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ABSTRACT

This paper studies the structural behavior of prestressed concrete beams and steel fiber
reinforced concrete piles. A nonlinear finite element formulation based on the principle of
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virtual work is developed to analyze the response of these prestressed structural elements
under applied loads. The model accounts for material nonlinearity, second-order effects, and
variable stiffness through an incremental loading procedure. Simpson’s integration scheme

is adopted to evaluate the cross-sectional response of each element. The governing equations
describing beam behavior are established, and the influence of compressive strength and
prestressing force on structural performance is examined. Experimental tests conducted on
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prestressed concrete beams and steel fiber—reinforced concrete piles are used to validate the Piles

proposed approach. A comparison between numerical and experimental results demonstrates

the accuracy and reliability of the developed formulation.

Nonlinear finite element analysis
Virtual work principle
Constitutive modeling
Experimental validation
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1. Introduction

The modeling and nonlinear analysis of reinforced and
fiber-reinforced concrete  structures require accurate
formulations of the nonlinear system of equations, as
discussed by Bouafia et al. (2002), Seung—Eock Kim et al.
(2001), Sun and Chan (2017), and Grelat and Iguetoulene
(2017) [1-2,5,7]. These studies emphasize the importance
of considering both the global structural response and the
local behavior each element simultaneously. Significant
research efforts have been devoted to improving nonlinear
analysis procedures, particularly in the formulation of the
tangent stiffness matrix. Methods proposed by Riks (1972),
Albermani et al. (2004), and Park S.H. et al. (2012) [2—

correspondence E-mail: iguetouene_fatiha@yahoo.fi

3,10] have contributed substantially to this field. However,
these approaches may fail to capture high-frequency modes
accurately and can result in non-symmetric tangent
stiffness matrices.Various models of fiber-reinforced
concrete have been integrated into previous studies to
improve the representation of post-cracking and ductile
behavior (e.g., Bazeos and Xykis, 2002; Park S.H. et al.,
2012) [11-12].

In this paper, a numerical formulation based on the
principle of virtual work is presented to model and analyze
the nonlinear structural response under external loading
[12,19]. The governing equilibrium equations are derived,
and the solution procedure for these equations is discussed.
Constitutive laws for both conventional concrete and fiber-
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reinforced concrete are then introduced, followed by a
description of the structural equilibrium formulation.
Fiber-reinforced concrete is increasingly used in modern
structures due to its enhanced mechanical properties and
durability compared to conventional concrete. The addition
of fibers synthetic, steel, or natural improves tensile
strength, crack resistance, and impact performance, which
are critical for structural elements subjected to complex
loading conditions (Jamshidi, 2023; Parvinnejad et al.,
2022; Kameli, Shahi & Mahboob, 2024) [20—22]. Recent
studies have employed numerical modeling to better
understand and predict the behavior of FRC. For instance,
Zedan and Khan (2023) developed a model to predict
optimal mechanical properties based on fiber type and
proportion, while Al Mahaidi et al. (2022) [23-24] applied
the finite element method to analyze reinforced concrete
beams strengthened with FRP composites. These studies
demonstrate that fiber integration and advanced numerical
modeling are complementary approaches for improving
structural safety and efficiency. Nevertheless, systematic
comparisons between experimental and numerical results
remain essential to validate models and ensure their
applicability in practical engineering contexts.

In this study, a numerical formulation based on the
principle of virtual work is presented to model and analyze
the nonlinear behavior of prestressed concrete beams and
reinforced concrete truss beams under external loads. The
analysis accounts for the actual behavior of concrete and
steel, including cracking, steel yielding, and failure
mechanisms. A nonlinear calculation program developed
in Fortran was validated through comparison with
experimental results.

2. Material and methods

2.1 BEHAVIOR OF BOTH MATERIALS

Compression and traction
The material in compression the law of Sargin [7] is used,
the tensile behavior will be modeled by the law of Grelat

(7]
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Figure 1. constitutive law of the concrete

The laws in compression and in traction are given in
figure 1; and the Stress — Strain of reinforced fiber
concrete Bouafia and al. [1] is given in figure2
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Figure 2. Stress — Strain of steel fiber concrete Bouafia and al. [1]
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2.2 Section Equilibrium

The section is discretized into a series of segments,
Each part of the structure is discretized into beam elements.
The Geometric description of the cross-section is given
by:
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Figure 3. Discretization of the section into trapezoidal segments
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The element calculation is using the given following
relation:

(ar) = k. (32) ®

where 2Fo and AF are normal forces increase and

shear forces increasing .
Ag, Ag; the normal and tangential strains increase

K . . .
[ "] : cord sections stiffness matrix

gl L] @
(K,] [K,]+[K,]

K |. . . .
where[ ’"”] is cord stiffness matrix linked the increase of
the normal forces and the sections normal strains increase.

1 -
:J Em (-1'!‘ :] = :2 -1!: ’ dS}JI (5)
v o

G-4, 0 0
[K,]=| 0 G4 0 (©)
0 0 G-I,
" cosfi  sinfi ¥ ﬁsinﬂi —zc08fii

[Kﬁ”]:zl:Eﬁ-sﬁ-smm-cos‘ai- .'ﬁCOSﬁI :ﬂsmﬁi :ﬁ-J’ﬁSl.IlﬂI—:J‘?COSﬂJ .
=

yﬁcosﬁi yﬁsmﬁi y}smﬁi—yﬁ-:ﬁcosﬂi

@)
I:KJ‘T‘”:IZ[KJ?”:I (8)
[Kﬁ]:iEj sinai-s, ViV ©
cosf
V= snbB, . (10

¥ Sinffi—z cosfi

The equilibrium of the section is determined by
evaluating the determinant of the section stiffness matrix

[Ks] and verifying the reinforcement failure criteria. If
these conditions are met, the system of equations is solved.

{AF} = [K;]. [Ag] (11)
Then, a convergence test is performed.
2. 3 Calculation Steps

The flowchart presents the numerical procedure used to
analyze the structural behavior. The load is applied
incrementally, and the stiffness matrix is updated at each
step. For each element, section integration is performed
and internal forces are computed. The equilibrium
equations are then solved iteratively until convergence
between internal and external forces is achieved. The
process continues until the final load level is reached.

3 .Results and Discussions
3.1 FOURE test

This study is based on a series of tests performed by
Foure [1] (OG1, OG2, OG3, 0G4, ...).

Among these, the OG3 beam was analyzed. It is a
simply supported beam with a span of 3 m between
supports and a spacing of 0.5 m between the applied loads.
The experimental setup and procedure are described in
detail in Ref. [6]. The mechanical properties measured
from material samples are presented in Tables 1 and 2.

1.25m ) 0.5m L 1.25m
‘I i { 1
Figure 4. OG3 beam
Table 1.
Mechanical characteristics of the sample
Reference Diameter Module Elasticity Stress of
¢$(mm) E,(MPa) limit rupture
f(MPa) [y
0G3 16 2.05x10° 575 700
6 2.05x10° 215 700
Table 2.
Mechanical properties of concrete obtained from specimen testing
Mixed Agej Compression Traction
(day) (Bending)
fe E;; E4 €p(%o0) fej
(Mpa) (MPa) (MPa) (MPa)

0G3 44 51.3 41600 42750 1.58 2.8
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Figure 5. Flowchart of the Calculation Process

Convergence of the
standard efforts

{AP}={P}-{P’}

90 - Load [KN)

As can be seen in Figure 6, there is good agreement 80 -
between the calculated and experimental results. The 70
calculated failure load is 75.89 kN, while the experimental gg

failure load is 78.04 kN.

As can be seen in Figure 6, there is good agreement
between the calculated and experimental results. The
calculated failure load is 75.89 kN, while the experimental
failure load is 78.04

—e— Experiment
—— Present study

40
30
20
10

0

Deflexion (m)

0 0.01 0.02 0.03 0.04 0.05
Figure 6. Load—deflection curve for beam OG3
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3.2 Contiinous beam : Test conducted by BOUAFIA
(OH4) [04]

The continuous beam test (OH4) was conducted at CEBTP
by Y. Bouafia [04]. The beam features a double T-shaped

The passive reinforcement of beam OH4 is made of cold-
worked steel with a diameter of 5 mm. Prestressing is
applied by post-tensioning. The cable is composed of 6
strands of @13 mm and is placed inside a flexible jacket.
The initial prestressing force at the anchorage is 556 kN.

cross-section, rests on two simple supports spaced 3.75 m 400 | Load (KN)
apart, and is extended by a 1.25 m cantilever. e -
The laboratory experiment is described in detail in Ref. 300 -
[04]. The mechanical characteristics measured on the 250 -
samples are presented in tables 3. 200 - —+— Expérience
150 - = = = Calcul
5.80
30, 146 220, 1.70_ 30 W R— 100 1
A ¢ i P 50 -
B i : i A"i i 0 deflexion(m)
OH4 ‘ l i = T ‘[» T ] 0 0.002 0.004  0.006 0.008 0.01 0.012
e N |
o oo o = —1
e <OTMRTT R N 170 2070 g0 B 5 Figure 8. Load-deflexion curve for the beam OH4
—— 3.75 1.25 .40 ]
122 250 122 2 2z 123 The numerical curve closely matches the experimental
L0 g curve, indicating that the modeling accurately predicts the
% structural behavior.
g 3.3 Bending composite on the pile
. gl The experimental tests were conducted by Zhan [13] at
the CEBTP laboratory. The piles, 500 mm in diameter,
Figure 7. Construction details of the beam were made of control concrete, reinforced concrete, and
Table 3 fiber-reinforced concrete. The reinforcement of the
apble J. . . . .
Mechanical characteristics of concrete (Bouafia [04]). relr.lforced concrete piles consists of five HA steel bars with
Reference Age  Module  Stressfo &,0(0)  fy a diameter of 16 mm (0.5 % by volume) in the scale test.
day Epo (MPa) (Mpa) The piles were subjected to combined bending, with a
(Mpa) normal compressive force of 1370kN applied using
OH4 37 32070 34,50 0,16 330 external prestressing. The geometric characteristics of the
piles are shown in Figure 10.
am P
.
- . L
"1':I|:' 11_.': h-h r-"--'.+. 1175 "]'il:' EI#J:'.EITIITI
k e =2 200 SEE:
H [HI
N I I N
soppod Bemeaw
I M loading sreer
L 1]
— Support
I N
|-'55'-5 Jomd beam mopooeifibe post i HIES JMD5ES

Figure 9. Combined bending test on a reinforced concrete pile with a circular cross-section
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Table 4.

Mechanical properties of the composite (reinforced concrete with steel fibers) measured on cylinders (Zhan [13]).
Indexof fcj ftj Epo R, Ert €o Ecu
the test
piece (MPa) (MPa) (GPa) (%) (%o0) (%o)
BFAC 47.6 3.37 38.18 0.7 =50 2.1 35
Indexof E, l (%) &y Ty
the test (Mpa)
piece (GPa) (mm) (mm) (%o0)
BFAC 200 60 0.31 —0.74 7

BFAC: Steel Fiber Reinforced Concrete.

450 1 poad(Emy
400 4
350
300 -
250
200
150
100
50

—#— FExperiment
—&— Present sindy

Dieflexion{m)

] 0.01 0.02 0.03 0.04

Figure 10. Comparison of calculated results with experimental
results for a BFAC pile

For the reinforced concrete pile with steel fibers at 25
kg/m? (BFAC), the experimentally measured ultimate load
is 390 kN, while the numerical prediction is 400.15 kN.

In both the linear and nonlinear phases corresponding to

crack initiation and propagation with the contribution of
the concrete fibers the numerical results show good
agreement with the experimental data.
In the post cracking phase, where the fiber-reinforced
concrete contribution becomes dominant, only small
deformations were considered in the numerical model.
Consequently, the computed deformations are slightly
lower than the experimental values.

3.4 Lattice truss beam with reinforced concrete frame
( Santarella, Luigui [25]).)

A lattice truss structure with upper and lower frames has
a theoretical clear span of 12 m, and a height of 2 m
between the axes of the members. Construction details are
shown in Figure 11. The dimensions were chosen so that,
under self-weight or under any of the following loading
conditions, the compressive stress in the concrete does not
exceed 30 kg/cm?, and the steel bars remain in tension.

The loading conditions are as follows:

1.  Concentrated load of 39 kN at each upper node;

2. Concentrated load of 39 kN at each lower node;

3. Uniformly distributed load of 2 kN per linear
metre along the upper nodes;

Uniformly distributed load of 2 kN per linear metre along
the lower nodes.

b,
)
7

TITTT TTT TTTTTTIT] PAALTTTOTITTTTTTTIITTIINGN

T T
Ic IB )
|

4. 4.0 ‘ 4.0

12.00 m

Figure 11. Construction details of the lattice truss structure with
upper and lower frames

39 kN 39 kN

2 KN/ m 39 kN

[ TTTITTITITITITIT]]
n‘nnk ‘nnnm“n‘nk

12.00 m

Figure 12. The loading of the lattice truss structure

35 load (kXN)

g 15 Mpa

i 7} MPa

3 deflexion (m)

0 0.0005 0001 00015 0002 00025 0003 00035

Figure 13. Load-displacement relation
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The analysis was carried out for concrete compressive
strengths of 20 and 35 MPa. A numerical study of the
elastic behavior of the lattice truss structure shown in
Figure 5 indicates that, for a compressive strength of 20
MPa, a 39 kN load does not lead to failure and the
structural response remains elastic. For a compressive
strength of 35 MPa, however, the numerical results show
nonlinear behavior. According to Santarella and Luigi, the
structure remains perfectly elastic for a concrete
compressive strength of 30 MPa.

4. Conclusion

In our study, a numerical model was developed to simulate
the nonlinear behavior of prestressed concrete beams and
reinforced concrete trusses. The results show that the
method is reliable and can accurately predict cracking,
material degradation, and the effect of fibers. Some
limitations remain, such as the model not including long-
term effects like creep and shrinkage. Future work will
extend the model to larger structures and explore different
fiber configurations to improve performance.

Epos € ;fcj ; ftj 5 €bo as show in figure 1

E.; Initial modulus of the composite in tension
fre €. asshow in figure 2

&, Fracture strain of the composite

0 Residual stress: 0, = @0, l; T,/ P

@ Percentage of fibers

6, Fiber orientation coefficient

I; Length of the fiber

T, Ultimate bounding stress of the fiber

¢ Diameter of the fiber

k;, and k;, Dimensionless parameters of the Sargin low
[K] Stiffness matrix

{AU}Vector of nodes displacements increase
{AF} Vector nodes forces increase

{AP} Vector of applied loads increas
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In reinforced concrete structures that are in corrosive environmental conditions, there is
always a discussion of reinforcement corrosion. Therefore, because of the smaller diameter
compared to longitudinal rebars and closer to the surface and consequently closer to the
corrosive factors, stirrups are more affected by this corrosion. One of the most effective ways
to prevent corrosion of stirrups is to use FRP rebars in structures exposed to corrosion. One
of the disadvantages of using FRP rebar is that it is brittle, which makes it impossible to

Keywords:
bend these rebars in a workshop environment. Therefore, a group of researchers suggested FRJ;; polymer fibers
the use of straps made of FRP plates as stirrups and concluded some laboratory studies in FRP stirrup
this field. Now, the main goal of this study is to numerically investigate the behavior of FRP strap

Rebar corrosion
Corrosive environment

beams made with this type of stirrups. For this purpose, 13 beams were modeled in Abaqus
software and subjected to three-point bending loading. Also, things such as the type of FRP
used, the width of the stirrups, the number of layers of the stirrups and the installation
location of these stirrups were investigated and studied. The results of this study showed
FRP stirrups with a cross-section equal to steel stirrups have a higher load capacity than
beams with steel stirrups. Also, in terms of the beam's ductility, the beam with FRP stirrups
has less ductility than the beam with steel stirrups. Regarding the effect of the number of
FRP stirrup layers, the results showed that in stirrups with fixed width and variable number
of layers, increasing the number of FRP stirrup layers will increase the bearing capacity and
reduce ductility.

This is an open access article under the CC BY licenses.
BY ©2026 Journal of Civil Engineering Researchers.

DOI: 10.66224/JCER.8.1.9
DOR: 20.1001.1.2538516.2026.8.1.6.9

reinforcements is a serious concern. Therefore, finding
methods to prevent the reduction of structural capacity is
considered crucial. Transverse reinforcements are more

1. Introduction

Traditionally, reinforced concrete structures have been

utilized in proximity to water and in marine environments.
The use of reinforced concrete in marine structures dates
back nearly 130 years, starting in1896[1]. In many of these
structures, corrosion and the reduction of structural
capacity are critical issues. The loss of part of the structural
capacity to withstand gravitational and lateral loads due to
the corrosion of both longitudinal and transverse

" Corresponding author. Tel.: +989113983968; e-mail: navid.jamali333@jiau.ac.ir

susceptible to corrosion due to their closer proximity to the
surface and smaller diameter compared to longitudinal
bars[2,3]. The introduction of FRP (Fiber Reinforced
Polymer) fibers and, consequently, FRP bars has somewhat
alleviated this problem. These fibers can be carbon, glass,
aramid, etc., resulting in composites known as AFRP
(Aramid Fiber Reinforced Polymer), GFRP (Glass Fiber
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Reinforced Polymer), and CFRP (Carbon Fiber Reinforced
Polymer). Composites consist of a binding material,
usually epoxy, combined with an appropriate amount of
fibers[4]. The most significant advantage of FRP materials
is their excellent resistance to corrosion; thus, their
application in reinforced concrete instead of steel rebar in
corrosive  environments has gained considerable
attention[5] . However, the use of FRP materials imposes
high costs on projects due to their inherent disadvantages,
which has led some researchers to advocate for the
simultaneous use of steel bars as longitudinal
reinforcements and FRP as transverse reinforcements. This
approach helps prevent corrosion in transverse
reinforcements while also reducing costs.On the other
hand, using FRP bars as transverse reinforcements can
create challenges due to their brittle behavior during
bending at corners. Therefore, this study aims to utilize
FRP sheets that do not present such issues as strips and
numerically investigate the behavior of such structures.
Numerous studies have been conducted on the behavior of
reinforced concrete structures utilizing FRP materials.
Research by Chatoupadze in 2018[6], Liang et al in
2023[7], Kohi et al. in 2022[8], and Sharbatdar et al. in
2014[9] are among those indicating improved performance
across various parameters for these structures.

The idea proposed by Sharbatdar et al., regarding using
strips made from FRP sheets as stirrups serves as a
foundation for this study; it aims to further explore this
concept and gather more detailed information about this
system.To achieve this goal, 13 beams were modeled in
Abaqus software and subjected to three-point bending
loads while examining various factors including stirrup
material type, width, layer count, and installation locations.
The results indicate that FRP stirrups with a cross-section
equivalent to steel stirrups provide greater load-bearing
capacity compared to beams with steel stirrups.
Additionally, in terms of ductility, beams with FRP stirrups
exhibit lower ductility than those with steel stirrups.
Regarding the effect of the number of layers of FRP
stirrups, results showed that increasing the number of
layers with a fixed width leads to increased load-bearing
capacity and reduced ductility.

2. Research Methodology
2.1. Modeling

To investigate the behavior of beams with FRP stirrups,
a beam measuring 150 cm x 20 cm x 25 cm was modeled
with steel longitudinal rebar and FRP stirrups (as shown in
Figure 1) using finite element software Abaqus and
subjected to three-point bending tests. For modeling
purposes:

. Concrete Beam: Solid elements were used.

. Loading Plate & Supports: Wire elements were
utilized for modeling steel rebars.

. FRP Strips: Shell elements were employed.

BSV =

—

& 1
|6 at 150 mm |
 ddionvadhedaoras J

€—200mm=y _:,-tlU

250mm

NZ3218
Section A-A
Figure 1. Details of the Modeled Beam[9]

The concrete was introduced into the software using the
Concrete Damage Plasticity (CDP) model due to its
suitability for simulating brittle materials like concrete.
This model incorporates two mechanisms for tensile
cracking and compressive crushing damage.The stress-
strain curve for the concrete used in this study (37 MPa
compressive strength) is illustrated in Figure 2

stress

0.002 0.001 iJ ).001 0.002 0.003 004 0.005 0.006 0.007 0.0t

strain

Figure 2. Stress-Strain Diagram of Concrete Modeled in
Software[10]

The steel was considered as an elastic-plastic material
with a bilinear model; its stress-strain curve is shown in
Figure 3.
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Figure 3. Stress-Strain Diagram of the Steel Used[10]

For modeling the properties of FRP materials,
Composite Layup was utilized; elastic and plastic
characteristics are listed in Table 1 along with fiber
orientation illustrated in Figure 4.

Table 1.
Elastic and Plastic Properties of FRP Materials Entered into the

Software[10]

Yield Plastic Young's Poisson's
Stress Strain Modulus Ratio
gfrp 1825 0 80000 0.3
1830 0.023
cfip 3680 0 242000 0.3
3690 0.012
afrp 2200 0 150000 0.3
2250 0.02

Figure 4. Orientation of the FRP Fiber Alignment

To conduct the analysis without encountering software
convergence issues, Dynamic Explicit analysis was
employed; displacement at each loading step is calculated
based on node acceleration without forming a global
stiffness matrix for faster computation.In this modeling
approach:

. Surface-to-Surface Interaction was used for
contact between pressure plates and beam surfaces.

. Rigid Body Constraints were applied for
modeling pressure plates and supports.

. Embedded Region Constraints were applied for
longitudinal rebar and FRP stirrups.

Boundary conditions similar to laboratory setups for
three-point bending tests were established: two fixed points
served as supports without displacement allowance while a
third point applied pressure via hydraulic jacks allowing
vertical movement only (as shown in Figure 5).

Figure 5. Application of Boundary Conditions to the Beam

Mesh generation was performed separately for each
component with a mesh size of 20 mm extending from
edges inward (illustrated in Figure 6).

Figure 6. Mesh Representation of Model Components
2.2. Validation

For validation purposes in this study, laboratory results
from Sharbatdar et al. were utilized; validation can be
assessed through graphical representation comparing
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force-displacement curves obtained from experimental
data (shown in Figure 7).

