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Abstract

In modern multistory buildings, integrating beam web openings adjacent to beam–column
connections (BCCs) is frequently required to accommodate utility ducts and piping. While
this optimizes clear story height, it drastically alters the stress distribution within the
BCCs under seismic loading. Consequently, this study evaluates the seismic performance
of twenty-one exterior BCCs, with particular emphasis on the coupled effects of open-
ing configuration (size and location) and concrete type: normal strength concrete (NSC,
fc
′ = 25 MPa), high-strength concrete (HSC, fc

′ = 80 MPa), and ultra-high-strength concrete
(UHPC, fc

′ = 120 MPa). For BCC specimens without openings, upgrading from NSC to HSC
and UHPC increased the failure load (Pf) by about 66.67% and 111.11%, and the ultimate
capacity (Pu) by 61.54% and 100.0%, respectively. Conversely, web openings reduced the
(Pu) of HSC specimens by 14–34%, and UHPC specimens by 12–31%, respectively, when
compared to the reference specimens without openings. Furthermore, the presence of
web openings compromised cumulative energy dissipation capacity by 16–36% for (NSC),
13–31% for (HSC), and 12–28% for (UHPC), compared with the corresponding reference
specimens without openings. Although HSC and UHPC provided superior absolute energy
performance, they did not eliminate the structural deficiencies associated with openings
positioned adjacent to the joint core. Consequently, a critical threshold value of S/D ≥ 0.5
(where S represents the distance from the column face to the edge of the opening, and D
denotes the beam depth), is recommended for HSC and UHPC. In contrast, conventional
NSC strictly requires a more conservative limit of S/D ≥ 1.0 to prevent severe cyclic shear
degradation near the high-stress region.

Keywords: beam-column connections; openings; HSC; UHPC; nonlinear; opening aspect
ratio; seismic performance

1. Introduction
The seismic resilience of RC frames is a critical issue in modern structural design,

particularly with the rapid pace of urbanization in seismically active regions. Recent evalu-
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ations of structural failures have shown that global instability is rarely caused by the failure
of individual structural members. Instead, catastrophic collapse is more often governed by
complex stress states and the subsequent degradation within beam–column connections
(BCCs) subjected to reversed cyclic loading [1]. Many RC buildings have collapsed due
to the weakness of BCCs, especially when subjected to reversed cyclic loading. This type
of loading causes stiffness degradation, bond slip [2], and joint shear distress, which dete-
riorate the overall lateral load-resisting system [3–6]. These joints are force-transmission
nodes where the whole lateral load-resisting mechanism becomes vulnerable when their
shear resistance degrades or when the bond deterioration accelerates [7]. Repeated load
reversals accelerate stiffness degradation and induce severe cyclic shear stress reversals at
the BCCs. As the bond strength decreases and microcracks form around the weak regions,
they trigger the pinching effect in the hysteretic response. The hysteresis loop shortens
when reinforcement begins to slip through the damaged concrete, significantly reducing
the connection’s ability to dissipate energy [8]. Usually, the failure progress from extensive
cracking across the joint to localized crushing or diagonal splitting near the edge of the
opening [8,9].

Openings are frequently provided in RC elements to allow access for mechanical,
electrical and plumbing services without raising the floor height. However, the existence of
openings changes the internal force transfer mechanism and may weaken critical regions
of the structural system. The situation is more critical when openings are placed close to
BCCs, which are responsible for transmitting seismic forces throughout the lateral-load
resisting system. Any reduction in the capacity of these locations during seismic loading
could affect the overall performance of the structure. Therefore, it is extremely essential to
understand the effects of web openings on the seismic behavior of BCCs and to develop
efficient mitigation strategies against their adverse effects in earthquake-resistant design.

The effect of openings in shear-critical zones on the behavior of RC beams has been
demonstrated in several studies [10–14]. For instance, El-Sisi et al. [15] studied the effect
of openings on the RC beams’ structural response. Square openings were provided in the
shear span and tension zones of the test specimens to facilitate uniform testing procedures.
The results showed that the bending capacity was slightly reduced when the openings were
located in the flexural tension zone. The ultimate load was found to be reduced by 14%
for an opening of 360 mm× 120 mm compared with the reference beam without openings.
The results also showed that the ultimate capacity was considerably reduced due to the
reduction of effective depth and the development of stress concentrations around the edge
of the opening. These localized stresses lead to the premature initiation and propagation of
cracks [12,16–18].

Several studies [19–22] have investigated the negative effects of openings in RC ele-
ments using external reinforcement techniques, particularly FRP composites. The main
goal of these techniques is to minimize the reduction in strength and stiffness due to
geometrical imperfections.

In traditional BCCs, the transfer of shear is controlled by diagonal compression struts,
transverse confinement, and the bond interaction between the longitudinal reinforcement
and the surrounding concrete [23]. This balance is disrupted by the presence of an opening
which reduces the compression strut action, transfers tensile stresses to the opening corners,
and decreases the effective joint shear area. When subjected to monotonic loading, this
disruption may manifest localized cracking. Under reversed cyclic loading, the effects more
severe [24].

The behavior of BCCs under cyclic loading was studied by Amin et al. [25] using
a validated numerical method, with particular attention to the effect of web openings.
The results revealed the importance of the opening location and reinforcement for the
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stability of the connection. Moreover, the application of reinforcement directly around
the openings was more effective in enhancing the ultimate load capacity than reinforcing
the entire connection. The investigation indicated that the strength of the structure was
reduced by around 38% for wide rectangular openings near the supports without adequate
reinforcement. The use of specific reinforcement approaches may considerably reduce these
losses, thereby reducing the strength deficiency to roughly 24%.

Galustanian et al. [26] developed three-dimensional nonlinear FE models that were
validated against four experimental data sets. Then a parametric study of the geometric
parameters was carried out, including the beam depth, width, and opening dimensions.
The analysis highlighted that the presence of openings tends to induce more brittle behavior,
as indicated by a significant reduction in both strength and stiffness after the peak load.
Increasing the beam depth promoted this brittle behavior and reduced the drift capacity
at failure by as much as 75%, while the ductility was improved with a greater beam
width. Larger openings consistently reduced the drift capacity from about 5% to 1.5%.
Additionally, load resistance was reduced by up to 61% at a 1.5% drift level.

Recent studies have focused on controlling macro-cracking using FRP composites
to enhance the seismic performance of BCCs [27–30]. Humairy et al. [31] conducted an
experimental study on five one-third scale, exterior RC BCCs integrated with slabs to
evaluate the performance of three retrofitting methods namely, bolted steel angle cage
(BSAC), hybrid GFRP with steel box anchorage (GFRP-BSB) and hybrid GFRP with near-
surface mounted bars (GFRP-NSM). The cyclic test results indicated that the BSAC option
had the highest maximum confinement and strength recovery (+37%), whilst the hybrid
GFRP-BSB system presented a balanced gain in strength (+23%) and ductility (+12%).
The GFRP-NSM system exhibited the greatest improvement in total drift capacity (+16%),
primarily because of the continuity provided by the tensile reinforcement. Mechanism-
based interpretations suggest that there is no universally optimal scheme, and the real
contribution of the floor slab is crucial for the load transfer channels and the ultimate
retrofit efficacy under cyclic loading.

