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Abstract Review History
Introduction: There are several sources for the production of these particles that the most Received: Aug 10, 2025
important of them is incomplete combustion of hydrocarbon compounds which come from  Reyised: Sep 30, 2025
anthropogenic sources, and Dust Storm, and Wildfires in natural sources. In global scale, Natural Accepted: Dec 10. 2025
dust contribution into the atmosphere is mostly from arid and semiarid regions. In the Middle pted: ’

East that has a large area of the dry belt, the main sources of particles, are dust storms. Thick dust Keywords

that comes over Iran from western and southwestern neighboring countries passes through the Haze

southern, western and central of Iran and even Tehran. Haze and dust storms in recent years  ajr quality management

cause to poor air quality conditions in many cities, especially in large cities like Tehran and

Ahvaz. According to our investigations, Zabol and Ahvaz are the most polluted major cities in o

the Iran in terms of particulate matters. Satellite images
Methods: There are many factors that play a role in the management of haze phenomenon Wind erosion control

such as monitoring and analyzing observation stations, satellite images and numerical

simulations. Monitoring and measurement haze in Iran is still relies on the use of air quality

urban monitoring stations. These stations are strongly influenced by particle emissions from

transport and industrial processes and only if there is on line monitoring in urban area the dust

effects on environment can be assessed. Then application of satellite images has been discussed.

MODIS images have many applications in the study of climate issues. MODIS received data

from the TERRA and AQUA satellites, these images give the optical depth of aerosols. Also, by

using MODIS natural color images start and moving of dust storms are visible. In this study we

used EUMETSAT images, which provide monitoring dust storms on earth. These satellites help

meteorologist and environmental experts to determine dust trajectories and sources. Next, we

used numerical models including SKIRON, AEMET and HYSPLIT for dust storms management.

Models enables accurate simulation of motion of dust, the main wind direction, changes in

boundary layer height and show how moving dust. After that we applied HYSPLIT (HYbrid

Single-Particle Lagrangian Integrated Trajectory). HYSPLIT model is a complete system for

computing simple air parcel trajectories to complex dispersion and deposition simulations. At last

wind erosion control strategies described. Some of the strategies for controlling wind erosion and

dust emissions are reducing wind speed at ground level to be less than the emission threshold

velocity and factors such as moisture and integrity of the Earth's tectonic.
Results And Conclusion: Undoubtedly haze and its harmful effect is one of the dramatic

environmental problems especially in arid region including our country. According to the health

organization, four-city in Iran are highly polluted cities in the world in terms of particulate

matter, this represents a very critical situation in the country. In this paper, Tools used in air

quality management are monitoring stations, satellite imagery and numerical models discussed.

These tools used to predict how and where the dust initiate and spread. the methods of controlling

wind erosion and dust emission was assigned to work in a fundamental way to avoid the haze

problems. At the end, the main approaches to control wind erosion and dust emissions such as the

proper use of land, control soil moisture, vegetation or artificial barriers downwind (wind break)

described.

Modeling
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Fig. 10. EUMETSAT satellite image showing a large dust plume
over eastern Africa and the Middle East [21]
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Fig. 15. Establishing vegetation cover for wind erosion control.
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Fig. 16. Use of oil-based mulch for creating artificial protective
cover
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Fig. 17. Use of polymer-based mulch as an artificial cover for
wind erosion control.

[17] o simn sla ) SCisls 51 slai sl A K2
Fig. 18. Example of an artificial windbreak barrier [17]
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Blocks on the tunnel structure and their effect on flow energy dissipation
In a type B rectangular piano key weir (PKW)
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Abstract Review History

Piano key weirs (PKWs) are a type of non-linear, long-crested weir characterized by their Received: Sep 24, 2025
plan forms, which can be rectangular, triangular, or trapezoidal. They are categorized into four Revised: Oct 27, 2025
main types based on their overhang configuration: Type A features overhangs on both the Accepted: Dec 10, 2025

upstream and downstream sides; Type B has only an upstream overhang; Type C has only a
downstream overhang; and Type D has no overhangs at all. A key advantage of PKWs is their ]
ability to significantly increase discharge capacity—typically by three to four times—within the ~Piano key weir
same channel width compared to traditional weirs. First implemented at the Goulours dam in Weir height
France, their efficient design requires a lighter foundation, making them suitable for a wide range  Relative energy
of applications beyond dams, including agricultural, drainage, and irrigation canals. As an gyt keys
evolved and highly efficient form of nonlinear weir, PKWSs warrant investigation into their flow
energy dissipation and methods for its enhancement. This study introduces, for the first time, the
use of blocks with varying geometries—specifically rectangular, trapezoidal, and circular
shapes—placed within the outlet keys of a rectangular Type B PKW. The experimental setup
involved three weir models with heights of 0.20 m, 0.18 m, and 0.15 m, tested under four
different flow rates ranging from 0.02 to 0.05 m3/s. The research was conducted in a level (zero-
slope), rectangular flume measuring 10 m in length, 0.8 m in width, and 1 m in height. Water,
with a temperature varying between 8°C and 13°C, was circulated by a pump from a 10 m3
underground reservoir, with the flow rate regulated by a monitor. The study employed three
rectangular Type B PKWs with identical geometries but differing heights of 0.15 m, 0.18 m, and
0.20 m. The consistent parameters for all weirs were an inlet and outlet key width (W; and W,) of
0.145 m, a sidewall length (B*) of 0.40 m, an upstream overhang (B;) of 0.13 m, a total crest
length (L) of 3.27 m, and a wall thickness (Ts) of 0.01 m. A tunnel structure was positioned at the
outlet keys of the 0.20 m high weir. In this tunnel, blocks with a height of 0.06 m, featuring
rectangular, circular, and trapezoidal cross-sections, were arranged in a zigzag pattern. The cross-
sectional area of each block was 0.025 x 0.025 m. Fabricated from compressed plastic the blocks
were affixed downstream of the weir using a waterproof adhesive. Investigating energy
dissipation in PKWs is crucial due to their high hydraulic efficiency. To ensure the applicability
of the findings, dimensional analysis was employed, allowing the results to be scaled and
extended to other weir sizes and PKW types used in channel applications. The results indicate a
clear relationship between weir height and hydraulic performance. Compared to the shortest weir,
an increase in height led to an 11.2% reduction in the discharge coefficient and an 18.8%
increase in flow energy loss (energy dissipation). On average, the blocks installed in the outlet
keys functioned as a flow barrier, increasing energy dissipation by 2.3%. Furthermore, the study
found that flow energy loss decreases as the dimensionless ratio H,/P and L/P increase. The
tunnel structure causes more flow energy loss, and the highest flow energy loss was observed in
the weir with rectangular, trapezoidal, and circular blocks, respectively.
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Type B
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Table 1. Hydraulic and geometric parameters affecting flow energy loss (N is a simple weir, TN is a weir with a tunnel structure, NR is a
weir with rectangular cube blocks, NT is a weir with trapezoidal cube blocks and NC is a weir with cylindrical blocks(

Row Q(m¥s) H/P LIP Type Re We  Cq E, E.
1 002 0183 1635 N 3814 452 0.296 0.320 0.680
2 003 0241 1635 N 7136 771 0294 0.362 0.638
3 004 0319 1635 N 11832 1036 0.257 0.387 0.613
4 005 0383 1635 N 16880 1348 0.244 0.423 0.577
5 002 0183 1635 TN 3814 452 0.296 0.313 0.687
6 003 0241 1635 TN 7136 771 0.294 0.354 0.646
7 004 0319 1635 TN 11832 1036 0.257 0.381 0.619
8 005 0383 1635 TN 16880 1348 0.244 0.418 0.582
9 002 0183 1635 NR 3814 452 0.296 0.294 0.706
10 003 0241 1635 NR 7136 771 0.294 0.336 0.664
11 004 0319 1635 NR 11832 1036 0.257 0.370 0.630
12 005 0383 1635 NR 16880 1348 0.244 0.408 0.592
13 002 0183 1635 NT 3814 452 0.296 0.307 0.693
14 003 0241 1635 NT 7136 771 0.294 0.343 0.657
15 004 0319 1635 NT 11832 1036 0.257 0.375 0.625
16 005 0383 1635 NT 16880 1348 0.244 0.413 0.587
17 002 0183 1635 NC 3814 452 0.296 0.310 0.690
18 003 0241 1635 NC 7136 771 0.294 0.348 0.652
19 004 0319 1635 NC 11832 1036 0.257 0.377 0.623
20 005 0383 1635 NC 16880 1348 0.244 0.414 0.586
21 002 0193 1817 N 3972 428 0.310 0.364 0.636
22 003 0258 1817 N 7500 721 0.311 0.406 0.594
23 004 0340 1817 N 12343 972 0.273 0.428 0.572
24 005 0412 1817 N 17679 1253 0.256 0.465 0.535
25 002 0220 2180 N 4396 376 0.346 0.441 0.559
26 003 0299 2180 N 8355 622 0.326 0.483 0.517
27 004 0393 21.80 N 13592 841 0.289 0.503 0.497
28 005 0481 21.80 N 19495 1074 0.267 0.537 0.463
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Fig. 10. Observed and calculated values of flow energy loss

