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Abstract: To investigate the mechanical behavior of precast columns with openings in
the beam—column joint core area under axial loads, a systematic study was conducted to
examine the effects of the opening parameters on the axial mechanical performance of
precast columns. Two sets of six precast concrete column specimens, with opening ratios
of 14% and 22%, respectively, were designed and subjected to axial compression tests.
The failure patterns, opening ratios in the core area, and other relevant parameters of the
specimens were thoroughly analyzed. Additionally, a finite element model incorporating
material non-linearities was developed using ABAQUS (2022) software, and parametric
numerical simulations were conducted to further explore the structural response. The
results indicated that the variations in the opening ratio had no significant effect on the
cracking load of the specimens. However, as the opening ratio increased, the peak load
of the compressed columns increased by 8.6%, and the ductility factor increased by 12.9%.
The study also reveals that opening ratios below 30%, the casing thickness, and the bolt
preload have minimal impact on the bearing capacity of precast columns. These findings
provide theoretical support for optimizing hole sizes in dry bolted connections for precast
concrete structures.

Keywords: precast concrete column; opening rate; axial compression test; mechanical
properties; finite element analysis

1. Introduction

Prefabricated buildings offer numerous advantages, including reduced construc-
tion durations, superior project quality, and lower labor costs, thereby streamlining con-
struction and management processes [1-8]. A critical aspect of prefabricated buildings
is the beam—column connection method, which significantly influences the structural
performance [9-11]. The joints are often considered as the weakest component and are fre-
quently the primary cause of severe structural damage. In extreme cases, such weaknesses
may lead to progressive collapse [12-20].

Connection techniques for prefabricated buildings can be broadly categorized into wet
connections and dry connections. Wet connections involve the on-site assembly of precast
components using cast-in-place methods or grouting [21-25], which fail to fully leverage
the advantages of precast concrete structures. In contrast, dry connections are typically
achieved through bolting or welding, with bolted connections demonstrating significant
potential and playing a pivotal role in advancing dry connection technologies [26].

Aninthaneni et al. [27] developed angle steel connections for dry-connected prefab-
ricated frame structures. Gardner et al. [28] designed five sets of prefabricated beams
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with T-shaped cross-sections and conducted quasi-static experiments and finite element
analyses to investigate the bolt energy dissipation, ductility, and bending capacity at the
joints. The new joints exhibited superior mechanical properties, including enhanced bend-
ing resistance, energy dissipation capacity, deformation ability, and ductility, compared
to joints without bolted connections. Ertas et al. [29] designed four types of joints, i.e.,
bolted connection joints, corbel welded joints, post-poured concrete connection joints, and
cast-in-place concrete joints, and conducted quasi-static experiments on all four joints.
Except for the corbel welded joint, all other joints exhibited sound seismic performance.
Notably, the bolted connection joint demonstrated exceptional ductility, load-bearing ca-
pacity, and construction advantages. Ma et al. [30] investigated the mechanical properties
of a new dry-type high-strength bolted connection joint for prefabricated buildings. The
failure mode of the new dry-type beam-column connection joint was plastic failure, char-
acterized by a full hysteretic curve and excellent energy dissipation performance. Liu
et al. [31] proposed an insert-type beam—column joint with a steel-concrete composite
system, connecting prefabricated beams and columns using bolts and embedded steel
components. Static tests were conducted on seven insert-type composite joints and one
cast-in-place joint. The new joint had lower initial stiffness and energy dissipation capacity
but higher ultimate load-bearing capacity, which was significantly influenced by the beam
cross-section. Ding et al. [32] proposed a new semi-dry composite beam—column joint and
studied its mechanical performance under cyclic loading. Finite element simulations and
seismic performance tests revealed that the joint exhibited good plastic deformation ability
and energy dissipation capacity. Zhang et al. [33] tested prefabricated beam—column joints
connected with ordinary long bolts. The specimens exhibited excellent overall load-bearing
performance, significant joint deformation, and good ductility. Additionally, a stiffness
calculation formula for semi-rigid joints was also proposed.

Furthermore, as a critical load-bearing component, precast columns require detailed
force analyses. Liu et al. [34] conducted tests on seven prefabricated cruciform section thin-
concrete-encased steel (PCS-TCES) short columns. The PCS-TCES short columns exhibited
excellent axial compressive strength and crack resistance. Tao et al. [35] investigated a new
type of cruciform steel-concrete column. Its axial compressive capacity was higher than
that of conventional steel-concrete columns, with effective collaborative working perfor-
mance observed among the steel pipes. Han et al. [36] studied the seismic performance of
nine L-shaped steel-concrete columns, exhibiting good seismic performance. An increase
in seismic performance was observed when the cross-sectional dimensions of the columns
and the length of the column legs were increased. Despite significant progress in opti-
mizing connection joints and composite column systems, the critical relationship between
the design of openings in the core area of precast columns and axial force transmission
mechanisms has not yet been fully revealed, in particular the weakening effects on the
concrete cross-section induced by bolted connection joints.