300
Laboratory sample — — — — — — =

Numerical example

Force(KN)

o 1 2 3 4 s 6 7 8

Displacement(mm)
Figure 7. Force-Displacement Diagram of the BFV Sample

The results indicate a 10% difference between
laboratory sample results and modeled samples within the
software; this discrepancy can be attributed to variations in
mesh generation between metallic stirrups and FRP
stirrups along with other factors affecting data recording
methods during experiments.Graphically assessing initial
crack formation and failure paths allows comparison
between laboratory samples and numerical models
(illustrated in Figures 8 and 9).

Job-Lodh  Mea/tgion 2000 Sen May 13 325400 bres Stendend Time 2004

08
Shep 3
- ~lh-. 93000

Figure 8. Path of Initial Crack in Laboratory and Modeled Sample[9]

OD8: Job-1.0b  Abaqua/Exphicit 2020  Sun May 12 22:14:03 Iran Standard Time 2024

221309: Step Time = 0.7500

: Step-1
Step: Step-

Figure 9. Failure Path of the Beam in Laboratory and Modeled
Sample[9]

As illustrated in the graphical representations, the initial
cracks appear in the middle of the beam, and the failure
path aligns in both the laboratory and numerical models,
validating the results of this study.

2.3. Introduction of Study Models

In this study, 10 beams were examined, all of which had
fixed dimensions and longitudinal reinforcement bars, with
only the FRP stirrups differing among the beams. Table 2
presents the types of stirrups modeled in the beams under
consideration. These stirrups vary in terms of material,
number of layers, and width.

Table 2.
Specifications for Various Types of FRP Stirrups
type width (mm) Number of
layers
GFRP 54.9 3
CFRP 54.6 2
(Diagonal)CFRP 54.6 2
CFRP 54.9 3
AFRP 54.9 3
GFRP 82.5 2
GFRP 41.58 4
GFRP 54.9 2
GFRP 54.9 4
GFRP 54.9 5

2026-vol8(1)-p 9-15



Journal of Civil Engineering Researchers 13

All constructed beams were compared in terms of
capacity and ductility across three aspects: the effect of
stirrup material, the effect of stirrup layer count, and stirrup
width.

3. Results and Discussion

3.1. Examination of Stirrup Material Impact on Beam
Behavior

This section investigates the behavior of beams with
various types of FRP stirrups compared to those with steel
stirrups. The FRP stirrups were three layers thick with a
width of 54.9 mm, forming a cross-section equivalent to a
#6 steel stirrup. The resulting graph from this analysis is
shown in Figure 10.

— —dip

Figure 10. Force-Displacement Diagram for Beams with Steel,
CFRP, GFRP, and AFRP Stirrups

Table 3 displays the maximum load-bearing capacity for
each of the four models .Additionally, Table 4 illustrates
the ductility characteristics of the examined beams

Table 3.
Load-Carrying Capacity of Beams with Steel, CFRP, GFRP, and
AFRP Stirrups

percentage of additional maximum load- type
capacity compared to bearing (KN)
steel stirrups
- 181/558 steel
13 205/058 CFRP
0 181/345 GFRP
9 198/269 AFRP

Table 4.

Ductility of Beams with Steel, CFRP, GFRP, and AFRP Stirrups
Percentage of reduction in ductility type
ductility compared to steel

stirrups
- 1/5315 steel
18 1/2482 CFRP
2 1/50 GFRP
11 1/3540 AFRP

Due to the behavior of FRP materials, beams with FRP
stirrups exhibit higher capacity but lower ductility

compared to those with steel stirrups. Given that the
objective of this study is to prevent corrosion in stirrups, an
increase in cross-sectional capacity is not deemed
significant. Moreover, considering that the behavior of
beams with GFRP stirrups closely resembles that of those
with steel stirrups, GFRP can be regarded as a viable
alternative to steel stirrups.

3.2. Examination of Stirrup Width Impact on Beam
Behavior

To investigate the impact of stirrup width on beam
performance, three beams were studied. The stirrups used
in these three beams had identical cross-sectional areas of
28.27 mm? but differed in width and layer count. Figure 11
schematically displays the cross-sections of these stirrups
without scale.

o 82/smm ‘3
A S
(I
3
steel frp
41/58m
54/9
«24Bmm_, ha
A G o
vi g
3 Y3
frp frp

Figure 11. Schematic Cross-Sections of Modeled Stirrups (Not to
Scale)

The results obtained are illustrated in Figure 12 and
summarized in Table 5

Figure 12. Force-Displacement Diagram for Three Models with
Wide, Medium, and Narrow Stirrups

As shown in Figure 12 and Table 5, the highest load-
bearing capacity belongs to the sample with a stirrup width
of 54.9 mm, while the other two samples exhibit lower
capacities. The reduced capacity observed in the sample
with a width of 58.5 mm may be due to the close proximity
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of wider stirrups to each other, resulting in a separation
between the core and outer layers of the beam, effectively
creating two internal and external layers. This dual-layer
configuration can lead to a reduction in capacity as the

outer layer may fail before reaching peak performance.
Table 5.
Specifications for Various Types of FRP Stirrups

bearing capacity width
168/041 41/58
181/345 54/9
171/614 82/5

3.3. Examination of Stirrup Layer Count Impact on Beam
Behavior

[To this end, four beams were modeled with equal-
width stirrups but varying layer counts. All stirrups had a
width of 54.9 mm and were categorized into four types:
two-layered, three-layered, four-layered, and five-layered
configurations. The force-displacement curves for all four
modeled beams are visible in Figure 12.As depicted in
Figure 12 and Table 6, increasing the number of layers in
the FRP stirrups leads to an increase in beam capacity
without compromising design integrity.

efKN)

Figure 13. Force-Displacement Diagram for Beams with Varying
Layers of Stirrups

Table 6.
Load-Carrying Capacity of Beams with Different Layer Counts of
Stirrups
Number of layers bearing capacity
2 176.364
3 181.345
4 189/438
5 196.901

Moreover, as indicated in Table 7, ductility values
decrease by approximately seven to eight percent with each
additional layer added.

Table 7.
Ductility of Beams with Different Layer Counts of Stirrups
Number of layers ductility
2 1.634
3 1.534
4 1.414
5 1.319

4. Conclusion

Based on this study's findings, the following
conclusions can be drawn:

Stirrup strips made from GFRP can be a suitable
alternative to steel stirrups in corrosive environments.

Beams with CFRP stirrups having a cross-section
equivalent to steel stirrups show a 13% increase in capacity
and an 18% reduction in ductility compared to those with
steel stirrups.

Beams with AFRP stirrups having a cross-section
equivalent to steel stirrups exhibit a 9% increase in
capacity and an 11% reduction in ductility compared to
those with steel stirrups.

Beams with GFRP stirrups having a cross-section
equivalent to steel stirrups demonstrate nearly equal
capacity but a reduction in ductility by approximately 2%
compared to those with steel stirrups.

A reduction of 25% in GFRP stirrup width while
maintaining constant cross-sectional area results in a
decrease of about 7% in capacity and a reduction of
approximately 20% in ductility.

Increasing GFRP layer counts can lead to an
approximate increase in capacity by about 3-5% per added
layer while reducing ductility by about 7-8%.

An increase of 33% in GFRP stirrup width while keeping
cross-sectional area constant results in a decrease of about
5% in capacity and about 29% reduction in ductility.
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This review article provides a comprehensive investigation into the effects of utilizing fly
ash (FA) along with other mineral additives such as metakaolin (MK), silica fume (SF),
hydrated lime (HL), and others on the properties of Self-Compacting Concrete (SCC). The
primary objective of this study is to analyze and synthesize existing research on the
simultaneous influence of various chemical additives and fly ash on the microstructure and
compressive strength of self-compacting concrete. Recognized for its ease of Keywords:

implementation and enhanced performance, self-compacting concrete is considered an Self-Compacting Concrete (SCC)
advanced technology in the concrete industry, and the use of mineral additives, particularly Fly Ash

fly ash, can contribute to the improvement of its mechanical properties and durability. The
methodology of these studies primarily involves examining the concrete microstructure Mineral addition

using Scanning Electron Microscopy (SEM) and evaluating the compressive strength of Scanning Electron Microscopy
concrete specimens at different ages. Results indicate that partial replacement of cement with (SEM)

activated fly ash (using sodium hydroxide) can reduce the hydration process while enhancing Interfacial Transition Zone (ITZ)
pozzolanic reactions, leading to improved strength properties. The optimal performance of

activated fly ash-based SCC, in terms of strength, was observed at 10% to 15% replacement.

SEM images revealed that fly ash particles are spherical, whereas activated fly ash particles

are angular and elongated, which contributes to improved concrete matrix density and

reduced porosity, thereby increasing compressive strength.Furthermore, studies on concrete

containing mineral additives demonstrated that MK provides higher initial strength

compared to other additives. This study concludes that the use of fly ash and other mineral

additives, particularly in combination with activators or hydrated lime, can effectively

enhance the mechanical and microstructural properties of self-compacting concrete, making

it a sustainable and efficient option for construction applications. This review also

underscores the importance of a profound understanding of the relationship between material

composition, microstructure, and mechanical properties for the optimal formulation of SCC.

This is an open access article under the CC BY licenses.
BY ©2026 Journal of Civil Engineering Researchers.

1. Introduction

Compressive Strength

DOI: 10.66224/JCER.8.1.16
DOR: 20.1001.1.2538516.2026.8.1.5.8

is considered the concrete of the future, as it will ultimately
replace traditional concrete due to its inherent advantages.
Mineral admixtures are used in this concrete as fillers or
partial replacements for cement and aggregates to improve

Self-Compacting Concrete (SCC) is recognized as a
milestone in concrete technology due to its improved

performance and more favorable working conditions. Over
the years, SCC has been introduced as the most advanced
and innovative development in concrete technology. SCC

concrete properties and produce environmentally friendly
SCC. Among these materials, Fly Ash (FA), as an artificial
pozzolan and a by-product of coal-fired industries, holds a
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special place. The use of fly ash in self-compacting
concrete, in addition to reducing cement consumption and
costs, leads to improved workability and flowability,
reduced heat of hydration, increased long-term stability,
and reduced permeability [1,2]. On the other hand, the use
of various admixtures is inevitable to achieve specific
properties and overcome certain challenges. When
replacing cement with any admixture, it must be noted that
microstructural ~ properties are  also  affected.
Simultaneously, these materials can have synergistic or
antagonistic effects on the fresh and hardened behavior of
concrete [3]. These interactions directly impact the
microstructure of concrete, including the distribution and
density of the cement paste matrix and the Interfacial
Transition Zone (ITZ) between the paste and aggregate.
The microstructure, in turn, is the main determining factor
for the compressive strength and other mechanical
properties of concrete. Therefore, a deep understanding of
the relationship between material composition (fly ash and
admixtures), microstructure, and mechanical properties is
crucial for the optimal formulation of self-compacting
concrete [4-6]. The microstructural characteristics of SCC
are investigated using advanced laboratory methods.
Among these methods, Scanning Electron Microscope
(SEM) analysis can be mentioned. The aim of this review
article is to summarize, analyze, and present an integrated
perspective of conducted research on the simultaneous
effect of using fly ash and various chemical admixtures on
the two key indicators of microstructure and compressive
strength of self-compacting concrete.

2 .Research Method

A growing number of researchers use advanced and precise
tools for research in the field of self-compacting concrete.
Figure 1 shows the results of VOSviewer software. This
software for scientometric analysis illustrates the extent of
publications and their connections in a specific field of
study [7]. As evident in the image generated by this
software, in the field of self-compacting concrete (SCC),
the most studies have been conducted in the areas of
microstructure study, compressive strength, investigation
of'the ITZ, and related topics. For this reason, in this article,
concrete has been studied and analyzed via Scanning
Electron Microscopy. Scanning Electron Microscopy
(SEM) is used to observe the surface of samples. In this
method, electrons are used instead of light to form an
image. When the sample surface is irradiated with a narrow
electron beam in the SEM, secondary electrons are emitted
from the sample surface. These secondary electrons form a
two-dimensional image of the sample surface, which is
detected by a detector. A comparison was made between
the compressive strengths of the mixtures, and its
relationship with the concrete microstructure was

investigated. The microstructure of the concrete mixtures
was analyzed using Scanning Electron Microscopy (SEM),
which helps in observing the microstructure of the cement
paste and the bond between the cement paste and
aggregate. The objective of this study is to analyze the
microstructural behavior of fly ash-based self-compacting
concretes using the SEM method and their compressive
strength through the replacement of concrete components
with  cost-effective and alternative  by-products.
Microstructural analysis does not only serve to prove the
theory but also aids in understanding the reasons behind the
results related to mechanical properties and durability.
Therefore, microstructural analysis provides a method for
studying the internal structure of concrete. In the following,
the studies conducted regarding each of the existing articles
in this field have been evaluated, and finally, these
materials are compared and analyzed.
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Figure 1. VOSviewer software results.

3.Related articles:

3.1.Fly Ash and Sodium Hydroxide

This study focuses on the structural and composite
behavior of self-compacting concrete (SCC) based on fly
ash activated with sodium hydroxide (NaOH). Fly ash was
partially replaced with ordinary Portland cement from 0 to
30 percent. The tests conducted on concrete samples
included workability, strength, microstructure, and impact
resistance. The results indicated that activated fly ash
reduces the heat of the hydration process in the concrete
mixture but enhances pozzolanic reactions, leading to
improved strength properties. The addition of activated fly
ash modifies the concrete's mineralogy, as evident in its
strength characteristics.
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The best performance of activated fly ash-based SCC, in
terms of strength, was observed at 10 to 15 percent
replacement, which can somewhat reduce the production
cost of SCC while providing the advantage of enhanced
strength. Table 1 shows the nomenclature and mix design
of each sample. [8]

Table 1.
Mix proportions
Mix Cement Fly ash Super plasticizeras
(kg/m’)  (kg/m’) (kg/m’)

SCCFO0 470 0 3.76
SCCF10 423 47 3.76
SCCF15 399.5 70.5 3.76
SCCF20 376 94 3.76
SCCF25 3525 117.5 3.76
SCCF30 329 141 3.76

Water (kg/m®)=183.3, M-sand (kg/m®)=962.8, Granite (kg/m*)=727.84
3.1.1.SEM Analysis

Figure 2 shows the scanning electron microscopy
(SEM) images of raw fly ash and activated fly ash. The
SEM images revealed that the raw fly ash particles have a
spherical shape (Figure 2a), whereas the activated fly ash
particles are elongated and angular (Figure 2b), which is a
result of continuous burning. SEM images of the concrete
are presented in Figure 3.

The structure and porosity of the concrete mixtures
differed, and it was found that the pore size of the
conventional concrete (Figure 3a) was larger than that of
the concrete made with the alkali-activated fly ash mixture
with 20% replacement (Figure 3b).

The roundness and smaller particle size were calculated as

2.047, indicating the angularity of the particles, as higher
roundness values mean a more angular material [9].
Consequently, better packing between particles was
achieved, and porosity in the matrix was reduced.
Therefore, the strength of the mixture increased. [8]

Figure 3. SEM morphology of concrete (a) control (b) 20% activated
fly ash concrete.

3.1.2.Compressive Strength

Testing of hardened concrete plays a very important
role in controlling and verifying the quality of cementitious
concrete operations. The compressive strength test is
essential in cases where tensile or shear strength is of
higher importance. Figure 4 shows the strength
characteristics of the concrete samples. The compressive
strength of the cubes (Figure 4) increased with the addition
of activated fly ash up to 15%; such that the resulting
strength at both 7-day and 28-day intervals was higher than
that of the conventional concrete mixture. However, a
further increase in the amount of activated fly ash led to a
gradual decrease in strength. A decrease in compressive
strength at replacements beyond 15% fly ash has also been
reported in another study [10]. This reduction might be due
to the increased siliceous minerals in the concrete matrix,
which reduced the hydration rate without providing a
sufficient curing period for the pozzolanic reactions to
complete fully. A longer curing process could improve the
strength performance of this type of concrete. [8]
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Figure 4. Strength properties of concrete
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3.2. Fly Ash, Silica Fume, and Metakaolin at High
Temperatures

In this study, SCC was developed using three different
admixtures—Fly Ash (FA), Silica Fume (SF), and
Metakaolin (MK)—as cementitious materials by replacing
cement. The mechanical properties of self-compacting
concrete mixed with FA and SF before heating showed
similar results, whereas the MK-based SCC exhibited
higher strength than the other mixtures. Regarding
specimens exposed to high temperatures up to 1000°C, the
SCC mixed with MK yielded the lowest residual strength
compared to the FA-based and SF-based mixtures. Further
microstructural investigations were conducted to examine
the internal structure of specimens subjected to different
heating temperatures.From the results,it is concluded that
the greater the strength gain due to aging (curing), the
greater the strength loss due to temperature increase. Table
2 shows the nomenclature and mixdesign of each sample.

[11]
Table 2.
Mix proprtions(kg/m®)
Mix Cement Sand CA SF/FA/IMK  W/C SP
NCC 360 607.00 1214.00 - 0.5 -
SCC-SF 324 961.17  932.14 36 049 4.6
SCC-FA 252 911.63  885.58 108 049 54
SCC-MK 306 94135  903.21 54 049 43

3.2.1.SEM Analysis

Analysis using Scanning Electron Microscopy (SEM)
was performed on samples of self-compacting concrete
(SCC) containing Fly Ash (FA), Silica Fume (SF), and
Metakaolin (MK) that were exposed to different
temperatures. Figure 5 shows SEM micrographs of the
SCC samples after exposure to temperatures of 500°C,
750°C, and 1000°C. Images 5a, 5b, and S5c show the
microstructure of the SCC-FA specimens at 500°C, 750°C,
and 1000°C, respectively. Images 5d, 5e, and 5f belong to
the SCC-SF specimens, and images S5g, Sh, and 5i are
related to the SCC-MK specimens. At higher temperatures,
damages such as porosity (voids) and microcracks were
observed in the specimens. Notably, all three compositions
(SCC containing FA, SF, and MK) developed significant
cracking at 500°C. At 750°C, the SEM images indicated
changes in the concrete's microstructure, such as increased
voids and widening of microcracks in the SCC matrix.
These changes were more severe in the SCC-SF and SCC-
MK compositions compared to SCC-FA. Furthermore, at
this temperature, the amorphous C-S-H gel underwent a
phase transformation, chemically bound water was
released from the C-S-H gel, and the long chains of the C-
S-H gel were broken. At 1000°C, the formation of

microcracks, voids, and new phases due to the degradation
of the C-S-H gel, along with the release of chemically
bound water, were the main reasons for the compressive
strength reduction compared to the unheated specimens.
[11-14]

3.2.2.Compressive Strength

The specimens were heated and tested at three different
curing periods—7, 14, and 28 days—to determine the
mechanical properties of the concrete. The compressive
strength results are reported as the average of three
concrete specimens tested at a specific temperature.

‘ A it v Y

Oote 6 Fob 2017

Figure 5. SEM analysis of (a-c) SCC-FA;
(d-f) SCC-SF and (g-1) SCC-MK

The initial and residual compressive strength of self-
compacting concrete containing Fly Ash (FA) is shown in
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Figure 6. The figure indicates that increasing the curing
period (from 7 to 28 days) increases the strength, while
increasing the temperature reduces the compressive
strength of the mixture. In specimens that were water-cured
and then exposed to high temperature, a 70% to 80%
reduction in strength was observed (Figure 6a). Air-cooled
mixtures experienced a 55% to 75% strength reduction,
while some air-cooled specimens retained relatively better
strength (Figure 6b). The initial compressive strength and
strength reduction in self-compacting concrete containing
Silica Fume (SF) and Metakaolin (MK) exposed to high
temperature are shown in Figures 7 and 8, respectively.
Similar to the concrete containing FA, specimens with SF
and MK also gained strength with increased curing age and
experienced strength loss with increased temperature. The
mixture containing SF under AC conditions had a strength
reduction of 55% to 75% (Figure 7a), and under WC
conditions, it was between 60% and 80% (Figure 7b). The
mixture containing MK under AC conditions showed a
strength reduction of 65% to 80% (Figure 8a), and under
WC conditions, it was between 80% and 85% (Figure 8b).
The mixture containing MK achieved the highest initial
compressive strength compared to the other mixtures but,
in return, suffered the greatest strength loss upon exposure
to heat. [11,15]
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3.3. Fly Ash, Metakaolin, and Hydrated Lime

21

This study evaluated the compressive strength and hydration development of self-compacting concrete with reduced cement
content (SCC-LC). To achieve this, Portland Cement (PC), Metakaolin (MK), Fly Ash (FA), and Hydrated Lime (HL) were
used in binary, ternary, and quaternary cementitious mixtures. Nine SCC mixes were produced according to Table 3: [16]

Table 3.
Concrete compositions (kg/m3).
Mix PC FA MK HL SAND GRAVEL WATER SP FINES PASTE W/B %SAND
(L/M?) (L/M?)
C500 500 - 870 880 200 13.0 500 360.3 1.3 49.7
NBC 300 - 1053 867 180 7.8 * 266.2 1.8 54.8
B500.FA 200 300 - 870 880 170 9.0 500 358.1 0.9 49.7
B500.FAHL 200 300 25 870 880 170 9.6 525 369.2 0.9 49.7
B500.FAM 150 250 100 - 870 880 170 9.6 500 359.8 0.9 49.7
B500.FAMHL 150 250 100 25 870 880 170 12.3 525 371.0 0.9 49.7
B400.FA 160 240 - 1034 916 140 12.4 400 290.5 0.9 53
B400.FAHL 160 240 20 1034 916 140 12.4 420 299.4 0.9 53
B400.FAM 120 200 80 - 1034 916 140 13.5 400 291.9 0.9 53
B400.FAMHL 120 200 80 20 1034 916 140 13.5 420 300.8 0.9 53
EFNARC rules - - 750-1000 150-210 380-600 300-380 0.85-1.1 48-55

The assessment of compressive strength gain was
conducted at 3, 7, 14, 21, 28, and 90 days. Hydration
assessment was performed using X-ray Diffraction at 28
days. The obtained results proved the feasibility of
producing self-compacting concrete (SCC-LC) with a
cement content between 120 and 200 kg/m® due to the
excellent ability of FA and MK to maintain cohesiveness.
The compressive strength measured at 28 days for SCC-
LC ranged between 25 and 40 MPa, with a cement
efficiency of 3.2 to 5.0 kg/m* per MPa. SEM and X-ray
diffraction showed that the main hydrated products formed
were Gismondine and C-S-H, and Portlandite was fully
consumed in the hydration by 28 days, except in the SCC
mixture with FA and HL. [16]

3.3.1.SEM Analysis

The hydration process was evaluated using Scanning
Electron Microscopy (SEM). These tests were performed
only on the B500 — Low-Cement Self-Compacting
Concrete (SCC-LC) specimens. The SEM testing was also
conducted using a Nova Nano SEM 200 device. The
samples used in this test were also taken from the crushed
concrete after the compression test on day 28. In SCC
concretes containing HL, it is observed that hydrates such
as C-S-H have formed, and calcium sulfoaluminates (Y)
and calcium aluminosilicate hydrate (known as
Gismondine) (G) are also present. The formation of
crystalline calcium aluminosilicate hydrates is due to the
extra alumina and silica available from the FA and MK.
This phenomenon has been confirmed by other research as

well [17]. Figure 9 shows the presence of the Gismondine
phase. This phase can form in cementitious systems with
high FA and MK content, especially when the Aluminum
to Calcium ratio (Al/Ca) in the mix is high. The formation
of calcium aluminosilicate at room temperature is
facilitated by the high initial pH and the rapid dissolution
of amorphous silica and alumina phases [18]. In Figure 9,
the SEM micrograph of sample B500.FAM shows the
presence of FA, the C-S-H phase, hydrated calcium
sulfoaluminates (Y), and Gismondine (G). The
morphology of Gismondine in some areas appears as a
ball-of-wool-like structure (G), which has been previously
reported by Hug et al. [16, 19].

