displacement at the column tip, lateral deflections at the mid-height and base of the
column, strains in the concrete and steel, and shear deformation within the beam-column joint.

The axial load applied to the column and the lateral pressure exerted on the wall
panels were monitored using force sensors integrated into the hydraulic jacks to ensure
that both loads remained constant throughout the test.

The horizontal load at the column tip was measured using the internal load cell of
the electrohydraulic servo actuator. To capture the displacement profile, linear variable
differential transformers (LVDTs) were installed at the column tip, column mid-height,
and foundation beam. To assess the internal strain distribution, strain gauges were at-
tached to the longitudinal reinforcing bars, steel sections, and concrete surfaces, as illus-
trated in Figure 4a—c. In addition, the shear deformation of the beam-column joint was
measured using a pair of cross-arranged wire-displacement sensors (draw-wire sensors),
as shown in Figure 4d.
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Figure 4. Specimen measurements.

3. Results and Discussion
3.1. Hysteretic Curves

The hysteretic load-displacement curves obtained under cyclic loading provide a
fundamental basis for evaluating the seismic performance of structural components.
These curves comprehensively reflect key mechanical indicators, including deformation
capacity, energy dissipation, and strength degradation [21]. The hysteresis curves meas-
ured at the column tip of the PSRCF sample are shown in Figure 5. As shown in the figure,
the measured hysteretic load—displacement curves exhibit several notable characteristics.
First, the loops are generally symmetric in the positive and negative loading directions
and display a full, shuttle-shaped form without obvious pinching. This behavior indicates
the favorable energy dissipation capacity of the prefabricated SRC warehouse frame. In
addition, the lateral resistance does not decrease abruptly after the peak load; instead, the
curves exhibit a gradually decreasing branch, reflecting satisfactory ductility and defor-
mation capacity.
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Figure 5. Load-displacement curve of specimen.

3.2. Skeleton Curves

Skeleton curves, defined as envelopes connecting the peak load points of the initial
cycles at different displacement levels, directly illustrate the mechanical properties of the
specimen, including load-carrying capacity, ductility, and stiffness. Consequently, they
provide an important basis for evaluating structural seismic performance. Three critical
characteristic points are identified on the skeleton curve: the yield, peak, and ultimate
(failure) points. The ultimate lateral capacity of the PSRCF sample was evaluated from the
skeleton curve obtained through quasi-static cyclic testing. The peak load (Pm) was de-
fined as the maximum lateral resistance attained by the specimen. The ultimate load (Pu)
was defined as the load corresponding to 85% of Pm on the descending branch or the load
at the test termination when severe concrete crushing, spalling, or rapid strength degra-
dation occurred. This criterion was applied in both the positive and negative loading di-
rections, and the corresponding displacement was defined as the ultimate displacement
(Au). The peak point represents the maximum strength attained on the curve. In accord-
ance with commonly adopted seismic testing standards, the ultimate point corresponds
to the state at which the lateral resistance decreases to 85% of the corresponding peak
value or the point at which the test is terminated because of severe damage.

The yield point was determined using the geometric plotting method (Figure 6). The
yield displacement was obtained using the geometric plotting procedure recommended
in the Specification for Seismic Test of Buildings (JGJ/T 101-2015). The determination pro-
cedure is summarized as follows: (1) A horizontal line AB is drawn through peak point
A. (2) A tangent to the initial segment of the skeleton curve is drawn from origin O and
intersects line AB at point C. (3) A vertical line is drawn downward from point C and
intersects the skeleton curve at point D. (4) Line OD is connected and extended until it
intersects line AB at point E. (5) A vertical line is drawn downward from point E and
intersects the skeleton curve at point F. Point F is then defined as the yield point, and its
coordinates represent the yield displacement and yield load, respectively.

The skeleton curve of the sample is shown in Figure 6b. Table 3 summarizes the cor-
responding test results. During the initial loading stage, the skeleton curves are approxi-
mately linear, with the load increasing proportionally with the displacement. Moreover,
no visible cracks are observed on the specimen surface, indicating that the structure re-
mains in the elastic stage. As loading proceeded, microcracks began to develop on the
tension and compression sides of the specimen and wall panels. The rate of increase in the
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load gradually becomes lower than the rate of increase in the displacement, and the skel-
eton curves exhibit nonlinear characteristics. Beyond the peak point, the bearing capacity
decreases gradually, indicating a ductile failure mode without a sudden reduction in load.
Based on the results of the geometric plotting method, the yield displacement Ay was de-
termined to be 21.67 mm in the positive direction and 20.38 mm in the negative direction,
as listed in Table 3. These values were consistently confirmed through repeated examina-
tion, supporting the repeatability and rationality of the determination.

P 2400
P oIB_ C B . A 1600
P — o
Rl _
l: /D E E i é 0
S : | A
7 i | -800
’ -1600
0 A | | | | |
A ¥ 4 m A u -2400 L L L L L
90 60  -30 0 30 60 90
A (mm)
(a) Geometrical plotting method. (b) Skeleton curve
Figure 6. Experimental skeleton curve.
Table 3. Test results at each eigenvalue point.
) Yield Point Peak Point Failure Point
Specimen
Py/kN Ay/mm Pu/kN Am/mm P./kKN Au/mm
PSRCF 1524.69 21.67 1773.77 49.25 1507.71 68.97
-1502.13 -20.38 -1769.38 -48.32 -1503.97 -68.59

Note: Py, Pm, and Pu represent the yield load, peak load, and failure load of the specimen, respec-
tively. Ay, Am, and Aurepresent the displacements corresponding to the yield point, peak load point,

and failure point of the specimen, respectively.