Based on the experimental research of Ma et al. [30] on a novel concrete beam—column
bolted connection joint, this study addressed the need for openings in the core area of
precast columns to facilitate bolted connections between beams and columns. These
openings lead to a reduction in the concrete cross-section of the column core. Since columns
primarily bear vertical loads in the building, column failure can cause significant structural
damage, potentially leading to the collapse of the entire building [37]. Therefore, the
current work analyzed, through experiments, theoretical approaches, and finite element
simulations, the impact of the opening ratio in the joint core area on the mechanical
properties of precast columns. This study aimed to refine the research content and provide
theoretical support for the in-depth investigation of dry bolted connection joints.
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2. Experimental Program
2.1. Experimental Specimen

An experimental investigation of bolted beam-column joints (specimens depicted
in Figure 1) was conducted in the study by Ma et al. [30], wherein the cross-sectional
dimensions of the precast columns were 750 mm x 750 mm. The existing literature
suggests that the scaling of specimens does not significantly influence the accuracy of the
outcomes [38]. Therefore, two groups of six scaled precast concrete column specimens with
varying opening ratios were utilized for experimental investigations, as detailed in Table 1.
The cross-sectional dimensions of the specimen columns were 200 mm x 200 mm, with a
height of 1200 mm. The design parameters and reinforcement specifications are presented

in Table 2 and Figure 2.
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Figure 1. Test joint in the literature [30]: (a) perspective view; (b) specimen diagram.

Table 1. Specimen parameters and main reinforcement.

. Reinforcement
Type Span/mm Column/mm  Reinforcement Ratio/%
Prototype 4200 750 x 750 12C25 1.05
Specimen 1200 200 x 200 4C12 1.13
Note: C25 indicates the deformed reinforcement with a diameter of 25 mm.
Table 2. Design parameters of precast columns.

. Concrete Slenderness
Specimen Strength/Mpa DL/mm DT/mm Ratio
/Y14 C20 12 6 6
7Y22 C20 12 6 6

Note: DL represents the diameter of longitudinal reinforcements; DT denotes the diameter of transverse reinforce-
ments; ZY14(22) refers to a test column with an opening rate of 14% (22%).

Considering the impact of cross-section weakening on the mechanical performance of
columns, this study focused on investigating the mechanical behavior of concrete columns
with an opening ratio below 25%. Consequently, the experimental plan included a com-
parative analysis of concrete columns with opening ratios of 15% and 25%. Due to size
limitations of the holes in the casings, holes were created using steel pipes with diameters
of 14 mm and 22 mm. The corresponding cross-sectional opening ratios of the specimens
were measured as 14% and 22%, approaching 15% and 25%, respectively.
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Figure 2. Dimensions and cross-sectional details of test specimens.
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2.2. Material Properties

Table 3 presents the material properties utilized in the study. The precast columns were
reinforced with HRB400 for longitudinal reinforcement, demonstrating a yield strength
of 416.7 MPa and a tensile strength of 619.2 MPa. For transverse reinforcement, HPB300
was employed, exhibiting a yield strength of 335 MPa and a tensile strength of 488.3 MPa.
The casing was fabricated from Q235 steel with a yield strength of 238.6 MPa and a tensile
strength of 411.2 MPa. The grade of concrete was C20, with the test cubes achieving a
compressive strength of 23.10 MPa.

Table 3. Material properties.

Yield Strength  Tensile Strength Elongation

Materials Types (MPa) (MPa) (%)
, A6 (Transverse 335 4883 205
Reinforcements reinforcement)
C12
(Longitudinal 416.7 619.2 24.8
reinforcement)
Casing Q235 238.6 411.2 /
Concrete Cube (150 mm x 150 mm x 150 mm): 23.10 MPa

Note: A6 in the table represents HPB300 plain reinforcement with a diameter of 6 mm.

2.3. Test Setup and Instruments

The on-site test setup and its schematic diagram are presented in Figure 3. To ac-
curately simulate the real-world structural conditions, a hinged support system was
implemented at the base of the concrete column. This support system, measuring
250 mm x 250 mm in cross-section, was engineered with a substantial load-bearing capacity
of 1200 kN to accommodate the anticipated structural loads. The support was specifically
designed to allow the rebound point to occur at the mid-height of the concrete column
during the testing procedure. To ensure the experimental precision and specimen’s stability,
the hinged support was securely anchored to the testing apparatus by four high-strength
bolts, guaranteeing the exact positioning and alignment of the test specimen. To prevent
the sudden collapse of the precast column at the end of the test, safety measures, including
protective barriers, were implemented around the specimen.
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Figure 3. Test setup: (a) on-site test setup; (b) schematic diagram.