Table 2. Correlation coefficient and mean of the desired errors

Row L/P Type MAE RMSE CC
1 16.35 N 0.0336  0.0453 0.966
2 1635 TN 0.0310 0.0342 0.985
3 16.35 NR 0.0271 0.0370 0.952
4 16,35 NT 0.0316 0.0295 0.997
5 16.35 NC 0.0258 0.0330 0.998
6 18.17 N 0.0311 0.0374 0.983
7 21.80 N 0.0243 0.0347 0.963
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Abstract Review History
Fixed-jacket offshore platforms are among the most complex civil engineering structures, Received: Apr 5, 2025

subjected to various damaging loads throughout their operational lifespan. The failure of such  Revised: Aug 5, 2025

structures can lead to catastrophic consequences, including significant loss of human life and Accepted: Dec 28, 2025

severe environmental and economic damages. Given the critical importance of uninterrupted oil
extraction on these platforms, continuous structural health monitoring (SHM) has become a Keywords
fundamental necessity. Effective SHM requires a thorough understanding of the platform's Damage Detection
vibrational response, which is inherently dependent on its intrinsic and dynamic properties, Damage Localization
including stiffness, mass, damping matrices, and natural frequencies. Without access to these |qverse vibration
fundamental parameters, an accurate assessment of the dynamic behavior of the platform remains technique
unattainable. One of the key challenges in offshore structural health monitoring is the precise
identification and estimation of these dynamic parameters under real-world environmental and
operational loads. Damage detection techniques rely heavily on changes in these parameters to
diagnose structural deficiencies at an early stage. The inverse vibration method has emerged as a
promising approach for damage detection by evaluating variations in dynamic properties and
structural matrices. This method leverages modal data obtained from structural responses to
irregular and environmental wave loads to identify and localize potential damage. Given that
offshore platforms are subjected to complex and highly variable loading conditions, robust
numerical and computational approaches are required to extract meaningful insights from
vibrational data. In this study, the proportional Rayleigh damping model was employed as a
method for estimating the stiffness matrices before and after structural damage. Rayleigh
damping is a widely used technique in structural dynamics that considers mass and stiffness
proportional damping. By implementing inverse vibration methods, this study systematically
analyzed structural behavior under dynamic loading conditions. The effectiveness of this
approach was evaluated through numerical simulations on simplified and constrained 2D shear
models. These models served as an idealized representation of offshore platforms, enabling
controlled assessment of the proposed methodology. The results of this study revealed a
significant correlation between the damping ratio and the accuracy of damage detection
calculations. Specifically, increasing the damping ratio within the software model led to a
noticeable reduction in the precision of the damage identification process. This finding
underscores the importance of carefully selecting damping parameters when implementing
inverse vibration methods for real-world applications. Furthermore, the study highlights the need
for refined computational techniques that can mitigate the adverse effects of high damping on
damage detection accuracy. Overall, this research contributes to the advancement of offshore
structural health monitoring by demonstrating the feasibility of inverse vibration methods in
detecting damage through changes in dynamic properties. The study also provides valuable
insights into the limitations posed by high damping ratios in numerical models and underscores
the importance of refining SHM techniques for enhanced reliability. The findings presented in
this work can serve as a foundation for future investigations into advanced numerical modeling
approaches and experimental validations aimed at improving damage detection capabilities in
offshore structures. By integrating high-fidelity simulations with field data, future research can
further enhance the applicability of these methodologies in real-world offshore engineering
scenarios, ultimately improving the safety and resilience of offshore platforms.

Rayleigh damping
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Fig. 1. The wave spectrum of the Persian Gulf with a 100-year
return period (Hy = 5.83 & T, = 7.10)
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Table 1. Mass and stiffness of the levels on the platform

Stiffness (1000’;—”) Mass (Ton) Level

153.6 1156.9 1
147.8 88.7 2
146.1 81.3 3
913.8 90.2 4

¥y

k T
(B} = [BI{ly. L. . Ly} = {1_11 0.0. o} ()

[Bl{w} = [Bl{w;.w,. ....wy}T = {1.0.0.....0}7
= {e;}

(%)

4_.]4;\) Q)H AJ{W} cL;.M.iJ:LA ool CJLMALM €L>U| L) Jl}-
{w} = [B]"H{e,} (£0)

ly LSE5 1, (F9) oy Ol 55 o (FF 5 ¥Y7) Laly, 4 ax 55
{1} = c{w} (%)

Lap o fsome D50 & 55 o IS 0 dlaly ol o
D15 Code JlUae C oy 5 5 5d e 4 S A s

355 0 Jol (V) dslas (YY) alasl) 5 oslinad b (poomon

n
M= mi= ) i =l = c*lwll?

i=1 i=1

(Yv)

o 03 Sl eshee (lashy nl e DLS 01 G
aaly Sleslinal b5 (28 pl p oo bl o 5SS
osliol Ly g al 0y 358 0 s € Ul g o il (YY)
Al candy @31 Dl peled o DS (F7) kel S
aosloes [M] s Slo a3 5 [L] e 5l lo cpl aslos b
[K] = [LI[BI[L] = «dal 5l eslicl Ly (gdm pLS 55 5 0
il o 3l adind a3 55 e e sle [M]Y2[B][M]Y?
oS o Lg) & by e Slalne ples T e Cdy L
S Sl Al 53 Sl Ol et 5 el 8L )
el o il i 13l 5 53 6 s 5 ey

@Y on s e 0

Ko gl 2l 2 e V-0

Slp el 555 s e sladis SBT Ol Sl 515
S s e DLl (6350 Ga Wil B L ol 5o 5L 555
Sl L 55 S o3l (gl v 5 (gl 55 sla Je
el 0l sl | Openseespy

5l ol 4 § b s la Ll (6 aea > P-delta il
o oy palde o G b Slosle e (Sslys ol

sla Ja )L_'?T 0313 OLES (gl agss pl 5o el ol oS



VE 8 Jlus B oleis Y§ 0,95

R Ol et (qwiigs (sole alone

Il (1 58le 5 sladis 3 o gan 5o 4 o ol =
S e RS s Lasss b e DLV e 355 8
Jie 5l aal oY s Sae Sl V.:w)_@l Slealos gl
B yher gl Gl Bl S

23 i S 53 Do a4 S ol 4 e ol o
3y n Jlosl (sand el (sl 0 Ja 5 sk OLI 13l 5
Sy 5 glosl om0 53 0l sen oL Sl Sl 4 a5 L
Slasas Cubis 53 cunl opl (F) IS8 Gillas i ls 5l 3 o) 55
2 abg e 5l e S Gl S 4 el 0l sl S pses Sl
U NPT INCIVA WA TRIVA RIG FUPPURCH [P

S8 b p (Ghs 93 o j5 gl S At gl Y-
LSBT
o5 N Ole ol U Il Il (g 3l 5 palie

el (V) Jg

—
N 11— @

Solsle s dbe s ol sl ¥ S
)&r}*ﬂjlﬁ)smu):mh
Fig. 4. Applying damage in the software model at three different
percentages at the third level of the platform.
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Table 2. Frequency values of the 2D model before and after applying 10% damage

The natural frequency of the model The natural frequency of the model

before damage. 724/,

after damage. 724/,

5.83

5.69

/AR P ¥ P sl b o (say 55 oo Jobe 3 a3l s ¥ J g
Table 3. Stiffness of the decks in the 2D shear reference model with the application of Rayleigh damping and 10% damage

Stiffness parameters

Values of the eigenvectors [B]

of the levels(10° N/m) Level
Percentage of change  After Damage Before Damage After Damage Before Damage

Rayleigh damping %3

-1.62 151.6 153.6 0.9334 0.9763 1

1.08 149.4 147.8 0.1901 0.1912 2

-5.61 137.9 146.1 0.1067 0.1000 3

-0.02 911.1 913.8 0.0126 0.0146 4
Rayleigh damping %5

-0.09 152.1 153.6 0.9078 0.9763 1

1.01 149.3 147.8 0.1891 0.1912 2

-4.99 138.8 146.1 0.1062 0.1000 3

-0.03 910.6 913.8 0.0119 0.0146 4
Rayleigh damping %7

-1.6 151.1 153.6 0.9098 0.9763 1

-2.4 144.2 147.8 0.1865 0.1912 2

-4.58 139.4 146.1 0.1022 0.1000 3

-0.05 909.2 913.8 0.0140 0.0146 4
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Table 4. Frequency values of the 2D model before and after applying 20% damage

The natural frequency of the model The natural frequency of the model
before damage. 724/, after damage. 74/,
5.83 5.56
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Table 5. Stiffness of the decks in the 2D shear reference model with the application of Rayleigh damping and 20% damage

Stiffness parameters of the levels(10® N/m) Values of the eigenvectors [B]

Percentage of change  After Damage Before Damage After Damage Before Damage Level

Rayleigh damping %3

0.07 154.8 153.6 0.9229 0.9763 1

-0.06 147.7 147.8 0.1886 0.1912 2

-15.2 123.8 146.1 0.1082 0.1000 3

-0.09 912.9 913.8 0.0131 0.0146 4
Rayleigh damping %5

11 1553 153.6 0.9183 0.9763 1

-0.02 147.4 147.8 0.1872 0.1912 2

-14 1255 146.1 0.1086 0.1000 3

-0.13 912.6 913.8 0.0129 0.0146 4
Rayleigh damping %7

1.3 155.7 153.6 0.9171 0.9763 1

-0.03 147.3 147.8 0.1860 0.1912 2

-12.7 127.4 146.1 0.1089 0.1000 3

-0.06 913.2 913.8 0.0136 0.0146 4
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Table 6. Frequency values of the 2D model before and after applying 30% damage

The natural frequency of the model The natural frequency of the model
before damage. 724/, after damage. 724/,
5.83 5.31
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Table 7. Stiffness of the decks in the 2D shear reference model with the application of Rayleigh damping and 30% damage

Stiffness parameters of the levels(10® N /m) Values of the eigenvectors [B]

Percentage of change  After Damage Before Damage After Damage Before Damage Level

Rayleigh damping %3

-4.8 146.1 153.6 0.9801 0.9763 1

-35 142.6 147.8 0.1975 0.1912 2

-25.87 108.3 146.1 0.1102 0.1000 3

-0.9 905.4 913.8 0.0149 0.0146 4
Rayleigh damping %5

-4.1 147.2 153.6 0.9804 0.9763 1

-3 143.3 147.8 0.1987 0.1912 2

-22.72 1129 146.1 0.1093 0.1000 3

-0.84 906.1 913.8 0.0154 0.0146 4
Rayleigh damping %7

-2.8 149.2 153.6 0.9814 0.9763 1

-2.6 143.9 147.8 0.1977 0.1912 2

-21.9 114.1 146.1 0.1091 0.1000 3

-0.6 907.5 913.8 0.0148 0.0146 4

Al



VE 8 Jlus B oleis Y§ 0,95

23 Olyes (gwdige oole alowe

Percentage change in stiffness at the third level

30% —_|

20%  ————————

10% | —
0 5 10

15

20 25 30

7% m5% 0O3%

il CIBY s sdass Jde ol Aoy el lasel O IS
Fig. 5. Diagram of damage percentage detection in 2D model under three damping conditions
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Abstract

Finite element model updating (FEMU) plays a crucial role in structural health monitoring by
improving the accuracy of numerical models in representing real structures. Traditional model
updating methods typically rely on experimental modal analysis (EMA), where natural frequencies
and ordinary mode shapes are extracted and compared with numerical predictions. However, recent
advancements in modal identification techniques have introduced alternative approaches, such as
the Proper Orthogonal Decomposition (POD), which has shown promise in reducing data
dimensionality and extracting dominant modal characteristics. Despite its advantages, the
effectiveness of POD mode shapes in finite element model updating has not been extensively
evaluated, particularly in terms of their impact on convergence speed, accuracy, and robustness
against noise.