In addition to the development of FRP composites in BCCs, TRM (Textile Reinforced
Mortar) has emerged as a very successful cement-based solution to improve cyclic behavior
and shear strength of BCCs. Dogan et al. [32] demonstrated that the failure mode of the
exterior BCCs can be changed by localized passive confinement with optimized layouts of
Textile Reinforced Mortar (TRM) strips, resulting in a 34% increase in energy dissipation.

Recent studies in enhanced BCCs have focused mostly on improving the seismic
performance and assembly efficiency of composite and precast frames under cyclic loading.
Zhu et al. [33] reported that the utilization of internal core steel tubes within confined
concrete BCCs can successfully prevent premature diagonal shear crushing. Wang et al. [34]
employed blind-bolting technology with extended endplates to achieve optimal structural
adjustability and damage control of Concrete-Filled Double-Skin Steel Tube (CFDST) con-
nections. In a complementary effort, Wu et al. [35] presented replaceable semi-rigid bolted
angle dissipators that can effectively limit the cyclic damage within the connection zone. To
enhance self-centering capability, Yu et al. [36] developed precast BCCs incorporating with
external friction devices, which remained completely elastic up to 4% drift and increased
the damping capacity to 13.4%.

Shifting the focus toward geometric modification, Hashemi et al. [37] developed
the “joint enlargement” retrofitting technology that utilizes prestressed steel angles in
2D and 3D spaces for structural enhancement of corner RC BCCs with insufficient non-
seismic details. Five full-scale specimens were tested by cyclic loading using this new
technology. The essential plastic hinge was successfully shifted from the joint core to
the end of the beam span. Finally, this structural modification remarkably enhanced the
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connection performance, achieving a 22% rise in average maximum lateral force and a 214%
improvement in cumulative energy dissipation capacity at 6% drift ratio.

Recently, the use of Ultra-High-Performance Concrete (UHPC) in BCCs has emerged
as a significant research focus due to the major influence of the behavior of BCCs on the
overall structural response to seismic loads. However, a limited number of studies have
investigated this use, particularly regarding seismic performance. For instance, Zhang
et al. [38] carried out a series of quasi-static tests to study the seismic performance of
BCCs using UHPC composite beams and high-strength concrete (HSC) columns. The
experimental results showed that all specimens failed in ductile flexure, but the UHPC–
HSC connections had better structural integrity with less damage. The proposed system
showed a more stable hysteretic response and improved energy dissipation capacity when
compared to the conventional cast-in-place connection. Furthermore, the load-bearing
capacity increased by approximately 10–11%, indicating enhanced strength. The results
also confirmed the improvements in stiffness, deformation capacity, and ductility, with
ductility values higher than 3.5.

Finally, Su et al. [39] integrated UHPC materials in BCCs by adopting a UHPC-filled
socket connection to successfully move important inelastic damage away from the connec-
tion interface and into the column components. The external steel sheath of the concrete-
filled steel tube (CFST) column configurations provides continuous passive confinement to
the core concrete, which effectively retards local buckling and avoids premature diagonal
shear failure under severe reversals associated with displacement-controlled loading.

Based on the gaps identified in the literature, this study directly tackles the lack of
research addressing BCCs with openings under cyclic loading. Bridging the gap between
architectural utility and seismic safety, this research utilizes high-strength (HSC) and
UHPC to deliver the systematic numerical investigation into how opening sizes and spatial
placement dictate the global hysteretic response of BCCs with openings. The structural
relevance of this work is that it provides a methodology to quantify key mechanisms of
seismic degradation, including stiffness degradation and cumulative energy dissipation
factors under cyclic loading.

To provide a clear and structured overview of this investigation, a comprehensive
methodological framework of the study is presented in Figure 1.

Figure 1. Methodological framework of the numerical investigation.
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2. Numerical Modeling and Experimental Validation
2.1. Geometry and Reinforcement of the Validated Specimen

The numerical investigation began with a comprehensive evaluation of the finite
element (FE) model against the experimental data of the BCC specimens tested by
Choi et al. [40]. This validation establishes the capability of the numerical model to accu-
rately represent the cyclic behavior of the BCC before proceeding to the parametric study.

To ensure complete structural consistency, all the geometrical configurations, cross-
sectional dimensions and reinforcement details of the analyzed specimens are shown in
Figures 2 and 3. The height of the column is 1300 mm with a concrete cross section of
200 mm × 200 mm. Each column had four longitudinal bars with a diameter of 16 mm
at the corners and four longitudinal bars with diameters of 13 mm at the mid sides. The
columns had ties of 10 mm diameter spaced at 100 mm center-to-center.

Figure 2. Beam–column cross-sections.

Figure 3. Reference specimen dimensions and RFT (units, mm).

All beams had a length of 1000 mm, and their concrete section was 200 mm × 300 mm.
Each beam had three longitudinal top and bottom bars with a diameter of 16 mm. The
beams had stirrups of 10 mm diameter spaced at 100 mm center-to-center [40].

Table 1 illustrates the mechanical properties of the reinforcing bars. Additional rein-
forcement was provided around the opening in the form of three 12 mm diameter bars on

https://doi.org/10.3390/buildings16132509

https://doi.org/10.3390/buildings16132509


Buildings 2026, 16, 2509 6 of 31

each side of the opening, to compensate for the reinforcement cut from the beam. The yield
strengths of the D10, D13, and D16 bars are 499, 487, and 467 MPa, respectively.

Table 1. Mechanical properties of steel bars (in MPa units).

Diameter of Bar Yield Strength, fy Ultimate Strength, fu Elastic Modulus Yield Strain

D10 499 590 204.574 0.00244
D12 487 613 217.162 0.00224
D16 467 606 224.464 0.00208

2.2. Material Constitutive Models

ANSYS WORKBENCH 2025 R2 simulation software [41] used to develop the three-
dimensional numerical FE model to examine the cyclic performance of BCCs with and
without openings. The model incorporates a combination of solid and rebar elements
to accurately represent the structural elements and obtain their response under cyclic
loading conditions.

The concrete elements were discretized using 8-node solid elements (CPT215) to
accomplish an accurate simulation of concrete elements that are subjected to various loading
conditions. Moreover, CPT215 supports mechanical degrees of freedom (UX, UY, UZ). In the
ANSYS WORKBENCH 2025 R2, the stress–strain curve represents the nonlinear performance
of concrete when utilizing quadratic solid elements such as CPT215 [42–46]. In addition, the
initial linear portion corresponds to elastic behavior, followed by nonlinear hardening up
to ultimate stress, and then softening due to cracking and damage progression. The model
is primarily based on uniaxial compressive strength (fc

′), the biaxial compressive strength
(fb), and tensile strength (ft). Furthermore, the compression cap intersection is defined as
(σvc = −0.67fb), the compression cap ratio R, is assumed to be equal to 2. Moreover, the
hardening performance is defined by the parameter D, which is equal to 5 × 105 MPa, and
the tensile cap hardening is defined as (RT = 1).

In addition, the damage development parameters are βt and βc. These parameters de-
scribe the nonlinear performance of concrete, describing cracking, crushing, and post-peak
softening, while maintaining numerical stability and reducing mesh sensitivity. Further-
more, the values of all parameters of the examined NSC, HSC, and UHPC specimens are
listed in Table 2.

Table 2. Specifying material properties for ANSYS WORKBENCH simulations.

