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Abstract Review History

In recent decades, the use of cold-formed steel structures has grown significantly in the Received: Sep 22, 2025
construction industry due to their low weight, high speed of construction, economic efficiency, Revised: Oct 19, 2025
and good seismic performance. This study investigates the structural performance of cold-formed Accepted: Dec 10 2025
steel (CFS) frames sheathed with gypsum board, with particular emphasis on the influence of the pted: '

number, size, and configuration of openings. In these structural systems, gypsum boards, as one ~ Keywords
of the most common interior and exterior wall coverings, play an important role in structural and Cold-Formed Steel Frame
non-structural performance. Therefore, it seems necessary to conduct research based on
experimental tests to investigate the actual behavior of gypsum boards and cold-rolled steel ~GYPSum Board
structures in order to identify resistance mechanisms, failure patterns, and parameters affecting Wall Opening
system performance. Two distinct full-scale CFS frame specimens, each measuring 2400 x 2400 Sejsmic Performance
mm and sheathed on one side with gypsum board, were designed and fabricated. The difference Cyclic Loading
between sample A and sample B was in the geometry of the opening in the cover sheet, and the
opening area was considered the same in both frames. Cyclic lateral loading tests were performed
on each frame type in triplicate to ensure repeatability and reliability of the experimental data.
The tests were conducted at the Structural and Earthquake Engineering Laboratory of the Islamic
Azad University, Taft Branch, using a servo-controlled hydraulic actuator. Then, the hysteresis
curve of all samples was extracted and from the hysteresis envelope curve of the samples, the
lateral resistance and the final lateral displacement of the samples were extracted.
The experimental results showed that increasing the number of openings along with reducing
their dimensions changed the behavior of the system from a brittle and fragile state to a more
ductile state. Consequently, the use of symmetrical arrangement of openings in the design of LSF
frame gypsum walls can improve the lateral stability and durability of the connections Also, in
Light Steel Frame (LSF) structural systems, lateral force transmission is mainly through gypsum
board or OSB-clad partition walls. In these systems, gypsum boards, in addition to their
architectural and space separation roles, also act as part of the lateral load-resistant system by
contributing to the shear stiffness of the wall. The results of this study showed that the cyclic
behavior of LSF frames is significantly affected by the continuity of the interframes and the way
the gypsum boards are attached to the frame; such that premature loosening of the screws causes
a rapid loss of system strength. Therefore, in the seismic design of this type of system, the role of
the interframes should not be considered solely non-structural, but the combined effect of the
frame and the panel should be modeled and controlled. Overall, the results showed that the
symmetrical arrangement of smaller openings in the plaster walls of LSF frames improves the
cyclic behavior, increasing the ultimate strength and ductility of the system. However, due to the
aforementioned limitations, the findings should be interpreted in the context of preliminary
experimental results. However, due to the aforementioned limitations, the findings should be
interpreted as preliminary laboratory results. To develop realistic design models, additional
experiments including panel separation, double-sided cladding effect investigation, and advanced
numerical analyses are necessary.
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Fig. 1. Details of the tested specimens. Right: Specimen A, Left: Specimen B
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Table 1. Mechanical properties of the materials used in the walls.
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member Nominal thickness

Yield Stress, Fy  Yield Strain

Ultimate Stress, Fu  Ultimate Strain  Fu/Fy

Stud, track, noggine 0.95mm 174.82Mpa

0.25%

350.22Mpa 2.75% 2
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Table 2. Mechanical properties of gypsum boards used in the tests.

member Nominal thickness density

Elastic modulus

Bending strength, F m;,  Compression strength, F ¢,

kg

Gypsum board 12.5mm 680—
m

2200Mpa

2Mpa 3.5Mpa
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Table 3. Results extracted from the laboratory test data

Ultimate strength Ultimate Displacement

specimen (KN) average (mm) average
Al 5.840 48.164

A A2 4710 4.820 48.163 48.124
A3 3.910 48.100
B1 6.303 48.160

B B2 7.021 6.253 48.060 48.203
B3 5.493 48.403

Aa}ﬁdum‘}@ J‘f Lgl.hb}.a ¥ JS—:J
Fig. 4. failure modes of A specimens
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Table 4. Comparison of Behavioral Parameters of Cold-Formed Steel Frames in Groups A and B

Ultimate strength

Initial hardness

Reduce strength  Absorbed energy

specimen (KN) KN/ o) (KN.mm)
Al 5.840 0/06 13/7 213/409
A A 4.710 0/38 19/5 171/034
A3 3.910 0/02 1772 162/554
B1 6.303 0137 15/3 254/459
B B2 7.021 0/34 16/1 270/055
B3 5.493 0/87 14/3 253/779

B a}ﬁdu‘u‘yﬁ J‘F LSthj" 0 JS-:J
Fig. 5. failure modes of B specimens
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Abstract

Crescent-shaped concentrically braced frames (CSCBFs) represent an innovative seismic-
resistant system that blends the strengths of Special Concentrically Braced Frames (SCBFs) and
Special Moment Frames (SMFs). SCBFs are valued for their high lateral stiffness, which limits
seismic displacements, simplifies drift control, allows for smaller structural sections, and reduces
costs. They are also easier to repair since braces can be replaced more readily than beams or
connections. However, SCBFs restrict architectural flexibility due to diagonal braces that
obstruct openings and suffer from poor post-buckling behavior, resulting in asymmetric
hysteresis and reduced energy dissipation. SMFs, by contrast, eliminate diagonal braces,
providing open layouts and superior architectural freedom. Their ductile seismic response arises
from flexural yielding in beams, but this performance relies heavily on complex, precisely
detailed beam-to-column moment connections. Thus, while SCBFs offer stiffness and simplicity,
SMFs provide ductility and openness, qualities CSCBFs aim to integrate.