This study investigates the efficiency of POD mode shapes in FEMU compared to conventional
mode shapes by considering three different damage scenarios in a steel bridge with a concrete deck.
The bridge model was developed in SAP2000, where both undamaged and damaged states were
simulated. Damage scenarios included (1) a 20% reduction in the height of a main girder, (2) a 20%
reduction in the flange and web thickness of the same girder, and (3) a 20% reduction in the elastic
modulus of the main girders. The dynamic response of the bridge was obtained through numerical
simulations, and both ordinary mode shapes (OMS) and POD mode shapes were extracted. The
optimization process was conducted using the Particle Swarm Optimization (PSO) algorithm, with
two different objective functions: the flexibility-based objective function and the Modal Assurance
Criterion (MAC)-based objective function.

The results demonstrated that the use of POD mode shapes significantly improved the
convergence rate of the optimization process. Specifically, in all three damage scenarios, the
number of iterations required for convergence was considerably lower when using POD mode
shapes compared to conventional mode shapes. Additionally, the accuracy of the estimated
parameters was enhanced, particularly when using flexibility as the objective function. It was also
observed that the first two POD modes provided results comparable to the first five ordinary modes,
indicating that fewer mode shapes were required for achieving the same level of accuracy.

Furthermore, the influence of measurement noise was examined to assess the robustness of
POD mode shapes in FEMU. Different levels of Gaussian white noise (1%, 5%, and 10%) were
introduced to the acceleration responses before extracting the POD mode shapes. The analysis
revealed that the first two natural frequencies remained stable under low noise levels (1% and 5%) ,
whereas higher mode frequencies exhibited increased variations as noise intensity increased.
However, even under 10% noise, the first two modes retained their reliability, demonstrating the
resilience of POD mode shapes against noise effects. The impact of noise on the optimization
process was also evaluated, and while higher noise levels led to an increased number of iterations
for convergence, the final updated parameters remained close to the actual values.

Overall, this study highlights the advantages of employing POD mode shapes in FEMU,
particularly in reducing computational costs and improving model accuracy. The results suggest
that incorporating POD-based modal information into FEMU frameworks can enhance the
reliability and efficiency of structural model updating. Moreover, the flexibility-based objective
function, when combined with POD mode shapes, proved to be a more effective criterion for
damage detection compared to the MAC-based objective function. These findings contribute to the
growing body of research advocating for the adoption of advanced modal identification techniques
in structural health monitoring and numerical model updating.
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! Proper Orthogonal Decomposition
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Fig. 1. Overview of the bridge geometric plan based on the construction drawings.
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Fig. 3. Actual image of the bridge.
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Table 1. Girder height of the bridge deck before and after
updating in the first damage scenario

real After Before Model update
model (m) updating (m)  updating (m) method
1.28 1.2768 1.024 Ordinary mode
shapes
1.28 1.2768 1.024 POD mode
shapes

Comparison of the optimization algorithm convergence

a) POD mode shapes

b) ordinary mode shapes
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Fig. 5. Comparison of the optimization algorithm convergence
a) POD mode shapes, b) ordinary mode shapes in the first damage
scenario.
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Comparison of the optimization algorithm convergence

a) POD mode shapes b) ordinary mode shapes
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Fig. 7. Comparison of the convergence of the optimization

algorithm a) POD mode shapes and b) ordinary mode shapes in
the third damage scenario
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Comparison of the optimization algorithm convergence

a) POD mode shapes b) ordinary mode shapes
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Table 2. Flange and web thickness of the bridge deck girder
before and after updating in the second damage scenario

real After Before
model updating updating Model update method
(m) (m) (m)
0.03 0.032 0.024 Flange 5 dinary
thickness
Web mode
0.012 0.0101 0.096 thickness shapes
Flange
0.03 0.031 0.024 thickness ~ POD mode
0012 00113 0.096 i shapes
thickness

Sl 53 Gloson Sl 5 48 L ad e 8 ez Joe ¥ Jgur
el p
Table 3. Elastic modulus of the deck girder before and after
updating in the third damage scenario

real model After Before Model
(kg/m?) updating updating update
: (sg/m’) (gm) __ method
2.03%+10  2.0424e+10 1.6312e+10 Ordinary
mode shapes
2039e+10  2.0430e+10  1.6312e+l0 oD Mode
shapes
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Fig. 8. Comparison of Optimization Algorithm Convergence a)
Flexibility-Based Objective Functions b) MAC-Based Objective
Functions for POD Mode Shapes in the First Damage Scenario
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Table 4. Comparison of the height of BEAMS3 in the bridge deck

before and after updating in the first damage scenario using
flexibility and MAC objective functions.

real

model After Before Model update
(m) updating (m)  updating (m) method
Flexibility
1.28 1.2768 1.024 objective function
1.28 1.284 1.024 MAC objective
function
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Table 6. Comparison of the elastic modulus of BEAM3 in the

bridge deck before and after updating in the third damage scenario

using flexibility and MAC objective functions.

After Before L
real model updating updating objective
2 .
(kg/m?) (kg/m?) (kg/m?) function
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2.039%e+10 2.0415e+10 1.6312e+10 MAC
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Slday 5 g3 L ad e 53 BEAM3 5 0br 5 Jb Celbies aslin 0 Jgur
MAC L;J.L.'\.;JUmu'l haa Cb' L WI £3° Sl 3 Sl
Table 5. Comparison of the flange and web thickness of BEAM3

in the bridge deck before and after updating in the second damage
scenario using flexibility and MAC objective functions.

real After Before
model updating(m) updating Model update method
(m) (m)
0.03 0.0311 0.024 Flange oo iility
thickness o
Web objective
0.012 0.0113 0.096 . function
thickness
0.03 0.0294 0.024 Flange MAC
thickness LT
Web object_lve
0.012 0.012 0.096 . function
thickness
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Table 7. Effect of different noise levels on the natural frequencies
extracted from POD mode shapes

Frequency Frequency Frequency Frequency Mode
without with 0.01 with 0.05 with 0.1 Shapes
Noise (HZ) Noise (HZ) Noise (HZ) Noise (HZ) P
25 25 25 2.460938 1
3.789063 3.789063 3.789063 3.789063 2
4.296875 4.296875 4.257813 4.21875 3
4.960938 4.960938 2.148438 0.429688 4
4.960938 4.960938 4.960938 1.875 5
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Fig. 12. Comparison of the optimization algorithm convergence
for two cases: a) Without Noise and b) 10% noise, in updating the
elastic modulus using POD mode shapes.
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Table 8. Comparison of the elastic modulus of BEAM3 in the
bridge deck before and after updating in the third damage scenario
for two cases: without noise and with noise

Before After updating  After updating
Riakl %‘n‘i‘;e' updating 10% noise without noise
g (kg/m?) (kg/m?) (kg/m?)
1.6312
2.039e+10 2.034 e+10 2.039%e+10
e+10
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Abstract Review History

The production of sustainable and high-performance concrete has become a global necessity Received: Sep 3, 2025
due to the increasing demand for construction materials and the significant environmental burden  Revised: Dec 8, 2025
associated with cement manufacturing and natural aggregate extraction. In this research, self- Accepted: Jan 27, 2026

compacting concrete (SCC) was developed by partially substituting natural sand with stone-
cutting sludge derived from marble, granite, and travertine at three replacement levels: 10%, ]
15%, and 20%. A low-cement ternary binder system was adopted, consisting of 85% ground Self-compacting concrete
granulated blast furnace slag (GGBFS), 10% ordinary Portland cement (OPC), and 5% hydrated ~(SCC)

lime, to drastically reduce cement consumption and CO: emissions while maintaining adequate  gigne sludge; Low-cement
mechanical strength. The experimental program included both fresh and hardened concrete tests.  pinder

Fresh properties such as slump flow diameter, Tso time, V-funnel flow, and segregation

resistance were assessed to evaluate workability, viscosity, and stability in line with EFNARC ~ Ground granulated blast
guidelines. Hardened properties included compressive and flexural strength at 7 and 28 days. In  furnace slag (GGBFS)
addition to mechanical and rheological testing, durability aspects such as resistance t0 | ife cycle assessment
segregation and cohesion were qualitatively assessed. Life cycle assessment (LCA) was also (LCA)

conducted to quantify the environmental benefits of the proposed mixtures compared with

conventional SCC made with OPC. By linking laboratory-scale performance with broader

sustainability indicators, the study provides an integrated evaluation of technical feasibility and

environmental compatibility. Results showed that 10% replacement of sand with any type of

stone sludge, especially marble, enhanced flowability and viscosity while significantly improving

resistance to segregation without increasing the dosage of superplasticizer. At 15% and 20%

replacement levels, marble and travertine sludge maintained acceptable rheological and

mechanical behavior, whereas granite sludge exhibited a negative influence, reducing workability

and mechanical strength at higher dosages. The optimum replacement level was found at 10%,

which yielded up to 5.9% improvement in compressive strength over the control. Flexural

strength was unaffected at 10% and even increased with marble sludge, but noticeable reductions

occurred at 15% and 20%, with marble again showing the least adverse effect compared to

granite and travertine. From an environmental perspective, the use of the ternary binder

drastically reduced the global warming potential (GWP), energy demand, and acidification

potential relative to OPC-based SCC. The LCA results indicated that GWP decreased by as much

as 71.9% compared to conventional mixtures. Moreover, replacing sand with stone sludge

contributes directly to the circular economy by diverting industrial waste from landfills and

natural water bodies, thereby reducing pollution and ecological degradation. Beyond numerical

reductions in environmental indicators, the valorization of stone sludge alleviates waste disposal

challenges, minimizes dust and runoff contamination, and preserves limited natural sand

resources. These broader sustainability impacts demonstrate that the benefits of stone sludge

utilization extend beyond concrete performance and can influence waste management strategies

at the industrial scale. Overall, the study demonstrates that the synergy between partial sand

substitution with marble, granite, and travertine sludge and the adoption of a low-cement ternary

binder offers a promising pathway toward eco-efficient SCC. This approach not only enhances

certain rheological and mechanical properties but also provides substantial environmental and

economic benefits, making it a viable strategy for future sustainable construction practices.
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Fig. 1. Stone sludge of marble, travertine and granite
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Table 1. Chemical specifications of materialsChemical

composition (% by mass) CaO SiO, AlL,O; Fe,0O; MgO SO; Na,O K,O LOI
GGBFS 376 358 133 1 9 2.4 0.4 05 376
OPC 61 21.9 55 3.4 2.3 2.3 0.3 0.6 -
Lol ys 5 awle gladls o5l c)}_? Y Jga
Table 2. Particle size distribution of sand and coarse aggregate.
Sieve size (mm) 125 95 475 236 118 0.6 03 0.15
Percentage passing by mass (%) (sand) - - 100 88.65 57.15 33.88 1538 4.50