To systematically quantify the degradation of the load-bearing capacity under cyclic
loading, the strength degradation coefficients of the second and third cycles at each displace-
ment level were evaluated. Taking two representative displacement levels, 3Ay and 4.2Ay,
as examples, the strength coefficients of the second and third cycles at 3Ay are 0.963 and
0.930, respectively, whereas those at 4.2Ay are 0.945 and 0.882, respectively. When the dis-
placement amplitude increases from 3Ay to 4.2/, the second-cycle strength coefficient de-
creases to 0.981 times its previous value (0.945/0.963), whereas the third-cycle coefficient
decreases to 0.948 times its previous value (0.882/0.930), indicating that larger displacement
amplitudes intensify strength degradation. Furthermore, at the same displacement level, the
third-cycle coefficient is lower than the second-cycle coefficient by about 3.4% at 3Ay and
6.7% at 4.2Ay. These results confirm that an increased number of loading cycles produces a
non-negligible weakening effect on the bearing capacity and that this effect becomes more
pronounced as the displacement amplitude increases, as shown in Figure 7.
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Figure 7. Strength degradation coefficient of specimens.

3.3. Energy Dissipation

Energy dissipation capacity is an important indicator for evaluating the seismic per-
formance of structural systems because it directly influences the structural response under
seismic excitation. During intense earthquakes, a structure with a strong energy dissipa-
tion capacity can effectively absorb and dissipate the input energy, thereby reducing
structural damage. For the proposed prefabricated SRC grain warehouse frame, a rigor-
ous evaluation of energy dissipation is therefore essential for assessing seismic resilience.
The cumulative energy dissipation curves of the PSRCF sample, including the positive
semi-cycle, negative semi-cycle, and full-cycle energy dissipation curves throughout the
loading process, are shown in Figure 8.

As shown, the energy dissipation curves of the positive and negative semi-cycles ex-
hibit a high degree of consistency. During the initial loading stage, the specimen sustained
negligible damage and exhibited no visible cracking, resulting in nearly zero energy dis-
sipation. As loading continued, the initiation of microcracks on the concrete surface
caused the energy dissipation to increase gradually. After the yield point was reached, the
energy dissipation capacity increased rapidly with increasing displacement level. Nota-
bly, each increase in displacement resulted in a stepwise increase in energy dissipation.
At a constant displacement level, the energy dissipated during each cycle gradually de-
creased as the number of cycles increased, which was attributed to the accumulation of
structural damage. The measured energy dissipation response of the PSRCF sample
demonstrates that the integrated prefabricated SRC frame and wall-panel system has a
favorable energy dissipation capacity; however, the independent contribution of the wall
panels cannot be isolated from the present experimental results.

200
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160 k- —e— Negative semi-cycle
—A— Hysteresis loop
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~
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Figure 8. Energy dissipation.
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In structural earthquake engineering, the equivalent viscous damping coefficient he
is calculated according to Equation (1). In this equation, the area enclosed by the hysteresis
loop represents the dissipated energy, whereas S(OBE + ODF) represents the sum of the
corresponding triangular areas defined by the vertices of the hysteresis loop. The calcula-
tion scheme is illustrated in Figure 9.

S
h — ABCDA
© 2xS M)

(OBE+ODF)

Figure 9. Calculation diagram of the equivalent viscous damping coefficient.

The equivalent viscous damping coefficient he was adopted as the evaluation index
for the structural energy dissipation capacity. The overall value of he is 0.261, whereas the
values at the yield point and peak load point are 0.073 and 0.132, respectively. The detailed
results are presented in Table 4.

Table 4. Equivalent viscous damping coefficient of specimens.

. he
Specimen No Yield Peak Load Ultimate Point
PSRCF 0.073 0.132 0.261

The results indicate that the energy dissipation performance of the prefabricated SRC
grain warehouse frame is favorable.

3.4. Stiffness Degradation

Lateral stiffness degradation is characterized using the secant stiffness, which is de-
fined as the ratio of the peak load to the corresponding displacement in each loading cycle.
The stiffness degradation curves are presented in Figure 10, where the ordinate represents
the secant stiffness K and the abscissa denotes the normalized displacement A/Ay. As
shown, the stiffness of specimen PSRCF decreases progressively with increasing displace-
ment, exhibiting a rapid initial decline followed by a relatively stable trend during the
later loading stages. Experimental uncertainties, particularly the small gap between the
specimen and the actuator, affected the test results and caused a difference in the initial
stiffness between the positive and negative loading directions. The initial stiffnesses in the
positive and negative directions are 189.09 kN/mm and 218.22 kN/mm, respectively. This
asymmetry is attributed mainly to the loading sequence: the preceding negative loading
cycle induced cumulative damage and microcracks in the specimen, thereby causing pre-
existing stiffness degradation during the subsequent positive loading phase.
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Figure 10. Stiffness degradation curve of the specimen.

4. Numerical Simulation

4.1. Constitutive Relationship of Materials

Concrete exhibits complex mechanical behavior under multiaxial stress states, and
several constitutive relationships have been extensively developed to describe this behav-
ior. The concrete damage plasticity (CDP) model [22,23] considers several critical stages,
including flow, yielding, the critical state, and hardening/softening. Based on the assump-
tion of material isotropy, the model describes the nonlinear behavior of concrete through
elastic damage and tensile and compressive plasticity while accounting for stiffness deg-
radation caused by plastic deformation during loading and stiffness recovery under cyclic
load reversal.