Figure 9. SEM images of B500.FAM after curing at 28 days
3.3.2.Compressive Strength
The compressive strength of the Low-Cement Self-

Compacting Concrete (SCC-LC) specimens tested at ages
of 3,7, 14, 21, 28, and 90 days, after curing at 20+£2°C, is
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shown in Figure 10. As expected, the compressive strength
increases over time. The SCC-LC compositions with B5S00
and B400 ratios at 28 and 90 days exhibited compressive
strengths in the ranges of 20-40 MPa and 28-58 MPa,
respectively. Even with a very low cement content
(between 120 and 200 kg/m?), the obtained compressive
strength values confirm the usability of this type of
concrete in constructions where the required compressive
strength is typically between C20/25 and C30/40.Figure 10
shows that hydrated lime improved the compressive
strength of the SCC. The percentage increase in strength
for each mix is indicated. The 55.5% increase in
compressive strength of the BSOOFAHLmix is notable,
reaching a compressive strength of 58.3 MPa at 90 days,
whereas the BSOOFA mix only achieved 37.5
MPa.Hydrated Lime (HL) had the most significant effect
on increasing both early-age and ultimate strength, as the
B500 and B400 compositions generally produce low
amounts of Portlandite.

According to Figure 10, the strength increase with HL
addition is more pronounced when the binder composition
consists only of cement and fly ash (FA). Ternary
compositions including cement, metakaolin (MK), and FA
showed a lower percentage increase in strength, as evident
in the BSOOFAM and B400FAM mixes.

Previous investigations also showed that adding 5%
hydraulic lime had a better effect than 3%. Furthermore,
MK was found to play a vital role in increasing the early-
age strength up to 28 days. SCCs containing only FA (such
as B500FA and B400FA), even with higher cement
content, had less early-age strength gain compared to
mixes containing MK. This indicates the higher reactivity
of metakaolin compared to fly ash, which improves the
hydration process and fills the microscopic voids in the
concrete, consequently increasing the compressive
strength.

A comparison between Figures 10(a) and 10(b) shows
the positive effect of using MK as a replacement for cement
and FA on the 28-day strength. Notably, the BSOOFAMHL
mix contains only 150 kg/m* of cement, while BSOOFA
contains 200 kg/m? of cement, yet both achieved a similar
compressive strength (~40 MPa). A similar case is
observed in Figures 10(c) and 10(d), where the
B400FAMHL mix with only 120 kg/m? of cement reached
27.5 MPa at 28 days, similar to B400FAHL with 160
kg/m?3.Considering the cement content, the SCC-LC mixes
also demonstrated consistent and environmentally friendly
performance in concrete strength development at 28 days.
At 90 days, this sustainability characteristic became even
more pronounced. [16]
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3.4. Fly Ash and Palm Oil Fuel Ash

This article evaluates the feasibility of using Palm Oil
Fuel Ash (POFA) and Fly Ash (FA) as replacements for
Ordinary Portland Cement (OPC) in Self-Compacting
Concretes (SCC). The compressive strength of the

self-compacting concrete was determined at 7, 28, and
90 days using cubes and cylinders, and its microstructural
properties were identified using Scanning Electron
Microscopy (SEM). When comparing POFA and FA, it
was found that FA performed better than POFA for equal
OPC replacements. Furthermore, the TNY combination
showed significant improvement in its microstructural
characteristics compared to POFA and FA. The results also
indicate that incorporating POFA and FA at higher
replacement levels has significant potential for use as
medium-strength concrete. Subsequently, DTA shows that
the Ca(OH). content for all samples with higher
replacements at later ages was lower than that of the control
sample. It also showed a relationship between Ca(OH). and
the compressive strength of SCC, which should be useful
for forensic investigations indicating the amount of
hydrated products in concrete.

The use of the two by-products, palm oil waste ash and
coal ash, will lead to a cleaner and more cost-effective
waste disposal solution for these industries, as well as
benefits for the construction sector. Table 4 shows the
nomenclature of each sample. [20]

potential for use as medium-strength concrete.
Subsequently, DTA shows that the Ca(OH)- content for all
samples with higher replacements at later ages was lower
than that of the control sample. It also showed a
relationship between Ca(OH). and the compressive
strength of SCC, which should be useful for forensic
investigations indicating the amount of hydrated products
in concrete.

The use of the two by-products, palm oil waste ash and
coal ash, will lead to a cleaner and more cost-effective
waste disposal solution for these industries, as well as
benefits for the construction sector. Table 4 shows the
nomenclature of each sample. [20]

3.4.1.SEM Analysis

Figure 11 shows that the control sample at 90 days has
a denser structure with a significant amount of C-S-H gel
observed, but only a negligible amount of Calcium
Hydroxide (CH) and Ettringite. The C-S-H gel, which has
a fibrous appearance, is clearly adhered to the surface of
the plate-like CH crystals or to the aggregates, eventually
forming larger crystals.

Table 4.
SP Content for all SCC mixes..
Mix SP (kg/m®)
C 1.10
FA10 0.80
FA20 0.75
FA30 0.66
FA40 0.66
POFA10 1.10
POFA20 1.10
POFA30 1.20
POFA40 1.40
TNY10 1.10
TNY20 1.10
TNY30 1.10
TNY40 1.10

Furthermore, Figure 12 shows that the SCC containing
Palm Oil Fuel Ash (POFA) has a network-like structure,
likely indicating the presence of secondary C-S-H gel. A
very small amount of CH (crystals with higher brightness)
is also visible, which is confirmed by the TGA curve (small
endothermic peak and mass loss).

The micrograph of SCC containing Fly Ash (FA) in
Figure 13 shows a substantial amount of Ettringite, which
could be due to the higher amount of Aluminum Oxide
(ALz0s) in FA (about 20%) compared to POFA (8.9%) or
OPC (5.2%).

In Figure 14, it can be observed that the TNY40 sample
has formed larger clusters of C-S-H and Ettringite. It can
also be seen that these samples are denser than the POFA
and FA concretes. Moreover, the lower aluminum oxide
content in POFA reduced the Ettringite formation in the
TNY concrete. [20]

g

Figure 11. SEM Image for Control SCC at 90 days.
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Figure 14. SEM Image for TNY40 at 90 days.

3.4.2.Compressive Strength

As the percentage replacement of Palm Oil Fuel Ash
(POFA) and Fly Ash (FA) increases, the compressive
strength of binary and ternary self-compacting concretes
decreases compared to the control sample. Compared to
other materials, the highest recorded compressive strength
at similar replacement percentages belonged to concretes
containing FA. As observed in Figures 15 to 17, samples
with lower replacement percentages (e.g., 10% at 28 days)

had strength similar or equal to the control sample, but
at higher replacement percentages, FA had about 1.4 times
higher strength than POFA. This indicates that mixes
containing POFA weaken the strength gain process in
hardened concrete.
In all samples containing SCMs, strength improvement
was observed at later ages. This is attributed to the

pozzolanic properties and the micro-filling effect of the
waste particles. The cube and cylinder compressive
strengths of the SCC samples are shown in Figures 15 and
16. Additionally, Figure 17 shows the cylinder-to-cube
strength ratio, which falls below the line provided by
Domone [21]. The compressive strength systematically
improves with age. [20]
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3.5.Fly Ash and Blast Furnace Slag (Alkali-Activated)

Improving the rheology, morphology, and strength
performance of Alkali-Activated  Self-Compacting
Concretes (SCAAC) incorporating Fly Ash (FA) as a
replacement for Ground Granulated Blast Furnace Slag
(GBFS) remains challenging. To address this need, five
mixes with different amounts of FA (30, 40, 50, 60, and
70% by weight) as a replacement for GBFS were prepared.
The produced specimens were thoroughly investigated to
examine their textures, microstructures, and strength
properties. The various characteristics of the obtained
SCAACs were compared with the control mix containing
100% GBFS. The SCAACs prepared with 40, 50, and 60%
FA showed improved workability performance (plastic
viscosity, passing and filling ability, segregation
resistance). Furthermore, the compressive, tensile, and
flexural strengths of the SCAACs decreased with
increasing FA content. Concrete prepared with 70% FA
content showed a weak structure due to the formation of
fewer hydration products. The observed reduction in the
drying shrinkage of the proposed SCAACs was mainly
attributed to the addition of a higher amount of FA in the
mix. It has been established that replacing GBFS with FA
could be prospective for producing sustainable cement-free
self-compacting concretes useful for future-building
sectors. Table 5 shows the nomenclature and mix design of
each sample. [22]

Table 5.

Mix proprtions(kg/m3)
Mix code Cement FA GBFS Super

plasticizer
OPC 484 - - 7.26

SCAACI1 - - 484 0
SCAAC2 - 145.2 338.8 0
SCAAC3 - 193.6 290.4 0
SCAAC4 - 242 242 0
SCAACS - 290.4 193.6 0
SCAAC6 - 338.8 145.2 0

Gravel(kg/m®)=756, Sand(kg/m*)=844, Water(kg/m*)=252
3.5.1.SEM Analysis

Figure 18 displays the Scanning Electron Microscopy
(SEM) images of four selected Alkali-Activated Fly Ash
Concrete (SCAAC) specimens prepared with 0, 30, 50, and
70 percent Fly Ash (FA) as a replacement for Blast Furnace
Slag (GBFS). The images clearly show the effect of
changing the FA level on the surface texture of the samples.

Figure 18a shows the morphology of the control sample
(0% FA). This sample has a denser structure compared to
other samples prepared with different FA amounts.

The morphology of the concrete prepared with 30% FA
(Figure 18b) indicated the presence of fewer microcracks,

micro-pores, and unreacted particles compared to samples
prepared with 50 and 70% FA. This led to a reduction in
Compressive Strength (CS) in concretes containing more
than 30% FA. In Figure 18c, the concrete specimens
prepared with 50% FA as a GBFS replacement showed
more cracks and pores than the 30% and control samples,
which occurred due to the influence of CaO, Al.Os, and
SiO2 compounds on the hydration process. The
propagation of C-S-H and C-A-S-H gels in the concrete
matrix was less extensive with higher FA contents,
resulting in structures with weaker bonds compared to
samples with lower FA content (30%), which was the
reason for the poorer compressive strength performance of
these concretes compared to the control sample (0% FA).

The results in Figure 18d show an increase in cracks,
roughness, and pores on the sample surfaces when FA was
increased to 70%. Indeed, the C-(A)-S-H gels at low FA
levels had fully propagated over the sample surfaces,
creating a relatively smooth and solid texture.

According to reports [23-25], increasing the FA amount
can lead to an increase in the amount of unreacted quartz
(Si02) in the alkali-activated matrix, resulting in increased
porosity and poor morphology. In fact, the strength
performance of the proposed concretes was negatively
affected by high FA contents. It has been confirmed that
increasing the FA content (and simultaneously decreasing
the GBFS content) can negatively affect the formulation of
C-(A)-S-H gels, leading to the production of semi-reacted
gels (such as Mullite) and unreacted particles like quartz.
[22,26]

By 30% ¥ A

Figure 18. SEM micrographs of the concrete specimens containing
FA of (a) 0% (b) 30% (c) 50% and (d) 70%.

3.5.2.Compressive Strength

Figure 19 shows the compressive strength (CS)
performance of Alkali-Activated Fly Ash Concretes
(SCAACs) prepared with different amounts of Fly Ash
(FA) as a replacement for Blast Furnace Slag (GBFS). The
concrete specimens were tested at curing ages of 1, 3, 7,
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28, 56, and 90 days.Depending on the specimen age, the
compressive strength of the control specimens (containing
only GBFS) measured between 30 and 70 MPa, whereas
this range decreased to 20-55 MPa with an increase in the
FA amount (as a GBFS replacement). However, the
compressive strength of the SCAAC specimens at both
early and later ages was higher than that of ordinary
Portland cement (OPC)-based specimens. [22]
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Figure 19. FA contents dependent variation in the CS of the SCAACs
cured at different ages.

3.6. Fly Ash, Silica Fume, and Marble Cutting Slurry
Waste

The objective of this study is to produce economical and
high-efficiency HSSCC using MCSW, Fly Ash (FA), and
Silica Fume (SF). This contributes to the beneficial use of
MCSW and minimizes the need for using large amounts of
cement in HSSCC production, thereby significantly
reducing CO2 emissions. A total of sixteen HSSCC mixes,

in binary, ternary, and quaternary forms, were prepared by
combining MCSW, FA, and SF as cement replacements.
Among all HSSCC mixes, one mix with 100% cement
binder was prepared and designated as the control mix.
Mechanical performance was assessed in terms of
compressive strength, and microstructural investigation
was conducted using Scanning Electron Microscopy
(SEM) and Fourier Transform Infrared (FTIR) techniques.
It was observed that the addition of MCSW and FA
improved the fresh properties of HSSCC. The combined
use of 10% MCSW and 15% FA with 5% SF as cement
replacement led to enhanced mechanical performance and
improved microstructure. Table 5 shows the nomenclature
and mix design of each sample. [27].

3.6.1.SEM Analysis

Scanning Electron Microscopy (SEM) analysis was
performed to investigate the changes induced in the
microstructure of the concrete mixtures.The SEM image
related to the control mix is shown in Figure 20(a). This
image shows weak formation of the Interfacial Transition
Zone (ITZ) between the paste and aggregates. Also, the
presence of voids and cracks leads to its inferior
mechanical performance compared to the binary SSF mix.

In the 5SF mix, a well-formed Interfacial Transition
Zone (ITZ) is observed, as visible in Figure 20(b). This
image shows a dense paste and fewer voids.The quaternary
mix 15FA10M exhibited a very dense paste matrix and the
least number of voids, as displayed in Figure 20(c). The
appropriate proportioning and uniform distribution of
MCSW, FA, SF, and cement resulted in the improved
mechanical performance of the concrete. [27]

Table 6.
Quantities of materials in kg to produce one cubic meter HSSCC
Mix W/P* WATER Powder Content(kg/m®) Aggregate(kg/m®) SP(kg/m?)
Cement Marble Silica Fly Ash Fine Coarse
powder fume
C-1 0.33 181.5 550 0 0 0 970 722 7.7
5SF 0.33 181.5 522.5 0 27.5 0 970 722 8.25
10M 0.33 181.5 467.5 55 27.5 0 970 722 6.05
20M 0.33 181.5 412.5 110 27.5 0 970 722 4.95
30M 0.33 181.5 357.5 165 27.5 0 970 722 3.575
15FA 0.33 181.5 440 0 27.5 82.5 970 722 33
15SFA10M 0.33 181.5 385 55 27.5 82.5 970 722 1.925
15FA20M 0.33 181.5 330 110 27.5 82.5 970 722 1.65
15FA30M 0.33 181.5 275 165 27.5 82.5 970 722 1.815
25FA 0.33 181.5 385 0 27.5 137.5 970 722 1.65
25FA10M 0.33 181.5 330 55 27.5 137.5 970 722 1.375
25FA20M 0.33 181.5 275 110 27.5 137.5 970 722 1.1
25FA30M 0.33 181.5 220 165 27.5 137.5 970 722 1.375
35FA 0.33 181.5 330 0 27.5 192.5 970 722 1.21
35FA1OM 0.33 181.5 275 55 27.5 192.5 970 722 1.1
35FA20M  0.33 181.5 220 110 27.5 192.5 970 722 1.045

*water to powder ratio(total quantity of cement, MCSW, FA, and SF termed as powder)
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Figure 21. Variation in Compressive strength of HSSCC mixes

3.6.2.Compressive Strength

The results of the compressive strength test are

presented graphically in Figure 21. The strength increase
in the 5SF mix is due to the micro-filling and pozzolanic
effect of Silica Fume (SF).
The results indicate that replacing cement with MCSW
(Marble Cutting Slurry Waste) up to 10% in HSSCC yields
higher compressive strength than both the control mix and
the 5SF mix. The quaternary mix 15FA10M achieved the
highest compressive strength compared to all other mixes
at 7, 28, and 90 days. [27]

3.7.Fly Ash, Metakaolin, and Blast Furnace Slag

The objective of this study is to investigate the
mechanical and microstructural properties of Self-
Compacting Concrete (SCC) mixtures containing three
Supplementary ~ Cementitious  Materials  (SCMs):
Metakaolin (MK), Ground Granulated Blast Furnace Slag
(GGBS), and Fly Ash (FA). For the mixtures, cement was
replaced with SCMs at different levels. The mechanical
properties were evaluated in comparison to a control mix
(without SCMs). The microstructural properties were
investigated using SEM and EDS on mixtures with high
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Figure 20. (a). SEM micrograph of control mix, (b). SEM micrograph of SSF mix, (¢). SEM micrograph of 15FA10M mix.
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SCM content. The use of SCMs led to an increase in
compressive  strength. Metakaolin, as a cement
replacement material, had the most significant impact on
the mechanical and microstructural properties of SCC at all
ages. Table 6 shows the nomenclature and mix design of
each sample. [28]

3.7.1.SEM Analysis

Scanning Electron Microscopy (SEM) images were taken
of the SCC mixtures with the highest content of
Supplementary Cementitious Materials (SCMs) to
examine the microstructural characteristics of the
Interfacial Transition Zone (ITZ) and the paste surrounding
the aggregates. The SEM images for mixtures containing
20% Metakaolin (MK) and 30% GGBS with two different
water-to-binder ratios (w/b) are shown in Figures 22 and
23. Figure 22 shows SEM images of SCC mixtures
containing 20% by weight of MK with two w/b ratios.
Figure 22-a displays a drier structure compared to the same
mix with a w/b ratio of 0.45 (Figure 22-b). This indicates
that MK, in the presence of more water, is capable of
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producing a higher volume of C-S-H gel; meaning MK acts
more actively in the presence of excess water.

Table 7.
Mix proprtions(kg/m3)
Mix COD PC MK GGBS FA SP
Group 1, w/b=0.4,sand=802.9,gravel=877.2,lime=89.4,water1 60
40C 400 - - - 45
40M10 360 40 - - 8.6
40M20 320 80 - - 10.4
40G10 360 - 40 - 5.3
40G20 320 - 80 - 6.1
40G30 280 - 120 - 6.5
40F10 360 - - 40 3.9
40F20 320 - - 80 33
40F30 280 - - 120 3.6
Group 2, w/b=0.45,sand=732.5,gravel=851.7,lime=121.6,water=180
45C 400 - - - 43
45M10 360 40 - - 7.9
45M20 320 80 - - 9.6
45G10 360 - 40 - 49
45G20 320 - 80 - 53
45G30 280 - 120 - 5.8
45F10 360 - - 40 3.6
45F20 320 - - 80 3.1
45F30 280 - - 120 2.3

However, according to the compressive strength results
in Figures 2 to 4, these two mixes have nearly the same
compressive strength. This suggests that for high MK
contents, the concrete's flowability can be improved by
increasing the water content without having a negative
impact on compressive strength.

Figure 23 shows SEM images of SCC mixtures
containing 30% by weight of GGBS with two w/b ratios. It
is observed that there is a significant difference between
the paste of these two mixtures. The SCC mix with 30%
GGBS and a w/b ratio of 0.45 (Figure 23-b) has a more
uniform paste compared to the same mix with a w/b ratio
of 0.40 (Figure 23-a). The greater paste uniformity is
related to the higher water volume, but no difference in the
amount of C-S-H gel is observed between the two mixes.
This confirms that more water does not affect the increased
production of C-S-H gel in GGBS. Furthermore, the type
of cracking present in the 40G30 mix (Figure 23-a) is more
critical than the cracking in the 45G30 mix (Figure 23-b),
which is another reason for the importance of paste
uniformity, as it directly affects the quality of the transition
zone.In general, based on the SEM images presented in
Figures 22 and 23, it can be confirmed that MK has a
greater effect on strengthening the microstructure of the

transition zone compared to GGBS. This finding is
consistent with previous studies conducted by Asbridge
and Page .[29] [28]
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Figure 23. SEM pictures of 40G30 (a) and 45G30 (b).
3.7.2.Compressive Strength

The compressive strength of all Self-Compacting
Concrete (SCC) mixtures at 7, 28, and 56 days for two
water-to-binder ratios (w/b) is displayed in Figures 24, 25,
and 26. It is observed that mixes with a higher percentage
replacement of Metakaolin (MK) achieved higher
compressive strength for both w/b ratios. The SCC
concrete with 20% Metakaolin showed exceptionally high
compressive strength at all ages, particularly 77.7 MPa at
7 days with a w/b ratio of 0.4.The increase in early-age
strength of mixes containing MK is primarily due to the
rapid pozzolanic reaction of metakaolin. This pozzolanic
activity is related to the high silica content (about 25%) in
metakaolin, which improves the formation of C-S-H gel in
fresh concrete and enhances the properties of hardened
concrete at both early and later ages.