To accurately measure the internal forces and deformations of the structure during
the loading process, appropriate measuring instruments were installed prior to the test.
Figure 4 illustrates the configuration of displacement meters and strain gauges. The strain
gauges for reinforcements were positioned along the longitudinal axis of the column
reinforcements, while the strain gauges for casings (TG1-TG4) were arranged at the mid-
height of the column. Displacement meters (DM1-DM3) were placed in the core area of the
precast column. In addition, a displacement meter DM4 was installed at the base of the
column on its front side to calibrate the displacement data.
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Figure 4. Layout of measurement points. Note: 15-4S, 1747, and 1X—4X represent strain gauges
positioned on various column reinforcements; TG1-TG4 signify strain gauges located on distinct
casings; DM1-DM3 indicate displacement meters for diverse locations.

2.4. Loading Scheme

The specimen was subjected to a vertical static load using a force-displacement con-
trolled loading method. Before the formal loading process, the loading apparatus was
calibrated. The initial load capacity was set to 10% of the anticipated maximum load, and
both the loading device and the compressed specimen were inspected and unloaded to
ensure proper alignment and functionality. The first stage of loading was set to 150 kN, with
subsequent load increments of 50 kN until cracks began to appear. After cracks appeared,
displacement-controlled loading was applied at a rate of 0.5 mm/min, with each loading
increment set to 1 mm, until the specimen was damaged.
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3. Analysis of Experimental Results
3.1. Failure Mode
ZY14 Series (Opening Ratios of 14%)

1) ZY14-1

When the displacement at the top of the column reached 0.58 mm under a load of
300 kN, fine cracks appeared in the upper one-third of the column. With a displacement of
0.86 mm at the top of the column and a load of 350 kN, a new crack formed at the front
of the column, while the crack on the left side extended toward the edge. As the load
increased, the crack propagation intensified. At a load of 600 kN and a top displacement
of 1.27 mm, the upper concrete exhibited a fish scale pattern, and fine cracks occurred in
the lower concrete, with the crack width on the left side reaching 1.25 mm. When the load
reached 675 kN and the top displacement was 2.12 mm, numerous cracks emerged in the
non-encrypted concrete area at the top of the column, accompanied by concrete failure, as
depicted in Figure 5a.

Figure 5. Damage patterns of specimens: (a) ZY14-1; (b) ZY14-2; (c) ZY14-3; (d) ZY22-1; (e) ZY22-2;
(f) Z2Y22-3.

@) ZY14-2

With a displacement of 0.66 mm at the top of the column and a load of 300 kN, a
fine crack appeared at the front bottom of the column. Under a load of 342 kNN, vertical
cracks developed downward and the crack widths expanded. At a load of 400 kN and a
top displacement of 1.04 mm, the crack width at the bottom left side increased to 0.49 mm.
When the top displacement reached 1.65 mm under a load of 655 kN, the first crack at the
bottom widened to 1.25 mm, and concrete spalling occurred at the bottom edges. At a
load of 677 kN and a top displacement of 2.01 mm, extensive cracks appeared in the non-
encrypted concrete area at the top, accompanied by slight bulging cracks and large-scale
concrete spalling, as illustrated in Figure 5b.
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(B) ZY14-3

When the displacement at the top of the column reached 0.65 mm under a load of
300 kN, fine cracks appeared at the bottom of the column. At a load of 450 kN and a
top displacement of 1.32 mm, cracks formed at the top, and a transverse through-crack
appeared, leading to concrete spalling. With a load of 627 kN and a top displacement of
2.18 mm, multiple fine cracks developed near the main crack in the non-encrypted concrete
area at the top, resulting in concrete spalling, as described in Figure 5c.

ZY?22 Series (Opening Ratios of 22%)
(1) Zy22-1

At a displacement of 0.66 mm and a load of 300 kN, cracks appeared at both the top
and bottom of the column. Under a load of 396 kN and a top displacement of 0.87 mm, new
cracks with a width of 0.31 mm formed at the bottom. As the load increased, the cracks
expanded toward the center. At a load of 629 kN and a top displacement of 1.53 mm, slight
concrete spalling emerged in the lower part. At aload of 708 kN and a top displacement
of 1.81 mm, slight bulging and concrete spalling occurred at the bottom, as shown in
Figure 5d.