Percentage passing by mass (%) (coarse aggregate)

95.80 42.28 0.65 0 - - - -
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Fig. 2. Particle size distribution of hydrated lime, GGBFS, and stone sludge powders

5 0L e 4 o o (B Slag b ol s

53 oSOl 8 Jlide eyl a5 b s 4§ s YV L
(el DS, T10 5 G10 MI0 (5o soi 5 (CTRL) sr o 550
ot o5 Sl s e SIS S ol 035531
o ol B sl Ko 2 Aos GRIBIL S e
e 5 035 5V oA iSOlg 0 58 (6 iy Hlide ol ol 4
il Gl S o sl il glads s s O a8l
L. T30 5 M30, G30 sl b s a0l 5,3 5 Ol e 505 Ol 5o
S S 533 oS ol it Ao s s ess sl o
Wl o oslinal K03 (slaz b 4 o a0l s eSOy, g
53l i ol S o e g5l g S ol

bﬂfdA)\J}S szb))‘ S0 e LS

4%

Slleul Gk e he Yor s Von slal L) (glalgnal (glads sl
et A el S glad ge5T o3 (sl ([33] ASTM C39
soble JL B s el YP de an b ged (555 %
L 6ol Jes 335 YA Sde gl Sal Ol s > 55 s
03,5 yasuie (gl p das o DL 15 B (slag b () J st
CTRL a4 esbizd (g bamt! (e 5l e il glag b
O 53 (S opd ot 45355 o GBI (U 25) als Lol - b
ol Ulsean e oo Jols oS Glabslis o 43 By
YU U S S PY/A RPWAT- VA KRN DU
ol slab Jos calia sbay Ls (5 lISEEM20 5 M15 M10
oS LA sal 5 lisd o asein G20 5G15 GI0 L il S 12
A5ls pUT20 5 T1S (T10 s jay Lt (555l 5 o ol



K\J (&2 Fmo 39l “saJLa.\.o:u ‘;.r.

awle 5230 Olgieds S o 5l 03litl b OloswS” @S T,50395 2 3, Khos

Lol ‘SU’CJB B C‘La.a S ¥ J g
Table 3. Mixture proportions

Materials (kg/m3)

Mixture Slag Cement Hydratedlime Water Sand Stonesludge Coarse aggregate Superplasticizer
CTRL 3825 45 225 166.5 1150 0 600 4.05
M10 382.5 45 225 166.5 1035 115 600 4.05
M15 382.5 45 225 166.5 9775 1725 600 4.61
M20 3825 45 225 166.5 920 230 600 4.74
G10 3825 45 225 166.5 1035 115 600 4.05
G15 3825 45 225 166.5 9775 1725 600 461
G20 3825 45 225 166.5 920 230 600 4.74
T10 382.5 45 225 166.5 1035 115 600 4.05
T15 382.5 45 225 166.5 9775 1725 600 4.61
T20 3825 45 225 166.5 920 230 600 4.74
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(EFNARC 2002)
Table 4. Recommended Ranges for Fresh SCC Properties
(According to EFNARC 2002)

Test Evaluated Recommended
Method Property Range
Slump Flow Filling ability 650-800 mm
Tse0 Time Viscosity/flow rate 2-5 seconds
V-Funnel Flowability/viscosity ~ 6-12 seconds

V-Funnel after 5 min (AT) Segregation resistance <3 seconds
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Table 5. Fresh concrete experiment results

Mixture  Slump flow (mm)  Tsg (S)

V (s) V5min (s) AV (s)

CTRL 660 + 2 4.9+ 0.10
M10 710+1 2.7+£0.07
M15 725+%2 2.8+0.07
M20 720+1 2.9+0.08
G10 700+3 3.1+ 0.06
G15 660 + 2 4.7+ 0.07
G20 640+ 1 5.1+ 0.09
T10 705+1 2.8+0.07
T15 690 £ 3 3.3£0.05
T20 685+ 2 3.5£0.05

11.38+0.18 12.48+0.16 11
719+011 7.36+0.13 0.17
7.13+0.10 7.41+0.15 0.28
7.3+0.14 7.58+0.11 0.28
759+0.16 7.98+0.14 0.39
11.1+0.18 13.02+0.17 192
13.12+0.15 14.92+0.17 1.8
6.93+0.10 7.12+0.12 0.19
8.21+0.12 9.33+0.11 1.12
8.63+0.13 9.76+0.15 1.13
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Table 6. Compressive strength of specimens

28-day Compressive Strength (MPa)

7-day Compressive Strength (MPa)

Mix designs

Samples Mean SD Samples Mean SD
CRTL 384 39.9 408 397 099 21 22.1 225 219 0.63
M10 40.6 41.9 435 42 119 225 23 239 231 058
M15 40.1 41.1 424 412 094 226 234 236 232 043
M20 38.4 39.3 408 395 099 209 21.6 223 216 057
G10 404 41.7 43 417 1.06 215 223 229 222 057
G15 38.9 39.8 41 399 086 213 22.2 222 219 042
G20 374 38.4 40 386 1.07 202 211 217 210 0.62
T10 40.3 422 432 419 12 23 23.2 243 235 057
T15 39.7 41 423 41 106 222 229 235 229 053
T20 38 39.6 409 395 119 211 22 226 219 0.62
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Table 7. Flexural strength of specimens

Mix designs 28-day Flexural Strength (MPa)
Samples Mean SD
CRTL 5.34 5.47 551 544 0.07
M10 5.45 5.60 560 555 0.07
M15 5.10 521 532 521 0.09
M20 4.90 4.93 502 495 0.05
G10 5.20 5.28 533 527 0.05
G15 471 4.84 485 480 0.06
G20 4.30 4.47 449 442 0.09
T10 5.20 5.30 534 528 0.06
T15 4.83 4.90 497 490 0.06
T20 4.44 4.50 459 451 0.06

S 52y ol 2 gl Jelows Y-y

slabylie SO 5 (O35 5k, e Sos sk o
L oty Jabond oo o il ¢, 55
31 aS (SEM) (os) s A oSy Sa slal Sl ool
At Lol [38-43] s 1 0t sl il ity by b
Ol 5 b b (IS8 055 &= o) D3 S35 5805
5 @S o NS s s S 28 - La0T 55
LS o il g meslie Dlasiiae

(Sl sl onls OLES (\\ E) \') LSUAJ&.L )JASAJ;QLQ.A



33 HDoimn 3913 ( HIlodezre e awlo o 301 Olgieds Sow o H o3litwl b OloswnS o5 1520395 (% 3 Shos

>
tom ENT= 3004V Signal A = SE2 Date 21 Aug 2023 —
F—— wo=simm Mag= 3000KX Time :13:15:36

200nm EHT= 200KV Signel A= SE2 Dute 21 Aug 2023 p—
wo= 9.1 mm Mag= 5000KX Time :13:14:44

[38] 0, en 5 Sl Sliios 51 5505 K 2 SEM s8N IS
Fig. 10. SEM image of travertine sludge: Nejati et al. [38]

Mag= 1000KX  WO= 17mm s 1 @ 5t m

(@) (b)

[40] &1 as 5 555 (B) [BI]SLUI 5 Jl e (@) :lidons 31 a0 S ) SEMpoms NY S
Fig. 11. SEM image of marble sludge: (a) Demirel and Alyamag [39]; (b) Kirgiz et al. [40]

v

Spot Magn DetWD | ————21%
24 4000x SE 142

x5000  5pm

[43] oLKen 5 daxl (©) [42] 01 Kan 5 Silsa (B) J41] O, Ken 5 (gdames (@) il 3l sl § Ko 2 SEM a5 VY Jss
Fig. 12. SEM image of granite sludge: (a) Mohammadi et al. [41]; (b) Huang et al. [42]; (c) Ahmed et al. [43]

V¥



VE 8 Jlus B oleis Y§ 0,95

o3 Ulyes (pwdige ool alone

Shreast xS e K s pllas Ol A g
Table 8: Mix Design Proportions per 1 m3 of SCC.

Mixture Cement Water Coarse aggregate Sand Superplasticizer ¢ (MPa)
SCC400 400 160 600 1150 4 40.9+1.6
oo ol w8 dgdr
Table 9. LCA results.

Mixture GWP (kg CO:-eq) AP(kg SO:-eq) EP(kg POs+eq) PE (MJ)

SCC400 369.85 1.47 0.30 2247
CTRL 105.37 0.51 0.11 651.8
X10 104.66 0.51 0.11 650.0
X15 104.34 0.5 0.1 649.1
X20 103.99 0.5 0.1 648.2

Jsb oo (udgdadad o8 5 piddided gla) Sl Jald)

IS o 5 sl s b oo S s a5

3 5 Se3ll (MJ)

YPAUAD e Ly |y S 5l o iy SCCA00 b ylsee
D5l 4 303 0L e e Jslae AeeST (53 (S 2SS
CTRL Lyl sy Loz, b b5l VL e s 16
S das [2alS IVV/0 5 5u> SCCA00 4 s |, GWP il 5
o3l oo b Ologos 31 (95L3 Coand 5501 51 36 Bites ol
X15 X10 slar ;b s S oo 035380 35 ahds Sal
e Els GWP iy 2alS s g5l Lol Swl 51X20
S S 05 5S VYA i Gl o S X200 S5, 5k
S S VA4S 5,8 Ci |y a1 Jslae S
. Zesl SCCA00

\/EY -l SCCA00 (gl (AP) Sl (gduwl fowily lie
S se Sl i TIM a8 55 Jolas 4081 (635 555 0 S 5kS

ol (slns 2S5 5,55 8 0 S5 LS +/0)V)CTRL

AP ;3Lis (X20 L5 X10) Ko ool L sl =Sl slado sl
L5 S Lais /0N — +/0 63 gdma s |y

/¥ ), SCCA00 3 (EP) &gl s 5 gn Jeilty lio
3N CTRL asad 55 a8 J= 53 o Joles Sl p S kS
spdm 8l w35 0 SShS ) L X20 5 X155
I 5 Ole Sl (1A s & Bes 55 0l I8V
Glaot VT jLis) 55 Sl et 45 ol Ko 2 L e

.J)‘J gi.‘.‘)j;)i

Vo

LCA gls -¥-¥

Al sl gl S 4 SCCA00 (54503 LCA L5l sl
=S 5 AL aily CRTL &gl 4 Kn 3 (g,Lid o glie S
wdls (F) Jsdor b ) (Sres = on S35, b S
Sl 4y edas |25 slge islae 5035, YA (65Lid Caglia AL
Kl A1) Jgdar s o a6 G o