CSCBEFs achieve this integration by employing crescent-shaped braces that resemble circular
arcs. Unlike conventional concentrically braced frames (CBFs) with straight members subjected
mainly to axial forces, the curved geometry in CSCBFs introduces strong axial-flexural
interaction. This mitigates brace buckling and hysteresis asymmetry, improving ductility and
energy dissipation. The system combines stiffness, ductility, and architectural flexibility in a
single design philosophy.

To evaluate their seismic behavior, multi-story CSCBF archetypes with varying bay numbers,
heights, and brace eccentricities are developed. Since no design codes currently address CSCBFs,
these models follow SCBF provisions. A capacity-limited design methodology is applied so that
braces act as energy-dissipating fuses, protecting beams and columns from inelastic damage,
mirroring the SCBF philosophy of controlled damage and repairability. Nonlinear analysis
methods are employed to assess performance. Fiber-based static pushover analyses provide key
parameters such as ductility and overstrength factors, offering insight into deformation and
strength capacity. In addition, nonlinear time history analyses with 11 pairs of far-field ground
motions from FEMA P695 measure dynamic responses, including peak and residual drift ratios.
These results are compared to seismic code limits to check compliance and safety. Findings
indicate that current assumptions for the response modification factor (R) of CSCBFs may be too
optimistic, highlighting the need for more conservative design provisions and further studies.

Energy-based evaluations further clarify system behavior. Analyses of hysteretic energy,
damping energy, and Kinetic energy show how seismic input energy is distributed. Results
confirm that the capacity-limited strategy works effectively: beams and columns remain elastic,
while braces absorb most seismic energy as sacrificial elements. This ensures both safety and
repairability after strong earthquakes.

Overall, CSCBFs offer a promising structural system that combines the stiffness and
simplicity of SCBFs with the ductility and openness of SMFs. By using curved braces to improve
buckling resistance and energy dissipation, CSCBFs achieve a balanced performance that
addresses both engineering and architectural demands. These findings support CSCBFs as a
practical high-performing solution for seismic design, though refinement of design guidelines
remains necessary.
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Fig. 1. Crescent-shaped concentrically braced frame
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Table. 1 The results of pushover analyses

ID Vmaxd W Cs &, (mm) &, (mm) D, Dy Qo HT
L20S3 0.347  0.167 59.33 310.16 0.005 0.029 2.08 5.23
L15S3 0.383 0.167 7141 318.03 0.007 0.029 230 4.45
L10S3 0.586 0.167 104.08 42431 0.010 0.039 351 4.08
L8S3 0.509 0.167 121.59 534.43 0.011 0.049 3.05 4.40
L6S3 0.547 0.167 140.66 826.68 0.013 0.077 3.28 5.88
L20S6 0.255 0.146 101.11 509.24 0.005 0.024 1.74 5.04
L15S6 0.282 0.146  133.07 579.11 0.006 0.027 1.93 4.35
L10S6 0.420 0.146  187.14 89229 0.009 0.041 2.88 4.77
L8S6 0.487 0.146 22249 1089.32 0.010 0.050 3.33 4.90
L6S6 0,571 0.146 28152 174235 0.013 0.081 391 6.19
L20S9 0.188 0.108 151.15 568.11 0.005 0.018 1.74 3.76
L15S9 0.224 0.108 191.71 673.99 0.006 0.021 2.08 3.52
L10S9 0.302 0.108  265.59 1018.04 0.008 0.031 2.81 3.83
L8S9 0.355 0.108 310.85 1398.11 0.010 0.043 3.30 4.50
L6S9 0.363 0.108 356.88 1755.26 0.011 0.054 3.36 4.92
L20S12 0.138 0.087  209.22 608.84 0.005 0.014 159 291
L15S12 0.192 0.087  269.66 845.95 0.006 0.020 220 3.14
L10S12  0.257 0.087 331.01 1109.81 0.008 0.026 2.96 3.35
L8S12 0.275 0.087 417.28 1306.87 0.010 0.030 3.14 3.13
L6S12 0.338 0.087 526.63 212133 0.012 0.049 3.89 4.04
Sl amse )b o gl ol gbesloks i Y Jgde
T omeR e s Table. 2 Summary of selected records
= 20 Event name Station
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Fig. 8. Target and acceleration response spectra of selected