Q) ZY22-2

At a displacement of 0.65 mm and a load of 300 kN, cracks appeared at the bottom
left and right sides, with widths of 0.15 mm and 0.12 mm, respectively. Under a load of
450 kN and a top displacement of 1.55 mm, a crack with a width of 0.11 mm formed at the
front, and the crack on the right side expanded to 0.38 mm. At a load of 712 kN and a top
displacement of 2.08 mm, the cracks near the main crack in the non-encrypted concrete
area at the bottom extended toward the edge, leading to concrete spalling, as illustrated in
Figure 5e.

(B) ZY22-3

At a displacement of 0.62 mm and a load of 300 kN, a crack with a width of 0.11 mm
appeared at the front and top of the column. Under a load of 450 kN and a top displacement
of 1.2 mm, the crack extended toward the center, widening to 0.43 mm, and a new crack
formed at the top left. Ataload of 500 kN and a top displacement of 1.35 mm, the crack at
the front and top of the column expanded to 0.5 mm, and slight concrete spalling occurred.
At aload of 730 kN and a top displacement of 2.12 mm, multiple fine cracks appeared in
the non-densified concrete at the top, leading to concrete collapse, as described in Figure 5f.

In summary, the failure of the concrete columns was primarily due to the cracking
and crack development on the concrete in the non-encrypted area, ultimately leading to
the collapse of the entire column, The main experimental phenomena are shown in Table 4.
Notably, the core area of the joint with openings showed no signs of failure.

Table 4. Main test phenomena of specimens.

Specimen  Load (kN) Dlsfzﬁﬁ?ent Experimental Phenomenon
300 0.58 Cracks appear
ZY14-1 600 1.27 Concrete spalling
675 2.12 Numerous cracks emerged
300 0.66 Cracks appear
7Y14-2 400 1.04 Concrete failure of columns

677 2.01 Concrete spalling over large areas
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Table 4. Cont.

Specimen  Load (kN) Dls;zhal:l;nent Experimental Phenomenon

300 0.65 Cracks appear
7Y14-3 450 1.32 Concrete spalling

627 2.18 Concrete collapse

300 0.61 Cracks appear
ZY22-1 629 1.53 Concrete spalling

708 1.81 Concrete spalling over large areas

300 0.65 Cracks appear
7Y22-2 600 1.86 Concrete spalling

712 2.08 Concrete collapse

300 0.62 Cracks appear
7Y22-3 500 1.35 Concrete spalling

730 2.12 Concrete collapse

3.2. Load Displacement Curve

Figure 6 illustrates the load—displacement curves derived from the average of two sets
of test data. The curves for both sets of axially compressed specimens can be divided into
elastic and elastoplastic phases. During the elastic phase, the curve behavior is primarily
influenced by the elastic modulus of the material. Both the ZY14 and ZY22 specimens
exhibited a cracking load of 300 kN. At this load, the ZY14 specimen experienced a dis-
placement of 0.63 mm, while the ZY22 specimen was displaced by 0.61 mm, representing
a 3.2% reduction in displacement compared to the ZY14 specimen. As the displacement
increased, the bearing capacity of the ZY22 specimen rose slightly faster than that of the
ZY14 specimen.

800 —a— 7 X14mm

200 1 —e— 7 X22mm

600

Load (kN)
[§®] (98] I n
8 8 8 8

100

O 1.5 20 25 3.0 3.

Displacement (mm)

() M 1 N
00 05 1

5 4.0

Figure 6. Load—displacement relationship.

The maximum loading capacities for the ZY14 and ZY22 specimens were 659.66 kN
and 716.66 kN, with corresponding axial displacements of 2.1 mm and 2.0 mm, respectively.
The ZY22 specimen demonstrated an 8.6% increase in peak loading capacity compared to
the ZY14 specimen, while its axial displacement was 4.8% lower. The absence of damage in
the core area of the joint with openings in both specimen groups indicates that the failure
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in the non-encrypted concrete area of the column significantly influenced the load-bearing
capacity of the specimen.

3.3. Strain of Reinforcement

Figure 7 presents the load—strain curves at position 1Z for both the ZY14 and ZY22
specimens, highlighting distinct mechanical behaviors between the two groups. At the
cracking point, the ZY14 specimen exhibited a strain of —250.6 pe, while the ZY22 spec-
imen showed a significantly higher strain of —445.8 e, representing a 78% increase in
reinforcement strain for the latter. A similar trend is reflected in the maximum load, where
the reinforcement strains reached —1269.5 pe for ZY14 and —1428.4 ue for ZY22, indicating
a 12.5% higher strain in the ZY22 specimen. The observed differences in strain behavior can
be attributed to the greater cross-sectional weakening in the core area of the ZY22 specimen,
which results in elevated cross-sectional stress concentrations and consequently leads to
increased reinforcement strain development throughout the loading process.