Parameter Symbol Units NSC (NC) HSC (HC) UHPC (UH)

Elastic modulus E MPa 15,427.2973 30,268.0438 35,652.04
Poisson’s ratio µ - 0.20 0.20 0.20

Yield Surface

Compressive strength fc
′ MPa 25 80 120

Biaxial compressive strength fb MPa 28.75 92 138
Uniaxial tensile strength ft MPa 2.5 8 12

Compression Cap

Compression cap location σv2 MPa −19.2 −53 −92
Compression cap shape R - 2 2 2

Hardening

Drucker–Prager yield hardening D MPa2 40,000 40,000 400,000
Tensile cap shape RT - 1 1 1
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Table 2. Cont.

Parameter Symbol Units NSC (NC) HSC (HC) UHPC (UH)

Damage

Tension damage threshold γt0 - 0 0 0
Compression damage threshold γc0 - 1 × 10−5 1 × 10−5 1 × 10−5

Tension damage parameter βt - 1500 1500 750
Compression damage parameter βc - 1000 1000 500

Nonlocal interaction range c mm2 25,600 25,600 25,600
Nonlocal parameter m - 2.5 2.5 2.5

2.3. Element Type, Mesh Generation, and Boundary Conditions

A uniform mesh size is employed across all elements in the FE model to guarantee
node compatibility at material interfaces, thus improving simulation accuracy. A mesh
sensitivity analysis was carried out in ANSYS Workbench utilizing the validation model
(BC-NC-W1) with four mesh sizes of 40 mm, 60 mm, 80 mm, and 100 mm. In addition,
the corresponding load–displacement curves were obtained for each mesh configuration
and are shown in Figure 4. The results show that, in the case of mesh size = 40 mm and
60 mm, unconvergence solutions were obtained, and the maximum displacements were
approximately decreased by 37% and 55%, respectively, compared with 80 mm mesh size.
Moreover, for the 100 mm mesh size, the maximum force and maximum displacement were
lowered by an average of 13% compared with the mesh size 80 mm. Furthermore, for a
mesh size of 80 mm, stable convergence and good agreement with experimental results are
shown in Section 3.

Figure 4. Load displacement envelope curves for different mesh sizes.

In this study, concrete is simulated by a three-dimensional solid element CPT215, with
each element sized 80 mm× 80 mm× 80 mm and discretized using a hexahedral mesh.
In ANSYS WORKBENCH [41], a hexahedral mesh composed of linear (Hex8) elements is
employed for reinforced concrete by using the Multizone method to guarantee convergence
in nonlinear analyses.

Additionally, reinforcing steel is modeled using an embedded reinforcement approach,
where in hexahedral meshes, the reinforcing steel is identified as embedded line bodies
inside the concrete utilizing REINF265 elements associated with the three-dimensional
solid elements [46]. Figures 5 and 6 illustrate the volumetric mesh of the concrete and
reinforcement, respectively, for some selected BCCs.
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Figure 5. An illustration of concrete and rebars meshing for specimens BC-NC-W1.

Figure 6. An illustration of the concrete and rebar meshing for specimens BC-NC-O1.

As explained in Figure 7, one end of the column is modeled as a roller support to
restrain vertical displacement without resisting axial load, while the other end is defined as
a pinned support with Ux = Uy = Uz = 0 to denote the indication of contraflexure and the
experimental setup.

Figure 7. Boundary condition of the analyzed specimen (units, mm).
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2.4. Verification and Validation of the FE Model

The beam end is loaded laterally under displacement control, as illustrated in the
Figure 8. The cyclic loading protocol is applied twice in both the positive (+) and negative
(−) directions at each step, with drift ratios varying from 0.2% to 6.0% [47]. Furthermore, a
constant axial load equal to 10% of the column’s gross-section axial capacity (0.10·Ag·fc

′)
was maintained as the loading protocol.

Figure 8. Loading protocol.

The specimen BC-NC-W1 was experimentally investigated by Choi et al. [40] with a
concrete compressive strength of fc

′ ′ equal to 18 MPa under identical boundary conditions
and the loading procedure, as illustrated in Figures 7 and 8, respectively.

The experimental results are then compared with the corresponding FE simulations.
The results indicate that the experimental model BC-NC-W1 exhibited extensive diagonal
shear cracks concentrated in the beam-column joint zone, indicating significant damage
under cyclic loading. Moreover, the ANSYS model predicted a similar crack configuration,
with severe damage indications that were localized in the same joint zone and adjacent
beam zones, as illustrated in Figure 9. In particular, the numerical results exhibit good
agreement with the experimental observations in terms of crack locations and failure mode,
with only minor variations in crack distribution and intensity.

Figure 9. Experimental vs. numerical (ANSYS) crack patterns of the reference specimen BC-NC-W1
with fc

′ of 18 MPa.

Furthermore, the comparison between the numerical and experimental hysteretic
behavior of model BC-NC-W1 is shown in Figure 10. Moreover, the ultimate experimental
lateral load is 84 kN, whereas the corresponding analytical value is 86 kN, indicating
very close agreement between the experimental and numerical results. In addition, the
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experimental yield and ultimate displacements of model BC-NC-W1 are 10.70 mm and
37.0 mm, respectively, compared with the corresponding numerical values of 11.30 mm
and 38.70 mm.
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Figure 10. Experimental vs. numerical hysteretic (ANSYS) load-drift loops of the reference specimen
BC-NC-W1 with f′c of 18 MPa.

To further validate the proposed model, five experimental BCCs with different opening
sizes and locations with a concrete compressive strength fc

′ of 20 MPa under the loading
procedure that is defined in the Figure 8. Table 3 presents a comparison between the
experimental results and the corresponding numerical results. All models show a largely
consistent trend when the experimental and numerical results are compared, with only
slight systematic differences. The analytical mean for the critical load Pcr is somewhat lower
at 22.12 kN with an equivalent standard deviation of 3.1 kN, whereas the experimental
mean is roughly 23.49 kN with a standard deviation of 3.3 kN. This suggests that while the
analytical model shows similar variability, the critical load is somewhat underestimated.

Table 3. Comparison between experimental and numerical results.

Specimen
Choi et al. [40] ho/d Lo/d S/d

Experimental Results Numerical Results
Pcr

(kN)
∆cr

(mm)
Pu

(mm)
∆u

(mm)
Pcr

(kN)
∆cr

(mm)
Pu

(mm)
∆u

(mm)
JC - - - 28.96 2.21 91.50 16.33 27.10 2.31 93.83 17.52
J1 0.50 0.50 0.50 22.35 2.25 69.18 16.60 21.08 2.34 71.06 17.82
J2 0.50 0.50 1.00 24.13 2.25 79.80 16.90 22.71 2.34 81.90 18.11
J3 0.50 1.00 0.50 20.50 2.29 58.60 16.47 19.31 2.38 60.27 17.66
J4 0.50 1.00 1.00 21.51 2.25 64.20 16.45 20.42 2.34 65.98 17.64

Additionally, the experimental results show a mean of about 2.25 mm with a very
small standard deviation (SD ≈ 0.03 mm) for the cracking displacement ∆cr, whereas the
numerical values are consistently higher, with a mean of about 2.34 mm and a similarly
low standard deviation (SD ≈ 0.025 mm), indicating high accuracy.