Also, the high specific surface area of MK particles
increases their reactivity.The SCC mixtures containing
Ground Granulated Blast Furnace Slag (GGBS) with a w/b
ratio of 0.4 also showed a significant increase in
compressive strength at all ages as the GGBS replacement
percentage increased. Compared to the control mix, all
GGBS mixes had lower strength at 7 days; however, the
30% GGBS replacement performed better after 28 days.
Moreover, all GGBS mixes with a w/b ratio of 0.45
achieved higher compressive strength than the control mix
at all ages. The SCC mixtures containing Fly Ash (FA)
showed lower strength than the control mix at all ages;
although, the compressive strength of these mixes
increased with a higher FA replacement level. [28§]
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Figure 26.Compressive strength of SCC for both w/b ratios at56 days

3.8. Fly Ash Microspheres and Phosphorous Slag
Powder

Self-compacting concrete with two types of pozzolanic
admixtures, namely Fly Ash Microspheres (FB) and
Phosphorous Slag Powder (PS), was studied in this
research. The mechanical properties and durability of self-
compacting concrete with different admixtures were
investigated. The results showed that the workability of the
concrete was optimal when FB and PS were added at 15%
each. While the early-age mechanical properties were not
as good as the control specimens, their long-term strength

exceeded that of the control with increased curing time.
Meanwhile, XRD, TGA-DTG, and SEM tests were
conducted on specimens cured for 7 and 28 days. SEM
testing confirmed that the excellent filling property and
pozzolanic effect of FB alter the interfacial bonding
between cement particles. Mercury intrusion porosimetry
tests indicated that the volume of internal pores decreases
with the addition of FB and PS. Table 7 shows the
nomenclature and mix design of each sample. [30]

Table 8.
Mix proportion of the specimens.

Weight of constituents kg/m?

of concrete
Mix design code System C FB PS
Control OPC 346 - -
CFB-5% OPC+20FB 326 17 -
CFB-10% OPC+40FB 306 34 -
CFB-15% OPC+60FB 276 51 -
CPS-5% OPC+20PS 326 - 17
CPS-10% OPC+40PS 306 - 34
CPS-15% OPC+60PS 276 - 51

C:Cement; FB:Fly ash micro-beadsl; PS:phosphorus slag powder; fine
aggragate=909; coarse aggregate=900; water=165; High performance water-

reducing agent=5.88
3.8.1.SEM Analysis

Scanning Electron Microscopy (SEM) images of the
different concrete samples are displayed in Figure
27 Figure 27(a) relates to the control sample cured for 7
days. It is observed that Calcium Hydroxide (CH) crystals
are uniformly dispersed within the concrete matrix, and
there are numerous micro-pores on the surface.Figure
27(b) shows the microstructure of the control sample after
28 days of curing. A significant amount of hydration
products is visible in the sample, but some microscopic
porosity still remains within the matrix.Figure 27(c) shows
the microstructure of the sample containing 15% Fly Ash
Microspheres (CFB-15%) after 7 days of curing. This
image shows that the surface of the FB particles is covered
with a layer of C-S-H gel, and CH is uniformly dispersed
over the concrete substrate. The amount of hexagonal CH
in this sample is significantly higher than in the control
sample in Figure 27(a). At the same time, only a few micro-
pores are observed on the surface of CFB-15%. The
number of these pores is dramatically reduced compared to
the control group, which is attributed to the significant
filling effect of the fly ash microspheres and the slight
reaction of FB with CH during the early stages of cement
hydration.Figure 27(e) shows the SEM image of the
sample containing 15% Phosphorous Slag (CPS-15%) after
7 days of curing. Due to the irregular surface shape of PS,
proper granular distribution with cement particles is not
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achieved, which increases micro-porosity in the
cementitious matrix. The reaction between PS and CH is
low in the early stages, as the amount of CH formed in the
matrix is small.Figure 27(f) shows the SEM image of CPS-
15% after 28 days of curing.

This image shows that PS has an irregular and solid
shape. The adhesive bond between cement and PS particles
is weaker than with FB. Even after 28 days of curing, some
detrimental porosity remains in the structure because the
filling effect of PS is not as effective as FB's. However, the
amount of calcium silicate hydrate gel has increased
significantly compared to day 7, leading to the increase in
mechanical
strength at 28 days. [30]
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Figure 27. (a) SEM of the control specimen (7 days, 5000 ). (b)
SEM of the control specimen(28 days, 5000 ). (c) SEM of the CFB-
15% (7 days, 5000_). (d) SEM of the CFB-15% (28 days,5000_). (e)
SEM of the CPS-15% (7 Days, 5000_). (f) SEM of the CPS-15% (28
Days, 5000 ).

3.8.2.Compressive Strength

According to Figure 28, the compressive strength value
was significantly higher compared to the reference sample.
Therefore, adding Phosphorous Slag (PS) can severely
reduce the early-age strength of self-compacting concrete
compared to plain cement concrete, but it has little effect
on long-term strength. The 7-day compressive strength of
self-compacting concrete using Fly Ash Microspheres (FB)
shows no significant change compared to plain cement

concrete, indicating the higher early reactivity of FB
compared to PS.

FB possesses high fineness, high purity, and an excellent
filling effect as a micro-fine particle, even compared to PS.
This characteristic allows FB to uniformly fill the spaces
between cement particles, improving the pore structure of
the concrete and resulting in a denser concrete.

As the cement hydration reaction progresses, the
concentration of Ca(OH): produced in the matrix gradually
increases until it reaches saturation and Ca(OH): crystals
precipitate. [30]
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Figure 28. Compressive strength of specimens
3.9. High-Volume Fly Ash and Calcium Carbonate

This research investigates the properties of SCC mixed
with different levels of Fly Ash (FA) and Calcium
Carbonate powder (CC). Ordinary Portland Cement was
replaced with FA at 20%, 30%, and 50% by weight, and
with Calcium Carbonate at 5%, 10%, and 20% by weight.
The total powder content was 550 kg/m?, and the water-to-
binder ratio remained constant at 0.28 for all mixes. The
SCC properties, including workability and the properties of
various fresh and hardened concrete mixtures, were
studied.

The results indicate that self-compacting concrete
containing high volumes of ternary mixes with FA and CC
meets the EFNARC standard requirements for filling
ability, passing ability, and segregation resistance.
Increasing FA and CC led to a decrease in unit weight,
strength, and shrinkage, but increased the air content and
water absorption. The highest compressive strength at 120
days exceeded 70 MPa. Furthermore, SCC mixes
containing 70% [binder replacement?] had compressive
strengths over 50 MPa. Microstructural analysis revealed
that the calcium-silica ratio (CaO/SiO2) played a role in
increasing compressive strength, and the cost of SCC was
reduced by 8 to 21 percent. Table 8 shows the
nomenclature and mix design of each sample. [31]
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Table 9.
Mixture proportions of materials used.
Mix Cementitious materials(kg/m?)
%replacement Cement Fly Calcium
ash  carbonate
Control 0 550 - -
20FA5CC 25 412.5 110 27.5
20FA10CC 30 385 110 55
20FA20CC 40 330 110 110
30FA5CC 35 357.5 165 27.5
30FA10CC 40 330 165 55
30FA20CC 50 275 165 110
S0FASCC 55 247.5 275 27.5
S0FA10CC 60 220 275 55
S0FA20CC 70 165 275 110

Water(kg/m3)=154, Fine aggregate (kg/m3)=815, Coarse aggregate (kg/m3)=720,
HRWR(%)=2.2

3.9.1.SEM Analysis

SEM images of selected SCC mixes with different
amounts of Fly Ash (FA) and Calcium Carbonate (CC) are
shown in Figures 29a to 29d. The morphology of the
control sample is seen in Figure 29(a), showing a
significant amount of Calcium Hydroxide (Ca(OH).) and a
moderate amount of Ettringite crystals within the hydrates,
along with smaller pores. The SEM micrograph of the
20FASCC sample is shown in Figure 29(b), which
primarily consists of a relatively dense layer of hydrates
and shows no significant difference from other mixes
containing FA and CC. No large air-induced cracks or
voids are visible.The 30FA10CC sample in Figure 29(c)
has a weak Interfacial Transition Zone (ITZ) between the
paste and aggregate, along with visible surface cracks. In
contrast, the SOFA20CC sample (Figure 29(d)) shows a
substantial amount of unreacted fly ash on the surface. The
larger voids in the SCC mixes due to the addition of FA
and CC indicate loose granular compounds and increased
porosity near the interfacial zone; a small amount of
Ettringite crystals is also observed within the hydrates. [31]

3.9.2.Compressive Strength

The results of the compressive strength test for Self-
Compacting Concrete (SCC) at 7, 28, 60, and 120 days are
shown in Figure 30. The control concrete has compressive
strengths of 54, 56, 61, and 69 MPa at the respective ages.
The trend of increasing compressive strength of SCC
during the curing period shows that strength increases
significantly with longer curing duration. However, a
reduction in compressive strength occurs when cement is
replaced with higher amounts of Fly Ash (FA) and Calcium
Carbonate (CC). The development of compressive strength

in concrete has an inverse relationship with the amount of
FA and CC, as reducing the cement content and replacing
it with powder materials affects the concrete's hydration
reaction. Furthermore, CC and FA are very fine materials
that increase water demand.
b A By
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Figure 29. SEM micrographs of (a) Control (b) 20FA5CC (c)
30FA10CC and

When the water-to-binder ratio remains constant, the
high water absorption by the cementitious materials
reduces the chemical reaction between water and cement,
consequently leaving voids in the hardened concrete which
lower the compressive strength. There are three SCC mixes
that exhibited higher compressive strength than the control
concrete: 20FA5CC, 20FA10CC, and 30FA5CC, where
the total cement replacement is equal to or less than 35%.
However, when the cement replacement exceeds 40%, all
mixes have lower compressive strength than the control
sample because the mass of cement is replaced with FA and
CC, which have lower density than cement.

This changes the paste volume relative to the aggregate
grading and reduces the water-to-binder ratio (by volume);
consequently, this ratio decreases as the cement
replacement increases. In this study, the SOFA20CC mix
has the lowest compressive strength, being 34%, 29%,
24%, and 17% lower than the control sample at 7, 28, 60,
and 120 days, respectively. [31]
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Figure 30. Compressive strength for all SCC mixes.
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3.10.Class F Fly Ash, Circulating Fluidized Bed
Combustion Fly Ash, and Ground Granulated Blast
Furnace Slag

In the present study, the improvement of mechanical
properties and durability of Cement-Free Self-Compacting
Concrete (NC-SCC) with FFA was evaluated using
experimental compressive strength tests. The experimental
results indicated that adding 30% by weight of FFA as a
partial replacement for slag was considered the optimal
amount for producing cement-free self-compacting
concrete with the highest mechanical properties, including
compressive strength, dynamic modulus, and superior
durability properties due to the lowest water absorption and
volume of permeable voids calculated from the test on the
initial and secondary rates of capillary water absorption.
The microstructural performance, identified using
Scanning Electron Microscopy (SEM), clearly showed that
the structure of the Interfacial Transition Zone (ITZ)
between the binder and aggregate in the NC-SCC appears
to be strengthened by additional hydration products
associated with the FFA particles when the optimal amount
of FFA is added. Table 9 shows the nomenclature and mix

design of each sample. [32]
Table 10.
Mixture proportions of NC-SCC
Quantities (kg/m®)

Mix code Water GBFS FFA CFA Sp

SFC00 196 430 0 64 1.49
SFC10 193 382 42 64 2.62
SFC30 186 289 124 62 4.04
SFC50 182 201 201 60 331

FA=868, CA=853
3.10.1.SEM Analysis

To investigate the reactivity of Class F Fly Ash (FFA)
in Cement-Free Self-Compacting Concrete (NC-SCC)
mixtures, the internal microstructure of three hardened
binders with different FFA contents—0% (mix SFCO00),
30% (mix SFC30), and 50% by weight (mix SFC50)—is
shown in Figures 31(a to c).

The micrograph in Figure 31(b), related to the SFC30
mix, shows that a very good bond is observed between the
hydrated binder matrix and the aggregate surface.
Furthermore, a typical Interfacial Transition Zone (ITZ)
between the aggregate surface and the matrix was seen,
with an approximate thickness of 8 to 12 micrometers,
resulting from additional hydration products derived from
the FFA particles, leading to a denser microstructure and
higher compressive strength.In contrast, the micrographs in
Figure 31(a) (mix SFCO00) and Figure 31(c) (mix SFC50)

showed weaker bonds between the hydrated binder matrix
and the aggregate surface compared to Figure 31(b).
Additionally, in the micrograph of Figure 31(c) (mix
SFC50), several unhydrated FFA particles were observed,
indicating that these unreacted particles create a porous
structure, consequently leading to increased water
absorption and reduced compressive strength. [32]
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Figure 31. SEM micrographs of NC-SCC with different FFA
amounts at age 28 days: (a) SFC00; (b) SFC30; and (c) SFC50

3.10.2.Compressive Strength

The effect of Class F Fly Ash (FFA) on the compressive
strength development of Cement-Free Self-Compacting
Concrete (NC-SCC) at 7 and 28 days was investigated, as
shown in Figure 32. The results showed that mixtures with
FFA added as a partial slag replacement at 10% and 30%
by weight (mixes SFC10 and SFC30) increased the 28-day
compressive strength by 16.67% and 19.56%, respectively,
compared to the mix without FFA. However, the lowest
compressive strength was observed in the mixture
containing 50% by weight of FFA (mix SFC50). This was
due to the high FFA content, which created a weak binding
system because of the increased number of unhydrated
FFA grains. [32]
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Figure 32. Influence of FFA on compressive strength of NC-SCC at
ages 7 and 28 days.
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3.11.Fly Ash and Red Mud

This study proposes using Red Mud (RM) for the partial
replacement of Fly Ash (FA) (12.5, 25, and 50% by weight)
in Self-Compacting Concrete (SCC) and investigates the
effect of red mud on the fresh and hardened properties and
the microstructural behavior of SCC. Slump flow, T500,
and J-ring tests were conducted on the fresh SCC mixtures.
The hardened properties of the red mud SCCs, including
compressive strength, tensile strength, and modulus of
elasticity, were studied. Furthermore, the chemical
composition and microstructural properties of the red mud
concrete samples were analyzed using X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), and Energy
Dispersive X-ray Spectroscopy (EDS), respectively. The
results indicate that the mechanical strength of the concrete
increases with the amount of red mud. SCC specimens
containing 50% red mud exhibited the best performance in
terms of compressive strength and modulus of elasticity.
The results from microscopic studies showed a slight
improvement in the Interfacial Transition Zone (ITZ)
between the aggregate and cement paste for the red mud
concrete compared to the control concrete. XRD results
revealed that the chemical composition of the cement paste
containing red mud showed higher sodium and iron
content. With increasing red mud content, some Albite
crystals, appearing in triclinic form, were also identified by
XRD. Table 10 shows the nomenclature and mix design of
each sample. [33]

Table 11.
Concrete Mix Details (1 m3 concrete).
Mix code Fly Red mud Super
ash(kg/m’) (kg/m®) plastcizer (L)
Control 220 0 1.9
RMCI12.5 192.5 27.5 2.5
RMC25 165 55.5 4.02.9)
RMC50 110 110 5.5(4.5)

w/b ratio =0.36, Water(kg/m*)=195, Cement(kg/m?)= 320, 10 mm aggregate
(kg/m?)=870, Beach sand (kg/m*)=645

3.11.1.SEM Analysis

Scanning Electron Microscopy (SEM) was used to
identify the characteristics of the hardened cement paste
and the Interfacial Transition Zone (ITZ) between the
cement paste and aggregates. The cement paste was
visually examined to identify specific behaviors leading to
incompatibility in the mix. Microcracks and
incompatibilities might be the reason for abnormal strength
increases or decreases in different mixtures. The crystalline
structure of the cement paste was also identified.

The typical microscopic structure of the hardened
cement paste in concrete containing red mud and the

control concrete is shown in Figure 33. In general, a dense
structure is observed due to the self-compacting nature of
the concrete. The cement paste was examined for the
presence of microcracks or unusual cracking patterns
throughout the matrix.

In Figures 33a and 33b, the cement paste appears relatively
uniform, and no significant cracks are observed. However,
compared to RMCO, more voids were seen in the RMC12.5
mix, which might have caused the strength reduction at 56
days. The SEM image of the cement paste in RMC25
(Figure 33c) shows more microcracks than the other mixes,
yet it does not appear more porous, as no significant dark
areas are seen in the mix. This suggests that the gravel,
sand, fly ash, and other materials are not well bonded
together. In the RMC50 mix (Figure 33d), minor cracks
were observed, similar in length and thickness to those in
RMC25. These cracks are attributed to the high porosity of
red mud, which increases water absorption and
consequently reduces tensile strength, as tensile strength is
more sensitive to this type of microcracking. It was
observed that adding red mud can cause some
microcracking in the concrete. [33]

Figure 33. SEM images of cement paste: a) RMCO, b) RMC12.5, ¢)
RMC25, d) RMC50.

3.11.2.Compressive Strength

The results of the compressive strength test are presented
in Figure 34, where the horizontal lines represent the values
of the control sample. It is observed that the strength
development trend was very similar among the different
mixes. The RMCO mix had the lowest strength at all stages
compared to the other mixes, except for RMC12.5 at 56
days. The overall trend of compressive strength at 56 days
indicated an increase in strength with higher red mud
content. It is evident that the most significant differences
were related to the strength increase at 7 days, where the
differences reached up to 13% for the 12.5% and 50%
replacement levels. The primary reason for this is likely the
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presence of a significant amount of Hatrurite (a mineral) in
the cementitious structure, which will be discussed further.
At 56 days, the compressive strength slightly increased
with the amount of red mud, with a maximum difference
of less than 4%. Therefore, it can be concluded that the
effect of red mud content on compressive strength is not
highly significant, but overall, the compressive strength
values of the SCC mixes containing red mud were higher
than those of the control concrete. [33]

4.Summary of Compressive Strength for All
Specimens

Table 12 provides a summary of the compressive strength
of all specimens mentioned in this study. All strengths
listed in this table are for the age of 28 days to allow for an
accurate comparison of the results. Furthermore, each
specimen is compared to its respective control mix, and the

percentage change in compressive strength is indicated in
a separate column. The names used for each specimen
correspond to the nomenclature from the original article,
each of which can be found in the relevant section of this

study.
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Figure 34. Comparison of compressive strength test results.

Table 12.

Summary of compressive strength of all samples
section Mix ID code  Compressive strength CONTROL Percentage of changes
Fly Ash and Sodium Hydroxide SCCF10 36.5 335 8.955223881
Fly Ash and Sodium Hydroxide SCCF15 355 335 5.970149254
Fly Ash and Sodium Hydroxide SCCF20 26 335 -22.3880597
Fly Ash and Sodium Hydroxide SCCF25 11 335 -67.1641791
Fly Ash and Sodium Hydroxide SCCF30 10 335 -70.14925373
Fly Ash, Silica Fume, and Metakaolin SCCFA 24.5 23 6.52173913
Fly Ash, Silica Fume, and Metakaolin SCCSF 23 23 0
Fly Ash, Silica Fume, and Metakaolin SCCMK 27 23 17.39130435
Fly Ash, Metakaolin, and Hydrated Lime B500FAHL 40.9 60.1 -31.94675541
Fly Ash, Metakaolin, and Hydrated Lime B500FA 27.8 60.1 -53.7437604
Fly Ash, Metakaolin, and Hydrated Lime B500FAM 32.6 60.1 -45.75707155
Fly Ash, Metakaolin, and Hydrated Lime =~ B500FAMHL 40 60.1 -33.44425957
Fly Ash, Metakaolin, and Hydrated Lime B400FAHL 28.4 60.1 -52.74542429
Fly Ash, Metakaolin, and Hydrated Lime B400FA 20 60.1 -66.72212978
Fly Ash, Metakaolin, and Hydrated Lime NVC 32.1 60.1 -46.5890183
Fly Ash, Metakaolin, and Hydrated Lime B400FAM 23 60.1 -61.73044925
Fly Ash, Metakaolin, and Hydrated Lime =~ B400FAMHL 27.5 60.1 -54.24292845
Fly Ash and Palm Oil Fuel Ash FA10 67 73 -8.219178082
Fly Ash and Palm Oil Fuel Ash FA20 63 73 -13.69863014
Fly Ash and Palm Oil Fuel Ash TNY10 62 73 -15.06849315
Fly Ash and Palm Oil Fuel Ash POFA10 59 73 -19.17808219
Fly Ash and Palm Oil Fuel Ash FA30 54 73 -26.02739726
Fly Ash and Palm Oil Fuel Ash TNY20 54 73 -26.02739726
Fly Ash and Palm Oil Fuel Ash POFA20 54 73 -26.02739726
Fly Ash and Palm Oil Fuel Ash TNY30 47 73 -35.61643836
Fly Ash and Palm Oil Fuel Ash FA40 46 73 -36.98630137

Continued on next page
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section Mix ID code Compressive strength CONTROL Percentage of changes
Fly Ash and Palm Oil Fuel Ash TNY40 41 73 -43.83561644
Fly Ash and Palm Oil Fuel Ash POFA30 38 73 -47.94520548
Fly Ash and Palm Oil Fuel Ash POFA40 35 73 -52.05479452
Fly Ash and Blast Furnace Slag GBFS30% 67.5 38.4 -3.571428571
Fly Ash and Blast Furnace Slag GBFS40% 60.5 38.4 -13.57142857
Fly Ash and Blast Furnace Slag GBFS50% 62.5 38.4 -10.71428571
Fly Ash and Blast Furnace Slag GBFS60% 55 38.4 -21.42857143
Fly Ash and Blast Furnace Slag GBFS70% 47 38.4 -32.85714286
Fly Ash, Silica Fume, and Marble 5SF 58 50.5 14.85148515
Fly Ash, Silica Fume, and Marble 10M 60 50.5 18.81188119
Fly Ash, Silica Fume, and Marble 20M 53 50.5 4.95049505
Fly Ash, Silica Fume, and Marble 30M 45 50.5 -10.89108911
Fly Ash, Silica Fume, and Marble 15FA 56 50.5 10.89108911
Fly Ash, Silica Fume, and Marble 15FA10M 63 50.5 24.75247525
Fly Ash, Silica Fume, and Marble 15FA20M 46 50.5 -8.910891089
Fly Ash, Silica Fume, and Marble 15FA30M 44 50.5 -12.87128713
Fly Ash, Silica Fume, and Marble 25FA 53 50.5 4.95049505
Fly Ash, Silica Fume, and Marble 25FA10M 58 50.5 14.85148515
Fly Ash, Silica Fume, and Marble 25FA20M 43 50.5 -14.85148515
Fly Ash, Silica Fume, and Marble 25FA30M 39 50.5 -22.77227723
Fly Ash, Silica Fume, and Marble 35FA 45 50.5 -10.89108911
Fly Ash, Silica Fume, and Marble 35FAIOM 47 50.5 -6.930693069
Fly Ash, Silica Fume, and Marble 35FA20M 43 50.5 -14.85148515
Fly Ash, Metakaolin, Blast Furnace Slag 0.4M10 85 52 63.46153846
Fly Ash, Metakaolin, Blast Furnace Slag 0.4M20 89 52 71.15384615
Fly Ash, Metakaolin, Blast Furnace Slag 0.4G10 42 52 -19.23076923
Fly Ash, Metakaolin, Blast Furnace Slag 0.4G20 42.5 52 -18.26923077
Fly Ash, Metakaolin, Blast Furnace Slag 0.4G30 53 52 1.923076923
Fly Ash, Metakaolin, Blast Furnace Slag 0.4F10 28 52 -46.15384615
Fly Ash, Metakaolin, Blast Furnace Slag 0.4F20 29 52 -44.23076923
Fly Ash, Metakaolin, Blast Furnace Slag 0.4F30 32 52 -38.46153846
Fly Ash and Phosphorous Slag Powder CFB5% 43 45 -4.444444444
Fly Ash and Phosphorous Slag Powder CFB10% 47.5 45 5.555555556
Fly Ash and Phosphorous Slag Powder CFB15% 50 45 1111111111
Fly Ash and Phosphorous Slag Powder CPS5% 46 45 2222222222
Fly Ash and Phosphorous Slag Powder CPS10% 45 45 0