800 —a—7X14
200 —e—7X22
600

500

Load(kN)

400
300 |
200 |
100 |

O i 1 i 1 M 1 " L i ]
0 -400 -800  -1200  -1600  -2000
Strain(10°)

Figure 7. Load-reinforcement strain relationship.

3.4. Ductility Coefficient

The displacement ductility (u) of reinforced concrete columns is a critical parameter
for evaluating their seismic performance. It represents the specimen’s ability to undergo
plastic deformation and can be calculated using Equation (1).

)

where 6, represents the displacement when the vertical load is reduced to 80% of its
maximum value and J; is the yield displacement determined using the method proposed
by Park [39].

The ductility coefficients obtained from the two sets of test specimens are summarized
in Table 5. The ductility coefficient () of the compression specimen is directly proportional
to the opening ratio in the core area. For the specimen with an opening ratio of 14%,
the ductility coefficient was 1.25, while for the specimen with an opening ratio of 22%,
it increased to approximately 1.4. The ductility coefficient of the ZY22 specimen was
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12.9% higher than that of the ZY14 specimen. This indicates that the ductility coefficient
increases with the opening ratio in the core area. The creation of openings in the core area
reduces the cross-sectional area of the concrete, leading to higher strain in the core area and
consequently an increase in the ductility coefficient. However, the difference in ductility
coefficients between the specimens is not significant.

Table 5. Ductility coefficients of test specimens.

Specimen Ou Sy [
ZY14 2.6 21 1.24
ZY22 2.8 2 14

4. Finite Element Analysis
4.1. Material Models

The uniaxial stress—strain relationship of concrete specified in the Code for the De-
sign of Concrete Structures [40] was used to simulate the constitutive relationship of the
concrete components, with the compressive strength of concrete taken according to the
compressive performance test, and an elastic modulus of 3 x 10* N/mm?, Poisson’s ratio
of 0.2, and density of 2.4 x 103 kg/m> were adopted. The CDP (concrete damaged plas-
ticity) was selected, which utilizes the orthotropic elastic damage theory with the tensile
and compressive plasticity theory to characterize the non-linear behavior of concrete, ac-
counting for non-linearity, stiffness degradation, and strain rate effects on the material’s
properties [35,41]. The primary parameters considered in our analysis, including the dila-
tion angle, eccentricity, compressive strength ratio (f/ fc0), biaxial ultimate compressive
strength-to-uniaxial ultimate compressive strength ratio (K;), and viscosity coefficient,
along with their respective values, are listed in Table 6. The reinforcements were described
by the bilinear isotropic hardening model [42]. The reinforcements would break during the
test; therefore, the ductile damage model available in ABAQUS was used, necessitating the
definition of a cumulative damage model to simulate the fracture of the metal. The tensile
strength of the reinforcements was determined based on empirical testing. Poisson’s ratio
was taken as 0.3.

Table 6. Concrete plasticity parameters.

Dilation Angle Eccentricity foolfeo K. Viscosity Parameter
30° 0.1 1.16 0.66667 0.0001

4.2. Element Types

The load transfer mechanism was analyzed using an ABAQUS finite element analysis
(FEA). Figure 8 illustrates the FEA model of the precast column. An eight-node solid
element with reduced integration (C3D8R) was employed to simulate the non-linear be-
havior of the concrete column, while a two-node truss element (T3D2) was used to model
the reinforcement. The casing was affixed to the concrete surface using a tie-binding
connection, which established the interaction relationship through the ‘surface-to-surface’
contact method. Considering the stress distribution of the specimen, the mesh was coarsely
subdivided. The mesh sizes were set to 20 mm for the precast column, 25 mm for the
reinforcement, and 5 mm for the casing.
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4.3. Boundary Conditions

To accurately replicate the internal force distribution observed in the actual structure,
a reference point was established at the top of the column and rigidly coupled to its
top surface. The column’s base was modeled as a hinged support, allowing rotational
freedom while restricting translational displacement. For precise numerical simulations,
the loading protocol was defined using the Smooth Amplitude function in ABAQUS, which
generates a continuous and stable amplitude curve to ensure controlled load application.
This approach, combined with displacement-based loading, enabled accurate simulations
of the experimental loading process. A vertical load was subsequently applied to the
reference point at the top of the column, effectively representing the loading conditions of
the physical test while maintaining computational efficiency and numerical stability.