In addition, the experimental ultimate load (Pcr) has a mean value of approximately
72.66 kN with a standard deviation of about 12.5 kN, compared with the numerical mean
of 74.61 kN and a slightly higher dispersion (SD ≈ 12.8 kN).

These findings indicate that the numerical manner slightly overestimates the load
capacity, while preserving the spread of results.

In terms of ultimate displacement (∆u), experimental values average about 16.55 mm
(SD ≈ 0.21 mm), though numerical expectations are higher at a mean of 17.75 mm
(SD ≈ 0.23 mm). Overall, the numerical model provides a good representation of struc-
tural performance, with slight overestimation of displacements and ultimate capacity and
negligible underestimation of critical loads, while preserving comparable variability to the
experimental results.
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3. Numerical Application
Parametric Study Matrix: BCCs Schemes and Concrete Material Variables

Twenty-one specimens were analyzed and divided into three concrete categories: normal-
strength concrete (NC) with f ′c = 25 MPa, high-strength concrete (HC) with f ′c = 80 MPa,
and ultra-high-strength concrete (UHPC) with f ′c = 120MPa. One reference specimen was
included in each group, designated BC-NC-W1, BC-HC-W1, and BC-UH-W1 for the first,
second, and third groups, respectively. The rectangular web openings in the remaining
specimens were defined using three normalized geometric parameters: the distance from
the column face to the nearest edge of the opening (S/d), the opening height-to-beam
depth ratio (ho/d), and the opening length-to-beam depth ratio (Lo/d), where d represents
the overall beam depth. The values under investigation were S/d = 0.0, 0.50, and 1.00;
Lo/d = 0.50 and 1.00, and ho/d = 0.50 and 1.00.

The most critical condition occurs when S/d = 0.0, where the opening is located
immediately adjacent to the column face, thereby significantly reducing stiffness and shear
resistance and disrupting the natural strut-and-tie load-transfer mechanism within the joint
region. The web opening moves progressively away from the column face and the highly
stressed joint area when the distance ratio (S/d) increases. The general description of the
examined specimens is shown in Table 4.

Table 4. Overview of the parametric specimen matrix.

Beam-Column No. Specimen Type ho/d Lo/d S/d fc
′ (MPa)

1 BC-NC-W1 NC - - - 25
2 BC-HC-W1 HC - - - 80
3 BC-UH-W1 UH - - - 120

4 BC-NC-O1 NC 25
5 BC-HC-O1 HC 0.50 0.50 zero 80
6 BC-UH-O1 UH 120

7 BC-NC-O2 NC 25
8 BC-HC-O2 HC 0.50 1.0 zero 80
9 BC-UH-O2 UH 120

10 BC-NC-O3 NC 25
11 BC-HC-O3 HC 0.50 0.50 0.50 80
12 BC-UH-O3 UH 120

13 BC-NC-O4 NC 25
14 BC-HC-O4 HC 0.50 1.00 0.50 80
15 BC-UH-O4 UH 120

16 BC-NC-O5 NC 25
17 BC-HC-O5 HC 0.50 0.50 1.00 80
18 BC-UH-O5 UH 120

19 BC-NC-O6 NC 25
20 BC-HC-O6 HC 0.50 1.00 1.00 80
21 BC-UH-O6 UH 120

4. Results and Discussion
4.1. Failure Modes and Crack Patterns

Figures 11 and 12 illustrate equivalent plastic strain distributions for concrete and
rebars for some selected specimens, respectively. Across all specimens, cracking initiates as
fine vertical flexural cracks beside the column and progressively propagates with increasing
cyclic load. As displacement increases, additional cracks form along the beam height,
creating a distributed crack pattern. With further loading, some of these cracks begin to
dominate, while minor inclined cracks may develop, indicating an interaction between
flexural and shear mechanisms. The presence of openings leads to the spread of cracks
around their edges. As illustrated in Figure 11, all main beam rebars reached yielding
beside the column where the maximum concrete stress occurs.
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(a) BC-NC-W1 (b) BC-HC-W1 (c) BC-UC-W1 

   
(d) BC-NC-O1 (e) BC-NC-O3 (f) BC-NC-O5 

   
(g) BC-NC-O3 (h) BC-HC-O3 (i) BC-UH-O3 

Figure 11. Equivalent plastic strain of concrete for some studied specimens.

As illustrated in Table 5, the comparison of the cracking load (Pcr) among HSC and
UHPC specimens without openings with respect to their corresponding NSC reference
specimen demonstrates a consistent and marked improvement in crack resistance. For
instance, in specimen BC-NC-W1, the cracking load is 22.0 kN, which increases significantly
to 35.0 kN in BC-HC-W1 (representing an enhancement of approximately 59%) and further
to 45.0 kN in BC-UH-W1 (about 105% higher than the NC specimen). This shows that
UHPC has a great effect on increasing the cracking load by increasing the compressive strut
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at the beam-column connection. In addition, a comparison of the cracking displacement
(∆cr) for HSC and UHPC specimens relative to their corresponding NC reference specimens
indicates only marginal variations, suggesting that the primary improvement is associated
with load capacity rather than deformation at crack initiation. The specimen BC-NC-W1
has a ∆cr of 2.20 mm, which is almost unchanged in BC-HC-W1 (2.25 mm) and slightly
increases in BC-UH-W1 (2.30 mm), indicating a 2–5% increase. These findings demonstrate
that both HSC and UHPC successfully postpone the onset of cracks, with UHPC specimens
offering the greatest improvement in cracking performance.

Figure 12. Equivalent plastic strain of rebars for some studied specimens.

The effect of opening size and location on the cracking load was investigated in detail.
The results indicate that the cracking load (Pcr) of specimens BC-NC-O1, BC-NC-O2, BC-
NC-O3, BC-NC-O4, BC-NC-O5, and BC-NC-O6 decreased by approximately 31%, 36%,
23%, 32%, 18%, and 22%, respectively, when compared with the reference specimen BC-
NC-W1. These decreases unequivocally show that the presence of openings significantly
reduces the cracking load capacity.

The most obvious reductions were observed in specimen BC-NC-O2, indicating that
openings adjacent to the column constitute the most critical location. In contrast, speci-
men BC-NC-O5 had the lowest reduction in cracking load compared with the reference
specimens without opening.

The HSC specimens showed a similar pattern. In comparison to the reference speci-
men BC-HC-W1, the cracking load (Pcr) of BC-HC-O1, BC-HC-O2, BC-HC-O3, BC-HC-O4,
BC-HC-O5, and BC-HC-O6 decreased by roughly 26%, 31%, 20%, 24%, 17%, and 22%, re-
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spectively. The application of HSC significantly increased the overall cracking load capacity
and delayed the onset of cracking. The cracking load (Pcr) of the UHPC specimens BC-UH-
O1, BC-UH-O2, BC-UH-O3, BC-UH-O4, BC-UH-O5, and BC-UH-O6 showed reductions
of approximately 24%, 28%, 17%, 22%, 15%, and 20%, respectively, when compared to the
reference specimen BC-UH-W1. These results provide more evidence that the negative
effects of openings on cracking behavior can be lessened, but not completely eliminated, by
using UHPC concrete.

Table 5. Summary of parametric study numerical results.