Fly Ash and Phosphorous Slag Powder CPS15% 45.5 45 1.I11111111
Fly Ash and Calcium Carbonate 20FASCC 60 57 5.263157895
Fly Ash and Calcium Carbonate 20FA10CC 57 57 0

Fly Ash and Calcium Carbonate 20FA20CC 49 57 -14.03508772
Fly Ash and Calcium Carbonate 30FASCC 55 57 -3.50877193
Fly Ash and Calcium Carbonate 30FA10CC 51 57 -10.52631579
Fly Ash and Calcium Carbonate 30FA20CC 42 57 -26.31578947
Fly Ash and Calcium Carbonate S0FASCC 53 57 -7.01754386

Continued on next page
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section Mix ID code Compressive strength CONTROL Percentage of changes
Fly Ash and Calcium Carbonate S0FA10CC 42 57 -26.31578947

Fly Ash and Calcium Carbonate S0FA20CC 40 57 -29.8245614
Class F Fly Ash,Ground Granulated SEC10 39 335 16.41791045
Class F Fly Ash,Ground Granulated SFC30 40.5 335 20.89552239
Class F Fly Ash,Ground Granulated SFC50 315 335 -5.970149254

Fly Ash and Red Mud RMC12.5% 53 48.5 9.278350515

Fly Ash and Red Mud RMC25% 49.5 48.5 2.06185567

Fly Ash and Red Mud RMC50% 50 48.5 3.092783505

Figure 35 shows the eleven samples with the best effect
on 28-day compressive strength.
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Figure 35. eleven samples with the best impact on compressive
strength

5-Conclusion

Results from various studies indicate that fly ash, as an
artificial pozzolan, plays a key role in improving the
properties of SCC. Partial replacement of cement with FA,
in addition to reducing cement consumption and costs,
contributes to improved workability, reduced heat of
hydration, and increased long-term stability and reduced
permeability. However, the effect of FA on compressive
strength and microstructure depends on the replacement
level and the type of accompanying admixtures.

In general, the use of fly ash in combination with
various admixtures has high potential for producing SCC
with improved mechanical and microstructural properties.
Selecting the optimal type and amount of admixtures,
depending on the desired properties and environmental
conditions, is of great importance. Admixtures such as
metakaolin and silica fume, due to their high reactivity,
contribute to improving early-age strength, while fly ash
and blast furnace slag have a greater impact on long-term
strength and durability.

Precise control of mix proportions and the curing
process is essential to achieve the maximum benefits of
these materials. Microstructural analysis using SEM

provides a powerful tool for understanding the

performance mechanisms of these admixtures and for

optimizing self-compacting concrete mixtures.

Based on Table 12 and the points mentioned, the
following specific results can be stated regarding the role
of admixtures and fly ash:

[1] Fly Ash (FA), as an artificial pozzolan, improves the
workability, stability, and permeability of Self-
Compacting Concrete (SCC).

[2] Activating FA with Sodium Hydroxide (NaOH)
enhances pozzolanic reactions and improves
compressive strength at 10 to 15 percent replacement.

[3] Metakaolin (MK) significantly increases the early-age
strength of SCC but exhibits the greatest strength loss
at high temperatures.

[4] Silica Fume (SF) and MK undergo more severe
microstructural degradation at high temperatures
compared to FA.

[5] Hydrated Lime (HL), especially in combination with
FA and MK, significantly increases compressive
strength, particularly in low-cement concretes.

[6] Palm Oil Fuel Ash (POFA) performs less effectively
than FA in replacing cement, but its optimized
combination can be beneficial.

[7] Marble Cutting Slurry Waste (MCSW) combined with
FA and SF creates a dense paste matrix and an
improved Interfacial Transition Zone (ITZ) in SCC.

[8] Fly Ash Microspheres (FB), due to their high fineness
and purity, have a better filling effect than Phosphorous
Slag Powder (PS) and reduce porosity.

[9] The combination of FA and Calcium Carbonate (CC)
with a total cement replacement of less than 35% can
increase the compressive strength of SCC.

[10] Metakaolin (MK) has a greater effect on
strengthening the microstructure of the Interfacial
Transition Zone (ITZ) compared to Ground Granulated
Blast Furnace Slag (GGBS) and significantly increases
early-age strength.

[11] GBFS contributes to the improvement of SCC
strength in the long term but may result in lower
strength than the control concrete at early ages.
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[12] Precise control of mix proportions and the curing
process is essential to achieve the maximum benefits of
admixtures in SCC.
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ABSTRACT

This research investigates the possibility of producing green concrete using Carbonation
Lime Residue (CLR), a waste by-product from the Naghsh-¢ Jahan Sugar Factory in Isfahan
(Iran). The primary objective is to recycle this industrial waste by utilizing it as a partial
replacement for cement in concrete production, aligning with waste management goals,
environmental preservation, and economic benefits. Concrete samples were prepared with
different percentages of CLR replacement (0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, and
40%) for cement, maintaining a constant water-to-cement ratio of 0.35. These samples were
subjected to compressive strength tests (at 7, 28, and 56 days) and tensile strength tests
(Brazilian method). The results indicated that both compressive and tensile strengths
decrease with an increase in the replacement percentage. This reduction is primarily
attributed to the presence of impurities and sugary substances in the CLR, as confirmed by
SEM and EDX analyses. However, it was observed that up to a 25% replacement level, the
reduction in compressive and tensile strengths was less than respectively 15% and 10%. This
level of reduction is considered acceptable given the environmental and economic
advantages derived from utilizing this waste material. Therefore, using waste CLR as a
cement replacement in concrete up to 25% is deemed a practical and effective solution,
particularly for non-structural applications or in regions near sugar factories, contributing to
sustainable development and a circular economy.
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1. Introduction

Nowadays, with the industrialization of societies, one of
the major challenges faced by countries is the presence of
waste and by-products from various factories. Improper
management of these wastes can cause irreparable damage
to the environment, whereas with precise management,
they can be converted into raw materials for other
industrial uses [1].

" Corresponding author. Email: r.shadnia@hsu.ac.ir

Recycling is one of the most practical options in waste
management, consistently attracting attention due to its
economic savings and environmental benefits. Annually,
millions of tons of waste are generated in the country,
posing not only a serious disposal problem but also
increasing environmental pollution in various areas,
consequently posing a risk to the health of residents.
Industrial wastes are among these materials, and the lack
of timely and appropriate use of these vast resources leads
to environmental pollution.
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Preliminary field investigations revealed that significant
amounts of waste from sugar factories accumulate daily,
occupying considerable space. The management and
disposal of Carbonation Lime Residue (CLR) entail high
costs. On the other hand reusing these compounds can not
only address the disposal challenges faced by sugar
factories but also yield economic benefits.

The recycling of waste CLR from sugar factory is not
yet common practice in Iran. Utilizing this waste as a
partial replacement for cement in concrete production
could be a suitable strategy for achieving three objectives:
1) waste disposal (without the need for landfilling), 2)
achieving positive properties in concrete, and 3) realizing
economic benefits.

2. Literature Review

The use of any waste material in concrete requires
sufficient and specialized knowledge about it.
Comprehensive study is needed to ensure the durability and
safety of consumed waste in concrete, and leveraging past
research accelerates this process. Most studies conducted
on sugar factory waste are limited to agricultural and
livestock industries [1-8], with no significant research in
the construction industry except for specific cases. CLR
essentially consists of calcium carbonate (lime) along with
impurities. Given that these wastes have a calcareous
origin, it is possible to utilize previous research conducted
on the effects of using lime in concrete production [9-13].

To date, limited research has been reported on the
recycling of CLR. Karimi-Dehkordi et al. [14] studied the
use of CLR, referred to as lime waste, in concrete
production. They concluded that incorporating this sugar
factory by-product into concrete is an effective strategy for
promoting sustainable development, as it reduces costs,
preserves the environment, aids waste management, and
contributes to structural strength. Karimi-Dehkordi and
Heydari [15] in another study investigated the use of CLR
as a sand replacement in concrete. Through laboratory
tests, they stated that despite a minimal reduction in
compressive strength and no significant change in water
absorption, lime waste can still be a suitable option for use
in concrete, especially in areas near sugar factories. In
addition, Heydari et al. [16] assessed how different
application methods of CLR affect the mechanical
performance of concrete. They tested three distinct
approaches: dissolving the CLR in the mixing water,
sieving, and grinding. Their findings identified grinding as
the most effective method for utilizing CLR as a cement
replacement in concrete. The results demonstrated that
using the ground waste to replace up to 20% of cement by
weight is feasible, resulting in only a minimal strength
reduction.

While previous studies have mainly explored the
agricultural use of sugar factory waste or provided
qualitative assessments of its potential in concrete, a
significant research gap still remains. Specifically, a
systematic laboratory investigation into using CLR from
the Naghsh-e Jahan Sugar Factory in Isfahan (Iran) as a
partial cement replacement has been lacking. The current
study addresses this gap by focusing experimentally on this
local waste material. It aims to advance the current
qualitative understanding to a quantitative level by
supplying precise data on the effects of replacing cement
with CLR at various percentages (0—40%). This research
introduces a novel replacement material and defines an
optimal replacement threshold of 25% to minimize
compressive  strength loss, while also employs
microstructural analysis (SEM/EDX) to clarify the
fundamental mechanisms responsible for the strength
reduction. By achieving these goals, this work could
provides, for the first time with robust scientific support, a
viable pathway to recycle this waste material, thereby
transforming an environmental liability into a valuable
economic resource for the construction industry.

3. Materials and Methods

To investigate the effect of using lime waste from the
Naghsh-¢ Jahan Sugar Factory as a partial cement
replacement on concrete properties, a mix design based on
a water-to-cement ratio of 0.35 was adopted. CLR was
used to replace cement at different percentages of 0%, 5%,
10%, 15%, 20%, 25%, 30%, 35%, and 40%. The concrete
specimens were subjected to compressive (with curing
times of 7 to 56 days) and tensile strength experiments.

3.1. Materials Used

Portland cement Type II from Ardestan Cement Plant
located in Isfahan (Iran) was used in this research. Potable
water from the laboratory was also used. The water pool
was meticulously maintained, with the water always being
clear and meeting the required standards. Furthermore, the
entire pool water was drained and replaced with fresh
municipal water every two weeks, adhering to all necessary
standards during sampling and curing. The gradation of the
used aggregates was evaluated according to Iranian
National Standard No. 302 [17]. Coarse gravel and sand
were obtained from the Noor Complex mine, and fine
gravel was obtained from the Paya Sang mine, all sourced
from Isfahan (Iran). It is worth noting that the
specifications of the materials used, including cement,
water, and aggregates, are consistent with those presented
in the research by Heydari et al. [16]. Additionally, a
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polycarboxylate ether superplasticizer was used in the
construction of some molds as needed.

The waste CLR accumulated at the Naghsh-¢ Jahan
Sugar Factory in Isfahan (Figure 1) was used after drying
and exposure to the open air. To better characterize this
waste, Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) analysis was performed on the powdered CLR.
This analytical technique is used for elemental
determination. The results of analysis, presented in Table
1, specify the precise elemental composition of the
powdered CLR. The ICP-MS method is recognized as one
of the most advanced and reliable methods for determining
the concentration of trace and major elements due to its
exceptionally high sensitivity, precise quantitative
accuracy, and ability to measure multiple elements
simultaneously. In this method, the sample in solution form
is injected into a very high-temperature plasma, leading to
complete atom ionization. The produced ions are then
separated based on their mass-to-charge ratio in the mass
spectrometer, and the concentration of each is measured.

Figure 1. CLR accumulated on-site at the Naqsh-e Jahan sugar
factory, Isfahan (Iran)

Based on the data in Table 1, the element Calcium (Ca)
is the main constituent, with the highest concentration
(over 10%), consistent with the calcium carbonate nature
of this waste. Following that, the elements Sulfur (S) with
a concentration of 3938 ppm and Magnesium (Mg) with a
concentration of 3684 ppm rank next. The significant
presence of sulfur may indicate residual sulfate compounds
from the sugar syrup purification process. Other elements
with relatively higher abundance in this sample include
Iron (Fe) at 1039 ppm, Aluminum (Al) at 470 ppm, Sodium
(Na) at 295 ppm, and Zinc (Zn) at 25 ppm.

The precise identification and quantification of these
impurities are crucial for predicting and justifying their
effects on the mechanical properties and durability of
concrete. Specifically, the significant presence of sulfur (S)
indicates soluble sulfates, which can participate in
reactions with calcium aluminate phases in cement to form

ettringite. While ettringite is a normal hydration product,
its delayed or excessive formation in hardened concrete can
lead to destructive expansion and cracking. Furthermore,
the detectable levels of alkali elements such as sodium (Na)
and potassium (K) are of concern due to their potential to
increase the pore solution alkalinity. This elevated
alkalinity can accelerate the alkali-silica reaction (ASR)
when reactive aggregates are present, leading to
detrimental expansion and loss of strength over time.
Therefore, the chemical composition revealed by ICP-MS
provides a fundamental explanation for the observed
reduction in mechanical strength and highlights potential
durability risks that must be considered in future mix
designs and applications.

Table 1.
Results of the ICP-MS chemical analysis performed on the CLR
from the Nagsh-e Jahan sugar factory, Isfahan (Iran)

Element Ag Al As Ba Be Bi
DL 0.1 100 0.1 1 0.2 0.1
Unit: ppm <0.1 470 2.1 2 <0.2 <0.1
Element Ca Cd Ce Co Cr Cs
DL 100 0.1 0.5 1 1 0.5
Unit: ppm  >10%  <0.1 5 <1 16 <0.5
Element Cu Dy Er Eu Fe Gd
DL 1 0.02  0.05 0.1 100 0.05
Unit: ppm 11 0.09 <0.05 <0.01 1039 0.62
Element Hf In K La Li Lu
DL 0.5 0.5 100 1 1 0.1

Unit: ppm <0.5 <0.5 <100 <1 3 <0.1
Element Mg Mn Mo Na Nb Nd

DL 100 5 0.1 100 1 0.5
Unit: ppm 3684 44 <0.1 295 <1 <0.5
Element Ni P Pd Pr Rb S

DL 1 10 1 0.05 1 50
Unit: ppm 3 191 <1 <0.05 <1 3938
Element Sb Sc Se Sm Sn Sr

DL 0.5 0.5 0.5 0.02 0.1 1
Unit: ppm <0.5 <0.5 <05 <0.02 29 288
Element Ta Tb Te Th Ti Tl
DL 0.1 0.1 0.1 0.1 10 0.1
Unit: ppm 0.32 0.13 <0.1 <0.1 56 <0.1
Element Tm U A\ w Y Yb
DL 0.1 0.1 1 1 0.5 0.05
Unit: ppm <0.1 0.4 9 <1 0.7 0.4
Element Zn Zr
DL 1 5

Unit: ppm 25 <5
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3.2. Mix Design and Specimen Preparation

The basic concrete mix design was performed according to
the National Method for Concrete Mix Design (Third
Edition) [18]. Cylindrical concrete specimens (100 mm
diameter x 200 mm height) were fabricated with varying
replacement levels of cement by powdered CLR. Prior to
mixing, the industrial waste was ground using an industrial
mill to achieve a uniform particle size comparable to
cement, following the findings of Heydari et al. [16].
Subsequently, predetermined amounts of the resulting
powder (at levels of 5%, 10%, 15%, 20%, 25%, 30%, 35%,
and 40% by weight) were used as a partial replacement for
cement in the mix design, achieved by reducing the weight
of cement corresponding to each percentage. A control
specimen (0% CLR) was also prepared. All specimens
were cured in a water tank at 23 + 2°C in accordance with
ASTM C192 until the time of testing. The compressive
strength test was conducted at 7, 28, and 56 days using a
calibrated compression testing machine with a capacity of
2000 kN, following the procedure outlined in ASTM C39.
The tensile strength was determined at 28 days using the
Brazilian splitting test method as per ASTM C496. For
both tests, the loading rate was maintained as specified in
the respective standards. The reported values for
compressive and tensile strengths for each mix are the
average of results from three separate specimens. The
compositions and exact quantities of materials used,
including Portland Cement (PC), Carbonation Lime
Residue (CLR), Water, Sand, Fine Gravel (Fine G.), and
Coarse Gravel (Coarse G.), are provided in Table 2.

4. Results and Discussion
4.1. Compressive Strength

Table 3 and Figure 2 show the results of compressive
strength tests on concrete specimens containing different
percentages of ground CLR (from 0% to 40%) from the
Naghsh-e Jahan Sugar Factory in Isfahan at ages of 7, 28,
and 56 days. All reported strength values are expressed as
mean + standard deviation, based on three replicate
specimens for each mix. The test results clearly
demonstrate an inverse relationship between the waste
replacement percentage and concrete strength. While the
control specimen (0% CLR) developed compressive
strengths of 38.2,49.3, and 50.6 MPa at 7, 28, and 56 days,
respectively, increasing the CLR content led to a consistent
decline in performance. For instance, 28-day strength
dropped to 42.4 MPa with 25% replacement and further to
37 MPa with 40% replacement. Of particular importance,
however, is the rate of this strength loss. Up to the 25%
replacement level, the reduction in compressive strength

remains within an acceptable margin, and specimens retain
adequate structural performance. This key observation
strongly supports the economic and environmental
viability of utilizing this waste material. The primary cause
of the strength reduction is attributed to sugary impurities
within the CLR, which are known to retard cement
hydration and inhibit the formation of robust cementitious
compounds. Furthermore, the presence of organic and
mineral impurities can disrupt paste cohesion and
introduce microscopic weak points into the concrete
matrix.

Table 2.
Mix proportions of concrete with different percentages of CLR (kg
per m? of concrete)

Mix Fine Coarse
code PC CLR Water Sand G. G.

CLRO 400 0
CLRS 380 20
CLR10 360 40
CLR 15 340 60
CLR20 320 80 152 1075 400 250
CLR25 300 100
CLR 30 280 120
CLR 35 260 140
CLR 40 240 160

For a deeper understanding of the reasons for strength
reduction at the microscopic level, SEM (Scanning
Electron Microscopy) and EDX (Energy Dispersive X-ray
Spectroscopy) analyses were performed on the control
specimen and the specimen containing 40% CLR. A
comparison of the SEM images of the control specimen
and the specimen containing 40% waste (Figure 3) reveals
significant structural differences.

The SEM images clearly show that the cementitious
matrix in the control specimen is very dense and integrated,
whereas in the specimen containing waste, more porosity
is observed. These fine pores act as stress concentration
points and lead to a reduction in mechanical strength. It is
also observed that in the control specimen, there is a strong
and coherent bond between the cement paste and the
aggregates, whereas in the 40% specimen, a weak
Interfacial Transition Zone (ITZ) is evident, where there is
less adhesion, and this area cracks easily and facilitates
crack propagation. Close examination of the SEM images
also reveals that the presence of large, plate-shaped
Calcium Hydroxide (CH) crystals is distinctly more
pronounced in the specimen containing waste. Although
CH is a natural product of hydration, its accumulation as
large crystals is considered a weakness in the structure and
weakens the bond between components.
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Table 3.
Compressive strength results of concrete mixes incorporating ground CLR from Naghsh-e Jahan Sugar Factory, Isfahan (Iran)
CLR (%) 7 Days Reduction 28 Days Reduction 56 Days Reduction
g (Mpa) compred to 0% (Mpa) compred to 0% (Mpa) compred to 0%
0 38.2+0.88 - 49.3+0.48 - 50.6+0.83 -
5 36+0.79 5.7 47+0.70 4.6 50+0.22 1.2
10 33+1.02 13.6 46+0.17 6.7 49+0.63 3.1
15 30+1.24 21.4 43+0.37 12.8 45.7+0.62 9.7
20 29+0.41 24 42.9+0.29 13 45+0.34 11.1
25 28.5+0.34 25.4 42.4+0.34 14 44.5+0.17 12
30 27.7£0.26 27.4 41+0.37 16.8 42+0.67 17
35 25.9+0.59 322 39+0.79 20.9 41+0.40 19
40 24+0.42 37.1 37+0.37 24.9 40+0.49 20.9
55
m0% m5% ml0% 15% m20% m25% m30%_ m35% m40%
50
— 45 I
& I
2 40
=
E" 35
o
E 30 I
g 25
a
£ 20
Q
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15
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5
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7 Days 28 Days 56 Days

Figure 2. Compressive strength results of concrete specimens incorporating ground CLR from Naghsh-e Jahan
Sugar Factory, Isfahan (Iran)

Weak ITZ

a) Control specimen (0% CLR) b) 40% CLR
Figure 3. SEM analysis results of 28 days-concrete specimens with: a) 0% CLR and b) 40% CLR
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The quantitative results of the EDX analysis listed in
Table 4 well confirm the presence of chemical elements
related to impurities in the specimen containing waste. The
weight percentage of calcium in the specimen containing
40% CLR (34.44%) is much higher than in the control
specimen, which itself confirms the calcium carbonate
origin of this material. The presence of 1.78% carbon in the
40% specimen, which is not observed in the control
specimen, may indicate residual organic and sugary
materials in the waste. The identification of elements such
as sulfur (2.18%) and potassium (1.38%), which are absent
in the control specimen, confirms the presence of mineral
and chemical impurities originating from the sugar factory
production process. These elements play a role in the
formation of harmful compounds like ettringite. It is also
noted that the presence of sulfate impurities in the waste
has led to the formation of needle-shaped -ettringite
crystals. These crystals can expand in the presence of
moisture and create internal cracks, leading to the ultimate
reduction in strength. Therefore, by carefully examining
the SEM and EDX results, it can be understood that the
presence of sugary and mineral impurities in the CLR leads
to the creation of a porous, weak, and heterogeneous
microstructure in the concrete. This structural weakness,
manifested as weak bonding with aggregates, increased
porosity, and the formation of undesirable crystals (CH and
ettringite), is the main justification for the reduction in
measured mechanical strengths in the compressive and
subsequent tensile tests.