4.4. Finite Element Analysis Results

Figure 9 compares the load—displacement curves obtained from the experimental
results and finite element predictions. For specimen ZY14, the peak load from the ex-
perimental results is 8% lower than that of the analytical model, with a 5% difference
in the corresponding axial displacement at peak load, as plotted in Figure 9a. Similarly,
for specimen ZY22, the experimental peak load is 7% lower than the analytical model,
with a 10% difference in the corresponding axial displacement, as depicted in Figure 9b.
Discrepancies between the experimental and simulation results may arise from variations
in the uniformity of the concrete distribution among specimens or differences in rein-
forcement positioning during construction. Additionally, the curve from finite element
analysis exhibits a relatively flat descending segment, while the experimental curves show
a steeper load drop during this phase. This difference is likely due to stress concentration
during testing, leading to localized damage. The simulated specimens assume idealized
boundary conditions, load application, and material distribution, which are difficult to
replicate in actual construction. As a result, the overall performance of the experimental
specimens was slightly lower than the simulation results but remained consistent with
real-world conditions.
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Figure 9. Load-displacement curves comparison between experimental and simulation results:
(a) ZY14; (b) ZY22.

4.5. Finite Element Specimen Damage Morphology Analysis

Figure 10 illustrates the strain distribution of the specimens during the failure phase.

At failure, the non-encrypted concrete area exhibits more significant deformation. Addition-

ally, the strain values in the core area of the opening increase with the size of the opening.

Figure 11 depicts the stress distribution in the reinforcement and casing during specimen

failure. At failure, the casing in the core area of specimen ZY22 experienced higher stress

levels due to the smaller concrete cross-section. Consequently, both the reinforcement and

casing in specimen ZY22 were subjected to greater stress compared to specimen ZY14.

Mises/MPa
(Avg:75%)

Mises/MPa
(Avg:75%)

(b)

Figure 10. Simulation of destructive strain in specimen: (a) ZY14; (b) ZY22.
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Figure 11. Simulation of specimen reinforcements and casing stresses: (a) ZY14; (b) ZY22.

5. Parametric Study

The influence of the opening ratio in the core area on the strength of the con-
crete columns was comprehensively investigated using ABAQUS simulation software.
Seven types of specimens, labeled PO-0 to PO-6, were modeled with varying opening ratios.
These specimens were designed based on the parameters outlined in Section 4 and shared
the same cross-sectional dimensions as the ZY14 specimens. The design parameters are
summarized in Table 7.

Figure 12 illustrates the load—-displacement curves of specimens with different opening
ratios. Within the elastic stage (0-1 mm displacement), the growth trends of the curves are
nearly identical. Upon entering the elastoplastic stage, the load-displacement curves of the
six specimen groups exhibit varying degrees of change. The peak load of the specimens
varies with the opening ratio. The PO-3 specimen achieves a load capacity of 739 kN, while
the load capacities of the other specimens (PO-0 to PO-2 and PO-4 to PO-6) decrease by
9.3%, 3.7%, 0.6%, 3.1%, 5.1%, and 10.8%, respectively, compared to PO-3. The data indicate
that when the opening ratio is between 14% and 30%, the overall compressive load capacity
of the specimens remains relatively stable. However, when the opening ratio reaches 34%,
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a significant reduction in load capacity can be observed. At an opening ratio of 22%, the
strengthening effect of the casing in the core area is offset by the weakening effect of the
opening ratio. Beyond this point, the strengthening effect of the casing diminishes, the
weakening effect of the opening ratio becomes more pronounced, and the axial compressive

load capacity decreases significantly at an opening ratio of 30%.

Table 7. Design parameters of specimens with different opening ratios.

Concrete . . Casing
Type Strength Opening Ratio Thickness Preload
PO-0 C20 0% 1 mm 0
PO-1 C20 14% 1 mm 0
PO-2 C20 22% 1 mm 0
PO-3 C20 26% 1 mm 0
PO-4 C20 30% 1 mm 0
PO-5 C20 34% 1 mm 0
PO-6 C20 38% 1 mm 0
800
700
600 -
~ 500 -
_% I
~ 400
% I ——PO-1
=300F [ —aPO-2
200 [} —PO-3
| —+—PO-4
100 PO-5
o ——PO-6
0 2 4 6 8 10 12

Displacement (mm)

Figure 12. Load —displacement curves corresponding to different opening ratios.

The ductility coefficients (1) of specimens PO-0 to PO-6 are summarized in Table 8.
The opening ratio in the core area of the compression specimens is positively correlated
with the ductility coefficient. For instance, the PO-1 specimen, with an opening ratio of
14%, has a ductility coefficient of 2.35, while the PO-6 specimen, with an opening ratio of
38%, exhibits a ductility coefficient of 3.3. The ductility coefficient of the PO-6 specimen
is 38% higher than that of the PO-1 specimen, further confirming the positive correlation

between the ductility coefficient and the opening ratio.

Table 8. Ductility coefficients of specimens with different opening ratios.