Concrete was simulated using the concrete damage plasticity (CDP) model in Abaqus
2020. The dilation angle, eccentricity, ratio of biaxial to uniaxial compressive strength
fro/feo, yield-surface shape parameter K, and viscosity parameter were set to 30°, 0.1, 1.16,
0.667, and 1 x 1075, respectively. The Poisson’s ratio of the concrete was set to 0.2, and its
elastic modulus was determined according to the calculation method recommended by
ACI Committee 318-05. The compressive and tensile stress—strain relationships, together
with the corresponding damage variables, were specified in the CDP model to represent
stiffness degradation and nonlinear damage evolution in concrete under cyclic loading.

The constitutive relationships of the concrete adopted in the CDP model are pre-
sented in Figure 11 [24]. Before the compressive strain reaches €0, the material exhibits
linear elastic behavior, with an elastic limit equal to one-third of the peak compressive
strength fc/3. Once the strain exceeds €0, the concrete enters the hardening and softening
stages. During these stages, the constitutive behavior is defined by the relationship be-
tween the compressive stress and inelastic strain. Equation (2) is used to calculate the in-

elastic strain:
& =¢-0,1E, @)
where ocand & are the stress and strain, respectively, and Eo is the initial tangent modulus

(original elastic modulus).
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Figure 11. Constitutive relations of the concrete.

With respect to the tensile constitutive relationship of the concrete, the stress—strain
response is assumed to remain linear until the peak tensile stress is reached, which repre-
sents the elastic tensile stage. The elastic modulus during this stage is assumed to be iden-
tical to the initial tangent modulus under compression. When the strain exceeds the peak
tensile strain €t0, the concrete enters the tensile softening stage. In this stage, the stress—
strain response is characterized by the relationship between the tensile stress ot and crack-
ing strain eck, with the cracking strain calculated according to Equation (3) [25]:

£,=¢6-0E 3)

The stress—strain relationship of the concrete under uniaxial compression specified
in GB50010-2010 [26]can be determined using Equations (4)—(8).

o=(1-D,)E,s @
AL (x<1)
n—1+x"
D, = ®)
1- Pe (x> 1)

e = 6
p Ecgco ( )
n= Ecch (7)
EC(C:CO _f;:
&
X=— 8)
c0

where ac is the coefficient of the descending branch of the compressive stress—strain curve,
fc is the uniaxial compressive strength of the concrete, ec0 is the peak compressive strain, Ec
is the elastic modulus of the concrete, and Dc is the compressive damage parameter.
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The mathematical expression for the uniaxial tensile stress—strain relationship of con-
crete [27] is given as follows:

o=(-D)E,¢ ©)
1-p,[12-0.2x" | (x<1)

D, = 10

— (x>1) 19

a,(x=1)" +x

= 4

P E e 4)
&

x=— (5)
gtO

where at is the parameter governing the descending branch of the uniaxial tensile stress—
strain curve of the concrete; ft represents the characteristic (standard) value of the uniaxial
tensile strength of the concrete; £t0 denotes the peak tensile strain corresponding to the
tensile strength ft; and Dt represents the evolution parameter of uniaxial tensile damage
in the concrete.

The yield function of the CDP model is expressed as follows:

|
F :E[\/ﬁ+all +,B<0max>—7/<—0'max ﬂ—aco (6)

Jo. —1
a= 20b0 GCO (7)
Oy 0—1
p=22(1-a)-(1+a) ®)
t0
_3(1-K,)
"7k -1 )

where I1 is the first invariant of the effective stress tensor, and ]2 is the second invariant
of the effective deviatoric stress tensor.

The initial strength parameters oc0, ot0, and ob0 represent the uniaxial compressive,
uniaxial tensile, and biaxial compressive strengths of the concrete, respectively. To account
for the deviatoric response, Kc is introduced to control the shape of the failure envelope on
the deviatoric plane. The geometric profile of the yield surface on the deviatoric plane is
defined by the parameter K, which ranges from a circle (K = 1.0) to a triangle (K = 0.5). In
this study, K is taken as 0.67, which is a representative value for conventional concrete.

The CDP model adopts a non-associated flow rule, in which the plastic potential is
characterized by a hyperbolic function defined as follows:

G= \/(ﬂ o, tan (p)2 -|-1.5,02 +x/§§ tan ¢p (10)

where g represents the dilation angle of the concrete in the hardening stage, which gener-

ally ranges from 33° to 42° for normal-strength concrete, and A represents the flow-poten-
tial eccentricity, which is conventionally assigned a value of 0.1.

Concrete damage beyond the elastic limit is categorized as tensile cracking or com-
pressive crushing. To account for the stiffness degradation associated with these damage
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mechanisms, two independent damage variables, dt and dc, are used to scale the initial
elastic stiffness. The hysteretic behavior is governed by the combined effects of the dam-
age variables d and the stiffness recovery factors w. Specifically, dt and dc represent tensile
and compressive damage, respectively, whereas wt and wc characterize the degree of stiff-
ness recovery during load reversal. The cyclic response and constitutive evolution of the
CDP model are illustrated in Figure 12.

o A . .
Monotonic loading skeleton curve Monotonic l?admg skeleton curve
o
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< < "'J >
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Figure 12. Hysteresis rule of concrete.

4.2. Constitutive Relationship of Steel and Bar

The principal mechanical properties of the steel were determined from material prop-
erty tests. During the linear elastic stage, the stress—strain relationship exhibits a linear
response. When the applied load exceeds the yield point, the steel undergoes cyclic hard-
ening. To represent this behavior, the constitutive model incorporates the von Mises yield
criterion together with a combined hardening rule. This approach combines the charac-
teristics of isotropic hardening and nonlinear kinematic hardening [28,29]. Specifically,
the isotropic component describes the expansion of the yield surface, whereas the nonlin-
ear kinematic component represents the translation of the yield surface within the stress
space, thereby effectively capturing the Bauschinger effect. A schematic representation of
this combined hardening mechanism is presented in Figure 13.
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Figure 13. Calibration of material property parameters of finite element model.