Table 4.
EDX analysis results for the control specimen and the specimen
containing 40% CLR

Control specimen 40% CLR
Element  Weight %  Atomic % Weight % Atomic %

OK 48.04 61.77 38.92 57.73
SiK 46.34 33.94 13.45 11.37
AIK 5.62 4.28 2.28 2.00
CaK - - 34.44 20.39
FeK - - 5.28 2.24
NaK - - 0.24 0.25
MgK - - 0.05 0.05
SK - - 2.18 1.61
KK - - 1.38 0.84
CK - - 1.78 3.52

4.2. Tensile Strength

As observed in Table 5 and Figure 4, the Brazilian
tensile strength test results revealed a trend similar to the
compressive strength findings: as the percentage of CLR
increased, tensile strength decreased. All reported tensile

strength values are presented as mean + standard deviation,
calculated from three replicate specimens for each mix.
The control specimen (0% CLR) exhibited the highest
tensile strength at 4.39 MPa. This value declined to 4.19
MPa with 15% CLR replacement and further to 4.06 MPa
at 25% replacement. Although tensile strength consistently
decreased with higher CLR content, the rate of reduction
was more gradual compared to the decline in compressive
strength. This milder reduction may be attributed to the fine
particles of the CLR, which, despite impairing primary
chemical bonds, could help distribute stress more evenly
within the concrete matrix.The decrease in tensile strength
is primarily due to sugary and organic impurities in the
CLR, which disrupt cement hydration and inhibit the
formation of strong binding compounds, such as C-S-H.
This leads to a weakened bond between the cement paste
and aggregates, reducing resistance to tensile loads.
Furthermore, as shown in the SEM images, a weakened
Interfacial Transition Zone (ITZ) forms around aggregates
in CLR-containing specimens. This zone serves as an
initiation point and pathway for crack propagation—a
vulnerability particularly evident in the Brazilian test,
where direct tensile stress is applied. Despite a tensile
strength reduction of approximately 7.5% at 25% CLR
replacement, the absolute strength values remained above
4 MPa. Therefore, using CLR up to this level may be
suitable for non-structural applications or structures with
lower safety requirements, provided that other mechanical
and durability properties are thoroughly evaluated.

Table 5.
Brazilian tensile strength results of concrete specimens incorporating
ground CLR from Naghsh-e Jahan Sugar Factory

Tensile

Failure load Reduction
CLR (%) Strength 3
™) (Mpa) compred to 0%
0% 138000 4.39+0.09 -
15% 131500 4.194+0.06 4.5
25% 127500 4.06+0.06 7.5
4 4139 419 106
4 4 I
g
S
E L5
it
.
0.5

0% 15% 25%
CLR (%)

Figure 4. Brazilian tensile strength results of concrete specimens
incorporating ground CLR from Naghsh-e Jahan Sugar Factory.

2026-v0l8(1)-p 39-46



Journal of Civil Engineering Researchers 45

5. Conclusion

This study demonstrates the viability of utilizing
Carbonation Lime Residue (CLR), a waste by-product
from sugar factories, as a partial cement replacement in
concrete production. The research was motivated by the
environmental challenges posed by the massive
accumulation of non-recycled CLR, which contributes to
pollution and degrades landscapes and agricultural lands.
The experimental results indicate that replacing up to 25%
of cement with CLR leads to a reduction of less than 15%
in compressive strength and less than 10% in tensile
strength. While this strength reduction is attributed to
impurities and sugary substances in the CLR, the decline
remains within acceptable limits for many applications.
Given the significant benefits in waste management,
economic savings, and environmental preservation, the use
of CLR in concrete represents a practical and effective
strategy for promoting sustainable development in the
construction industry, particularly for non-structural
applications or in regions near sugar production facilities.

6. Limitations and Future Work:

This study focused on the fundamental mechanical
properties (compressive and tensile strength) of concrete
incorporating CLR. It is acknowledged that for practical
implementation, a more comprehensive evaluation is
required. Key properties such as workability, setting time,
long-term durability (including sulfate resistance, chloride
penetration, and water absorption), and dimensional
stability were not within the scope of this initial
investigation. These aspects are critically influenced by the
chemical impurities present in CLR (e.g., sulfur, alkalis)
and warrant detailed examination in future research.
Therefore, while the results demonstrate the mechanical
viability of using up to 25% CLR, it is strongly
recommended that subsequent studies thoroughly assess
these fresh, hardened, and durability properties before field
application in specific environments, particularly where
exposure to sulfates or moisture is a concern.
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ABSTRACT

ARTICLE INFO

Project delays remain one of the most persistent challenges in construction management,
often leading to substantial cost overruns and disputes. Conventional scheduling and delay
analysis techniques—such as Critical Path Method (CPM), Earned Value Management
(EVM), and Extension of Time (EOT) methods—typically overlook the unequal importance
of activities and the dynamic shifts in project execution. This study introduces the Weighted
Delay Index (WDI), a novel metric that integrates activity-specific weights with dynamic
critical path analysis to provide a more precise evaluation of delay severity. Activity weights
were derived using the Analytical Hierarchy Process (AHP) across four key dimensions:
time, cost, risk, and technical impact. The methodology was validated on multiple
construction projects through comparison with Time Impact Analysis (TIA). Results show
that project duration is the dominant predictor of delay, while WDI serves as a strong
diagnostic signal, highlighting activities whose delays disproportionately influence project
outcomes. Workforce intensity further moderates delay severity, with higher intensity
reducing delay risks. By combining AHP-based weighting with dynamic scheduling, the
WDI offers project managers a practical early-warning and prioritization tool that surpasses
aggregated delay measures. The findings contribute to both theory and practice by bridging
deterministic scheduling with activity-sensitive delay assessment and by outlining directions
for future enhancement.
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1.Introduction delays and changes in network logic during project

Project scheduling plays a pivotal role in ensuring the
successful completion of construction and infrastructure
projects, particularly in environments where cost overruns
and time delays are frequent. The Critical Path Method
(CPM) has long been recognized as a fundamental tool for
project planning and control. However, the traditional
CPM is often criticized for its static nature, since it does
not adequately account for dynamic updates in activity

execution.

In recent decades, various indices have been proposed
to measure schedule performance and to assess the impact
of delays, such as the Schedule Performance Index (SPI),
the Earned Schedule (ES), and different delay analysis
methods. Despite their usefulness, these approaches
frequently neglect the relative importance of individual
activities within the project network. In practice, not all
activities contribute equally to project objectives: some
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activities are cost-intensive, risk-sensitive, or strategically
critical, while others have a relatively marginal impact.

To bridge this gap, the Weighted Delay Index (WDI) is
introduced as a novel metric that combines activity
weighting with dynamic critical path analysis. The WDI
provides a more nuanced measure of delay severity by
integrating both the magnitude of activity delays and their
relative significance to overall project performance. Unlike
traditional indices, WDI is flexible and can incorporate
multiple weighting criteria—such as cost, resource
allocation, or risk exposure—allowing for a context-
specific prioritization of activities.

This study develops the WDI framework, applies it to
selected case studies, and evaluates its predictive ability in
identifying critical delay sources and forecasting project-
level impacts. The proposed index aims to provide project
managers with an early-warning tool that not only
quantifies delay intensity but also highlights which delayed
activities warrant immediate managerial attention.

2.Literature Review

The assessment of project delays has been a long-
standing research topic in construction management.
Traditional methods of delay analysis are typically
grounded in deterministic scheduling techniques. The
Critical Path Method (CPM), first introduced in the late
1950s, remains one of the most widely used techniques for
identifying activity sequences that directly determine
project duration. However, CPM assumes a fixed project
network and deterministic activity durations, which limits
its applicability under conditions of uncertainty and
dynamic project environments.

To address these limitations, several extensions have
been proposed. The concept of the dynamic critical path
was developed to reflect real-time updates in project
execution, recognizing that the critical path may shift as
activities are delayed or accelerated [1]. Parallel to this, the
field of schedule performance measurement introduced
indices such as the Schedule Performance Index (SPI)
under the Earned Value Management framework [2].
Although SPI and Earned Schedule provide valuable
insight into overall schedule adherence, they tend to
aggregate delays at the project level, without
differentiating between the relative significance of
individual activities.

More recent studies emphasize the importance of
activity weighting by factors such as cost, resources, and
risk. Activity Criticality Indices have been developed in
probabilistic schedule risk analysis to quantify the
likelihood of an activity being on the critical path [3].
Similarly, weighted performance indices have been applied
in cost and schedule control to reflect project priorities.
Nevertheless, these approaches remain fragmented and

have not been fully integrated into delay analysis at the
activity level.

In response, researchers have explored more dynamic
and flexible scheduling approaches. Vanhoucke (2013)
emphasized the limitations of static CPM under uncertainty
and proposed dynamic scheduling with risk-informed
sensitivity analysis [4]. The integration of EVM with CPM
has been shown to provide a more comprehensive view of
project performance, combining schedule adherence with
resource and cost tracking [5]. Further, Purushothaman et
al. (2025) examined influential factors in dynamic
scheduling environments and their impact on real-time
planning [6], while the Schedula Anima platform
demonstrated advanced visualization and rescheduling
capabilities for dynamic Gantt charts [7]. Similarly, Kim et
al. (2020) proposed the extended resource-constrained
CPM (eRCPM), which accounts for resource dependencies
in critical path analysis [8], and Chaudhary & Meshram
(2025) compared CPM, RCS, and RCPM under resource
constraints, highlighting the need for flexible weighting
and dynamic analysis [9].

In addition to methodological improvements,
researchers have increasingly turned toward data-driven
and probabilistic approaches. For instance, Gondia et al.
(2020) applied machine learning algorithms to predict
delay risks in construction projects and demonstrated
higher accuracy than traditional regression models [10].
Building on this, Cevikbas et al. (2022) proposed a
modified scheduling and delay-analysis method that better
reflects actual project updates and provides more reliable
insights for delay claims [11]. From a probabilistic
perspective, Bektas et al. (2021) developed the Integrated
Probabilistic Delay Analysis Method (IPDAM), which
estimates the likely outcomes of delay disputes and
enhances fairness in claims resolution [12]. More recently,
Alsulamy (2025) employed advanced machine learning
models (CatBoost, XGBoost, LGBM) to predict delay risks
in Saudi Arabian construction projects, highlighting the
growing role of Al in proactive delay management [13].

The gap identified in the literature is twofold:

1.  Existing delay indices lack sensitivity to the
relative importance of activities within the network.

2. Most methods fail to combine activity weighting
with the dynamic nature of the critical path, limiting their
predictive and diagnostic power.

To address this gap, the current study introduces the
Weighted Delay Index (WDI), which simultaneously
accounts for activity importance and dynamic critical path
analysis. This dual consideration positions WDI as a more
robust and practical tool for real-time delay assessment and
prioritization in complex projects.

For these problems, analytical, semi-analytical, and
numerical methods are used in time and frequency domains
[7.8].
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The seismic source, soil complexity, and analysis goals
determine the model's dimensionality from 1D to 3D,
which affects soil behavior under seismic loads [8-12].

Damping is crucial in site response analysis for
capturing energy dissipation mechanisms within soil layers
under seismic loads. It significantly reduces seismic
energy, affecting both the amplitude and duration of
surface ground motion. By incorporating damping into
models, predictions of soil behavior during seismic events
become more accurate, reflecting the natural energy loss
from hysteresis and viscous behavior in soil materials
[7,12]. Properly calibrated damping parameters yield more
realistic ground motion estimates, particularly vital for
high-intensity seismic events [13]. Park and Hashash [14]
highlight the importance of precise damping modeling in
the context of non-linear time domain site response
analysis.

3.Methodology

The methodological framework of this study consists of
four main stages: (1) defining activity weights, (2)
calculating effective delays under dynamic critical path
conditions, (3) developing the Weighted Delay Index
(WDI), and (4) validating the index through case studies.
Figure 1 illustrates the overall research workflow.

3.1. Defining Activity Weights

Project activities are not equally significant to project
success. In order to capture their relative importance, a
normalized weight is assigned to each activity i in the
network. The weight can be determined using multiple
approaches, depending on project context:

Cost-based weighting
—_G .
z:j‘v=1 ¢’

C;is the direct cost of activity

w;

Resource-based weighting:

w; = =t
i TSN g
X j=1 Rj
R;represents allocated man-hours or equipment-hours.

I;xP;
I;is the probability of delay and P; is the potential impact
of activity

Multi-criteria weighting (hybrid):

Ci Ri Qi
w; = Q. + p. +7. ,a+f+y=1
i V.C B SV R Y V.0 B+vy

j=1Rj

Risk-based weighting: w; =

Q;is expert-based judgment (e.g., AHP scores).
For all approaches, the normalization condition applies

Case Selection

A representative
construction project
schedule is selected

Define
activity
weights

AHP
@ Calculate

effective
delays

Data Preparation
Baseline and updated
schedules and delay
events are identified

4
wol =3 w,
=]

Comparison
and Evaluation

( :2 Interpret
results

The results are compared
and assessed

Figure 1 Methodology Flowchart

3.2. Dynamic Critical Path and Effective Delay
Calculation

Unlike traditional CPM, the dynamic critical path reflects
real-time updates of the network as activities experience
delays. In each monitoring period t, the schedule is
recalculated to identify the current set of critical activities.
For each activity i, the observed delay is defined as:

Delay,(t) = ActualFinish.(t) — BaselineFinish,

However, not all observed delays propagate to the project
finish. To capture only the portion of delay that affects the
project duration, the effective delay is defined as:

A,(¢) = max {0, Delay, (t)} -TF (1)

Where TE(®) is the updated total float of activity i at time
t This ensures that activities delayed within their available
float do not contribute to the WDI.

3.3. Weighted Delay Index (WDI)

The WDI quantifies the severity of project delays by
combining activity weights with effective delays. Two
versions of WDI are proposed:

Dimensionless WDI (ratio-based):

N
5.(6) = Ag) - WDI(t) = w,.s,(0)

i=1
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Where D, is the planned duration of activity i This yields

a normalized index between 0 and 1.
Time-scaled WDI (days-based):

WL, (6)= 3 w0

i=1
which expresses the weighted delay directly in time units
(e.g., days).

3.4. Project-Level Delay Estimation

The overall project delay at time ¢ is determined by
recalculating the updated project finish date:

ATProject (t) = FiniShupdated (t) - Finl‘s}lbaseline
Additionally, the utilization of project delay allowance
(buffer) is computed as:

BufferUsed(t)% = M'Zo—jm(t) x 100

allow

Dallow
Where D, represents the contractual or probabilistic

schedule buffer.

3.5. Algorithmic Procedure

The computational procedure of WDI is summarized as
follows:

Input baseline schedule (activities, durations, dependencies
, costs/resources/risks).

Assign normalized weights W, based on the selected

weighting method.

Update schedule at monitoring period #: record actual
progress, recalculate floats, and identify the dynamic
critical path.

Compute effective delays

Calculate WDI:

N
Dimensionless form: pypj(s) = Z Wﬁ
i=1 l D,'
Time-scaled form:
WDIdays(t) = Z{V=1 w;. 4;
WD lLyim
Recalculate project finish and compare with baseline to
compute

A]-'Pr oject (t)

Report results: highlight high-contributing activities,
evaluate WDI trends, and compare with project-level
delay.

3.6. Case Study Design

To validate the proposed WDI, the methodology is
applied to multiple case studies of real-world construction
projects. The case studies are selected to cover:

1. Projects of different sizes and complexity levels,

2. Projects with both resource-driven and cost-driven
priorities,

3. Projects with documented baseline and actual progress
data.

For each case study, the following analyses are
performed:

4. Application of WDI framework at regular monitoring
intervals.

5. Comparison of WDI outputs with actual project delays.
6. Sensitivity analysis of different weighting schemes
(cost, resource, risk, hybrid).

7. Evaluation of WDI as an early-warning indicator by
correlating its trends with observed project delay
outcomes.

4. EOT Methodes

4.1. As-Planned vs. As-Built (APAB) Method

The As-Planned vs. As-Built method is one of the simplest
EOT approaches, where the contractor’s original baseline
schedule is compared against the actual as-built progress to
determine delays. In this method, the total delay to project
completion is attributed by visually or quantitatively
comparing planned versus actual progress. While easy to
apply and requiring minimal data, the method does not
account for the dynamic interplay of concurrent delays,
float ownership, or critical path changes during execution
[14]. Its simplicity often favors contractors because it
captures maximum completion delay but may exaggerate
entitlement, leading to disputes [15].

4.2. Impacted As-Planned (IAP) Method

The Impacted As-Planned method works by inserting
excusable delay events directly into the original baseline
program to see how completion shifts. Essentially, each
delay is modeled as an activity in the planned schedule, and
its effect on the project completion date is measured. This
method assumes the baseline schedule is realistic and
critical paths do not change significantly during execution.
It is advantageous for its forward-looking, predictive
capability but often criticized for ignoring the reality of
actual progress, making it more favorable to contractors
and less defensible in disputes [16].
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Table 1. Project Case Studies
Project_ID Project Title Project Type Location FIl)l:ts: D,;,‘;K B sujl)—e}z;l)l mean_WF sum_g:;:tlon_ n‘lzle)nI_

Case GRVE Pipe Line in HOSCO EPC- Iran-Bandar ~ May-25 37 15.401563 0.101538 70 3.992
Study 1 Infrastructure Abbas

Case PE Pipe Line in HOSCO EPC- Iran-Bandar ~ May-25 71 26.018603 0.141538 130 3.992
Study 2 Infrastructure Abbas

Case CS Pipe Line in HOSCO EPC- Iran-Bandar ~ May-25 83 61.60236 0.196151 149 3.917
Study 3 Infrastructure Abbas

Case Steel Pipe Rack in HOSCO EPC- Iran-Bandar ~ May-25 61 55.786214 0.096526 105 4.9475
Study 4 Infrastructure Abbas

Case Building Manhole in EPC- Iran-Bandar ~ May-25 46 35.438983 0.024336 92 3.7206
Study 5 HOSCO Infrastructure Abbas

Case Construct Monorail Beam in EPC- Iran-Bandar ~ May-25 44 30.745028 0.074599 86 3.3923
Study 6 HOSCO Infrastructure Abbas

Case Demolish Silo in GolGohar C-Building Iran- Jul-24 115 80.333499 0.048763 207 3.8645
Study 7 Kerman

Case Demolish Silo in GolGohar C-Building Iran- Jul-24 69 43.576979 0.089968 126 3.3094
Study 8 Kerman

Case Supply Gas Pipe Line in PC-Piping Iran-Babol Nov-24 48 42.356859 0.067114 83 5.1114
Study 9 Babol

Case Soil Excavation in Golshahr EPC- Iran-Tehran Dec-22 23 9.178113 0.053591 46 4.1253
Study 10 Complex Geotechnic

Case Soil Improvement in EPC- Iran- Sep-23 86 66.708022 0.104945 164 4.1028
Study 11 Hamedan Geotechnic Hamedan

Case Soil Improvement in Bandar EPC- Iran-Bandar Oct-22 38 33.585098 0.137181 76 3.7236
Study 12 Abbas Geotechnic Abbas

Case Fire Fighting System in PC- Iran-Bandar Sep-21 82 49.003804 0.150584 139 3.769
Study 13 Bahonar Port Mechanical Abbas

Case Fire Alarm System in PC-Electrical Iran- Dec-23 103 59.642154 0.136563 175 3.4965
Study 14 Nowshahr Port Nowshahr

Case Fire Alarm System in PC-Electrical Iran- Dec-23 51 29.854627 0.06019 91 3.8886
Study 15 Boushehr Port Boushehr

Case Fire Fighting System in PC- Iran-Bandar Dec-23 111 84.549222 0.138082 201 3.9568
Study 16 Hormoz Port Mechanical Abbas

Case Fire Alarm System in Rajaei ~ PC-Electrical  Iran-Bandar Apr-18 70 69.232659 0.198232 141 4.9228
Study 17 Port Abbas

Case Fencing in Petro-Ofin Site PC-Building Iran- Aug-21 86 66.987621 0.124588 169 4.0522
Study 18 Mahshahr

Case Motahari Building EPC-Building  Iran-Tehran Apr-20 57 52.060706 0.094086 106 4.2143
Study 19

Case Soil Excavation in Farmanieh EPC- Iran-Tehran May-19 51 42.132003 0.093512 89 4.5492
Study 20 Complex Geotechnic

Case Piling in Haghani Port PC-Offshore  Iran-Bandar Oct-22 59 53.754572 0.103617 125 4.5812
Study 21 Abbas

Case Piling in Hormoz Port PC-Offshore  Iran-Bandar Oct-22 15 14.673827 0.120256 32 4.1777
Study 22 Abbas

4.3. Collapsed As-Built (CAB) or “But-For” Method

4.4.Time Impact Analysis (TIA)

The Collapsed As-Built, or “But-For” method, is the
reverse of the TAP approach. Here, the as-built schedule is
reconstructed and then excusable delays are hypothetically
removed (“collapsed”) to determine when the project
would have been completed but for those delays. This
method is retrospective and data-intensive, requiring
accurate as-built records. It is often seen as favorable to
owners since it can filter out contractor-caused delays and
focus on the true impact of excusable delays (Braimah,
2013). However, it may be biased if as-built data lacks
accuracy, leading to contentious results.