B s 15 (LCA) s as o b)) s B) Jsds
dsder cnl 53 s o OLES a5 BT ol (sla s L
el T 56 M laSn ) ol ke Sl X
o2l sl Jols Ygens LCA 55 lamecs JUT 3
NG PR WLY
slasls sl pew Kby (GWP) Sl 2l S il
S eSS e 5 el Bl Sl ek s glalS
sh e oS (kg CO2-eq) Joles AST (53

Gl VT s b ediasolis (AP os (gdenl fuusly,

Sl rens s o 55 5 Sl OLL sl 6l ol
Ol (kg SOz-eq) Jolas LewST (55 5 555 ¢ S kS m 1 5
Pyt

Ll mloe ole it St (BP) 050l 5 il
e Ul e S Sl b 5 05558 ASle ke o4
ol s Ol 5 Sl 2alS 5 el a5l i A
(kg PO#-€q) Jslos clind o S5 kS vy L
Sy PS

S 3 8521 S edas0lis 1 (PE) sl 6550 Lo



A3 (Bt 3gld (Hlosess e

awle 5230 Olgieds S o 5l 03litl b OloswS” @S T,50395 2 3, Khos

@sz Ao ¥
olilmrr S Sl eslinal b (oStizes s o A 5 anllas

S e ot s L ale 5l a3 Kl 5 e

e Sl T sls 13 e 3550 1) S ) 51

el gLl abglse SOG 5 (SU55 55 ol

Sl i bbbyl () (e 55 Shas

Gl 4 olzws gl oS« laww Jais ol Lol axsle

A aglie g edd b ol L E g Lis

b ol Lol s L5 (ST men s 0S4 lie )
IV sl TAD Jalld) (S iman il b o 5 Slocs
Lo S b s das e 0l (61de Sl 70 5 olas
Lo olid Coslis 4y pliws l o Jimaw odilr
S lgme )13 5l i el MY 550 4 LSS
oy sl el ol g 5 LB b 4 0T Ole
ol S e ekl cnl by s e s
s o Ll Jgane Olagw (5 conilio

o e gl Ll ) Kl ol S s Y
35ty el oS Olgy B b f Ol LRl 05 (S
o el o bl s plad Al o 598 St
2oy 51,3 SCC slajlas Jilus 5l e 55 LG

W3l Gl 3TN0 4 S o Sl e 35 Y
Pl e 6 e 515 e 5 e
Cil S eSS Jls s il o3 F‘P’j—*g}:—i
0L L s et oo ol s RS 1 gy O
ls

L olid Coslin « Ko cppd Lasla 00 570 0 K -
sdaliine 10 3ol 5o Coeslie Ll 53l o jniis ls 35
525 ol ShalS caglie o Sl VU s 55
G4 g Syl 3l (g Lis Cuglan (ol 1Y L Lla b gl
Lo Shas on 2 5 o e ood lJls b S dals
s s b Sonp Caslin Y 0K 5 il
33 G e oalS el LS e« Blae s sls &1
A gl

s =6 U S e L ) oKl -0

whﬂfﬁbjﬂjbﬁ)w\bwujuﬂ

\44

YYYV I, SCCA00 ,s (PE) Il o5 =l Lol jluie
Ologmos I 5 035 83580 s 40 o8 35 e e 2 I3
5552 Js5LK POVA Lgs CTRL 3 (65 51 G jme i o &
el Ko (ol oy e slabsli s 5 s i el
ol 3L UK PYAY Lis X20  aS b 4t
SCCA00 | S /VV/Y 550>

Joale 5 ol Dl 4 a3 0 0L £y 500 S o
3 Olegw e 28l ol (ST es ot o 53 a5
Sal oyl ile) o ilr SV game b 050 3 b
Lol VT sl 5 (6551 B e GWP 2alS 3 (Ko o2
el 50l

CTRL o i iyl e sla e i 0
(1Y) Sad gl (LAF)GWP 5 Sl gloa ial s
Lol cdsls oL (£0/%) 65,51 G yme 5 (JA/Y) O 5ulSds 5
e e SRS VY B Sl o LT aacy 5 el
ol 3 S s e S 2 b b ale S
S8 Lot Ao b e bai 0 L & 0 Sl
szl Glial 4 5 el gms 5 1) badilony bl Al S e
by oo 6ol LaotNT (gade ralS 5l 515 o >

03 Blws 85 4 3Ls a3 esle ol 5l eslanal pioean
Al s 4 S 55 el Ygams 48) Al 085 (sla Jome
(i o olS Ay 5 S s Sl 035 00 5 G n i35k
b D (Sl ot oman LSl das o 28
ol 48l das e J5alS 1) o glaes i sedaw b,
el ol slastile L 5 55 S5 Ll 5 e UL,
s oals Gl L T 508 03,8 Lt el 5 5 ek
it S o 035380l oMo Ans LalS 1 0T kS
6l 5 i Ll s e s 53 Glee Jle 558 Lasl
L i oV (gl 050l ol last a3 g esls 2alS
et S o odiid 1S (ilula 5l (6,8 gl S o oS
Ol s SLpH s s asle S50 ST oVl 2alS o
B Aty S S e BT 5 e 4SS e S

Lol oo S jsbas do e e s Ola>dle
o= b s lS 5l g8 wles s oLledis Sas LCA
L e Sl o Mg s K



VE 8 Jlus B oleis Y§ 0,95

o3 Ulyes (pwdige ool alone

O ds 5 Sls, 5
oJu')'Lw C)‘J_]ﬁ;djﬂbﬁbl)dﬁa O quLa rj.';e.a Qb)‘.}j\
.:bjfdaﬁi;
C%L:.aubjl.d
.JJ‘J.; 3}})@3“&)[&5@‘&‘5}3‘“‘)3
O iy 35 s
)Q)LE g‘_rwl.'wf: U’i’ﬁ) ¢(=j_€.i4)ev\ﬁl LfJL.pJ.wL;&

u&\ﬁjj&ig@ﬁmjg)%;\f &.éw:‘}b

S b
RGO IPYS W ¢l>u‘ JAK«D‘J

F P g sl
,tj-_i\@,wmﬁnﬁ“oig}u&@@zgwww,;

RGO PSS W PL | ;59}’““2‘ uﬁ»}ﬁ

References

[1] lge, O.E., Von Kallon, D.V. and Desai, D., 2024.
Carbon emissions mitigation methods for cement
industry using a systems dynamics model. Clean

Technologies and Environmental Policy, 26(3),
pp.579-597. doi: 10.1007/s10098-023-02683-0.
[2] Rentier, E.S. and Cammeraat, L.H., 2022. The

environmental impacts of river sand mining. Science
of the Total Environment, 838, p.155877. doi:
10.1016/j.scitotenv.2022.155877.

[3] Poonia, K., Kansara, P. and Choudhary, P., 2024.
Environmental impacts of sand mining: A
comprehensive review. International Advanced

Research Journal
Technology, 11.

in Science, Engineering and

[4] Agrawal, Y., Varma, M., Gupta, T. and Sharma, R.K.,
2022. Development of eco-friendly pervious concrete
utilizing granite cutting sludge waste. In: Smart
Technologies  for  Energy, Environment and
Sustainable Development, Vol. 1, pp.309-320.

Springer. doi: 10.1007/978-981-16-6875-3_26.

Sadek, D.M., El-Attar, M.M. and Ali, H.A., 2016.
Reusing of marble and granite powders in self-
compacting concrete for sustainable development.
Journal of Cleaner Production, 121, pp.19-32. doi:

(5]

\4%

JESVA CRPWAT VT ER W T 7S C S [ VN W N
oealS am S1 il st Caslis 53 s LB alS 4
DS S e e Gl slab e
L Olerms o300 51 Sie S 2 b anle 20 5501 —#
s e SIS 0l e B S e il

CS P e s o B sl el 5 3Lk LS
e A e sl e

ol 4 S i 55 el s s cnl 00 oML pagie -V
eslie 5 S5 sl il PR O
ShaeS b, Olaw oS (ST 200 5 (2 ilin 5 Slas
5ol Ll gmis lakilony Sl eslinal (galasl s
Al st e sl e S e S 2
Frre Gl wliie W5l b (gl 5 iS4l
340 ¢l>' slse comamen 310 3L (los s Sl st 4 5 ol
20 G ol el e s 53 5 say eslind
5 MBI e Lol s e

10.1016/j.jclepro.2016.02.044.

Carrillo Beltran, R., Picazo Camilo, E., Perea Toledo,
G. and Corpas Iglesias, F.A., 2024. Towards a
sustainable mining: Reuse of slate stone cutting
sludges for new geopolymer binders. Sustainability,
16(8), p.3322.

Mosaferi, M., Dianat, I., Khatibi, M.S., Mansour,
S.N., Fahiminia, M. and Hashemi, A.A., 2014.
Review of environmental aspects and waste
management of stone cutting and fabrication
industries. Journal of Material Cycles and Waste
Management, 16, pp.721-730.

Eid, R.A.H.S., 2011. Approaching Industrial and
Environmental Reform for Shaq Al-Thu'ban Marble
and Granite Industrial Cluster. MSc thesis. The
American University in Cairo, Cairo, Egypt.

EFNARC, 2002. Specifications and Guidelines for
Self-Compacting Concrete. European Federation for
Specialist Construction Chemicals and Concrete
Systems.

Okamura, H. and Ouchi, M., 2003. Self-compacting
concrete. Journal of Advanced Concrete Technology,
1(1), pp.5-15. doi: 10.3151/jact.1.5.

[11] Khatib, J.M., 2008. Performance of self-compacting

[6]

[7]

8]

[9]

[10]


https://doi.org/10.1007/s10098-023-02683-0
https://doi.org/10.1016/j.scitotenv.2022.155877
https://doi.org/10.1007/978-981-16-6875-3_26
https://doi.org/10.1016/j.jclepro.2016.02.044
https://doi.org/10.3151/jact.1.5

A3 (Bt 3gld (Hlosess e

awle 5230 Olgieds S o 5l 03litl b OloswS” @S T,50395 2 3, Khos

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

and
doi:

concrete containing fly ash. Construction
Building Materials, 22(9), pp.1963-1971.
10.1016/j.conbuildmat.2007.07.011.

Muhammad, A. and Thienel, K.C., 2023. Properties of
self-compacting concrete produced with optimized
volumes of calcined clay and rice husk ash—emphasis
on rheology, flowability retention and durability.
Materials, 16(16), p.5513.

Singh, R.P., Vanapalli, K.R., Cheela, V.R.S,
Peddireddy, S.R., Sharma, H.B. and Mohanty, B.,
2023. Fly ash, GGBS, and silica fume based
geopolymer concrete with recycled aggregates:
Properties and environmental impacts. Construction
and Building Materials, 378, p.131168.