Specimen Ou Sy i
PO-0 4.93 211 2.34
PO-1 5.16 22 2.35
PO-2 5.25 221 2.38
PO-3 6.22 2.18 2.85
PO-4 5.2 1.92 2.71
PO-5 5.98 2.18 2.74
PO-6 72 2.18 3.3
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5.1. Casing Thickness

The influence of the casing thickness in the core area on the compressive behavior of
the concrete columns was investigated through finite element modeling using ABAQUS
software. Based on the validated modeling parameters from Section 4, five specimen
groups (CT-1 to CT-5) with varying casing thicknesses were designed, maintaining the
same cross-sectional dimensions as the ZY14 and ZY22 prototype columns. The key design
parameters are summarized in Table 9.

Table 9. Design parameters of specimens with different casing thicknesses.

Concrete Casing

Type Strength Opening Ratio Thickness Preload
CT-1 C20 22% 0.5 mm 0
CT-2 C20 22% 1 mm 0
CT-3 C20 22% 1.5 mm 0
CT-4 C20 22% 2 mm 0
CT-5 C20 22% 2.5 mm 0

Figure 13 illustrates the load-displacement curves of specimens with varying cas-
ing thicknesses. For specimens CT-1 to CT-5, under a constant opening ratio, the load—
displacement curves exhibited similar growth rates during the elastic stage, showing no
sensitivity to changes in casing thickness. However, upon entering the elastoplastic stage,
the curves diverged significantly. Specimen CT-1 achieved a peak load of 718.3 kN, while
specimens CT-2 to CT-5 demonstrated progressive increases in peak load by 1.9%, 3.1%,
3.8%, and 3.77%, respectively, compared to CT-1. The experimental results confirmed a pro-
portional relationship between the casing thickness and ultimate load capacity. However,
when the casing thickness exceeded 2 mm (CT-4) and 2.5 mm (CT-5), the improvements
in load-bearing capacity became statistically insignificant, with incremental gains of less
than 0.5%.

800
700
600
~ 500 r
2ol
<400 | 4
S [
Q I
— 300 | il —a— CT-I
L4 —o—CT-2
200 —a—CT-3
# —~—CT-4
1000, crs
0 3 L 1 " 1 " 1 L 1 L 1 L ]
0 2 4 6 8 10 12
Displacement(mm)

Figure 13. Load-displacement curves corresponding to different casing thicknesses.

Table 10 presents the ductility coefficients (1) of specimens with varying casing thick-
nesses. The ductility coefficients exhibit an inverse correlation with the casing thickness.
Specimen CT-1 achieved the highest ductility coefficient of 2.39, while CT-5 showed a 25.5%
reduction, with a ductility coefficient of 1.78. Under axial compression, increased casing
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thickness in the core area enhances the global load-bearing capacity but simultaneously re-
duces the ductility coefficients, accompanied by a decrease in overall deformation capacity
(ranging from 18% to 26% across specimens).

Table 10. Ductility coefficients of specimens with different casing thicknesses.

Specimen Su Sy 1
CT-1 5.22 2.18 2.39
CT-2 5.19 2.18 2.38
CT-3 4.46 2.18 2.05
CT+4 3.91 2.18 1.79
CT-5 3.89 2.18 1.78

5.2. Bolt Preload

The influence of bolt preloading in the core area on the compressive behavior of con-
crete columns was investigated through finite element modeling using ABAQUS software.
Based on the validated modeling parameters from Section 4, four specimen groups (PL-1
to PL-4) with varying bolt preloads were designed, maintaining the same cross-sectional
dimensions as the ZY14 and ZY22 prototype columns. The key design parameters are
detailed in Table 11.

Table 11. Design parameters for specimens with different bolt preloads.

Concrete . . Casing
Type Strength Opening Ratio Thickness Preload
PL-1 C20 22% 1 mm 2.5 kN
PL-2 C20 22% 1 mm 5 kN
PL-3 C20 22% 1 mm 7.5 kN
PL-4 C20 22% 1 mm 10 kN

Figure 14 illustrates the load—displacement curves of specimens with varying bolt
preloads. The load—displacement curves of specimens PL-1 to PL-4 exhibit similar trends
during both the elastic and elastoplastic stages. Specimen PL-1 achieves a peak load
of 736.9 kN, while specimens PL-2 to PL-4 demonstrate gradual increases in peak load
capacity by 0.46%, 1.74%, and 2.96%, respectively, compared to PL-1. Although the load-
displacement curves of the four specimens are nearly identical in shape, the peak load
shows a gradual increase with higher bolt preloads.