Isotropic hardening describes the evolution of the yield-surface size 00 and is ex-
pressed as a function of the equivalent plastic strain ep:
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o' =0],+0,(1- ¢ ") (11)

in which o0 denotes the yield stress at zero equivalent plastic strain and represents the
yield strength of steel; Q= represents the maximum expansion of the yield surface; and
biso defines the hardening rate relative to the increase in plastic strain.

4.3. Finite Element Model

In finite element modeling, the mesh density and element type directly affect the
computational accuracy, convergence behavior, and solution efficiency. Considering both
accuracy and efficiency, a differentiated zoned-meshing strategy was adopted for the four
component types in this study. The model comprises four types of components: structural
steel wall, reinforcement cage, concrete wall, and connection plates with bolted openings.
The meshing rules clearly differed: a baseline mesh size of 50 mm x 50 mm was uniformly
applied to the steel wall, reinforcement cage, and concrete wall, whereas only the connec-
tion plates with bolted openings were locally refined to 5 mm x 5 mm, rather than apply-
ing a uniform 5 mm mesh to the entire model. The zoned mesh arrangement is illustrated
in the accompanying figure. All the mesh convergence and sensitivity analyses in this
study were performed using the finite element model of the benchmark specimen PSRCEF.
A multidimensional mesh comparison table was constructed to simultaneously evaluate
the mesh effects of the four component types, namely, steel, reinforcement, concrete, and
connection plates. The overall suitability of the proposed zoned-meshing scheme was as-
sessed from multiple perspectives, including modeling feasibility, macroscopic mechani-
cal response, local stress accuracy of the four components, and computational cost. De-
tailed descriptions are provided below:

1.  Design of the mesh sensitivity analysis scheme

The composite shear wall model in this study comprises four component types, each
represented using a distinct element type: the concrete wall and steel skeleton were
modeled using 8-node hexahedral linear reduced-integration solid elements
(C3D8R); the reinforcement cage was represented using 2-node truss elements
(T3D2); and the end connection plates were modeled using 4-node reduced-integra-
tion shell elements (S4R). To isolate the influence of the mesh size of each component
on the structural mechanical response, a total of 12 numerical cases were established.
In each case, only the mesh size of one component was varied, while the mesh sizes
of the remaining components were maintained at their baseline values. For each com-
ponent type, three mesh levels—coarse, baseline, and fine—were examined, with the
grouping criteria defined as follows:

(1). Concrete wall: 100 mm (coarse), 50 mm (baseline), 25 mm (fine);

(2). Built-in steel skeleton: 100 mm (coarse), 50 mm (baseline), 25 mm (fine);

(3). Reinforcement cage truss: 100 mm (coarse), 50 mm (baseline), 25 mm (fine);

(4). End connection plates: 20 mm (coarse), 5 mm (baseline), and 2 mm (fine).

The baseline mesh combination corresponded to the original computational model
used in this study, with a computational time of approximately 1 h 45 min per analysis.
The evaluation metrics included the peak lateral load-carrying capacity, initial elastic stiff-
ness, ultimate displacement, cumulative hysteretic energy dissipation, and computational
time per model.

2. Results of the mesh sensitivity analysis for each component

(1) End connection plates (S4R shell elements, the component most sensitive to
mesh refinement)

When a 20 mm coarse mesh was used, the stress concentration and local plastic de-

velopment at the plate ends could not be accurately captured, resulting in overesti-
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mation of the peak load-carrying capacity and initial stiffness, with relative errors
exceeding 13% for both indicators. After refinement to the 5 mm baseline mesh, the
relative errors in capacity and stiffness decreased to less than 3%, and the hysteretic
curves obtained from the finite element analysis substantially improved in agree-
ment with the experimental results. Further refinement to the 2 mm fine mesh pro-
duced changes of less than 1.5% in the mechanical indices, providing only a negligi-
ble improvement in accuracy, while the computational time per model increased to
nearly 4 h, thereby substantially increasing the computational cost.

(2)  Concrete wall (C3D8R solid elements)

The 100 mm coarse mesh tends to smear the diagonal cracks in the wall and the stress
gradients within the confined boundary zones, thereby underestimating the devel-
opment of plastic damage to the concrete. The relative errors in the peak capacity and
stiffness are about 5-8%. When the mesh is refined from 50 mm to 25 mm, the relative
errors in all the mechanical indices decrease to less than 3%, satisfying the mesh con-
vergence criterion. Further refinement provides only a marginal improvement in the
simulation of the damage distribution, while doubling the number of elements and
substantially increasing the computational time.

(3) Built-in steel skeleton (C3D8R solid elements)

The 100 mm coarse mesh cannot adequately capture local stress concentrations in the
flanges and web of the steel section, resulting in an underestimation of the extent of
plastic yielding in the steel. This produces positive errors of 4-7% in the overall lat-
eral stiffness and peak capacity. With the 50 mm baseline mesh, the yielding behavior
and cooperative load-transfer mechanism of the steel skeleton are adequately repre-
sented. Refinement to 25 mm results in negligible variations in the key mechanical
indices and does not provide a meaningful improvement in accuracy.

(4) Reinforcement cage truss (T3D2 truss elements)

The 100 mm coarse mesh tends to weaken the simulated confinement effect of the
distributed reinforcement on concrete cracking, substantially underestimating the
hysteretic energy dissipation and the rate of stiffness degradation during the later
loading stages. The 50 mm baseline mesh accurately captures the yielding and ten-
sile-hardening behavior of both the longitudinal and distributed reinforcement. Fur-
ther refinement to 25 mm produces fluctuations of less than 3% in the capacity and
stiffness indices, with only a minor improvement in the continuity of the reinforce-
ment stress distribution. The detailed results of the sensitivity analysis are presented
in Table 5.