Yazici, H., 2007. The effect of silica fume and high-
volume Class C fly ash on mechanical and chloride
permeability of SCC. Cement and Concrete Research,
37(3), pp.265-270. doi:
10.1016/j.cemconres.2006.11.003.

Gursel, A.P., Masanet, E., Horvath, A. and Stadel, A.,
2014. Life-cycle inventory analysis of concrete
production: A critical review. Cement and Concrete
Composites, 51, pp.38-48. doi:
10.1016/j.cemconcomp.2014.03.005.

Mardani-Aghabaglou, A., Sezer, G.l. and Ramyar, K.,
2014. Comparison of fly ash, silica fume and
metakaolin from mechanical properties and durability
performance of mortar mixtures view point.
Construction and Building Materials, 70, pp.17-25.

Khatri, R., Sirivivatnanon, V. and Gross, W., 1995.

Effect of different supplementary cementitious
materials on mechanical properties of high
performance concrete. Cement and Concrete

Research, 25(1), pp.209-220. doi:
8846(94)00128-L.

10.1016/0008-

Alyamag, K.E. and Ince, R., 2009. A preliminary
concrete mix design for SCC with marble powders.
Construction and Building Materials, 23(3), pp.1201-
1210. doi: 10.1016/j.conbuildmat.2008.08.012.

Belaidi, A.S.E., Azzouz, L., Kadri, E.-H. and Kenai,
S., 2012. Effect of natural pozzolana and marble
powder on the properties of self-compacting concrete.
Construction and Building Materials, 31, pp.251-257.
doi: 10.1016/j.conbuildmat.2011.12.109.

Benaicha, M., Belcaid, A., Alaoui, A.H., Jalbaud, O.
and Burtschell, Y., 2019. Effects of limestone filler
and silica fume on rheology and strength of self-
compacting concrete. Structural Concrete, 20(5),
pp.1702-1709. doi: 10.1002/suco.201900150.

Karakurt, C. and Dumang6z, M., 2022. Rheological
and durability properties of self-compacting concrete
produced using marble dust and blast furnace slag.
Materials, 15(5), p.1795. doi: 10.3390/mal15051795.

Hameed, A. and Sekar, A., 2012. Properties of self-
compacting concrete using marble sludge powder as

VA

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

filler material. International Journal of Earth Sciences
and Engineering, 5(5), pp.1186-1193.

Sardinha, M., de Brito, J. and Rodrigues, R., 2016.
Durability properties of structural concrete containing
very fine aggregates of marble sludge. Construction
and Building Materials, 119, pp.45-52. doi:
10.1016/j.conbuildmat.2016.05.071.

Belaidi, A.S.E., Azzouz, L., Kadri, E.-H. and Kenai,
S., 2012. Effect of natural pozzolana and marble
powder on the properties of self-compacting concrete.
Construction and Building Materials, 31, pp.251-257.
doi: 10.1016/j.conbuildmat.2011.12.109.

Uysal, M. and Yilmaz, K., 2011. Effect of mineral
admixtures on properties of self-compacting concrete.
Cement and Concrete Composites, 33(7), pp.771-776.
doi: 10.1016/j.cemconcomp.2011.04.005.

Choudhary, R., Gupta, R., Nagar, R. and Jain, A,
2021. Mechanical and abrasion  resistance
performance of silica fume, marble slurry powder, and
fly ash amalgamated high strength self-consolidating
concrete. Construction and Building Materials, 269,
p.121282.

Karimipour, A., Jahangir, H. and Rezazadeh
Eidgahee, D., 2021. A thorough study on the effect of
red mud, granite, limestone and marble slurry powder
on the strengths of steel fibres-reinforced self-
consolidation concrete: Experimental and numerical
prediction. Journal of Building Engineering, 44,
p.103398. doi: 10.1016/j.jobe.2021.103398.

Yum, W.S., Yu, J., Jeon, D., Song, H., Sim, S., Kim,
D.H. and Oh, J.E., 2022. Mechanical and durability
properties of cementless concretes made using three
types of CaO-activated GGBFS binders. Materials,
15(1), p.271. doi: 10.3390/mal15010271.

Jin, Z.Q., Lu, XJ. and Hu, S.G., 2010. Alkali
activation of granulated blast furnace slag. Advanced
Materials Research, 158, pp.1-11. doi:
10.4028/www.scientific.net/ AMR.158.1.

Yazici, H., 2008. The effect of silica fume and high-
volume Class C fly ash on mechanical properties,
chloride penetration and freeze-thaw resistance of
self-compacting concrete. Construction and Building
Materials, 22(4), pp.456-462. doi:
10.1016/j.conbuildmat.2007.01.002.

Yang, Z., Liu, S., Yu, L. and Xu, L., 2021. A
comprehensive study on the hardening features and
performance of self-compacting concrete with high-
volume fly ash and slag. Materials, 14(15), p.4286.
doi: 10.3390/mal4154286.

Mohammadsalehi, A., Mostofinejad, D. and Bahmani,
H., 2024. Effects of calcium chloride, ocher, and PP
fibers on the mechanical properties of low cement
high-performance concrete with Ca(OH).-activated
slag binder: A novel approach. Arabian Journal for
Science and Engineering, pp.1-19.


https://doi.org/10.1016/j.conbuildmat.2007.07.011
https://doi.org/10.1016/j.cemconres.2006.11.003
https://doi.org/10.1016/j.cemconcomp.2014.03.005
https://doi.org/10.1016/0008-8846(94)00128-L
https://doi.org/10.1016/0008-8846(94)00128-L
https://doi.org/10.1016/j.conbuildmat.2008.08.012
https://doi.org/10.1016/j.conbuildmat.2011.12.109
https://doi.org/10.1002/suco.201900150
https://doi.org/10.3390/ma15051795
https://doi.org/10.1016/j.conbuildmat.2016.05.071
https://doi.org/10.1016/j.conbuildmat.2011.12.109
https://doi.org/10.1016/j.cemconcomp.2011.04.005
https://doi.org/10.1016/j.jobe.2021.103398
https://doi.org/10.3390/ma15010271
https://doi.org/10.4028/www.scientific.net/AMR.158.1
https://doi.org/10.1016/j.conbuildmat.2007.01.002
https://doi.org/10.3390/ma14154286

VE 8 Jlus B oleis Y§ 0,95

o3 Ulyes (pwdige ool alone

[33]

[34]

[35]

[36]

[37]

[38]

[39]

ASTM International, 2022. Standard Test Method for
Compressive  Strength of Cylindrical Concrete
Specimens. ASTM C39/C39M-22. West
Conshohocken, PA: ASTM International.

ASTM International, 2021. Standard Test Method for
Slump Flow of Self-Consolidating Concrete. ASTM
C1611/C1611M-21. West Conshohocken, PA: ASTM
International.

EFNARC, 2005. The European Guidelines for Self-
Compacting Concrete: Specification, Production and
Use. EFNARC.

British Standards Institution, 2013. Test Methods for
Self-Compacting Concrete — Part 5: Compressive
Strength of Test Specimens. BS EN 1170-5:2013.
London: BSI.

Shariqg, M., Prasad, J. and Masood, A., 2010. Effect of
GGBFS on time dependent compressive strength of
concrete. Construction and Building Materials, 24(8),
pp.1469-1478.

Nejati, A., Mansourian, A., Ravanshadnia, M. and
Sadeh, E., 2024. Feasibility of using recycled waste
travertine stone powder (RWTSP) as a substitute for
mineral filler in microsurfacing surface treatment.
Construction and Building Materials, 418, p.135389.
doi: 10.1016/j.conbuildmat.2024.135389.

Demirel, B. and Alyamag, K.E., 2018. Waste marble

[40]

[41]

[42]

[43]

powder/dust. In: Waste and Supplementary
Cementitious Materials in Concrete:
Characterisation, Properties and Applications,
pp.181-197. Woodhead Publishing. doi:

10.1016/B978-0-08-102156-9.00006-7.

Kirgiz, M.S., Khatib, J., de Sousa Galdino, A.G.,
Kenai, S., Ashteyat, A., Campilho, R.D., Lezcano,
R.A.G.,, Bamigboye, G.O., Nagaprasad, N. and
Ramaswamy, K., 2025. Waste marble sludge and
calcined clay brick powders in conventional cement
farina production for cleaner built environment.
Scientific Reports, 15, p.3467. doi: 10.1038/s41598-
024-83163-3.

Mohammadi, P., Mirghaffari, N., Razavi, Z. and
Soleimani, M., 2025. Synthesis and characterization of
zeolite X from granite stone sludge. Next Materials, 6,
p.100466. doi: 10.1016/j.nxmate.2024.100466.

Huang, J., Xu, G., Chen, S., Yu, D., Fu, T., Feng, C.
and Wang, Y., 2024. Enhancing mechanical properties
and microstructures of mass-manufactured sand
concrete by incorporating granite powder. Materials,
17(10), p.2234.

Ahmed, A., Mahmoud, A.A. and Elkatatny, S., 2020.
The use of the granite waste material as an alternative
for silica flour in oil-well cementing. ACS Omega,
5(50), pp.32341-32348.

S o> glor | Alia oyl 4 365
w2 gl Ol & 4igSr

Mohammadsalehi, A. and Mostofinejad, D., 2026. Performance of low-
cement self-compacting concrete using stone sludge as sand replacement.
Modares Civil Engineering journal, 26(5), pp.63-79.

V4


https://doi.org/10.1016/j.conbuildmat.2024.135389
https://doi.org/10.1016/B978-0-08-102156-9.00006-7
https://doi.org/10.1038/s41598-024-83163-3
https://doi.org/10.1038/s41598-024-83163-3
https://doi.org/10.1016/j.nxmate.2024.100466




Modares Civil Engineering Journal

Volume 26, Issue 5, 2026, 81-96 [ \
DOI: 10.48311/mcej.2025.117685.82874 Tarbiat Modares

University

Life Cycle Analysis of the Synthesis and Photocatalytic Application of
Non-Metallic Semiconductor Nanosheets for Rhodamine B Removal with
an Environmental Sustainability Approach

Afsaneh Shahbazi'’

1. Department of Environmental Technologies, Environmental Sciences Research Institute, Shahid Beheshti University,
Tehran, Iran.