Table 12 presents the ductility coefficients (j1) of specimens with varying bolt preloads.
The application of bolt preloads in the core region significantly influences the ductility
coefficients of specimens PL-1 to PL-4. Specimen PL-1 exhibits the highest ductility coef-
ficient of 2.32, while PL-4 shows the lowest value of 1.76, representing a 24.1% reduction
compared to PL-1. Under axial compression, increasing the bolt preloads in the core region
enhances the overall load-bearing capacity of the specimens. However, it also reduces the
ductility coefficients, leading to smaller overall deformations.

Table 12. Ductility coefficients of specimens with different bolt preloads.

Specimen Su Oy H
PL-1 5.05 2.18 2.32
PL-2 421 2.18 1.93
PL-3 3.92 1.97 1.99

PL4 3.36 1.91 1.76
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Figure 14. Load-displacement curves corresponding to different bolt preloads.

6. Calculation of Load Capacity

A comparison between the experimental results and finite element simulations for the
specimens with opening ratios of 14%, 22%, and 26% revealed that the discrepancies in
bearing capacity between the experimental and simulation outcomes were relatively small
for opening ratios of 14% and 22%. Additionally, the specimen with an opening ratio of
26% exhibited the highest strength. Based on these findings, it is reasonable to use both the
experimental data and finite element analysis results to derive a formula for the bearing
capacity of precast concrete columns with openings, specifically for opening ratios under
25%. The formulas for calculating the bearing capacity are presented in Equations (2)—(4).

Pym = Dc(cheff -l—fyAs) (2)
Appr = Ac(l1-w) 3)
1.3 0.7
o« = 1.5(%) —0.7(%) +03 @)
Oe Oe

where P, ;, represents the theoretically calculated bearing capacity, « is the concrete cor-
rection factor of the precast column, f. refers to the compressive strength of the concrete
cube according to the experimental result, A.ss denotes the effective area of the cross-
section, f, represents the yield strength of the reinforcement, A is the cross-sectional
area of the reinforcement, A, is the cross-sectional area of the column, w represents the
opening ratio, and o. and ¢, indicate the stresses at the center and edge positions of the
cross-section, respectively.

To evaluate the accuracy of the newly proposed formula, Table 13 compares the
experimental bearing capacity with the theoretical bearing capacity for each specimen,
including the ZY14 and ZY22 specimens. For instance, the ZY14 specimen exhibited an
experimental bearing capacity of 659.67 kN and a theoretical bearing capacity of 701 kN,
yielding a ratio of 0.94. Similarly, the ZY22 specimen showed an experimental bearing
capacity of 716.67 kN and a theoretical bearing capacity of 734 kN, resulting in a ratio
of 0.98.
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Table 13. Bearing capacity comparison of experimental and theoretical outcomes.

Specimen Test (Py,¢) Theoretical (Py,,) Py /Py
ZY14 659.67 701 0.94
7Y22 716.67 734 0.98

The average ratio of experimental to theoretical bearing capacity across all specimens
was 0.96, with a variation coefficient of only 0.03%. The proposed formula was observed to
provide highly accurate predictions of the bearing capacity for precast concrete columns
with openings, confirming its applicability and reliability for engineering applications. The
low variation and high accuracy indicate that the formula can be confidently applied to the
design and evaluation of precast concrete columns with openings, particularly for opening
ratios below 25%.

7. Conclusions

The failure mechanism of axially loaded precast columns with openings in the core
area of the joints was investigated through static load tests and a finite element analysis.
The main conclusions are as follows:

(1) The load-displacement curves of specimens ZY14 and ZY22 exhibited distinct elastic
and elastoplastic phases. As the axial loading increased, cracks initiated and propa-
gated in the concrete within the upper or lower non-encrypted zones of the column,
ultimately leading to the failure of the entire precast column.

(2) The opening ratio significantly influenced both the peak load and ductility coefficient
of the specimens. Specimen ZY22 exhibited an 8.6% higher peak load and a 4.8%
lower axial displacement compared to specimen ZY14, with its ductility coefficient
exceeding that of specimen ZY14 by 12.9%. Additionally, the presence of casings and
transverse reinforcement in the core area indicated that the load-bearing capacity of
the axially compressed precast concrete columns was primarily determined by the
concrete in the non-encrypted zones.

(3) A finite element model of the precast columns was developed using ABAQUS soft-
ware, demonstrating excellent agreement between the simulation results and ex-
perimental data. For specimens ZY14 and ZY22, the discrepancies between the
experimental and simulated peak loads were below 10%, with the corresponding
axial displacement errors also being under 10%, confirming the accuracy of the finite
element model.

(4) Non-linear data fitting was performed on both the experimental data and parametric
simulation results. Correction coefficients were introduced to derive axial compressive
load capacity equations applicable to precast concrete columns with opening ratios
below 25%.
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