Finally, a uniform in-plane mesh size of 5 mm x 5 mm was adopted for the locally
refined regions at the bolted beam-column joints, as illustrated in the figure below. The
combination of the selected element types and mesh sizes was verified under multiple
loading cases, all of which exhibited stable numerical convergence with acceptable com-
putational cost. The concrete within the frame was modeled using 8-node hexahedral lin-
ear reduced-integration solid elements (C3D8R). The steel sections and connection plates
were modeled using 4-node reduced-integration shell elements (S4R), with nine integra-
tion points through the thickness based on Simpson’s integration rule. The reinforcing
bars in the frame beams, columns, and foundation beams were represented using T3D2
elements (2-node three-dimensional truss elements).
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Table 5. The sensitivity analysis.
Peak Posi- Pe.a.k Pezak Posi- Relative Computational
Component  Element . . Positive tive Lat- . Convergence
Mesh Size tive Lateral Error of Time Per
Type Type loadP/kN Lateral eral Load Stiffness Model Assessment
Load K/(kN/m)
100mm 4192 -570% 814  -570%  42min  omeonver
gent
50 m (base- o o .
Concrete wall C3DSR solid line) 444 .4 2.10% 8.63 2.00% 1 h 45 min Convergent
Convergent
25 mm 454 0 8.81 0 3h38min (limited accu-
racy gain)
Non- -
100mm 4235  -480% 827  —6.10% 50 min Onreonver
gent
50 mm (base- .
Encased steel C3DS8R solid line) 444 .4 -1.90% 8.63 -1.70% 1 h 45 min Convergent
frame
Convergent
25m 453 0 8.78 0 3h22min (limited accu-
racy gain)
100mm 4271 -410% 835  -490%  45min Oneonver
gent
_ 50 mm (base- o o _
Reinforcement T3D2 truss line) 4444 -1.60% 8.63 -1.40% 1 h 45 min Convergent
cage
Convergent
25 mm 451.6 0 8.75 0 3h10min  (limited accu-
racy gain)
20 mm 5026 1310% 962 1150%  40min  oweonver
gent
. 5 mm .
End connection SAR shell (baseline) 444.4 -1.50% 8.63 -1.60% 1 h 45 min Convergent
lat
pate Convergent
2 mm 437.8 0 8.49 0 3h52min  (limited accu-
racy gain)

Notes: The relative errors of both the load-carrying capacity and initial stiffness are calculated with
respect to the corresponding fine-mesh results of each component (i.e., using the fine-mesh value as
the reference). The computational time per model refers to the wall-clock time for serial computing
on the entire workstation. The convergence criterion is defined as follows: when the relative errors
of both the peak load-carrying capacity and the initial stiffness after mesh refinement are <3%, the

mesh independence is considered to be satisfied.

Considering that the bolted beam-column joints are the critical regions of the struc-
ture, local mesh refinement was applied to these areas, and the corresponding mesh di-
mensions are illustrated in the figure below. Based on empirical computational experience
and iterative mesh sensitivity analyses, the mesh sizes and total element numbers for the
main structural components were determined. The final mesh discretization and overall
assembly of the finite element model are presented in Figure 14.
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Figure 14. FE model assembly and meshing diagram.

For each component type (concrete wall, steel skeleton, reinforcement cage, and con-
nection plate) and each mesh level (coarse, baseline, and fine), the corresponding peak
load-carrying capacity, initial stiffness, relative error, and computational time are summa-
rized in Table 5. The quantitative results indicate that compared with the other structural
components, the connection plates exhibit considerably higher mesh sensitivity. When a
coarse mesh of 20 mm is adopted for the connection plates, both the load-carrying capacity
and stiffness are substantially overestimated, with relative errors exceeding 13%. For the
concrete wall, steel skeleton, and reinforcement cage, the coarse mesh of 100 mm results
in errors ranging from 4% to 8% in the principal mechanical indices. When the baseline
mesh sizes are adopted for all the components, the relative errors in capacity and stiffness,
compared with the fine-mesh results, remain below 3%, thereby satisfying the mesh con-
vergence criterion. Considering both computational efficiency and numerical accuracy,
the adopted mesh scheme is therefore considered appropriate for the present study.

In the FE model, Tie constraints were employed to connect the structural steel beams
and columns. Embedded-region constraints were adopted between the steel sections and
the concrete, assuming full composite action without considering bond-slip effects. Simi-
larly, the reinforcing bars were embedded within the concrete host elements to ensure
compatible deformation throughout the analysis. To prevent numerical penetration be-
tween interacting components during simulation, a “hard” contact property was assigned
to all contact interfaces in the normal direction.

The boundary conditions and loading protocol were established to match the exper-
imental setup. The foundation beams were fully fixed at the base. As illustrated in Figure
15, an axial load was applied to the tops of the columns, whereas lateral loads were ap-
plied at the ends of the roof and second-floor beams. These loading conditions were im-
plemented in Abaqus through separate analysis steps. In the first step, the top surfaces of
the three columns were coupled to their respective reference points (RPs), where the axial
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loads were applied. In the second step, displacement-controlled lateral loading was im-
posed at the beam ends following the same cyclic loading history adopted in the experi-
ment. For the parametric analyses involving out-of-plane grain pressure, an additional
analysis step was introduced to apply the corresponding out-of-plane loading.