records
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Fig. 9. Values of transient and residual drift ratios for studied archetypes for 0.9MCE intensity level
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Fig. 10. Distribution of various types of seismic energy for ground motion Kocaeli, Turkey
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Fig. 13. Statistical values of energy demand parameters for all studied archetypes (in kN.m)
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Fig.14. Statistical values of hysteretic and damping energy for all studied archetypes (in kN.m)
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Abstract Review History
Produced water, which is commonly generated during oil and gas extraction processes, is Received: Jun 30, 2025
considered one of the most significant and environmentally challenging byproducts in the Revised: Sep 16, 2025
petroleum industry. This wastewater typically contains a complex mixture of organic and Accepted: Dec 10, 2025
inorganic pollutants, including high concentrations of dissolved salts, heavy metals, and various

hydrocarbons. Due to its large volume, persistent contaminants, and potential environmental Keywords
risks, effective and sustainable treatment of produced water has become a serious concern for Produced water
both industry and environmental regulatory agencies. High salinity and the presence of Salinity
recalcitrant compounds such as diesel fuel further complicate conventional treatment processes BOD
and reduce the efficiency of physical or chemical methods. One important feature of this bacterial ) .
strain is that at moderate to high salinity levels, it adapts to hypersaline environments by Blodegradation
producing proline instead of glutamate and glutamine. Proline, known as a compatible solute, has Halobacillus halophilus
stronger osmotic properties than glutamate and helps maintain intracellular water balance without

damaging proteins or cellular structures, thereby supporting cell survival in high-salinity

conditions. In this study, a biological method was experimentally evaluated for the treatment of

synthetic produced water contaminated with diesel. The bacterial strain used, Halobacillus

halophilus, is a halophilic microorganism known for its high tolerance to elevated salt

concentrations, making it a suitable candidate for treating hypersaline wastewater.

Biodegradation of diesel is particularly challenging due to its hydrophobic nature and complex

hydrocarbon structure, which makes it poorly soluble in water and resistant to microbial attack.

To overcome these challenges, modifications were applied to the experimental design. To

improve microbial growth and enhance metabolic activity, nutrient supplementation with

nitrogen (N) and phosphorus (P) was performed. Additionally, emulsifying agents, including

Tween 80 and Span 60, were added to increase the bioavailability of diesel by dispersing it into

fine droplets in the aqueous phase. A synthetic wastewater containing diesel was prepared based

on a carbon/nitrogen/phosphorus (C: N: P) ratio of 110:5:2, which is reported in the literature as

optimal for bacterial growth and hydrocarbon biodegradation. The effects of varying diesel

concentrations (50 and 100 mg/L) and salinity levels (6, 13, and 35 g/L NaCl) on biodegradation

efficiency were investigated under constant temperature and pH conditions. Since high salinity

interferes with Chemical Oxygen Demand (COD) testing, Biological Oxygen Demand (BOD)

was used as a more accurate indicator for assessing organic pollutant degradation. The BOD

values for 50 mg/L diesel at salinities of 6, 13, and 35 g/L were measured as 1500, 1700, and

1800 mg/L, respectively. For 100 mg/L diesel, these values were 2000, 2100, and 1600 mg/L,

respectively. These results indicate that the biodegradation efficiency of H. halophilus depends

on salinity, with optimal performance observed at moderate salinity levels. Interestingly, at 50

mg/L diesel, the reaction rate constant increased with salinity, while at 100 mg/L, biodegradation

efficiency decreased at the highest salinity level (35 g/L). These findings suggest that lower

salinity (6 g/L) reduces microbial metabolic activity compared to higher levels (13 and 35 g/L),

likely due to the halophilic nature of the bacterial strain. This study highlights the critical role of

optimizing environmental conditions to ensure effective bioremediation of saline hydrocarbon-

contaminated wastewater by Halobacillus halophilus.
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Table 1- Characteristics of the bacterial culture medium
(marine broth)

Material name Amount Material name Amount
Sodium fluoride 2.4 mg Yeast extract 0.55¢
Sodium chloride 29.45g Ferric iron 19
Boric acid 22mg  Magnesium chloride 01g
Potassium bromide ~ 0.08 g Calcium chloride 599
Peptone 5¢9 Sodium bicarbonate  0.16 g
Ammonium nitrate 1.6 mg Sodium silicate 34 mg
Disodium phosphate 8 mg . .
. Potassium chloride 4mg
Sodium sulfate 3249
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Table 2. COD samples in different salinities and concentrations

Row Salinity (mg/L) Diesel fuel (mg/L) COD (mg/l)
1 6 50 3038
2 13 50 3100
3 35 50 3750
4 6 100 4000
5 13 100 4100
6 35 100 5150
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Abstract Review History

Back-to-back mechanically stabilized earth walls (BBMSEWS) are important derivative Received: Jul 14, 2025
structures that are widely used for roadway ramps and bridge approaches. This type of MSE wall  Revised: Sep 29, 2025
is typically used for railway embankments and consists of two opposing reinforced masses in a Accepted: Dec 10, 2025
back-to-back configuration. The behavior of the BBMSEWSs is significantly dependent on the

horizontal distance between the opposing reinforced masses and reinforcement arrangement. Keywords