Specimen Pcr ∆cr Pu ∆u Pf ∆f K0 Kult Kult/K0 Energy Ecum Drift Ratio D ξeq

BC-NC-W1 22.0 2.20 65.0 16.5 45.0 32.0 10.0 3.2 0.32 5.0 1.2 0.80 0.78
BC-HC-W1 35.0 2.25 105.0 16.5 75.0 35.0 16.0 5.0 0.31 7.5 1.0 0.70 0.72
BC-UH-W1 45.0 2.30 130.0 16.8 95.0 38.0 20.0 6.0 0.30 9.5 0.9 0.65 0.68
BC-NC-O1 15.0 2.40 45.0 17.0 32.0 31.0 6.5 1.9 0.29 3.4 1.50 0.95 0.9
BC-HC-O1 26.0 2.40 78.0 17.0 55.0 38.0 10.5 3.1 0.30 5.5 1.30 0.85 0.82
BC-UH-O1 34.0 2.45 100.0 17.3 72.0 40.5 13.5 4.0 0.30 7.0 1.20 0.80 0.78
BC-NC-O2 14.0 2.20 40.0 15.6 30.0 29.1 6.5 2.2 0.30 3.1 1.3 0.60 0.71
BC-HC-O2 24.0 2.30 69.4 16.8 40.0 34.0 12.0 2.9 0.29 5.2 1.2 0.80 0.76
BC-UH-O2 32.0 2.35 89.6 16.6 75.0 36.0 14.0 4.1 0.30 7.2 1.1 0.75 0.69
BC-NC-O3 17.0 2.30 52.0 16.6 36.0 34.5 8.0 2.5 0.31 4.0 1.35 0.88 0.85
BC-HC-O3 28.0 2.30 88.0 16.7 62.0 36.5 12.5 3.9 0.31 6.2 1.15 0.78 0.78
BC-UH-O3 38.0 2.35 112.0 17.0 80.0 39.0 16.0 4.9 0.31 8.0 1.05 0.72 0.74
BC-NC-O4 15.0 2.35 48.0 16.8 34.0 35.5 7.0 2.1 0.30 3.6 1.45 0.92 0.88
BC-HC-O4 26.0 2.35 82.0 16.9 58.0 37.5 11.5 3.4 0.30 5.8 1.25 0.82 0.8
BC-UH-O4 34.0 2.40 105.0 17.2 75.0 40.0 14.5 4.3 0.30 7.5 1.15 0.78 0.76
BC-NC-O5 18.0 2.25 55.0 16.5 38.0 34.0 8.5 2.7 0.32 4.2 1.3 0.85 0.8
BC-HC-O5 29.0 2.25 90.0 16.6 63.0 36.0 13.0 4.0 0.31 6.5 1.1 0.75 0.74
BC-UH-O5 38.0 2.30 115.0 16.8 80.0 38.0 17.0 5.2 0.31 8.2 1.0 0.70 0.7
BC-NC-O6 17.0 2.45 49 16.1 30 31.1 6.0 1.7 0.28 3.2 1.55 0.98 0.92
BC-HC-O6 27.0 2.45 75 17.2 53 38.5 10.0 2.9 0.29 5.2 1.35 0.88 0.85
BC-UH-O6 36.0 2.50 95 17.5 70 41.0 13.0 2.8 0.29 6.8 1.25 0.82 0.8

In comparison to NSC references, HSC specimens generally show very little variation
in cracking displacement ∆cr, whereas UHPC specimens consistently show a small increase
(typically ranging from 2% to 4%). This indicates that while both HSC and UHPC greatly
increase the cracking load, they do not significantly change the deformation level at which
cracking begins, with UHPC causing only a slight increase in ∆cr.

4.2. Hysteretic Load-Displacement Curves

The reference specimens’ hysteretic load-displacement curves are shown in Figures 13–15.
The hysteretic behavior of specimens BC-NC-W1, BC-HC-W1, and BC-UH-W1 differ notice-
ably. The specimens BC-NC-W1, BC-HC-W1, and BC-UH-W1’s hysteretic load-displacement
curves show a distinct increase in cyclic performance as concrete strength increases.

Figure 13. Hysteretic load-displacement curve of specimen BC-NC-W1.
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Figure 14. Hysteretic load-displacement curve of specimen BC-HC-W1.

Figure 15. Hysteretic load-displacement curve of specimen BC-UH-W1.

The specimen BC-NC-W1 shows limited energy dissipation due to its significantly
lower peak load capacity and faster stiffness degradation. In comparison, BC-HC-W1
shows improved strength and initial stiffness, although some brittleness and degradation
are still evident under repeated loading. Specimen BC-UH-W1 presents the most stable
and well-developed hysteresis loops, with higher load capacity and enhanced energy
dissipation. Overall, the ultra-high-strength concrete specimen outperforms the others in
terms of strength, stability, and seismic efficiency.

Figure 16 shows the envelope load-displacement curves of reference specimens. The
results showed that the ultimate load (Pu) of BC-HC-W1 and BC-UH-W1 increased on
BC-NC-W1 by about 61.54% and 100.0%, respectively, while the failure load (Pf) increased
by about 66.67% and 111.11%. The corresponding ultimate displacement (∆u) remained
nearly constant at 1% and 2%, and the failure displacement (∆f) increased slightly to 12.50%
and 25.00% for BC-HC-W1 and BC-UH-W1, respectively. These percentages indicate that
using HSC and UHPC significantly improves load-carrying capacity.

Figure 16. Envelope load displacement curves for the reference specimens.
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Figures 17–19 illustrate the envelope of load-displacement curves of NSC specimens
with different opening sizes and locations. The ultimate load (Pu) of the NSC specimens
with openings shows a clear reduction compared to the reference specimen BC-NC-W1.
While the reference specimen exhibited an ultimate load of 65.0 kN, the values for the
specimens with opening ranged from 40.0 kN to 55.0 kN. This corresponds to reductions of
about 31%, 38%, 20%, 26%, 15%, and 25% for BC-NC-O1, BC-NC-O2, BC-NC-O3, BC-NC-
O4, BC-NC-O5, and BC-NC-O6, respectively.

Figure 17. Envelope load displacement curve for the studied NC beam-column at S/d = 0.0.

Figure 18. Envelope load displacement curve for the studied NC beam-column at S/d = 0.50.

Figure 19. Envelope load displacement curve for the studied NC beam-column at S/d = 1.0.

The most significant reduction was observed in specimens BC-NC-O1 and BC-NC-O2,
whereas BC-NC-O5 showed the smallest decrease, indicating that the opening size and
location in BC-NC-O5 had a comparatively minor effect on the ultimate load capacity.
Overall, the presence of openings led to a noticeable degradation in ultimate strength, with
the extent of reduction depending on the opening location.
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The envelope of the load-displacement curves of HSC specimens with various S/d
ratios are shown in Figures 20–22. With a value of 105.0 kN, the reference specimen BC-
HC-W1 had a higher ultimate load (Pu) than the HSC specimens. The ultimate loads of
specimens BC-HC-O1, BC-HC-O2, BC-HC-O3, BC-HC-O4, BC-HC-O5, and BC-HC-O6
were 78.0 kN, 69.4 kN, 88.0 kN, 82.0 kN, 90.0 kN, and 75.0 kN, corresponding to reductions
of approximately 26%, 34%, 16%, 22%, 14%, and 29%, respectively. The specimens BC-
HC-O2 and BC-HC-O5 displayed the greatest and least reduction, respectively, indicating
a relatively less critical opening configuration. Overall, the HSC specimens maintained
higher ultimate load capacities than the NSC specimens, despite clear reductions.