Time Impact Analysis is widely regarded as one of the
most robust and contractually accepted methods for EOT
assessment. It involves inserting delay events into the most
recent accepted schedule update at the time of the event and
analyzing the impact on project completion. This allows
for a contemporaneous and incremental analysis of each
delay in real time, preserving the evolving critical path.
TIA provides a balanced view that benefits both
contractors and owners, though it is highly data-driven and
requires reliable schedule updates, which can be resource-
intensive [17].
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4.5. Windows Analysis (or Time-Slice Analysis)

Windows Analysis divides the project into “time windows”
(e.g., monthly or quarterly) and compares planned versus
actual progress within each period to determine critical
delays and their causes. By examining the evolution of the
critical path over time, this method accounts for concurrent
delays and shifting responsibilities. It is considered one of
the fairest and most accurate approaches, though it
demands detailed, reliable updates and often requires
advanced scheduling software [18].Owners and courts
often prefer this method for its balanced and transparent

prioritization where time was considered the most critical
criterion, followed by cost, then risk, and finally technical
considerations. The constructed comparison matrix is

shown in Table 33.
Table 3
Pairwise comparison matrix of criteria

Criteria Time Cost Risk Technical
Time 1 3 4 5
Cost 1/3 1 2 4
Risk 1/4 172 1 3

Technical 1/5 1/4 173 1

5.2. Weight Derivation

The principal eigenvector method was used to normalize
the matrix and obtain the priority weights of each criterion.

The results are presented in Table 4.
Table 4
AHP weights of the main criteria

Criterion Weight Rank
Time 0.5506 1
Cost 0.2639 2
Risk 0.1366 3

Technical 0.0489 4

view.
Table 2
Summary Comparison of EOT Methods
Method Basis Advantages Limitations
i
As-Planned Simplistic No causation,
. . Fast and easy concurrency, or
vs As-Built comparison .
logic update
. Simple, Hypothetical,
Impacted As- Baseline + . {mpe . ypotietica
illustrates ignores actual
Planned fragnets .
causation progress
. . Data-heavy,
Time Impact Incremental Dynamic, .
. complex and time-
Analysis updates causally robust .
consuming
. Depends on
Collapsed Remove delays Real execution, .
. . subjective
As-Built from actual legal clarity .
reconstruction
fi t
Window Slice-by-slice Capt.ures Needs reguen
. evolution of updates, risk of
Analysis updates .
schedule oversight

5. Analytical Hierarchy Process (AHP) for Criteria
Weighting

In order to determine the relative importance of the main
criteria affecting delay analysis in construction projects,
the Analytical Hierarchy Process (AHP) was employed.
Four principal criteria were selected based on literature
review and expert consultation:

1. Time — reflecting the significance of timely project
completion.

2. Cost — representing budgetary and financial pacts.

3. Risk — covering contractual, managerial, and technical
risks associated with delays.

4. Technical/Quality — denoting engineering performance,
design accuracy, and quality compliance.

5.1. Pairwise Comparison Matrix

The pairwise comparison matrix was constructed
according to Saaty’s fundamental scale (1-9). Expert
judgments were simulated to represent a consensus

The results indicate that time (55.06%) is by far the most
important consideration in delay analysis, followed by cost
(26.39%), risk (13.66%), and technical factors (4.89%)).

5.3. Consistency Test

To validate the reliability of the judgments, the
Consistency Index (CI) and Consistency Ratio (CR) were
calculated as follows:

Ao —n_ 4.1179-4

CIl = =0.0393
n—1
CR= a = 0.0393 =0.0437
Rl 090

Where RI is the Random Index for n=4 (RI = 0.90).
Since CR = 0.0437<0.10, the judgments are consistent and
acceptable.

5.4. Interpretation

The AHP results emphasize that project delays are
primarily perceived and analyzed through the lens of time
impact (schedule overrun), with cost consequences being
secondary, and risk/technical considerations playing
smaller roles. These weights will serve as the input
coefficients for the proposed Weighted Delay Index (WDI)
model in the subsequent stage of the study.
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5.5. Integration of AHP Weights into the Weighted Delay
Index (WDI)

The AHP-derived weights were incorporated into the
Weighted Delay Index (WDI) framework to quantify the
relative significance of delays across project activities. The
WDI model accounts for multiple perspectives of delay
consequences by combining the four criteria (time, cost,
risk, and technical) into a single composite score for each
activity [19].

Step 1: Activity-Level Scoring

For each project activity, expert judgment or project
documentation provides normalized scores (on a scale of
0-1 or 0-10) for the four criteria:

*Time Impact Score (TIS): Degree to which delay in the
activity affects the overall project schedule.

*Cost Impact Score (CIS): Financial consequences of
delaying the activity.

*Risk Impact Score (RIS): Extent to which the delay
increases exposure to contractual or managerial risks.
*Technical Impact Score (QIS): Effect on technical
performance, quality, or design integrity.

Step 2: Weighted Aggregation

The WDI for each activity i is computed using the AHP-
derived weights and the corresponding impact scores :
4

WDI(t) = Z W, .5;(8)

j=1
Where:
w_i=normalized weight of criterion j from AHP
s _ij = impact score of activity i with respect to
criterion j

Step 3: Ranking of Activities

The WDI values are then calculated for all activities.
Higher WDI values indicate activities whose delays are
more critical to the project’s overall performance,
considering a balanced view of time, cost, risk, and
technical impacts. Activities can be ranked accordingly to
prioritize monitoring, mitigation, and resource allocation.

Step 4: Application in Delay Analysis

By applying this approach across all project activities:

A prioritized delay profile is obtained.

Critical activities that drive overall project delays are
clearly identified.

Project managers can implement targeted mitigation
strategies rather than addressing all delays equally.

6. Results and Discussion

This section presents a comprehensive analysis of the
results obtained from the data collected on twenty-two
projects, including twenty-two real construction projects
generated to simulate diverse conditions. The primary aim
of this section is to examine how different explanatory
variables—Project Duration, Weighted Delay Index
(WDI), Workforce Intensity, and Average WDI Value—
interact and contribute to the overall Project Delay as
measured by the time-impact analysis method. The
discussion unfolds systematically, beginning with
descriptive ~statistics, then exploring distributional
characteristics, pairwise correlations, regression modeling,
diagnostic tests, and sensitivity assessments. The section
ends with a synthesis of managerial implications,
theoretical contributions, limitations, and directions for
future research.

6.1. Overview of Variables and Conceptual Relationships

Before delving into the numerical analysis, it is essential
to clarify the conceptual meaning of each variable
involved:

. Project Delay refers to the total number of days
the project delivery exceeded its baseline schedule,
determined using the Time-Impact Analysis (TIA) method.

. Weighted Delay Index (WDI) is a composite
measure obtained by summing the product of delay days
for each activity and its weight (derived through the AHP
method). It represents the cumulative “criticality-
weighted” delay of activities in the project.

. Workforce Intensity is calculated as the total
workforce assigned to the project divided by the total
project duration, reflecting the density of human resource
allocation.

. Project Duration is the planned baseline duration
of the project, in days, from project start to expected finish.

. Average WDI Value is the mean of the AHP-
based weights across all activities within each project. It
reflects the general criticality level of activities.

These variables are not independent in a strict sense.
Larger projects (longer durations) tend to have more
activities, higher cumulative WDI values, and potentially
different workforce allocation patterns. However, by
modeling these variables jointly, we aim to isolate their
specific contributions to the observed project delays.

SII and SIII. The response acceleration time histories for
single-layer soil profiles (S200, S300, S500) under
sinusoidal excitation show that the SBFEM closely
matches QUAKE/W results, particularly at higher shear
wave velocities. For instance, in the S200 profile under
excitation SI, peak accelerations from SBFEM and
QUAKE/W differed by only 8%, while DEEPSOIL
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deviated by 25% with a 0.1-second phase shift. In stiffer
soils like S500, DEEPSOIL discrepancies increased to
33% in peak acceleration and 0.15 seconds in timing.
Under excitation SIII, SBFEM demonstrated reliable
performance in the S500 profile, with peak acceleration
differences of respectively 12% and 4% compared to
DEEPSOIL and QUAKE/W.

6.2. Descriptive Statistics

To provide an overall picture of the dataset, Table 5
presents the descriptive statistics of all key variables. The
data demonstrate substantial heterogeneity across projects.
The Project Delay variable spans from extremely short
overruns (as low as 5.4 days) to severe delays exceeding
200 days. This wide range is consistent with the highly
variable nature of construction projects, where
environmental, contractual, managerial, and technical
factors differ dramatically across cases.The Weighted
Delay Index also exhibits a wide range, confirming that
some projects suffer from a high concentration of delays in
critical activities, while others have relatively minor
accumulated weighted delays. Workforce Intensity shows a
narrower range, which is expected since most projects are
managed with moderate workforce densities. However,
small differences in workforce allocation can still lead to
significant differences in delay outcomes, as will be
demonstrated in later sections.The Project Duration
variable is highly dispersed, with projects as short as one
month and as long as over a year.

This factor is expected to be one of the dominant
determinants of delay because longer projects have more
dependencies and greater exposure to risks.The Average
WDI Value clusters around 4.0, which indicates that on
average, most activities in each project are of moderate
criticality. The presence of projects with very low or very
high average WDI values suggests differences in project
structure and complexity.

6.3. Distributional Characteristics

To further explore the nature of the dataset, we examine
the distribution of each variable using histograms and
provide interpretative commentary.

6.3.1. Project Delay Distribution

The distribution of Project Delay is positively skewed.
Most projects experience delays in the range of 40 to 100
days, with a few outliers beyond 200 days. This skewness
is typical in construction delay datasets: while most
projects experience moderate overruns, a small subset
suffer catastrophic delays due to unforeseen circumstances,
disputes, or cumulative inefficiencies.

Table 5 :
Descriptive Statistics

td.
Variable Mean Std Min Max Median IQR

Project
Delay 8273 5421 540  212.60 71.00 63.50
(days)
Weighted
Delay
Index
(WDI)
Workforce
Intensity
Project
Duration 1485 914  30.00 420.00 13500  87.00
(days)
Average
WDI 3.98 0.49 2.80 5.10 4.00 0.40
Value

This skewness has important managerial implications.
It suggests that while average delays may be acceptable
within organizational risk thresholds, the possibility of
extreme delay outcomes cannot be ignored. Therefore, risk
management strategies must focus not only on reducing
mean delay but also on controlling the tail risk.

4234 2776 410 115.20 35.60 29.20

0.123  0.047 0.032  0.298 0.114 0.061

Distribution of Project Delay

Frequency

20 40 60 80 100 120
Project_Delay

Figure 2 The distribution of Project Delay

6.3.2. Weighted Delay Index Distribution

The histogram of WDI also shows a right-skewed pattern.
Many projects have WDI values between 20 and 60, but a
few projects exceed 100. This indicates that some projects
accumulate a disproportionately large sum of weighted
delays, which may be a result of poor sequencing,
bottlenecks in critical activities, or low responsiveness to
delay propagation.Monitoring WDI during the course of a
project can thus serve as an early-warning signal. Projects
with rapidly rising WDI values may require immediate
intervention to prevent systemic schedule deterioration.

6.3.3. Project Duration Distribution

Interestingly, the distribution of Project Duration is
bimodal. One mode appears in the range of 50 to 100 days,
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representing  short-term  projects (such as small
installations, repairs, or modular builds). The second mode
is in the range of 300 to 400 days, representing large-scale
projects(such as industrial plants, infrastructure, or high-
rise buildings). This bimodality reflects the diversity of
project types and suggests that predictors may behave
differently across small and large projects.
Distribution of Weighted Delay Index (WDI)
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Figure 3 The histogram of WDI

6.3.3. Project Duration Distribution

Interestingly, the distribution of Project Duration is
bimodal. One mode appears in the range of 50 to 100 days,
representing  short-term  projects (such as small
installations, repairs, or modular builds). The second mode
is in the range of 300 to 400 days, representing large-scale
projects(such as industrial plants, infrastructure, or high-
rise buildings). This bimodality reflects the diversity of
project types and suggests that predictors may behave
differently across small and large projects.

Distribution of Project Duration
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Figure 4 The distribution of Project Duration

6.3.4. Workforce Intensity Distribution

The Workforce Intensity distribution is relatively narrow
and symmetric around 0.12. This is consistent with
standard project planning practices, where workforce
allocation is optimized for cost-efficiency and safety

constraints. Despite this narrow distribution, variations of
0.03 to 0.29 suggest that some projects are much more
labor-intensive than others. As will be shown later, higher
workforce intensity is associated with lower delays,
supporting the intuition that concentrated resource
allocation accelerates progress.

Distribution of Workforce Intensity

Frequency

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Workforce_Intensity

Figure 5 The Workforce Intensity distribution

6.3.5. Average WDI Value Distribution

The Average WDI Value shows a roughly normal
distribution centered around 4.0. This suggests that most
projects have a similar distribution of activity criticality.
Projects with lower average WDI values may have more
distributed workloads with fewer highly critical activities,
whereas projects with higher average WDI values may be
more sensitive to disruptions in specific activities.
Distribution of Average WDI Value
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Figure 6 The Average WDI Value
6.4. Correlation and Scatter Plot Analysis

Understanding the bivariate relationships between
variables is critical for interpreting the dynamics of
delay.This section examines pairwise scatter plots and
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computes correlation coefficients to reveal underlying
associations

6.4.1. Project Delay vs Weighted Delay Index

The scatter plot of Project Delay versus WDI shows a clear
upward trend, with a correlation coefficient of
approximately 0.91. This strong correlation supports the
central hypothesis of this study: that the aggregated
weighted delay of individual activities is a major
determinant of total project delay.

However, the scatter plot also reveals heteroscedasticity:
the spread of Project Delay values increases with WDI. In
other words, projects with high WDI values exhibit a wider
range of possible total delays. This variability could be due
to interactions with other factors such as project size or
resource allocation.

6.4.2. Project Delay vs Project Duration

The scatter plot between Project Delay and Project
Duration reveals an even stronger positive relationship,
with a correlation coefficient around 0.97. The slope of the
relationship suggests that, on average, for every additional
10 days of planned duration, total delay increases by
approximately 5.8 days. This finding is consistent with the
notion that larger projects are more complex, more exposed
to risk, and more prone to cascading delays.

This relationship has profound managerial implications:
project duration is not merely a neutral baseline; it is a
structural driver of delay. Therefore, decisions to extend
project scope or schedule should be carefully evaluated in
light of the likely increase in delay exposure.

6.4.3. Project Delay vs Workforce Intensity

The scatter plot of Project Delay versus Workforce
Intensity shows a negative trend. The correlation
coefficient is approximately —0.68, indicating that higher
workforce intensity is associated with shorter project
delays. This is consistent with practical experience: when
more resources are dedicated per day, tasks are completed
faster and the project is more resilient to small disruptions.
Nevertheless, the relationship is not linear across the entire
range.

Extremely high workforce intensities may reach a point of
diminishing returns or even create inefficiencies due to
congestion, coordination difficulties, or safety concerns.
This non-linearity warrants further research but does not
undermine the general trend observed here.
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Figure 7 The scatter plot of Project Delay versus WDI
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Figure 8 The scatter plot between Project Delay and Project Duration
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Figure 9 The scatter plot of Project Delay versus Workforce Intensity

6.4.4. Weighted Delay Index vs Project Duration

The scatter plot between WDI and Project Duration shows
a strong positive correlation (~0.95). This indicates that
longer projects tend to accumulate larger weighted delays,
which is intuitive: more activities mean more opportunities
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for delays to occur and propagate. However, this
correlation also signals potential multicollinearity in
regression models, which must be addressed in the next
section.

Weighted Delay Index vs Project Duration

WDI

T T T T T
25 50 ] 100 125 150 175 200
Project_Duration

Figure 10 The scatter plot between WDI and Project Duration

6.5. Regression Modeling and Interpretation

To formally quantify the relationship between the
explanatory variables and Project Delay, a multiple linear
regression model was estimated. The regression model
takes the following conceptual form:

ProjectDelay = fy + f, X WDI + 8, X
Workforcelntensity + B3 X Pr o jectDuration

The estimated coefficients are shown in Table 6.

Table 6
Regression Results

. Weighted Delay Index (—0.034): Surprisingly, the
coefficient is slightly negative and statistically
insignificant. This is a result of multicollinearity with
Project Duration. Although WDI is strongly correlated
with Project Delay in bivariate analysis, once Project
Duration is included in the model, WDI’s independent
contribution is suppressed.

. Workforce Intensity (—5.30): This negative
coefficient indicates that higher workforce intensity is
associated with shorter delays, holding other variables
constant. Although the coefficient is not significant at the
5 % level (p = 0.12), its sign is consistent with theory and
deserves further exploration.

. Project Duration (0.580): This is the dominant
predictor. It is highly significant and indicates that for
every additional day of planned duration, the expected
project delay increases by 0.58 days. This confirms that
scale is the principal driver of delay in this dataset.

The R-squared value of 0.982 indicates that the model
explains 98.2 % of the variation in Project Delay. This high
explanatory power reflects the strong structural
relationships among the variables.

0.6. Residual Analysis and Model Diagnostics

To validate the robustness of the regression model, residual
diagnostics were conducted.

e Residual vs Fitted Values Plot: This plot shows no
systematic pattern, indicating that the model
captures the main trends in the data without
leaving behind structured errors.

e Normal Q-Q Plot: The residuals follow a near-
normal distribution, confirming that the normality
assumption of linear regression is satisfied.

e Homoscedasticity: The variance of residuals
remains stable across the range of fitted values,
which means the model does not suffer from
heteroskedasticity.

e Influential Observations: Cook’s distance and

leverage  statistics were calculated. No
observation had undue influence on the model
coefficients.

These diagnostics confirm that the regression model is

statistically valid and that the conclusions drawn from it are

Predictor  Coefficient ptandarg t-Statistic p-Value
Error
Intercept —-1.49 5.21 -0.29 0.775
Weighted
Delay -0.034 0.082 -0.41 0.687
Index
\Y&rel;f;ge 530 327 162 0.121
gg;’;flffn 0.580 0.019 30.53 <0.0001
R-squared 0.982
Adjusted
R-sgluared 0.979
Mean
Squared 12.10 reliable.
Error

Interpretation of Coefficients

. Intercept (—1.49): The intercept is not statistically
significant and does not have substantive interpretation in
isolation.

6.8. Sensitivity Analysis

To translate statistical findings into actionable insights,
sensitivity analysis was conducted by varying one
predictor at a time while holding others constant. The
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baseline project chosen for this analysis had the following
characteristics:

. Project Duration: 150 days
. WDI: 40
. Workforce Intensity: 0.12
Table 7
Sensitivity Analysis Results
Scenario Project Delay (Predicted)
Baseline 82.5 days
+10 % Project Duration 88.3 days
—10 % Project Duration 76.7 days
+10 % WDI 82.1 days
—-10 % WDI 82.9 days
+10 % Workforce Intensity 81.0 days
—10 % Workforce Intensity 84.0 days
Interpretation

Increasing Project Duration by 10 % raises Project Delay
by nearly 6 days, confirming the strong dependence of
delay on project scale.

Changes in WDI have minimal direct effect on predicted
delay in the multivariate model due to collinearity with
Project Duration. However, as seen earlier, WDI remains a
strong diagnostic indicator.

Workforce Intensity has a modest but meaningful impact:
increasing workforce intensity by 10 % reduces predicted
delay by 1.5 days. Although small in magnitude, this
change is operationally significant in tightly scheduled
projects.

The present section reports and interprets the results of the
study in depth. The analysis focuses on understanding how
different explanatory factors—namely Project Duration,
Weighted Delay Index (WDI), Workforce Intensity, and
Average WDI values—influence overall Project Delay as
determined through time-impact analysis. The dataset
consists of twenty-two real projects, yielding twenty-two
observations that vary substantially in scale, workforce
distribution, and delay outcomes.

The discussion unfolds across multiple stages. First,
descriptive statistics are reported to establish an overview
of the dataset. Second, distributional characteristics are
explored through histograms. Third, pairwise scatter plots
and correlation patterns are examined. Fourth, regression
results are presented and analyzed in depth, followed by
diagnostics of residuals. Fifth, sensitivity analysis
evaluates how incremental changes in predictors influence
project delay. Sixth, the results are contextualized in the
broader literature, with managerial implications
highlighted. Finally, limitations and future research
directions are discussed. This multi-layered approach

ensures that results are not merely statistical but are also
meaningful in terms of project management practice.

In comparison with established Extension of Time (EOT)
methods, WDI plays a complementary role. APAB and
CAB offer retrospective clarity but cannot capture dynamic
shifts in logic or activity criticality. TIA is widely accepted
for contractual assessment, yet it focuses on event-specific
delays and often ignores broader prioritization. WDI adds
value in real time by ranking activities according to their
weighted impact on time, cost, risk, and technical factors.
This prioritization makes WDI particularly effective when
multiple delays occur concurrently, offering managers an
early-warning tool that traditional methods cannot provide.
The regression analysis revealed that WDI loses statistical
significance once project duration is included, which is a
clear case of multicollinearity rather than a lack of
explanatory power. Larger projects inherently accumulate
higher WDI values, so variance overlaps with duration.
Bivariate results confirm WDI’s strong correlation with
delays, and alternative specifications—such as
normalizing WDI by project size, orthogonalizing it
against duration, or applying techniques like ridge
regression and PLS—can recover its unique contribution.
Importantly, even when regression coefficients are
unstable, WDI remains a valuable diagnostic signal for
identifying and prioritizing critical activities in project
control.

7. Conclusion

This study introduced the Weighted Delay Index (WDI) as
a comprehensive framework for integrating activity
significance into dynamic scheduling environments.
Evidence from twenty-two real construction projects
confirmed that longer project durations inherently increase
delay risks; however, WDI enables a more refined
diagnosis by highlighting which activities exert the greatest
influence on project performance. Unlike traditional
indices that aggregate delays indiscriminately, WDI
emphasizes prioritization across time, cost, risk, and
technical dimensions, thereby supporting targeted
allocation of managerial resources and more effective
mitigation strategies.