Despite this dependence and the use of different types and arrangements of reinforcements in Back-to-back MSE walls
back-to-back MSE walls, the combined effect of these two factors on the performance of Railway embankments
BBMSEWS, especially those used to support the railway tracks, remains unknown. Therfore, an  Geosynthetics

extensive experimental and numerical investigation on 12 small-scale BBMSEW physical ppysical modeling
models reinforced by metal-strips and geogrid and 12 numerical ones reinforced by polymer
strips and geotextile to assess the effect of reinforcement type, overlap length of the
reinforcements and the position of the continuous reinforcements on the behavior of back-to-back
MSE walls supporting railway tracks. Six reinforcement arrangements were chosen for
reinforcing the wall models. The position of the continuous reinforcements was changed in the
first three arrangements to evaluate the effect of connecting the two opposing walls at different
points and overlap lengths of 0, 0.3H and 0.6H were used in the last three arrangements to assess
the influence of the overlapping reinforcement length. The findings indicated that the
reinforcement stiffness played a more prominent role in improving the bearing capacity than the
pull-out capacity. It was found that, although the use of extensible reinforcements
increased the facing deformation and decreased the sleeper bearing capacity, it played an
influential role in reducing the force mobilized in the reinforcements. The connection of two
opposing walls with continuous reinforcements and the complete separation of them from each
other were found to be the best and worst reinforcement arrangements. respectively, for
improving the bearing capacity and reducing wall deformation in BBMSEWSs. The respective use
of these two arrangements mobilized the maximum and minimum forces in the reinforcements.
Moreover, the creation of a proper connection between the opposing walls using continuous
inextensible reinforcements or those with a sufficient overlap lengths were found to be efficient
solutions to preventing the propagation of a failure plane across the back-to-back MSE walls.

Numerical modeling
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Table 1. Similitude rules [15]

Scaling factor

Description Parameter (Prototype/Model)
Length (m) L N
Unit weight (kN/m?) P 1
Stress (kN/m?) o N
Soil starin (-) € N
Soil stiffness (kN/m?) E, N¢
Reinforcement starin (-) & 1
Reinforcement tensile
stiffness per unit wall width J N?
(KN/m)
Pullout resistance per unit p N
wall width (KN/m/m) R
Flaxtural resistance per unit NG

width (kN.m/m)

S slede 53 eslial 3y 50 Sbt Slasite Y Jgd

Table 2. Properties of soil used in physical models

oy Ve S e
Max. void ratio, [-]  0.786 Cohesion, [kPa] 4
Min. void ratio, [-]  0.571 Peak friction angle, [°] 44-47
Specific gravity [-]  2.66 Ulti. friction angle, [°] 38-41

Cu, [] 2.655 Dilation angle, [°] 8-9
Ce, [] 1.147  Secant modulus [MPa] 2515
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Table 3. Properties of reinforcement element at model Scale

Index properties Metal strip Geogrid
. Phosphor Polypro
Material Bronze pylene
Thickness [mm] 0.4 0.90
Longitudinal and transverse rib
width, by, b, [mm] 50 0.90,0.6
Longitudinal and transverse 75x75
opening size, 5% s, [mm]
Elongation at ultimate tensile
load, &, [%] 0.46 6.28
Secant tensile stiffness per unit
wall width at &, J [KN/m] 356.8 19.56
Pullout resistance under, Pg 0.93 14.75

[KN/m/m]

gbed SOl ol jan 4 oo s 4 5l g slas ¥ S
Fig. 4. Reduced scale cruciform concrete panels with
reinforcement elements
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Fig. 7. View of instrumentations mounted on the model
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Abstract

Structural health monitoring (SHM) is a health assessment process that uses an automatic
monitoring system to use cost-effective strategies for condition-based maintenance of structures.
The number of structures is increasing, and the majority of structures have deteriorated and worn
out due to the lack of use of health measurement during operation. Due to the importance of the
subject, during the previous decades, detailed research in the field of vibration-based methods for
health measurement of structures are increasing. In this research, a new methodology for detecting
damage using signal processing in steel beams will be investigated.

In order to control the presented method, experiments were conducted in the laboratory on a
steel beam which was an IPE 14 steel beam. To conduct the experiments, accelerometer sensors
were installed under the steel beam. Then, an exciting load was applied to the steel beam and its
vibrations were recorded with the sensors. 7 different damage scenarios were considered and
damages were created in the steel beam. Similar to the healthy state, vibration-base tests were
conducted on the steel beam with different damage scenarios. Considering the need for multiple
data to train the artificial neural network, the steel beam was modeled in the Abaqus finite element
software. In fact, the model was created completely based on the laboratory. In order to ensure the
model of the model components, the results of the model analysis were evaluated and compared
with the results obtained in the laboratory and the accuracy of the performance was ensured.