Abstract Review History

The proliferation of persistent organic dye contaminants, such as Rhodamine B (RhB), in aquatic Received: Nov 13, 2025
environments necessitates the development and rigorous environmental evaluation of sustainable Revised: Jan 17. 2026
wastewater treatment technologies. Visible-light-driven photocatalysis using advanced semiconductor i '
materials has emerged as a promising, green, and energy-efficient solution, offering complete Accepted: May 30, 2026

degradation of pollutants into harmless minerals, unlike conventional methods that often merely transfer ~Keywords

pollution. Graphitic carbon nitride nanosheets (g-CsNas), a metal-free, visible-light-active photocatalyst, Life Cycle Assessment
has garnered considerable attention for its high thermal stability, scalability, and favorable Nanosheets, Non-metallic
physicochemical properties. However, the energy-intensive nature of synthesizing nanostructured
catalysts demands a quantitative environmental assessment—a Life Cycle Assessment (LCA)—to .
validate the technology’s true sustainability beyond functional performance metrics. Addressing this Environmental
critical gap, this study conducted a comprehensive LCA, adhering to ISO 14040/14044 standards, to  Sustainability
quantify the environmental burdens associated with both the production and the application of g-CsNa4 in

RhB dye degradation. Environmental impacts were assessed using the SimaPro 10.2 software and the

globally accepted ReCiPe 2016 method at both the Midpoint (e.g., Global Warming, Water Use) and

aggregated Endpoint levels (Human Health, Ecosystems, and Resources). The LCA results revealed a

fundamental structural challenge: In the catalyst synthesis phase, electrical energy consumption was

identified as the single, dominant environmental hotspot, contributing over 97% across all 22 Midpoint

impact categories and approximately 97.5% to 99.8% across the Endpoint damage categories. This high

dominance was directly attributed to the severe reliance of the high-temperature calcination process on

the region's carbon-intensive, fossil fuel-based electricity grid. Conversely, the contributions from

precursor materials (melamine and nitrogen) were consistently negligible, registering below 3%. In the

photocatalytic application phase (wastewater treatment), the structure of the hotspot fundamentally

shifted: the overall environmental cost was predominantly carried by the embedded environmental cost

within the g-CsNu catalyst itself. The catalyst's embodied burden accounted for approximately 78% of the

total damage across all three Endpoint categories (Resources, Human Health, and Ecosystems). The

operational electricity required for the visible-light reaction became a secondary contributor, accounting

for less than 23% of the total burden. This finding conclusively demonstrated that the main

environmental impact of the overall treatment process stemmed not from the operation, but from the

initial, heavy "environmental investment" required for the high-carbon synthesis of the catalyst. To

mitigate this structural challenge, a sensitivity analysis simulating a 95% reduction in electricity

consumption during the g-CsN. synthesis phase was performed. The results validated the direct

relationship between the catalyst's embodied burden and the carbon intensity of its production: the

catalyst’s contribution to final Endpoint damages plummeted by over 92%, dropping to less than 6%

across all damage categories. With the structural burden of the catalyst neutralized, the operational

electricity consumption for the treatment process became the new dominant hotspot, contributing over

90% of the remaining impacts. In conclusion, this LCA study provides a critical, quantitative assessment

revealing that the environmental sustainability of non-metallic semiconductor nanosheet photocatalytic

technology is inextricably linked to the decarbonization of the synthesis process through the adoption of

low-carbon electricity, and the maximization of the catalyst's operational lifespan and recoverability to

distribute the high embodied environmental cost. This strategy is crucial for the technology to fulfill its

potential as a truly green and sustainable solution for advanced wastewater treatment.
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Table 1. Life Cycle Inventory (LCI) for the degradation of 50 mg
of RhB dye from 1 liter of aqueous solution using the g-CsNa

photocatalyst
Life Cycle Inventory
Stage - -
Unit  Amount  Material
g 10 Melamine
Photocatalyst synthesis mL 450 Nitrogen
kWh 6 Electricity
. 0.3 g-CsNa
Photocatalyst application .
kWh 1.65 Electricity
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Table 2. Midpoint-level environmental impact assessment results for the synthesis of the g-CsNa4 photocatalyst

Impact category Unit Total Melamine Nitrogen Electricity
Global warming, Human health % 100 1.6775 0.0054 98.3171
Global warming, Terrestrial ecosystems % 100 1.6777 0.0054 98.3169
Global warming, Freshwater ecosystems % 100 1.6774 0.0054 98.3172

Stratospheric ozone depletion % 100 0.7518 0.0060 99.2422
lonizing radiation % 100 1.8654 0.0317 98.1028

Ozone formation, Human health % 100 2.3998 0.0093 97.5909
Fine particulate matter formation % 100 3.9092 0.0214 96.0694
Ozone formation, Terrestrial ecosystems % 100 2.2792 0.0085 97.7123
Terrestrial acidification % 100 4.1005 0.0114 95.8881
Freshwater eutrophication % 100 16.6070 0.0926 83.3004
Marine eutrophication % 100 11.5006 0.0049 88.4945
Terrestrial ecotoxicity % 100 29.0338 0.0013 70.9649
Freshwater ecotoxicity % 100 9.0845 0.0066 90.9090
Marine ecotoxicity % 100 25.3304 0.0013 74.6683

Human carcinogenic toxicity % 100 6.9639 0.0463 92.9898
Human non-carcinogenic toxicity % 100 8.9977 0.0358 90.9665
Land use % 100 8.2231 0.0252 91.7517

Mineral resource scarcity % 100 9.2655 0.0052 90.7293
Fossil resource scarcity % 100 1.0894 0.0018 98.9087
Water consumption, Human health % 100 13.2540 0.0332 86.7127

Water consumption, Terrestrial ecosystem % 100 30.2949 0.0776 69.6276
Water consumption, Aquatic ecosystems % 100 228.4466 0.2496 -128.6962

Global  Global  Global  Stratosp lonizing ~ Ozone  Finepart ~Ozone  Temrestri Freshwat Marine  Terrestri Freshwat  Marine  Human  Human  landuse  Mineral Fossilres Waterco Waterco Waterco
warmin  warmin  warmin  hericoz  radiatio  formati  iculate  formati  alacidifi ereutro  eutroph alecotox erecoto  ecotoxic  carcino  non-car resourc  ourcesc  nsumpti  nsumpti  nsumpti

B 0-C3N4 [ Melamine (GLOJ| market for melamine | Cut-off S [ Nitrogen liquid (RoW]| market for | Cut-off S - Copied from ecoinventS [ Electricity, highvoltage {IR}| market for electricity, highvoltage | Cut-off, S

Method: ReCiPe 2016 Endpoint (H) V1.10/World (2010) H/A / Characterization/ Excluding infrastructure processes / Excluding long-term emissions
Analyzing 1kg 'g-C3N4';
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Fig. 1. Midpoint-level impact assessment results for the synthesis of g-CsN. photocatalyst
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Table 3. Endpoint-level impact assessment results for the synthesis of the g-CsNa photocatalyst

Damage category Unit Total

Melamine Nitrogen Electricity

Human health % 100
Ecosystems % 100
Resources % 100

2.3952249 0.010133  97.59464
2.553358 0.006812  97.43983
1.0973212 0.001833  98.90085

(%)

100 1
90 -
80 -
70 -
60 -
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40 -
30 |
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0 . .

Human health

Ecosystems

Resources

OMelamine ® Nitrogen M Electricity
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Fig. 2. Endpoint-level impact assessment results for the synthesis of g-CsN4 photocatalyst
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Table 4. Midpoint-level impact assessment results for the degradation of 50 mg of RhB dye from 1 liter of aqueous solution using the g-CsNa

photocatalyst

Impact category Unit Total g-C3N, Electricity
Global warming, Human health % 100 77.99 22.01
Global warming, Terrestrial ecosystems % 100 77.99 22.01
Global warming, Freshwater ecosystems % 100 77.99 22.01
Stratospheric ozone depletion % 100 77.83 2217
lonizing radiation % 100 78.03 21.97
Ozone formation, Human health % 100 78.12 21.88
Fine particulate matter formation % 100 78.39 21.61
Ozone formation, Terrestrial ecosystems % 100 78.10 21.90
Terrestrial acidification % 100 78.42 21.58
Freshwater eutrophication % 100 80.71 19.29
Marine eutrophication % 100 79.75 20.25
Terrestrial ecotoxicity % 100 83.08 16.92
Freshwater ecotoxicity % 100 79.31 20.69
Marine ecotoxicity % 100 82.35 17.65
Human carcinogenic toxicity % 100 78.93 21.07
Human non-carcinogenic toxicity % 100 79.30 20.70
Land use % 100 79.16 20.84
Mineral resource scarcity % 100 79.34 20.66
Fossil resource scarcity % 100 77.89 22.11
Water consumption, Human health % 100 80.07 19.93
Water consumption, Terrestrial ecosystem % 100 83.35 16.65
Water consumption, Aquatic ecosystems % 100  158.57 -58.57
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Fig. 3. Midpoint-level impact assessment results for the degradation of 50 mg of RhB dye from 1 L of aqueous solution using the g-CsNa4
photocatalyst
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Table 5. Endpoint-level impact assessment results for the degradation of 50 mg of RhB dye from 1 liter of aqueous solution using the g-CsN4
photocatalyst

Damage category  Unit

Total g-C3N4 Electricity

Human health %
Ecosystems %
Resources %

78.11 21.88
78.14 21.85
77.89 22.10

100 -
90 +
80 A
70 A
60 -

(%)