Step 1 Apply axial force Nl

SRC beam

Uy=0 UR,=0 URs=0

Pl

p
Step 2 Apply lateral load

SRC column

Foundation
beam

Concrete wall
Initial
U1=U2=U3=OL UR1= UR;=UR3=0

Figure 15. Boundary condition setting of the FE model.

5. Simulation Results
5.1. Stress/Strain Contour Plots

According to the low-cycle reversed loading test results of the prefabricated SRC silo
frame with wall panels, the primary failure modes developed during the post-peak deg-
radation stage. During this stage, the structural stiffness and load-carrying capacity grad-
ually decreased as damage accumulated within the structural components. Specifically,
localized crushing and spalling occurred at the base of the concrete wall panels under
cyclic horizontal loading, which exhibited typical compression-crushing characteristics.
Moreover, the bases of the SRC frame columns experienced concrete cracking and spalling
under cyclic bending moments, representing a typical flexural failure mechanism. These
observations indicate a combined failure mode characterized by crushing at the wall-
panel base and flexural failure at the base of the SRC columns. The observed cracking and
concrete spalling at the column base also indicate the formation of a localized plastic hinge
region. Plastic deformation was primarily concentrated near the bases of the SRC col-
umns, whereas the wall-panel bases participated in energy dissipation through localized
crushing and progressive damage.

To improve the correlation between the numerical and experimental results, the
global deformation at the late post-peak stage (near final failure) was selected as the prin-
cipal validation benchmark. A comparison of the simulated damage contours with the
observed crack patterns and failure locations provides qualitative support for the damage
distribution, crack propagation, and load-transfer mechanisms predicted by the FE model.
Because the strain gauge locations do not correspond directly to the nodal positions in the
FE model and because the experimental strain measurements and numerical analyses
were obtained at different loading stages, no point-to-point quantitative comparison be-
tween the measured and simulated strains was performed. Accordingly, the stress and
strain contour plots are intended to provide qualitative verification of the overall response
mechanisms rather than quantitative validation of local strain responses.
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The FE analysis results are compared with the experimental observations for the
PSRCEF sample at the ultimate state in Figure 16. As shown, the simulated damage at the
wall-panel base, characterized by material degradation and localized failure, agrees well
with the observed experimental damage. Moreover, the predicted plastic hinge formation
at the bases of the SRC columns corresponds closely with the experimentally observed
cracking and concrete spalling. This overall agreement demonstrates that the developed
FE model successfully reproduces the principal load-transfer mechanisms and failure

characteristics of the structural system, supporting its applicability for subsequent para-
metric analyses.
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Figure 16. Failure mode and cloud diagram.

5.2. Hysteresis and Skeleton Curves

A comparison between the load-displacement hysteretic curves obtained from the
FE analysis and the experimental results is presented in Figure 17a. Overall, the loading
and unloading stiffness of the simulated curves are slightly greater than those of the ex-
perimental results, and this difference becomes more evident after the specimen enters the
elastic-plastic stage. During this stage, the stiffness of the experimental sample rapidly
decreases, whereas the FE model maintains a relatively high stiffness, resulting in notice-
able differences in the hysteretic response. The experimental hysteretic loops do not ex-
hibit a pronounced pinching effect. The FE model reproduces the overall hysteretic shape,
peak resistance, and stiffness degradation trend of the tested specimen with satisfactory

https://doi.org/10.3390/infrastructures11080259


https://doi.org/10.3390/infrastructures11080259

Infrastructures 2026, 11, 259

22 of 28

2400

1600

800

P (kN)

—800

-1600

—2400
-90

accuracy. The primary discrepancy is observed along the unloading and reloading paths,
which is likely associated with the simplified bond-slip and interface assumptions
adopted in the numerical model. In particular, during the post-peak stage, the stiffness
degradation of the experimental sample is substantially faster than that of the FE model,
representing the principal difference between the two sets of hysteresis curves. These dis-
crepancies may also be attributed to several additional factors, including the relaxation of
bolt pretightening forces during cyclic loading, which reduces the global structural integ-
rity compared with the idealized FE model, as well as unavoidable material imperfections
such as local voids or honeycombing in the cast concrete that lead to lower strength and
stiffness than those assumed in the simulation. In addition, the use of Tie constraints be-
tween the internal steel sections neglects the influence of welding residual stresses and
local deformation associated with actual welded connections. Nevertheless, despite these
differences, the FE results remain highly consistent with the experimental observations in
terms of the overall deformation trend, failure mode, and load-bearing capacity, confirm-
ing that the developed model provides a reliable basis for analyzing the mechanical be-
havior of prefabricated SRC frame systems. The numerical and experimental skeleton
curves of the prefabricated SRC silo frame are compared in Figure 17b. The numerical
model predicts a yield load of 1600 kN and a peak load of 2000 kN. Although the two
curves exhibit a high degree of agreement in terms of their overall development, confirm-
ing the ability of the FE model to reproduce the full-range structural response, minor dis-
crepancies are observed during several loading stages. Specifically, the initial stiffness of
the FE model is slightly greater than that measured experimentally, which is attributed
mainly to the idealized constitutive models and boundary conditions adopted in the sim-
ulation. In addition, the peak load is reached slightly earlier in the numerical analysis, and
the predicted peak load is somewhat higher than the corresponding experimental value.
The subsequent descending branch of the numerical curve is also more gradual than that
observed experimentally, indicating a slower rate of post-peak stiffness degradation.
These differences are primarily associated with the idealized constitutive relationship
adopted for the steel material, which may not fully reproduce the actual yield plateau and
strain-hardening behavior, together with the inherent limitations of the concrete damage
plasticity model in representing complex crack propagation and strength deterioration
during the late stages of failure. Nevertheless, these differences remain within an accepta-
ble range and do not affect the overall evaluation of structural performance, thereby con-
firming the suitability of the proposed FE model for the mechanical analysis and paramet-
ric investigation of similar prefabricated SRC structural systems.
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Figure 17. Comparison of the experimental results with the FE results.
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6. Numerical Analysis