Figure 20. Envelope load displacement curve for the studied HSC beam-column at S/d = 0.0.

Figure 21. Envelope load displacement curve for studied HSC beam-column at S/d = 0.50.

Figure 22. Envelope load displacement curve for the studied HSC beam-column at S/d = 1.0.
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The envelope of the load-displacement curve of UHPC specimens with various S/d
ratios is shown in Figures 23–25. A similar pattern was found when the UHPC specimens
were compared to the reference specimen BC-UH-W1, which had an ultimate load of
130.0 kN. The ultimate loads of specimens BC-UH-O1, BC-UH-O2, BC-UH-O3, BC-UH-O4,
BC-UH-O5, and BC-UH-O6 were 100.0 kN, 89.6 kN, 112.0 kN, 105.0 kN, 115.0 kN, and
95.0 kN, resulting in reductions of approximately 23%, 31%, 14%, 19%, 12%, and 27%,
respectively. The UHPC specimens had the highest ultimate load capacities of any group
in spite of the reductions, demonstrating the advantage of higher-performance materials in
reducing strength loss from openings.

Figure 23. Envelope load displacement curve for the studied UHPC beam-column at S/d = 0.0.

Figure 24. Envelope load displacement curve for the studied UHPC beam-column at S/d = 0.50.

Figure 25. Envelope load displacement curve for the studied UHPC beam-column at S/d = 1.0.

According to the results, the ultimate load decreases with more severe or larger
openings across NSC, HC, and UHPC specimens, with reductions reaching up to 35.38%
for NSC, 28.57% for HC, and 26.92% for UHPC, indicating a clear weakening of structural
strength. HSC and UHPC specimens consistently show smaller percentage reductions
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compared to NC, demonstrating that higher-strength concrete improves load-carrying
capacity and partially offsets the adverse effects of openings on ultimate strength.

The results also showed that among specimens with openings, the ultimate displace-
ment (∆u) remained nearly constant across NC, HC, and UHPC specimens (≈100–102%),
while the failure displacement (∆f) increased progressively with higher-strength concrete:
NC (≈106–109%), HSC (≈112–115%), UHPC (≈118–121%).

4.3. Stiffness Degradation

Stiffness degradation is an important parameter for evaluating the structural behavior
of specimens, as it reflects the reduction in stiffness due to damage under cyclic loads.
It helps determine a structure’s safety and serviceability and offers insight into the de-
velopment of cracking, yielding, and general deterioration. It also makes it possible to
compare various specimens or design strategies effectively and is especially helpful in
understanding behavior under extreme or cyclic loading conditions. Each specimen’s
stiffness degradation [48] is shown in Table 5. This is how each loading cycle’s stiffness K
is determined:

K = [P+ve − P−ve]/[D+ve − D−ve] (1)

where ∆+ve and ∆−ve are the maximum displacements in the positive and negative direc-
tions for each loading cycle at each loading stage, and P+ve and P−ve are the maximum
loads in the positive and negative directions for each loading cycle at each loading stage.
The computed stiffness degradation values for every tested specimen are summarized
in Table 5, where Kult denotes the stiffness at the final loading stage, and K0 denotes the
initial stiffness.

The stiffness degradation for reference specimens is shown in Figure 26. The impact
of increasing concrete compressive strength on both initial stiffness and its degradation
behavior is demonstrated by a comparison of stiffness degradation between reference
specimens. The reference specimen BC-NC-W1 has a stiffness retention ratio of Kult/K0

= 0.32, with an initial stiffness K0 of 10.0 and an ultimate stiffness Kult of 3.2. The initial
stiffness in BC-HC-W1 increases to 16.0 (a 60% increase relative to NSC), and when the
concrete strength is increased to HSC, the final stiffness increases to 5.0. However, the
stiffness degradation ratio is nearly constant at 0.31.

Figure 26. Stiffness degradation for reference specimens.

K0 and Kult also rise to 20.0 and 6.0, respectively, for the UHPC specimen BC-UH-W1,
but the degradation ratio only slightly drops to 0.30. Although increased concrete strength
significantly increases initial and ultimate stiffness, this pattern suggests that stiffness
retention is not proportionately improved. This behavior may be attributed to the more
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brittle nature of HSC and UHPC concrete, which tends to lose stiffness more quickly after
cracking due to their lower strain tolerance and a decreased capacity for microcracking.
Therefore, stronger concrete increases load-carrying capacity (as shown by the increase in
Pu from 65 kN to 130 kN), but it also causes stiffness to deteriorate a little more quickly
than it did initially.

The ratio of ultimate stiffness to initial stiffness (Kult/K0), which gives a measure of
the structural rigidity retained after loading, can be used to rigorously assess the impact of
opening size and its effects on stiffness degradation. The stiffness degradation for specimens
with openings is shown in Figures 27–35. The results demonstrate that specimens with
opening consistently show slightly more stiffness degradation than reference specimens at
all concrete strength levels (NSC, HSC, and UHPC).

The NSC series’ stiffness ratio drops from 0.32 in the reference specimen to values
between 0.29 and 0.31 for specimens with openings; BC-NC-O5 has the lowest ratio (0.29),
which is roughly equivalent to a 9.4% reduction. In the HSC series, Kult/K0 drops from
0.31 in the reference specimen to about 0.30 for specimens with openings, a decrease of
about 3–4%.

Figure 27. Stiffness degradation for NC specimens at S/d = 0.0.

Figure 28. Stiffness degradation for NC specimens at S/d = 0.5.
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Figure 29. Stiffness degradation for NC specimens at S/d = 1.0.

Figure 30. Stiffness degradation for HSC specimens at S/d = 0.0.

Figure 31. Stiffness degradation for HSC specimens at S/d = 0.5.
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Figure 32. Stiffness degradation for HSC specimens at S/d = 1.0.

Figure 33. Stiffness degradation for UHPC specimens at S/d = 0.0.

Figure 34. Stiffness degradation for UHPC specimens at S/d = 0.5.
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Figure 35. Stiffness degradation for UHPC specimens at S/d = 1.0.

Similarly, the ratio in the UHPC specimens stays roughly constant between 0.30 and
0.31 as the opening size increases. These findings suggest that, although less so than reduc-
tions in load-carrying capacity or energy dissipation, the presence of openings, especially
larger or less advantageous ones, accelerates stiffness degradation. Overall, the findings
show that openings somewhat lessen the specimens’ structural rigidity, highlighting the
importance of taking opening location and size into account when evaluating residual
stiffness and overall structural performance.

4.4. Cumulative Energy Dissipation Capacity

Because it shows the total energy lost through cyclic loading until failure, cumula-
tive energy is a crucial metric for assessing the overall seismic performance and damage
resistance of BCCs. Its primary advantage is that, in contrast to single-point metrics like
peak load or stiffness, it simultaneously measures strength and ductility [49]. Superior
toughness and energy dissipation capacity are essential for earthquake-resistant design,
and specimens with higher cumulative energy can withstand repeated loading with less
degradation. Cumulative energy, or Ecum, is calculated using the total area enclosed by the
load-displacement hysteresis loops during cyclic testing. Specifically, the area under each
loading-unloading cycle until failure is added up to determine this numerically.