After ensuring the correct performance of the finite element model, 80 damage scenarios were
defined. The scenarios were created in the finite element model and after analysis, the vibrations
were recorded. The vibrations were processed with a Smoothed Pseudo Wigner-Ville Distribution
(SPWVD). SPWVD is a time-frequency analysis tool designed to improve the readability of the
classical Wigner-Ville Distribution by reducing its inherent cross-term interference while
maintaining good time-frequency resolution. In fact, The SPWVD is a powerful tool for high-
resolution time-frequency analysis when cross-term reduction is needed. Signal processing was
performed in Matlab software. Thus, time-frequency plans were calculated. The obtained
characteristics were used as input for training, evaluation and testing of the neural network.

To evaluate the error of the network used, the regression correlation diagram and the RMSE and
MSE criteria were used. The results obtained from the test data and evaluation of the neural
network indicate a very low error rate in damage identification and it can be concluded that the
results of the calculations are very accurate and close to the expected numbers.

To identify damage in the specified locations, prediction scenarios were used and the network
performance in identifying damage was evaluated under 4 scenarios. The results of this section also
show that there is less than 1 percent error in identifying each damage, which is very high accuracy.
In this study, the ability of the proposed method to identify multiple damages simultaneously was
also evaluated. The proposed method is able to identify multiple damages simultaneously with very
good accuracy. However, considering the capabilities of the proposed method, its use for detecting
damage in steel beams is recommended.
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time-frequency plot using the smoothed pseudo Wigner-Veil
distribution [18]
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Table. 1. Mechanical properties of steel beam

Height Flange width Web thickness Flange thickness Elastic modulus  Density
(mm) (mm) (mm) (mm) (mm) (kg/m®)
IPE 14 14 73 4.7 6.8 2.1E10 7850 0.3

Steel type Poisson’s ratio

(@ (&)

0.25m

(b) (&)
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Fig. 4. a) Installing sensors in steel beam b) Numbering sensors and their distances from each other
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Fig. 5. A view of the damages caused in the steel beam
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Fig. 6. Meshing a finite element model made of a steel beam in Abaqus software
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Table. 2. Comparison of frequencies obtained from the analytical

model and experimental results in the first three vibration modes

PERIOD MOD1 MOD2 MOD3
MODEL HZ2) (HZ) HZ2)
Analytical model 12.59 28.10 66.3
Laboratory model 12.41 28.89 65.91
Percentage difference  1.42%  2.81%  0.58%
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Fig. 7. Vibration response recorded in sensor S1 under no-damage
scenario
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Fig. 8. Time-frequency plot of the signal recorded in sensor 3 in the undamaged state
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Fig. 10. Calculating correlation coefficients for training, validation, testing, and overall mode
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Table. 3. Data RMSE results

NU'\T"E/ER' 1 2 3 4 5 6 7 8

TEST 090 038 027 082 084 062 158 132

VALIDATION 044 054 079 121 058 021 092 052
MAIN AMOZESH 0.38
MAIN TEST 0.84
MAIN VALIDATION 0.65
MAIN TOTAL 0.75
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Table. 4. Data MSE results
NU'\T/'s/ER' 1 2 3 4 5 6 7 8
TEST 0.82 0.14 0.7 067 071 039 251 175
VALIDATION 019 029 0.63 1.47 034 004 085 0.27
MAIN AMOZESH 0.16
MAIN TEST 0.88
MAIN VALIDATION 0.51
MAIN TOTAL 0.70
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Table.5. Damage prediction scenarios

senariop b 2 3 4 S
T1 0 0 25 25 0
T2 0 30 25 15 0
T3 0 15 40 25 0
T4 0 25 50 25 0
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Fig. 14. Damage prediction under T4 damage scenario

J_>yﬂ)3 aJ_.ZA_Aﬁ;J_h;)Jg_,.__.»T)L,\_AATZ Lgﬁ)l.l_w)b
e 5N X0 T e by e w0 I gl R
2> @l Jhay 3l eslial Ly el oy b il e
rljfb“; 054 Hshiles ol sdd enls Sl (\Y)Jiirbfb“;
JPJLMLJU#JW@bGﬁ&@MWJW}A
Lﬁ}}@]hchwi ol &;JEJ)J qu.’lﬁ 6\.&&.1...2
RCO PN I I PR I P PR P RN B+

‘V L;Lh;.w}‘}aﬂjbwivaJNTS Wiéﬁ)b);
Al sl 0l B /YOJ/Y' AT 6L_AC)J..JJL:Y JY’
}J)L\_w kﬂ-‘ BE] sl sdalin JJG (\V)L}gﬂﬂ)b LSDL@M:«{ L)i'ﬁ)
bebw]“b&ouoﬂ?dbw&jjzﬁa&ﬁ
x‘eM&bbbw‘fﬁb}Yb)W

¥ Y Gl K Lo s el e T (g5 5k 5o
RGN P ujf_,.\a.,): AL j/(.% AN 6LAQ~LJ: L g_w:?):
LB OF) IS s s esls 2l f‘ﬁlﬁ; Sas jshilea
.CMﬂleb),u. Lf':”k.);'»ﬁ

J>u=co.}_}u&L«L&‘JL&WT@M@‘)‘J}))?}@\L
S e b L el ous 5o 5 pluls awps w ) Ll
w\u)u&du}llu

)wﬁﬁbhoﬁdj\)‘&)) co.l.ATCMNbMC’LUMA;-‘}JL,

\4%

30

25

20

15

10

35
30
25
20
15

10

45
40
35
30
25
20
15
10

€

£ AN

(
(

L OO

{54
{
.