Given the numerous variables involved in practical engineering applications, identi-
fying the primary factors governing structural mechanical performance is essential for
providing effective guidance during structural design. For the prefabricated SRC silo
frame, the mechanical behavior is influenced by multiple parameters. Therefore, this
study considers two representative variables for detailed parametric analysis: the wall
panel thickness and the lateral grain pressure. To rigorously evaluate the influence of each
parameter, a univariate analysis strategy was adopted, in which only one target parameter
was varied in each numerical case while all the other parameters were kept constant. This
analytical framework enables the independent influence of each parameter on the global
structural response to be clearly identified, thereby providing a reliable basis for design
optimization and seismic performance assessment.

6.1. Influences of Wall Panel Thickness

In the design of prefabricated SRC silo frames, the wall panel thickness [30,31] is an
important geometric parameter that significantly affects the global mechanical response
and seismic performance of the structure. Appropriate selection of the panel thickness is
essential for achieving a balanced distribution of structural strength and stiffness. To sys-
tematically investigate the influence of wall panel thickness on seismic behavior, a series
of finite element simulations were conducted using panel thicknesses of 200, 250, 300, and
350 mm. With the specimen PSRCF as the benchmark model, a parametric analysis was
performed to examine the variations in the ultimate load-carrying capacity, initial stiff-
ness, and displacement ductility coefficient under different wall panel thicknesses. Nota-
bly, the following conclusions are derived from the finite element parametric analysis ra-
ther than direct experimental comparison.

The load—displacement skeleton curves of the prefabricated SRC silo frame under
different wall-panel thicknesses are presented in Figure 18, whereas the corresponding
ultimate load-carrying capacities and displacement ductility coefficients are summarized
in Figure 19. Across all the numerical cases, the skeleton curves generally exhibit similar
overall shapes, indicating that variations in the wall panel thickness have only a limited
influence on the global failure mode and overall hysteretic characteristics. This behavior
is primarily attributed to the structural hierarchy of the system, in which the wall panels
function as secondary load-bearing components and generally experience localized crack-
ing or damage before the primary frame reaches its peak resistance.

Nevertheless, the finite element results indicate that increasing the wall panel thickness
leads to gradual increases in both the initial stiffness and ultimate load-carrying capacity,
suggesting that thicker wall panels improve the initial lateral resistance and peak structural
capacity. Moreover, the displacement ductility coefficient gradually decreases, implying
that excessive wall thickness may shift the structural response toward a relatively more brit-
tle failure mode, thereby reducing deformation capacity and energy dissipation during
strong earthquakes. These numerical observations suggest that the wall panel thickness
should be selected by balancing improvements in load-bearing capacity with the associated
reduction in ductility to achieve satisfactory overall seismic performance.

For the PSRCF sample, the finite element parametric analysis incorporating the out-
of-plane grain pressure indicates that increasing the wall panel thickness from the baseline
value of 200 mm to 250 mm, 300 mm, and 350 mm produces progressive improvements
in structural stiffness. Specifically, the initial stiffness increases by 20.1%, 40.5%, and
54.1%, whereas the ultimate load-carrying capacity increases by 11.2%, 19.9%, and 34.3%,
respectively. Conversely, the displacement ductility coefficient decreases by 9.1%, 13.7%,
and 20.2%, respectively. These numerical results indicate that under out-of-plane loading
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conditions, the stiffening contribution of the wall panels becomes more pronounced, alt-
hough this benefit is accompanied by a corresponding reduction in structural ductility.
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Figure 18. The impact of wall thickness on skeleton curve.
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Figure 19. The influence of wall thickness on the: (a) ultimate bearing capacity; (b) node ductility.

A finite element parametric study further suggested that increasing the wall panel
thickness is an effective means of enhancing the lateral stiffness and load-bearing capacity
of prefabricated SRC silo frames, particularly for structures requiring high lateral stability.
However, the accompanying reduction in ductility should also be carefully considered,
especially under combined in-plane and out-of-plane loading conditions where the en-
ergy dissipation capacity becomes increasingly important. Therefore, the selection of wall-
panel thickness in engineering design should not rely solely on strength requirements but
should also consider the balance between load-bearing capacity, deformation capacity,
and material economy according to the target performance objectives.

6.2. Influences of the Lateral Pressure of the Grain

This study further investigates the seismic performance of prefabricated SRC silo
frame structures by considering lateral grain pressure, which represents an important
loading condition in practical grain-storage facilities. Because out-of-plane grain pressure
significantly influences the structural response, evaluating its effect on global mechanical
behavior is essential for improving the seismic design of such structures. To quantify this
influence, a series of finite element simulations was carried out using the specimen PSRCF
as the benchmark model. The loading protocol incorporated four levels of out-of-plane
grain pressure, namely, 100 kN, 200 kN, 300 kN, and 400 kN. The 200 kN case corresponds
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to the out-of-plane grain pressure applied to specimen PSRCF during the experimental
program, whereas the remaining loading levels represent different grain stacking heights
or bulk densities in the numerical parametric analysis. By comparing the load—displace-
ment skeleton curves, ultimate load-carrying capacities, initial stiffness, and displacement
ductility under these loading conditions, the influence of lateral grain pressure on the
principal seismic performance indices was systematically evaluated. These results pro-
vide a theoretical basis and technical reference for the seismic assessment of prefabricated
SRC silo frame structures subjected to combined loading conditions.