Figures 36–38 show the cumulative energy dissipation for NSC, HSC, and UHPC spec-
imens. The impact of increasing concrete strength on energy absorption is demonstrated
by a comparison of cumulative energy dissipation between BC-HC-W1, BC-UH-W1, and
the reference BC-NC-W1, as shown in Table 5. The HSC specimen, BC-HC-W1, dissipated
7.5 kN·m, the UHPC specimen, BC-UH-W1, dissipated 9.5 kN·m, and the normal-strength
specimen, BC-NC-W1, dissipated 5.0 kN·m. This pattern demonstrates that higher-strength
concrete enhances a structural element’s capacity to absorb and dissipate energy under
cyclic loading.

The higher initial stiffness and peak load capacity of HSC and UHPC concretes, which
enable them to withstand higher loads before noticeable degradation occurs, may be
responsible for the increase in cumulative energy with concrete strength. However, higher-
strength concrete is linked to somewhat more brittle behavior despite this increased energy
dissipation, as evidenced by a steeper post-cracking stiffness degradation, suggesting
a trade-off between strength and ductility. Overall, BC-HC-W1 and BC-UH-W1 show
better energy absorption than BC-NC-W1, highlighting the advantage of employing higher-
strength concrete for components that need improved cyclic or seismic performance.

The presence and location of openings affect the BCCs’ ability to absorb energy, as
demonstrated by a comparison of cumulative energy dissipation across specimens with
various opening sizes and locations. The NSC specimens with openings (BC-NC-O1 to
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BC-NC-O6) had lower cumulative energy values ranging from 3.2 to 4.2 kN·m, while
BC-NC-W1 (without openings) dissipated 5.0 kN·m. This decrease suggests that openings
create stress concentrations that lower energy dissipation and load-carrying capacity.

Figure 36. Cumulative energy for NC specimens.

Figure 37. Cumulative energy for HSC specimens.

Figure 38. Cumulative energy for UHPC specimens.

BC-HC-W1 dissipated 7.5 kN·m in the HSC specimens, whereas HSC specimens
with openings (BC-HC-O1 to BC-HC-O6) dissipated 5.2–6.5 kN·m. Similarly, BC-UH-
W1 dissipated 9.5 kN·m in the UHPC specimens, while UHPC specimens with openings
dissipated 6.8–8.2 kN·m. The pattern shows that cumulative energy is consistently reduced
by openings, with larger or unfavorably located openings resulting in greater reductions,
even though higher-strength concrete increases cumulative energy. This highlights that
in order to maximize energy dissipation and structural performance under cyclic loading,
concrete strength as well as opening size and location must be carefully taken into account.
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4.5. Structural Damage Index and Equivalent Viscous Damping Ratio

Numerous researchers have used a variety of indices to assess the deterioration of
the BCCs caused by inelastic deformations [50]. The tested BCCs’ damage index amply
illustrates how concrete grade affects structural deterioration under cyclic loading. The
specimens BC-NC-W1, BC-HC-W1, and BC-UH-W1 clearly exhibit a positive linear correla-
tion where damage increases with drift ratio, as shown in Figure 39. A member’s relative
lateral displacement divided by its height yields the drift ratio, which is expressed as a
percentage. It’s interesting to note that the BC-NC-W1 specimen has the highest damage
index for a given drift ratio, indicating that regular concrete beams sustain more damage
under lateral displacement than higher-grade concretes. The UHPC specimen (BC-UH-
W1) exhibits the lowest damage index values at similar drift levels, even though both
BC-HC-W1 and BC-UH-W1 show enhanced damage resistance. Because higher-grade con-
crete effectively reduces damage accumulation under cyclic loading, this trend highlights
the important benefit of increasing concrete strength in enhancing structural resilience.
Overall, the figure highlights the importance of concrete grade in reducing structural dam-
age for the same drift demands and offers vital information for durability and seismic
design considerations.

Figure 39. Damage index versus drift ratio of reference specimens.

The impact of opening location and size on the damage index is shown in Table 5. With
values ranging from 0.80 to 0.98, NSC specimens consistently showed the highest damage
indices, indicating significant stiffness degradation in comparison to the initial condition.
HSC specimens, on the other hand, showed lower damage indices, ranging from 0.70 to 0.88,
indicating the advantage of HSC in lowering relative damage. With damage indices ranging
from 0.65 to 0.82, the UHPC specimens showed the best resistance to stiffness reduction
under equivalent loading. This pattern shows a clear inverse relationship between concrete
grade and damage index: the relative deterioration of the structural response decreases as
concrete strength increases from NC to UHPC, resulting in a lower damage index. These
results demonstrate that openings lead to a measurable increase in damage accumulation;
the most pronounced effect was seen in specimens with the largest or least advantageous
openings. Thus, higher-grade concrete increases the resistance of the BCCs to cyclic and
peak loading by decreasing stiffness loss, which is measured by the damage index.

Equivalent viscous damping, or the ratio of hysteretic energy dissipation to the system’s
total energy consumption, is a critical metric for assessing seismic performance [51]. The
equivalent viscous damping ratio (ξeq) for each investigated specimen, evaluated within
Section 4.1 and summarized in Table 5, was calculated by the following expression [52]:

ξeq = 2 Aloop/π Arect (2)
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where Aloop is the area enclosed by the hysteresis loop, and Arect is the area of the match-
ing elastic rectangle. It is evident that when concrete strength increases for the control
specimens, the equivalent viscous damping ratio (ξeq) decreases. Specifically, BC-NC-W1
has the highest damping capacity (ξeq = 0.78), indicating that its more pronounced inelastic
deformation causes it to dissipate more hysteretic energy. Conversely, BC-HC-W1 exhibits
a moderate reduction (ξeq = 0.72), indicating a slight decrease in energy dissipation but an
improvement in stiffness and strength. BC-UH-W1 has the lowest value (ξeq = 0.68), with a
stiffer response and fewer hysteretic losses.

Overall, the results show that equivalent viscous damping gradually decreases as
concrete strength increases from NC to UHPC, highlighting a trade-off between strength
enhancement and energy dissipation capacity under cyclic loading. For all concrete grades
(NSC, HSC, and UHPC), openings significantly affect the equivalent viscous damping
ratio (ξeq). Because of increased damage accumulation and frictional energy dissipation,
adding openings usually results in a slight increase in ξeq when compared to the reference
specimens. For NC specimens, ξeq rises by about 17.9%, from 0.78 (W1) to 0.92 (O6).
Conversely, UHPC specimens increase from 0.68 to 0.80, indicating an increase of roughly
17.6%, while HSC specimens show an increase from 0.72 to 0.85, indicating an improvement
of roughly 18.1%.

Overall, the findings demonstrate that, despite a corresponding decrease in stiffness
and strength, the presence of openings consistently increases the equivalent viscous damp-
ing ratio (ξeq) across NSC, HSC, and UHPC specimens by roughly 17–18%, indicating
improved energy dissipation capacity.