B e Tl e

TL ol gl ol el i i Y IS
Fig. 11. Damage prediction under T1 damage scenario
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Abstract

Breakwaters, as port protection structures, are of considerable importance in creating a calm
basin and preventing damage to equipment and structures in the port. Depending on the water
depth and project conditions, the use of various breakwaters is recommended, including the use
of composite caisson breakwaters in deep waters. In these structures, a rubble mound under the
caisson provides a reliable setting for the caisson, while the vertical caisson faces the waves
directly. The hydraulic performance of composite caisson breakwaters can be improved by
creating some holes in their front face to absorb and dissipate wave energy in an efficient way. In
the present study, in addition to creating holes in the front face of the caisson, the geometry of
this face has also been changed to find an optimum hydraulic performance of these structures.
For this purpose, FLOW3D, a well-known numerical model, is employed and the model is at first
validated by comparing the results with the measured results in the experimental study performed
by Lara et al. (2008). The time series of the simulated surface elevation as well as the calculated
pressure spectra show good compatibility with the measured data that confirms the ability of the
utilized numerical model in well prediction of the hydraulic performance of composite caisson
breakwaters. In total, five breakwater models with different geometries based on both the hole
and the front face shapes were considered in this study by considering the limitations of
construction activities. These cases were then subjected to seven different wave conditions. In
addition, irregular waves with different wave heights and periods were simulated in the models,
and the effects of water depth on the calculated overtopping rates were also investigated. To
capture wave irregularities and random occurrence of high waves, the cumulative wave
overtopping discharge in addition to the mean overtopping value was reported and investigated
during the simulations. According to the results obtained from numerical modeling, making the
two proposed changes altogether i.e. using holes besides the face modification simultaneously
improves the performance of the caisson more than when one of these is applied. Based on the
calculated overtopping rate, reflection coefficient and applied wave pressures on the caisson, it
can be concluded that the proposed modifications can significantly improves the hydraulic
performance of these structures. Among the studied geometries, the best performance was finally
obtained for the new proposed caisson with trapezoidal teeth and holes on its front face. Once the
holes dissipate wave energy through penetrating to the porous breakwater, the toothed shape
improves the wave reflection through phase lags. Based on the results, the optimal model can
reduce the cumulative overtopping by 50% to 70%, the maximum overtopping by 20% to 70%,
the reflection coefficient by 17%, and the average maximum pressure in the three pressure
gauges investigated by 15.5, 6.9, and 0.8% compared to the simple vertical caisson without any
hole. Since the investigated models are compatible with the construction limitations, (providing
the required weights for satisfying the sliding and overturning stability of caisson breakwaters),
the outcomes of this study can efficiently help coastal engineers to design structures satisfying
the required hydraulic performance with an optimum cost.
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Table 1. Properties of the used materials

value Parameter
3.5 Dy of filter layer (cm)
0.5 Porosity of filter layer
0.035 Dpg of core layer (cm)
0.48 Porosity of core layer
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Table 2. Dimensions of the utilized mesh

Dimensions of Dimensions of the

Mesh the main mesh secondary mesh No. of the
No. Cells
(cm) (cm)
1 8 4 300°000
2 6 3 6507000
3 5 25 1176000
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Table. 3. Cumulative overtopping for three different meshes

model Cumulative overtopping (m3/s/m)
Experimental 0.260

Mesh 1 0.371

Mesh 2 0.242

Mesh 3 0.285
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Table. 4. Comparison of experimental and numerical model
variables for wave overtopping indices, water level, and pressure

Feature Experimental Numerical Error %
Overtopping 0.260 0.242 6.94
HmO (WG6) 0.00435 0.00426 -2.01

Tp (Wg6) 2.84 2.63 -7.62
PmO (PG-1) 716090 752461 5.07

Tp (PG-1) 5.12 457 -10.71
PmO (PG-4) 674983 723926 7.25

Tp (PG-4) 5.12 461 9.9
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Fig. 8. Geometry of the models used
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Fig. 9. Dimensions of the holes in the front view of one of the
geometries

eslail 390 §LAC}A Slasin 0 J}J’.