The influence of varying lateral grain pressures on the load—displacement skeleton
curves of the prefabricated SRC silo frame is illustrated in Figure 20, and the correspond-
ing ultimate load-carrying capacities and displacement ductility coefficients are summa-
rized in Figure 21. In the finite element model, the lateral grain pressure was applied as
an equivalent strip load. The loading sequence first applied the vertical axial load together
with the prescribed out-of-plane grain pressure, after which the in-plane cyclic lateral
loading was imposed. The numerical results indicate that as the grain pressure increases
from the baseline value of 100 kN to 200 kN, 300 kN, and 400 kN, the initial stiffness in-
creases by 7.2%, 11.3%, and 14.7%, respectively. In contrast, the ultimate load-carrying
capacity decreases by 2.8%, 9.7%, and 17.6%, whereas the displacement ductility coeffi-
cient decreases by 11.6%, 24.8%, and 39.2%, respectively. For out-of-plane grain pressures
less than 200 kN, the numerical model predicts satisfactory ductility development, sug-
gesting that this loading range is favorable for seismic performance. When the grain pres-
sure increases to 200-300 kN, the stiffness and deformation compatibility of the structure
improve, but the structure also tends to experience localized damage. At a grain pressure
of 400 kN, premature yielding and a pronounced reduction in ductility are observed.
These numerical results indicate that structural performance progressively deteriorates
with increasing out-of-plane grain pressure.

The numerical results suggest that increasing the out-of-plane grain pressure en-
hances the interaction between the wall panels and the surrounding frame during the in-
itial loading stage, causing the wall panels to participate in the resistance to lateral loads
at relatively small deformations. Consequently, the overall initial stiffness of the structural
system is improved. However, as the out-of-plane pressure continues to increase, the
stress state within the wall panels becomes more severe, promoting localized crushing
and premature damage. Once the wall panels lose part of their load-bearing capacity, the
secondary lateral support provided to the frame is reduced, resulting in a decrease in the
overall structural resistance. In addition, high lateral grain pressure restricts the trans-
verse deformation and plastic development of the frame members, thereby suppressing
the ductile deformation mechanism that normally develops under seismic loading. As a
result, the deformation capacity and energy dissipation ability significantly decrease dur-
ing the large-displacement stage, increasing the possibility of brittle failure. Overall, the
results of the present experimental and numerical investigations indicate that the vali-
dated finite element model can provide a useful reference for the seismic assessment and
preliminary design of prefabricated SRC grain-warehouse frames. Nevertheless, its ap-
plicability should be limited to structural configurations and loading conditions similar to
those investigated in the present study.
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Figure 20. Effect of grain lateral pressure on skeleton curve.
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Figure 21. The influence of grain lateral pressure on the (a) ultimate bearing capacity; (b) node duc-
tility.

7. Conclusions

In this study, the mechanical properties of prefabricated SRC multi-floored grain
warehouse frames—including load-bearing capacity, energy dissipation, displacement
ductility, and inter-story drift limits —were evaluated through quasi-static cyclic testing.
Furthermore, finite element analysis (FEA) was performed using Abaqus to investigate
the seismic damage evolution of the structural system. The principal contribution of this
work is the provision of experimental evidence and a validated numerical modeling
framework for the seismic analysis of prefabricated SRC grain-warehouse frames consid-
ering wall-panel interactions and lateral grain pressure.

(1) The prefabricated SRC multi-floored grain warehouse frame exhibited stable, full
hysteretic loops with satisfactory symmetry in the positive and negative loading direc-
tions. No evident pinching effect was observed, indicating favorable energy dissipation
capacity, with an equivalent viscous damping coefficient of 0.261 at the ultimate state.

(2) Based on the finite element parametric analysis, increasing the wall panel thick-
ness improved the load-bearing capacity and lateral stiffness of the investigated frame
system. This conclusion is derived from the numerical parametric results rather than from
an independent experimental comparison of specimens with and without wall panels.

(3) The ductility of the prefabricated SRC frame was favorable, characterized by grad-
ual post-peak strength degradation without abrupt collapse. The displacement ductility
coefficients ranged from 3.15 to 3.7. The ultimate inter-story drift angles at failure (1/49 to
1/38) consistently exceeded the code-specified limit of 1/50, indicating satisfactory struc-
tural deformation capacity.
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(4) The developed FE model agreed well with the experimental results in terms of the
hysteretic response, skeleton curves, and failure patterns, supporting its reliability for en-
gineering analysis. The results of the parametric analysis indicated that the wall-panel
thickness substantially influences the structural stiffness, load-bearing capacity, and duc-
tility. For the investigated specimen and loading conditions, a wall-panel thickness of 250
300 mm may provide a reasonable balance among lateral stiffness, load-bearing capacity,
and deformation capacity. However, this range should be regarded only as a preliminary
design reference rather than a general code-based recommendation, and further studies
incorporating code requirements and economic optimization remain necessary.

(5) For the investigated specimen, the lateral grain loads adopted in the FE analysis
should be regarded as equivalent out-of-plane loads under the present loading conditions.
In practical design, grain pressure should be determined according to the grain type, stor-
age height, bulk density, and applicable code provisions. The numerical results indicated
that increasing the lateral grain pressure increased the initial stiffness but progressively
reduced the ultimate load-carrying capacity and displacement ductility. Out-of-plane
loads of 200-300 kN produced relatively favorable stiffness and deformation compatibil-
ity in the investigated model, although localized damage became more pronounced.
Therefore, this range may be regarded as a preliminary upper control reference for the
present structural configuration and loading conditions rather than a generally applicable
design limit.
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