40 +
30 A
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10 A

Human health

Ecosystems

Resources

mg-C3N4 OElectricity
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Fig. 4. Endpoint-level impact assessment results for the degradation of 50 mg of RhB dye from 1 L of aqueous solution using the g-CsNa
photocatalyst
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Abstract Review History
Spontaneous healing involves the formation of self-healing compounds through the Received: Aug 13, 2025
continuous hydration of unhydrated cementitious materials, which have limited ability to heal Revised: Oct 10, 2025
cracks. On the other hand, autohealing uses external agents such as superabsorbent polymers, Accepted: May 30, 2026
biological agents, high pozzolanic materials, and chemical agents to seal cracks.In this study, the

use of Bacillus subtilis bacteria was investigated to improve compressive strength and crack [<eywords

repair. Some researchers added Bacillus subtilis bacteria directly to concrete. The results of these Bacterial concrete
studies showed that adding Bacillus subtilis bacteria directly significantly improves the Self-healing
compressive strength of bacterial concrete compared to control concrete. Bacillus subtilis Bacillus subtilis
bacteria also produce calcium deposits and fill cracks in concrete. However, some researchers
investigated the indirect (encapsulated) addition of Bacillus subtilis bacteria with different
carriers in concrete. The results showed that using a phenyl vinyl alcohol (PVA) carrier
containing Bacillus subtilis bacteria in concrete increased the compressive strength of the
samples compared to other samples containing bacterial carriers. Also, the concrete mixture
containing Bacillus subtilis bacteria with 30% fly ash carrier showed higher healing compared to
other mixtures. Overall, the results of this study showed that the use of bacteria with Bacillus
subtilis plays a significant role in improving the compressive strength and self-healing capacity
of concrete, which can significantly improve the durability of concrete structures.The results
obtained on concrete samples containing Bacillus subtilis bacteria compared to control concrete,
bacterial concrete had a maximum compressive strength of 18.20 MPa (3.59% increase), 54.29
MPa (15.61% increase), and 88.32 MPa (19.55% increase) after 14, 7, and 28 days, respectively.
After 28 days of curing, the self-healing index showed that bacterial concrete had a higher
normalized self-healing index of 1.12 compared to control concrete. The results of the research
on bacterial concrete containing Bacillus subtilis bacteria showed higher compressive strength
compared to normal concrete in all grades of concrete. Also, the compressive strength of concrete
containing Bacillus subtilis bacteria with a bacterial concentration of 510 cells per ml with
concrete grade M30 on day 28 was slightly higher than other samples. In this study, sediment
was observed on the surface of concrete samples Cracked bacteria and filling of smooth cracks
showed the effectiveness of crack repair.The compressive strength results obtained on concrete
samples containing Bacillus subtilis bacteria with carriers of phenyl vinyl alcohol fibers, sisal
fibers and expanded perlite and concrete samples containing phenyl vinyl alcohol fibers, sisal
fibers that do not contain Bacillus bacteria and normal concrete. The self-healing concrete of
Bacillus subtilis with polyvinyl alcohol (PVA) fibers added is stronger than the two carriers with
bacteria and without bacteria and normal concrete. The reason is that polyvinyl alcohol (PVA)
fibers have a binding role in concrete compared to the expanded perlite material. The repair effect
in concrete with Bacillus subtilis bacterial solution added at a concentration of 2.5 oz with carrier
is higher compared to the other two groups of self-healing concrete.For both normal concrete and
self-healing concrete containing Bacillus subtilis bacteria, 100% natural aggregate provides the
maximum strength Slow and in case of strength recovery after repair, concrete mix containing
30% fly ash aggregate showed good results. In this test, mix B2 with 30% fly ash aggregate
showed high repair performance compared to other mixes.

* Corresponding Author Email: kmomeni@tvu.ac.ir - ORCID: 0009-0003-9238-8873

Copyright © 2026, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
BY NC

4.0 International License (https://creativecommons.org/licenses/by-nc/4.0) which permits Share (copy and redistribute the material in any
medium or format) and Adapt (remix, transform, and build upon the material) under the Attribution-NonCommercial terms.

97


https://doi.org/10.48311/mcej.2025.118286.82882
mailto:kmomeni@tvu.ac.ir
https://orcid.org/0009-0003-9238-8873
https://creativecommons.org/licenses/by-nc/4.0

WPI3e Ulres (e (sele dlxo

Vo8 6 Y Slomio — VF+0 Jlos B 0l Y5 5595
DOI: 10.48311/mcej.2025.118286.82882

.
]
Ul

ok g o gy (6 AL 5 esliial b ek pd an 5 593 G (m)

YQY)ﬁ&uJA)\-.@bbwcrd‘fﬂu&J«joﬁ&c ':E:'\L;'\.Ajﬂ },.QS“

Ol Olygs (gl @by 26 olRls Ol jos pwdige 03,5 (b bkl )

d‘j‘.".‘ cCA.\jJ‘) LCA“::J‘) @Kﬂblb JL@.?— co)'Lw - Q‘jo.ﬁ dw.,\.\.é.n M)l JNL.L)[S 6}2&4‘3 Y

dlﬂlzd‘ﬂ:cd\j@CJ\)L@J’&AEK:«J\J‘;MG}‘_;JJWij; Al

S313 azsu 4,

oS>

VES/20/YY sl s l—ﬁdﬁﬁﬁjé)t—«ijC,—Aj\j.dJﬁé‘ﬁ%ﬁw%hd;ﬁl{j‘é)&#\y}ﬂ@ A;Jl.h»wlﬁ
VECEAVAA (o L b LS Blal g e e s 4 b ekt el 68 Sl eslinad Dl 51 S AS als

VERO/ YA s L 2l Sl g oldd Caglie s gy 4 ke o rsalenls (681 025380 4 015 0L Dlalllae ()

S oL i A5 Lol i e esdhesl GBS ramen s 0 s e S B b w4 S n L alis
D90 A el kel S 00l g 4 Oldms Sl LS e ) o S 55 el S
S s ey el Sl asliiad o 813 DL gl L mstls 5o il (sl ol L (W 5S) s 2

ELSETINT
S5 2
S

Sel 2l SL s el (ol slaigad S0 b anslie 53 1 55 kit g sl 5L 55 (PVA)
LY Jel L et el L ol 1 Bl raan 350 o0 L pes (LS gl 15

Shestazal sls OLES anllas -l g yeme 53 LS sdalis sk oo bl e baslis 5o (ool musbs

Ll g e S 013 o e o Db b 5 (LS Cuaslie S5 0 (S i B et el b 5L

B B L PRV PP PYS I P

GBS Al g edle 258 e Caslie D3ls Cos Sl 4 e S
e A e Wl s el et Slge 5 me 3
5555 oV s ple)l Sospst 5 b de b 5l o
3l a1 O e N b ples 5 olle Sl
Sl OS5 pens G o3 oS (Sla 2 a3 [5-6]
e Gl e gl s 3l 2 se il al 4 (S
S Foss (b by Jald Slor 4l llas 2 bS5
o el e rs) s esle a0 5 03 S 3 sk
Sliios [T] 25,0 1 5 ol (sla uls oS o &8 ool

4adde —)
3 el (b Wl se Vb (oL Caslie s a5 o
Flae 172 0l el sptn 1035 48 o 4y O ke
S oslial [l 531w a5 [12] ol Ol el s ezl
T S [ PR VS PR G| B P K POy
S Jl o eslinad 5y sl an a5 L o 18 5 el
ISi s ol Cans (23S 55 oS ol (losle Ll
S ol L 3] ol s S S, IS sl 53 S5
LS e LaS 555 plesl 5 5Ll danes | oy O 515 Saesls

0009-0003-9238-8873 :ORCID - kKmomeni@tvu.ac.ir :J st stivs 55 asLLI, *

Creative  MoJloys some o5 9 0ad piiia T (s jiws gy allia ol (TMU Press) Guyse o5 olKisls wlhlisl ¥-Ys © culyoS
ol Lilgs oo Leds Game ol Lwlwl s (hitps://creativecommons.org/licenses/by-nc/4.0) 5,1 ,1,5 Commons Attribution-NonCommercial 4.0 BY NC

._\.:.;fo.)liiwl‘_;)lqd).:iML&A6|ﬁQTj|50);;5|)nM,JfU4§3TLﬂZ4.3L%uéjhjbpdﬁlﬂgbol—l{g.xﬁif@_l)élegQ)&legA@f‘_;h}lw)’;_aﬂé)h)_\l)vlbﬁ


https://doi.org/10.48311/mcej.2025.118286.82882
mailto:kmomeni@tvu.ac.ir
https://orcid.org/0009-0003-9238-8873
https://creativecommons.org/licenses/by-nc/4.0

\f“b dLIM sb b)loa:J nY; b)’é

U030 Olyes (qwdige (oole dlowe

Sl e hd Dllas 3 ol 58 s Bl 5 CliS S ge
(o o she—al [19] 553 s 4o 5 iy > MICP
AL Stz gl 5 ISS Gl (it o 5 slags S
A5 s glales (5 me 53 s NG b e b B
L s el ol sLaS s el [5, 20-21] S s
22 el G B S e sl 1) WS Jass 5 VLSS
Clge (Al a0l 03 55 3l i oS lazi sbSls W 5
5 Syl LS5 sla S5 o200 [1,5,20] s
350w Olizman Oljae pudign 53 O A (ol (o s

s e DL 1y skl (5580 Sl (sl 500 (V) 02 [22] o
DR e g e ey (5L 05 S LS gl Sy, )

s 3=

e ol et g skl Slas SR nf Lo

3 s O 5 a (S SUSY L) OLESL 5,50 sk

el B L5 e Ll 036 o b o ¢ ailous s 05

Sl 55 Ol O gaiblydn e 3 Lags ,SU oS ol
[23] L5 Il clis 0Ly 3 5 L, gl WS 555

(DS oot b B9sm
Jol s il Lol (gdae slge 5 Lags sSL gy onl 5o
o S Ol e 5 K oe 0303 L3 J S L LSl
Lo pl 5o L SL Sl el ol 008 e Lol o bl
LS e Chabloes VY BYVY sy pH L o oW Sl o
Lags S 5 ok anesli il oS (o 358 5 02 55 S5 sl

[23] S LT 1, awe s gt Aol 5 b s oo sl5]

—rr -

[7] s sy 680 N K3
Fig. 1. Bacterial Solution (Bacillus Subtilis) [7]
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Fig. 2. Pelletizer [7]
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Fig.3. Encapsulation (A-Bacillus spores, B-cultivated bacteria, C-
FA Aggregates soaking in bacteria solution) [7]
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Fig.4. Compressive strength of concrete specimens at 7, 14, and
28 days [29]
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Table 1. Compressive strengths (MPa) of different cell counts
from 10° to 10° [30]

Cell count Grade
(cells/m) M20 M25  M30
(MPa) (MPa) (MPa)
CcC-10° 26.46 3112 36.61
10* 2729 3278 3745
102 2778 3561 37.90
10° 2810 36.66 38.78
10* 30.07 3742 40.60
10° 3341 389 4502
106 3011 3629 41.93
107 29.25 3416  39.70
108 2801 32.89 38.84
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Fig. 5. Mean compressive strength graph [31]
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Fig. 6. Compressive strength test results [7]
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Fig.7. Compressive strength test results [7]
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Fig.8. healing index microscope optical result of concrete
specimens in (7.14.21.28 ) days[29]
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Fig. 11. 3D optical microscope images for the progress of crack
healing of bacterial concrete with B. subtilis during (a) 21 days,
and (b) 28 days [29]
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Fig. 12. Crack healing capacity of self-healing bacterial concrete
for day 1 and day 7 [33]
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healing of bacterial concrete with B. subtilis during (a) and (b) at
0-day [29]
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Fig. 10. 3D optical microscope images for the progress of crack
healing of bacterial concrete with B. subtilis during (a) 7 days,
and (b) 14 days [29]
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