Table 5. The utilized wave characteristics

Depth (m) T,(s) Hs(m) No.
0.8 5.0 0.18 1
0.8 3.0 0.18 2
0.8 7.0 0.18 3
0.8 5.0 0.15 4
0.8 5.0 0.21 5
0.9 5.0 0.18 6
0.7 5.0 0.18 7
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Fig. 10. Breakwater overpass for a wave with a characteristic

height of 0.18 m, a period of 5 seconds, and a depth of 0.8 m.
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Fig. 11. Cumulative overtopping and maximum overtopping for perforated geometries in different wave conditions
(Base case: Hs=0.18 m, Tp=5.0 s, d=0.8 m)
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Fig. 12. Velocity field around a simple caisson without holes and a trapezoidal toothed caisson with holes on all faces
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Table 6. Reflection coefficient values for perforated models in different wave conditions

FNHF FHAF VHAF VHBF VHFF
Tp=5, Hs=0.18,d=0.8 0.923 0.778 0.772 0.852  0.853
Tp=3,Hs=0.18,d=0.8 0.988 0.962 0949 0.951 0.95
Tp=5, Hs=0.15,d=0.8 0.913 0.753 0.755 0.859  0.877
Tp=7,Hs=0.18,d=0.8 0.778 0.709 0.714 0.739 0.754
Tp=5, Hs=0.21,d=0.8  0.91 0.706  0.728 0.846  0.853
Tp=5, Hs=0.18,d=0.9 0.897 0.773 0.771 0.819 0.846
Tp=5, Hs=0.18,d=0.7 0.824 0.659 0.666 0.734 0.74
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Table 7. Average maximum pressure in pressure gauges for perforated models
Model PGl Reduction% PG4 Reduction’. pPG9 Reduction%
FNHF 7610 - 3932 - 6349 -
FHAF 7031 7.6 3253 17.3 5973 5.9
VHAF 7082 6.9 3324 155 6020 5.2
VHFF 7216 5.2 3524 104 6069 4.4
VHBF 7119 6.4 3452 12.2 6074 4.3
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Abstract Review History

This study presents a comprehensive numerical investigation into the shear behavior of dry joints Received: Sep 14, 2025
in precast segmental bridges constructed with ultra-high-performance concrete (UHPC). Given the Revised: Nov 26, 2025
critical role of joint performance in ensuring the continuity and integrity of precast bridge structures, Accepted: Dec 10, 2025

an advanced three-dimensional finite element (FE) model was developed using the Abaqus software K eywords
platform. The model incorporates the Concrete Damaged Plasticity (CDP) constitutive law and is UHPC
calibrated against experimental data to ensure its validity, showing excellent agreement with test
results (less than 5% discrepancy in peak load prediction). In the proposed modeling framework, o
UHPC segments, shear keys, and loading blocks are represented by three-dimensional solid elements, Dry joint

while the joint interface is captured through a surface-to-surface contact formulation that allows Finite element method
separation in the normal direction and frictional sliding in shear. Material parameters for the CDP  Shear capacity

model in both compression and tension are selected based on available UHPC test data and then fine-

tuned so that the numerical model reproduces the initial stiffness, peak shear capacity, and post-peak

softening response of a benchmark push-off test. This calibration procedure ensures that the simulated

load—-displacement curves and crack patterns closely follow the experimental observations, thereby

providing a robust and reliable numerical basis for the subsequent parametric study on the influence of

confining stress and shear-key geometry. A parametric study was subsequently conducted to evaluate

the effects of three governing parameters: (1) number of shear keys (1, 2, and 3), (2) shear key depth-

to-height ratio (D/H = 0.5, 0.6, 0.7) and (3) magnitude of lateral confining stress (o.= 3, 5, 10 MPa). A

total of 12 models were analyzed and force—displacement responses were extracted to compute key

performance indices: peak load (Pn.) , displacement at peak, initial stiffness, and residual force.

Results revealed that increasing confining stress leads to higher Py initial stiffness, particularly in

single-key specimens. Likewise, an increase in the number of shear keys significantly improves both

load-carrying capacity and post-peak stability. Key depth also enhances initial stiffness and shear

resistance, but excessive depth may induce more brittle post-peak behavior, especially in single-key

joints. All samples demonstrated a characteristic three-stage response: a steep initial ascent, followed

by a distinct peak, and then a softening phase that converged to a residual plateau. The observed

damage initiated at the upper shear key and progressed downward, consistent across multi-key

configurations. Interestingly, peak loads occurred at small displacements (0.48-0.70 mm),

highlighting the localized and early activation of joint resistance. Increases in capacity were mostly

attributed to steeper ascending branches, rather than larger peak displacements. To assess the accuracy

of existing analytical models, four shear strength prediction equations were evaluated: AASHTO, Voo

et al., Gopal et al. and Oettel & Empelmann. The predicted capacities were compared with FE results

for all 12 specimens. Among them, the AASHTO model showed the highest consistency, with a mean

V/V,z ratio of 0.73. The Oettel model yielded acceptable results (mean ratio: 0.58), while the Voo

and Gopal models significantly underpredicted shear capacity, with mean ratios of 0.35 and 0.36,

respectively. In conclusion, the proposed FE framework offers a reliable tool for analyzing UHPC

joints, and the findings suggest that confining stress and key configuration play critical roles in joint

performance. Additionally, current code-based equations may require refinement to adequately

capture the shear behavior of UHPC dry joints in precast segmental bridge systems. Based on the FE

database, a simplified design-oriented equation is also proposed to estimate the shear capacity of

UHPC dry joints as a function of confining stress, shear-key geometry, and number of keys, showing

good agreement with the numerical results over the investigated range.