To substantiate structural efficacy and highlight quantitative advancement of the
current investigation, a comprehensive literature-based comparative analysis is illustrated
in Table 6. To avoid any ambiguity, the seismic behavior of BCCs was assessed, specifying
the current study as the normalized benchmark (Normalized Baseline = 100%) against
which the relative performance percentages of reference studies were mathematically
indexed through their respective formulations for energy and stiffness degradation. From
the table, for instance, Amin et al. [25] adopted heavy congested secondary reinforcement
to accommodate beam web openings close to the core of the joint, resulting in rapid 150%
stiffness loss and brittle shear failure. Finally, the results of the present investigation
indicate the successful application of UHPC, which mitigates structural weaknesses due to
the existing openings in BCCs, resulting in significant enhancements in cumulative energy
absorption and stability of stiffness degradation as compared to regular specimens.

Table 6. Comprehensive comparative matrix of existing literature and current structural indicators.

Reference Concrete
Matrix

Web Opening
Status

Reinforcement/
Mitigation Type

Cumulative
Energy

Dissipation
Stiffness

Degradation Rate

1. Amin et al.
(2021) [25] (NSC) Varying openings

near support (S/d) Traditional rebar 52% 150%
(Rapid Loss)

Investigated opening proximity (S/d) and aspect ratios under cyclic load; suffered brittle web shear failure around the
perforation zones.

2. Zhang X. et al.
(2025) [38]

Precast
Concrete-Encased

CFST
(No openings) Small-diameter

internal steel tubes 58% 145% (Rapid Loss)

Investigated precast assembly configurations; failed via abrupt joint core shear without structural routing challenges.

3. Su et al. (2026)
[39]

UHPC-filled
CFST Core (No openings) Welded rebar

socket connection 85% 110% (Stable
Trend)

Studied prefabricated canopy socket joints under cyclic shear; omitted beam web opening architectural layouts.

4. Doğan et al.
(2026) [32]

Low-Performance
Concrete (No openings)

Textile Reinforced
Mortar (TRM)

strips
42% 165% (High Loss)
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Table 6. Cont.

Reference Concrete
Matrix

Web Opening
Status

Reinforcement/
Mitigation Type

Cumulative
Energy

Dissipation
Stiffness

Degradation Rate

Focused on local strengthening of the deficient existing framework against cyclic shear forces.

5. Humairy et al.
(2026) [31]

Slab-Integrated
Exterior RC (No openings)

Bolted Steel
Angle/GFRP-

NSM strips
62% 135% (Moderate

Loss)

Evaluated integrated slab effects on composite joint shear degradation under cyclic reversals.

6. Current
Investigation

Comparative
Matrix:

NSC, HSC,
& UHPC

Varying opening
size and proximity

(S/d)

Standard
reinforcement
(No secondary

congestion)

100%
(Baseline

Reference)

100%
(Most Gradual

& Stable)

Beyond the quantitative comparison in Table 6, it is worth discussing in greater detail
the results reported by Shishegaran et al. [53], as they used a fundamentally different
technique to enhance the performance of BCCs. Their findings showed that increasing
the column longitudinal reinforcement ratio may significantly improve the residual load-
carrying capacity of the connections under post-earthquake fire conditions. In contrast,
the present study aimed to mitigate the adverse impacts of web openings during reversed
cyclic stress through material improvement with HSC and UHPC.

The presence of openings decreased the ultimate load capacity by approximately
14–34% in the HSC specimens and 12–31% in the UHPC specimens; however, the mechani-
cal characteristics of HSC and UHPC successfully mitigated these deficiencies. As a result,
the HSC and UHPC specimens exhibited the highest load-carrying capacity of the tested
groups. This showed that material upgrading can be an effective alternative technique to
preserve structural performance even with geometric discontinuities.

5. Conclusions
5.1. Scientific and Theoretical Contributions

The essential scientific and theoretical insights derived from the extensive non-linear
FE simulations and parametric evaluations are outlined as follows:

• Increasing the concrete strength from NSC to HSC and UHPC delayed crack initi-
ation and improved the cracking load capacity, with UHPC providing the largest
gains. In contrast, the displacement at crack initiation changed very little, suggesting
that the improvement was primarily related to increased load resistance rather than
enhanced deformability.

• Although HSC and UHPC improved crack resistance, the size and location of the
openings remained the governing factors in crack development. Openings positioned
close to the column face were particularly detrimental and produced the largest
reductions in cracking load.

• The use of HSC and UHPC substantially increased the load-carrying capacity of the
connections. Relative to NSC, the ultimate load increased by approximately 61.5% and
100%, respectively, while the failure load increased by about 66.7% and 111.1%. By
contrast, the ultimate displacement remained almost unchanged, and only modest
increases in failure displacement (12.5% and 25%) were observed.

• Introducing openings into the HSC specimens reduced the ultimate load capacity by
approximately 14–34% compared with the reference specimen BC-HC-W1. The most
severe reduction occurred in BC-HC-O2, whereas BC-HC-O5 was the least affected.
Despite these losses, the HSC specimens maintained relatively high load-carrying
capacities, indicating that increased concrete strength can partly compensate for the
adverse effects of openings.
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• A similar trend was observed for the UHPC specimens. Although openings reduced
the ultimate load by approximately 12–31% relative to BC-UH-W1, UHPC consistently
provided the highest load capacities among all specimens. The largest reduction
was again associated with BC-UH-O2, while BC-UH-O5 exhibited the smallest loss
in strength.

• Increasing the concrete strength had little influence on the stiffness retention ratio,
which remained within a narrow range of 0.30–0.32. Nevertheless, the initial and
ultimate stiffness increased markedly, by approximately 60% for HSC and 100% for
UHPC. The introduction of openings caused only a slight additional reduction in
stiffness retention.

• The equivalent viscous damping ratio gradually decreased as the concrete strength
increased from NSC to UHPC, dropping from 0.78 to 0.68. This trend reflects the lower
hysteretic energy dissipation associated with stronger and stiffer concretes. In contrast,
the presence of openings increased the damping ratio by approximately 17–18% across
all concrete grades, likely due to increased damage accumulation and frictional sliding
during cyclic loading.

• Openings consistently reduced the cumulative energy dissipation capacity of the
connections, with reductions ranging from 16–36% for NSC, 13–31% for HSC, and
14–28% for UHPC. The reductions became more pronounced as the openings increased
in size or were placed in unfavorable locations. Even so, HSC and particularly UHPC
maintained higher absolute energy dissipation capacities than NSC, indicating that
stronger concretes can alleviate, but not completely overcome, the detrimental effects
of openings.

5.2. Engineering Applications and Practical Implications

Openings in BCCs may be located near the joint core at a critical ratio of S/D ≥ 0.5 using
HSC and UHPC. On the other hand, conventional normal concrete NC strictly requires
a more conservative boundary, dictating that opening proximity must not be less than
S/D ≥ 1.0 to prevent severe cyclic shear degradation near the high-stress region adjacent
to the joint core.

5.3. Study Limitations

Although the developed 3D FE models were rigorously validated, the following
boundaries should be acknowledged:

• The investigation was restricted to three concrete grades (NC, HSC, and UHPC)
without varying the volumetric micro-fiber content or implementing specialized sup-
plementary reinforcement detailing around openings.

• The parametric investigation matrix focused strictly on BCCs under uniaxial, quasi-
static lateral cyclic loading, without considering bi-directional cyclic actions or real-
time random earthquake time-history accelerations.
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