Concrete segmental bridge
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12945 12574 12.01 43,000 2%
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Table 2. Concrete CDP model parameters.
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Table 3. Required data for defining UHPC in ABAQUS [17]

p wP slJC € fer & Ec fe
(mm) (pe) (ue) (MPa) (ug) (GPa) (MPa)
0.95 0.25 765 198 6.67 3500 43 135
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Fig. 6. (a) modeling of specimen, (b) Meshing of specimen.
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Table 4. Details of investigated specimens
Number Specimen Key number Key( r?]erg;[h D Key(rr]nerir?)ht H Depth-gs/ight ratio Confin(i:ﬂgpsg)ress on

1 SK1-D25-P3 25 0.5 3
2 SK1-D30-P5 L 30 0.6 5
3 SK1-D35-P10 35 0.7 10
4 SK1-D30-P10 30 0.6 10
5 SK2-D25-P3 25 0.5
6 SK2-D25-P5 9 25 50 0.5
7 SK2-D30-P3 30 0.6
8 SK2-D35-P10 35 0.7 10
9 SK3-D25-P10 25 0.5 10
10 SK3-D30-P5 3 30 0.6
11 SK3-D35-P3 35 0.7
12 SK3-D35-P5 35 0.7
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Fig. 10. Load — Displacement curves for joint with: (a) single shear key; (b) double shear key; (c) three shear keys
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Table 5. Summary of results from numerical analysis of specimens

Specimen Prax Apma Prs Pro/Prax Kt (KN/mm)
(kN) (mm) (kN)
SK1-D25-P3  237.4 069 1168  0.49 664.1
SK1-D30-P5 2857 062 1493  0.52 1850.6
SK1-D35-P10 3858 053 240  0.62 43718
SK1-D30-P10 3723 057 307.6  0.82 3174
SK2-D25-P3 3640 061 1529  0.42 1875.1
SK2-D25-P5 4218 061 1894 0.5 2379.4
SK2-D30-P3 3639 048 1564  0.43 1902.1
SK2-D35-P10 5120 049 2578 05 3100.8
SK3-D25-P10 5904 0.65 28L4 047 3094.9
SK3-D30-P5 4587 066 1983  0.41 2494.6
SK3-D35-P3 3924 068 1543  0.39 1685.1
SK3-D35-P5 4514 07 1959  0.43 24983
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Fig. 11. Joint damage contour for the specimen with: (a) single key; (b) double key; (c) three shear keys
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Fig. 15. Bar chart of residual capacity of specimens

Vog

eV -

u

600 | Vi

R?=0.92

550
500 F 3
Z 4s0f * * ]
-
> 400 F - ]
350 | B
300 F 3

250 q

200 | 4
0.00 0.05 0.10 0.15 0.20

(I). LJ'G}L:' > (VU) J':'J" C,‘:ﬁjla)‘.)jau .\Y JSJ
Fig. 12. Shear capacity (V) vs. ¢ curves.
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Table 6. summary of selected formulas for prediction of V in dry joints

(1) AASHTO

(2) Voo et al [15]

(3) Gopal et al [9]

(4) Oettel and Empelmann [21]

Vuz = HOpAgm + TxyAkeys ’
Vua = noy A]'oint + fchkeysr

Vi = Ageysy/6.792 X 1073, (2.4660, + 12) + 0.6Agn 0y,

Vuz = HOpAgm + TxyAkeys ’

w=—0.01050, + 0.565
i =—0.0090, + 0.59
w=09 ,f=011
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Table 7. Summary of results from comparing the capacity obtained from existing formulas with numerical analysis

Vv Vv Vv Vv
Specimen Vi (KN) Vi (kN) 77 Vig(kN) 7 Vig(kN) 57 Vg (kN) -
' Vuse Vuse Vuse Vuse
SK1-D25-P3 237.4 128.9 0.54 75.4 0.32 77.3 0.33 128.2 0.54
SK1-D30-P5 285.7 177.3 0.62 99.6 0.35 103.0 0.36 166 0.58
SK1-D35-P10 385.8 298.2 0.77 151.1 0.39 159.5 0.41 260.5 0.68
SK1-D30-P10 372.3 298.2 0.80 151.1 0.41 159.6 0.43 260.5 0.70
SK2-D25-P3 364.0 211.1 0.58 109.3 0.30 110.7 0.30 186.2 0.51
SK2-D25-P5 421.8 276.6 0.66 132.7 0.31 135.2 0.32 215 0.51
SK2-D30-P3 363.9 211.1 0.58 109.3 0.30 110.7 0.30 186.2 0.51
SK2-D35-P10 512.0 440.5 0.86 182.7 0.36 189.1 0.37 287 0.56
SK3-D25-P10 590.4 582.7 0.99 214.2 0.36 218.6 0.37 3135 0.53
SK3-D30-P5 458.7 375.9 0.82 165.7 0.36 167.4 0.36 264 0.58
SK3-D35-P3 392.4 293.2 0.75 143.1 0.36 144.1 0.37 244.2 0.62
SK3-D35-P5 451.4 375.9 0.83 165.7 0.37 167.4 0.37 264 0.58
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Fig. 16. Comparision between calculated results and existing
formulas
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