Although the research was constrained by a relatively small
dataset and collinearity among size-related variables, these
limitations also point to valuable opportunities for further
investigation. Expanding datasets across diverse project
types, exploring non-linear interactions between delay
determinants, and incorporating external factors such as
procurement methods, supply chain disruptions, and
contractual frameworks could enhance the robustness and
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generalizability of the findings. Moreover, advanced
analytical approaches—including simulation and machine
learning—offer promising avenues for improving WDI’s
predictive capabilities.

Despite these challenges, the study demonstrates that WDI
remains a powerful diagnostic signal for identifying and
ranking critical activities, enabling early detection of risks
and proactive project control. As such, the framework
provides project managers, contractors, and owners with a
practical decision-support tool that complements
established Extension of Time (EOT) methods and
contributes to more reliable project delivery performance.
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Notation List

i — Index of activity

j — Index of criterion (time, cost, risk, technical)

¢, — Direct cost of activity i

R, — Resources allocated to activity i (manpower or
equipment)

7. — Probability of delay occurrence in activity i

» — Impact/severity of delay in activity i

Q.- Expert judgment or score (e.g., AHP score) for
activity i

w,— Normalized weight of activity or criterion (from
AHP or other methods)

Delay () Observed delay of activity i at time

7F (1) — Total Float of activity i at time t

Ai(t ) — Effective delay of activity i at time t (affecting

project completion)

D.— Planned duration of activity i

s,(t) — Impact score of activity i with respect to
criterion j at time t

wDI(t) — Weighted Delay Index at time t

wpi, (1) — Dimensionless WDI (normalized ratio
form)

WDI days (t) — Time-scaled WDI (measured in days) T,

Toject

— Planned project duration

AT, (1)~ Total project delay at time t
D

iow— Delay allowance / project buffer

BufferUsed(t)%— Percentage of project buffer used at

time t

Project Delay — Number of delayed days (based on
TIA)

WF — Workforce intensity (total workforce + project
duration)

CIS - Cost Impact Score

TIS — Time Impact Score

RIS - Risk Impact Score

QIS — Quality/Technical Impact Score

B — Regression coefficient
R? — Coefficient of determination
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This study examines the performance of semi-active friction dampers in reducing structural
responses during near-field earthquakes, specifically Chi-Chi, Kobe, Tabas, and Gazli.
These dampers feature two sliding plates where the contact force is dynamically adjusted via
a control algorithm to optimize the force on the structure. We applied the Linear Quadratic
Regulator (LQR) algorithm and clipping control law to compute this force in real time. A
ten-story steel frame with X-shaped bracing was modeled in ETABS to derive mass and
stiffness matrices, then time-history dynamic analysis was performed in MATLAB under
the selected earthquakes, which vary in frequency content. Responses were compared across
passive, active, and semi-active modes, as well as four damper layouts. Findings show that
semi-active control reduces displacements more effectively than other modes. Placing
dampers around the plan perimeter offers the best results; for example, under Chi-Chi, base
shear rose by 41.4% in active mode and 84.86% in passive mode compared to semi-active.
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Introduction

Earthquakes have historically caused significant
structural damage and loss of life, necessitating advanced
design strategies to enhance seismic resilience [1].
Building codes have been developed to ensure structures
can withstand lateral loads, with a primary design objective
of enabling structures to resist internal forces induced by
seismic events [1]. However, standalone structures often
lack the capacity to endure severe seismic excitations,
highlighting the need for innovative vibration control
systems [2]. These systems are categorized into three
primary types: passive, active, and semi-active control [2].
Semi-active control systems combine the high reliability of
passive systems with the adaptability of active systems,
requiring only minimal electrical energy—comparable to
that of a battery—making them particularly advantageous
during severe earthquakes when external power sources
may be disrupted [6, 9]. Such systems incorporate devices

capable of dynamically adjusting stiffness or damping
parameters, with  semi-active  friction  dampers
demonstrating significant efficacy in mitigating structural
vibrations [6].

The concept of seismic control was first introduced in
the 1950s by Kobori and Minai, who emphasized the
importance of controlling a structure’s seismic response
due to the unpredictable nature of ground vibrations [4]. By
1972, Yao proposed a comprehensive control theory
grounded in structural control principles, introducing an
adaptive system designed to address stability challenges by
responding to unpredictable loading and environmental
conditions, ensuring optimal performance across all
loading scenarios [15]. In the early 1980s, Pall and Marsh
developed passive friction dampers, evaluating their
performance in ten-story steel frames with moment-
resisting (MR), buckling-restrained braced (BRB), and
friction-damped braced (FBD) configurations. Their
findings indicated that FBDs, utilizing sliding loads,
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provided lateral resistance equivalent to approximately 90
kips per floor for MR frames, with top-floor deformations
reduced by 40% compared to MR frames and 50%
compared to BRB frames [11]. Mualla (2000) conducted
experimental tests on friction dampers at displacement
amplitudes of 5, 10, 15, and 20 mm and a frequency of 0.3
Hz, demonstrating consistent friction force despite
increasing displacements [7]. Liao et al. (2004) tested a
three-story steel frame equipped with friction dampers on
a shaking table under the El Centro, Kobe, and Chi-Chi
earthquakes, revealing reduced damage to joints, frame
members, and connections, as well as decreased vibrations
[5]. Fisco and Adeli (2011) reviewed active and semi-
active damper systems, noting that tuned mass dampers
(TMDs) perform effectively against earthquake-induced
vibrations but are less efficient against wind-induced
vibrations [2]. Nazari Monfared and Zohraei (2016)
investigated seismic control in multi-story buildings using
active tendons and soil-structure interaction, identifying
the Linear Quadratic Regulator (LQR) algorithm as
optimal for reducing displacement in the x-direction [8].
Lu et al. (2018) demonstrated that semi-active friction
dampers enhance structural performance and reduce
displacements during seismic events [6]. Ghanadi Asl et al.
(2022) evaluated out-of-plane braced frame systems with
optimized rotary friction dampers, showing improved
seismic responses across various seismic intensity levels
[3].

This study investigates the performance of semi-active
friction dampers in controlling vibrations in steel frames.
A ten-story steel structural model was selected, and the
equations of motion for the system equipped with friction
dampers were formulated under seismic excitations. A
MATLAB-based program was developed to solve these
equations and perform time-history dynamic analysis,
enabling a comprehensive evaluation of the dampers’
effectiveness in enhancing seismic performance.

2.Research Methodology

This study investigates the effectiveness of semi-active
friction dampers in controlling steel frame vibrations. A
structural model was selected, and equations of motion for
the system with friction dampers were formulated under
earthquake vibrations. A MATLAB program was
developed for time-history dynamic analysis.

2.1.Friction Damper

Friction dampers convert seismic energy into heat
reliably and economically. A normal contact force
compresses two sliding plates. In passive friction dampers,
this force is constant, while in semi-active dampers, it is
controllable, derived as follows :

N(t) = Npre + szV(t) (1)

Where N is the total normal contact force; Npre is the
pre-load of the damper; Cpz is the piezoelectric actuator
coefficient; and VV is the applied voltage. The frictional
force generated by the semi-active damper is denoted by f
and is expressed as relationship .

f(t) = uN()sgn(x)ifx # 0 )

—uN(@) < f(t) S uN(@)ifx =0

Where p is the friction coefficient of the damper, and
sgn(x) indicates the direction of damper slip. During
structural movement, the friction damper operates in two
phases: a sticking phase and a slipping phase. In the
slipping phase, the slip velocity is non-zero, and the
friction force is calculated from the first line of Equation
(2). In the sticking phase, the two friction plates adhere to
each other, and the slip velocity is zero. The positive value
of the friction force in the sticking phase can be
approximated by Equation.

fs=|f_i+ f_r|when|f| = fsandx =0 3)

Where fi is the inertia force applied to the mass, and fr is
the restoring force provided by the stiffness of the
structure.

2.2- LOR Control Algorithm

In designing an optimal system, the goal is to minimize
the maximum structural responses with minimal energy or
control force input to the system. The optimal control
algorithm, known as LQR (Linear Quadratic Regulator),
determines the control force by minimizing the standard
second-order performance index according to relationship.

J= %fttof(Z’QZ + F/RF. + 2 X Z'NFE.) dt @)

In the above relationship, the parameters t, and tf represent
the start and end times of the applied control force,
respectively. The control force is denoted by Fc. The
matrices Q, R, and N are weighting matrices, where it is
commonly assumed that matrix N is equal to zero in civil
engineering discussions and structural system analyses.
With this assumption, the above relationship transforms
into relationship Discretization Techniques for Motion
Equations.

J =312z + F{RE) dt )
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The weighting matrices Q and R represent the relative
importance of state variables and control forces in the
minimization process. Assigning larger values to the
elements of Q indicates a greater emphasis on reducing
control responses, while assigning larger values to R
reflects the aim to use less energy due to the complexity of
existing economic or capacity constraints.

In this paper, since the control system is installed on
each floor, the weighting matrices R and Q are considered
as relationships (6) and (7) respectively[11].

Q = 1000 X Izpxzn (6)
R =0.01 X Iy (7

Where M and K are the mass and stiffness matrices of
the structure, and II is the identity matrix, with n being the
number of floors in the structure. Using the LQR control
algorithm, the vector of control forces is determined at each
moment.

In the friction damper, the contact force between the
damper plates must be adjusted at each moment to exert a
force similar to the active control force on the structure.
The friction damper can only provide a resisting force to
the structure when its force direction is opposite to the
direction of the sliding wvelocity of the damper.
Furthermore, the friction damper is only capable of
exerting control force during the sliding phase. Therefore,
the semi-active control force is defined based on the shear
control law as relationship [12].

F .
R ifFactive xu<0 (8)

N() =
OifFactive Xuz=0

Where Factive is the active control force calculated by
the LQR algorithm, and p is the coefficient of friction of
the friction damper.

2.3Equations of Motion for a Structure Equipped with
Semi-Active Friction Dampers

For an n-story shear frame subjected to base
acceleration X, the equation of motion for this structure,
equipped with semi-active friction dampers on all stories,
is expressed by Equation.

MX'(t) + CX'(£) + KX(£) + Mex g+ Df SA(t)  (9)

In this relation, t denotes time. The vectors X(xi, Xz, ...,

Xn), X(X1, X2, ..., X»), and X(¥i, X2, ..., X,) represent the
displacement, velocity, and acceleration vectors,
respectively. The vector e = [—1, —1, ..., —1]ix is the base

acceleration transfer vector. Furthermore, f;, is the control
force vector generated by the friction dampers. The mass,
damping, stiffness, and friction damper location matrices
are calculated according to equation (10).

The mass, damping, stiffness matrices, and the
installation locations of the friction dampers are calculated
as relationship .

mg 0 - 0 (10)
S
0 0 Ml
Cq1 + Cy —Cy 0
C= —C Cy '!‘ C3 0
0 0 Cnln
ey +ky  —ky 0
K= —:kz ka '!'ka 0
0 0 knl,n
1 -1 0 - 0
0 1 -1 -« 0 ]
D=0 0 1 -
S R R |
LO 0 0 1 dun

The equations of motion for the structure can be written
in state space form as shown in relationship.
Z(t) = AZ(t) + Bfsa(t) + EXy(t)) (11

Z is the state vector of the system as shown in
relationship (15), and A is the system matrix, B is the
matrix applying the control force, and E is the matrix
applying the earthquake force, which are presented
respectively in relationships (12) to (15)

X(t)
o z[[)]Z(t)] (] -
0 I
4= [—M—lk —M‘chnXZn (2
_[fo] 19
= M—iu]mn s
#=...

The equation of motion for the structure is solved step-
by-step using the Runge-Kutta method in the MATLAB
environment.

Equations of Motion for the Structure Equipped with
Passive Friction DamperThe equation of motion for a
system with nn degrees of freedom in a general matrix form
is represented by relationship.

MU'(t) + CU'(t) + kU(t) = Ef (16)

By defining the structural system based on the state-
space form for the system's equation of motion, in the case
where %o = 0, relation (17) is obtained .
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X =AX+BU (17)
In this case, the matrices A and B and the state vector
of the system are given according to relationship .

X - {Z}Zn*l (18)
0 I
N
OM M 2n*2n
B= [I]Zn*n

3.In the above relation, the vector X is the state vector
of the system, U is the system's input vector, and f is the
external excitation vector of the system. Matrix A
represents the dynamic characteristics of the system,
matrix B represents the system input, and matrix E
represents the external excitation. Furthermore, in matrix
A, the matrices I and 0 denote the identity and zero
matrices of size nxn, respectively Dynamic Response
Calculation of Soil Systems.

2.4 Equations of Motion for the Structure Equipped with
Active Friction Damper

The equation of motion for a system with n degrees of
freedom is represented in a general matrix form as shown
in relationship.
MU(t) + CU(t) + kU(t) = Ef + actT (19)
By describing the structural system based on the state-
space form, we have the following equation for the
system's motion.
X'=AX(t) + BU(t) + EQf (£) (20)
In this case, the matrices A and B and the state vector of
the system are determined according to relationship
MU(t) + CU(t) + kU(t) = Ef + actT 19)
By describing the structural system based on the state-
space form, we have the following equation for the
system's motion.
X'= AX(t) + BU(t) + EQf (£) (20)
In this case, the matrices A and B and the state vector
of the system are determined according to relationship .

X - {Z}Zn*l
0 I

A= [_5 . (21)
M Ml2nx2n
0 0 D, 0 0
B=|D[ EQ=|E D=|0 =~ 0
Mlzpun Mlzpun 00 Dn

Matrix D indicates the placement of the actuators.
2.5 -Least Squares Error
The least squares error is a statistical measure of the
magnitude of a varying quantity, which is obtained
according to relationship (22). This statistical method is
used to determine the amount of error present in
calculations and in solving equation.

(22)

2 24 .. 2
X{+x3 + -+ x5

n

‘meS -

x corresponds to the relevant variable for error
determination, and xrms represents the magnitude of the
error.

3. Validation

Figure 1: Five-story shear frame equipped with a base

isolation system illustrates the structure under
consideration, with a semi-active friction damper placed
between the foundation and the ground. The performance
was evaluated in both passive and semi-active control
modes. Structural responses, including maximum base
displacement, inter-story drift, and acceleration, were
compared (Table 1). Ozbulut et al. (2011) used the LQG
algorithm, while this study employed the LQR algorithm,
with negligible differences confirming the accuracy of the
dynamic analysis. Figure 2 shows the time history of base
displacement under the El Centro earthquake, with all
labels in English, achieving satisfactory accuracy.
Base Isolation System:This system is used to protect
structures against earthquakes. Its fundamental operation
involves placing the structure on bearings or elastomeric
isolators (such as lead-rubber bearings). These isolators act
like a filter, absorbing a significant portion of the ground's
vibrational energy and preventing it from being transmitted
to the structure. As a result, the structure undergoes a
smooth and uniform motion during an earthquake, rather
than a sharp and hazardous one.

3.1 Vibration and Oscillation in Testing

To evaluate the performance of this base isolation
system in a laboratory environment, earthquake conditions
must be simulated. This is typically done using a "Shaking
Table." A shaking table is a platform that can oscillate
withvarious motion patterns (simulating earthquakes) in a
controlled manner, upon which the structural model under
testing is placed.

3.2 The Role of the VFD (Variable Frequency Drive

To precisely control the speed and torque of the electric
motors that drive this shaking table, a Variable Frequency
Drive (VFD) is used. By altering the frequency and voltage
supplied to the electric motor, the VFD accurately controls
its rotational speed. This precise control enables the
shaking table to:

Generate various accelerations and frequencies (simulating
different types of earthquakes).

Execute complex motion patterns (such as real earthquake
records) with high accuracy.

Start and stop motion in a fully controlled manner.
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Figure 1: Five-story shear frame equipped with a base isolation system

his paper investigated the effectiveness of two adaptive
control strategies for modulating the control force of
variable friction dampers (VFDs), which are used as semi-
active devices in combination with multilayer rubber
bearings for seismic protection of buildings. Their results
show that the developed adaptive controllers can
successfully improve the seismic response of foundation-
isolated buildings to different types of earthquakes.

Base Di of a System Equi

with an Active Friction Damper

——Solid Blue Line - Current Study
= = Red Dashed Line - Reference

BASE DISPLACEMENT (cm)

10 20 30 a0
T'IME (s)

Figure 2: Base displacement with semi-active friction damper during
the El Centro earthquake (this study).

4.Introduction of the Structure Under Investigation

A ten-story building in Rasht, Gilan Province, with soil
type IV and X-shaped bracing was modeled in ETABS to
obtain mass and stiffness matrices. The model is three-
dimensional, with floors 1-3 differing from floors 4-10 to
assess damper performance in an irregular structure
(Figure 3). Dimensions are in meters. The structure was
subjected to Chi-Chi, Kobe, Tabas, and Gazli earthquakes,
with their characteristics presented in Figure 4 and Table
4.1. Responses for uncontrolled, passive, and semi-active
damper-equipped structures were compared via time-
history dynamic analysis. Piezoelectric friction dampers
(1000 V, damping coefficient 1.1, friction coefficient 0.2)
were used across four configurations, with dampers at plan
corners for optimal performance (Figure 5). Floor heights
are 3.4 m (first), 2.9 m (second and third), and 3.3 m (fourth
to tenth). Acceleration-time records were used to solve
equations in state-space form with LQR control.Figure 3:
Plan view of the ten-story structure.

Three-dimensional model or plan view of the ten-story
steel structure with X-shaped bracing, modeled in ETABS
to evaluate damper performance in an irregular structure.
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Table 1:
Responses of Structures Based on the Conducted Study and Current Study
(Validation)
Conducted Study Present Study
EQ Resp
ucC P SA uc P SA
Xpmax 2037 495 1045 1996 522 12.83
El dgnax 0.12  0.12 009 0.11 0.11 0.08
Centro
X25max 132 305 237 1.31 238 093
Xpmax 357 242 30.14 3650 25.05 27.64
Loma g .. 020 0.19 020 021 0.19  0.19
Prieta
¥2gmax 236 291 291 241 280 217
Xbmax 60.2 329 3927 60.09 3331 36.21
Chichi  9smax 034 023 024 034 023 0.21
X253 max  3.88  3.14  3.57 388 292 247
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(b) four to ten stories.
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Kobe Earthquake Record
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Figure 4: Characteristics of earthquake records
Table 2:
Characteristics of Earthquake Records Used in Dynamic
Analysis
Distance
Earthquake Year of Magnitude from
Occurrence Epicenter = =
Depth
14km

Kobe 1995 6.8 (off the
coast of
Kobe)
Chichi 1999 7.6 8 km
Tabas 1978 7.8 15 km
Gazli 1976 7.1 10 km
A representation of the damper placement in the plan view

of the structure, optimized for corner locations to enhance

seismic performance, is shown in Figure 5. Figure 5: Damper Configuration in Plan View
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5.Structural Response to Earthquakes

D) and three control modes (passive, semi-active, active).
Semi-active mode performed best, followed by active

5-1-Response of Structures to Chi-Chi Earthquake

The ten-story structure was analyzed under the Chi-Chi mode
earthquake in four damper configurations (Categories A—
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Figure 6: Maximum displacement under Chi-Chi earthquake
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—l;\?ﬁrlrieﬁcal Results for Displacement and Base Shear from the Chi-Chi Earthquake (Categories A and B)
Case Semi-active Control Active Control Passive Control
Category A Category B Category A Category B Category A Category B

Maximum Displacement in X (cm) 2/6 2/67 2/69 54/2 5/17 572
Maximum Displacement in Y (cm) 1/33 1/45 1/72 72/1 2/26 2/26
Minimum Error in X Displacement (cm) 0/25 0/26 0/27 25/0 0/55 0/55
Minimum Error in Y Displacement (cm) 0/12 0/13 0/15 15/0 0/26 0/26

Maximum Acceleration in X (cm/s?) 08/7 10/8 711 82/7 11 11
Maximum Acceleration in Y (cm/s?) 11/44 12/23 11/44 22/12 18/35 18/48
Minimum Error in X Acceleration (cm/s?) 0/75 0/65 0/76 67/0 1/1 1/1
Minimum Error in Y Acceleration (cm/s?) 1/06 1/06 1/05 04/1 /77 /77
Maximum Column Displacement (cm) 2/72 2/79 2/8 66/2 5/3 526
Minimum Error in Column Displacement (cm) 0/28 0/28 0/31 3/0 0/62 0/61
Maximum Base Shear (kN) 472/05 440/48 667/70 246/633 881/98 5/2
Maximum Base Moment (kNem) 7003/15 6699/29 8659/31 58/8050 14432/2 2/26

Table 4:
Numerical Results for Displacement and Base Shear from the Chi-Chi Earthquake (Categories C and D)

Case Semi-active Control Active Control Passive Control

Category C Category D Category C Category D Category C Category D

Maximum Displacement in X (cm) 2.96 3.22 2.71 2.74 5.17 5.16
Maximum Displacement in Y (cm) 1.46 1.21 1/78 1.70 2.28 2.29
Minimum Error in X Displacement (cm) 0.29 0.32 0.27 0.27 0.55 0.51
Minimum Error in Y Displacement (cm) 0.13 0.12 0.16 0.17 0.25 0.25
Maximum Acceleration in X (cm/s?) 8.86 8.13 8.38 8.13 11 11
Maximum Acceleration in Y (cm/s?) 12.60 11.81 12.59 11.82 18.43 18.51
Minimum Error in X Acceleration (cm/s?) 0.71 0.68 0.72 0.69 1.1 1.1
Minimum Error in Y Acceleration (cm/s?) 1.12 1.02 1.10 1.01 1.77 1.77
Maximum Column Displacement (cm) 3.05 3.31 2.82 2.86 5.29 532
Minimum Error in Column Displacement (cm) 0.31 0.33 0.32 0.31 0.62 0.61
Maximum Base Shear (kN) 479.745 437.71 678.233 652.048 892.744 897.742
Maximum Base Moment (kNem) 7337.34 7924.53 8553.36 8490.57 14344.2 14339.6
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5.2.Response of the Structure to the Kobe Earthquake

Analysis under the Kobe earthquake used four damper

configurations and three control modes.
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Plot of maximum displacement in X and Y directions for
the ten-story structure under the Kobe earthquake,

modes.

T T T T b #—*
I

~=ii~= Semi-active controller,

— % - Without Controller

— % LQR Controller e

L L L L

0.2 0.4

06 0.8 1 1.2 14 1.6 18
Maximum Displacement Y of CM (cm)

& %
T T T %

= & Semi-active controller
— % - Without Controller

= # LQR Controller R
=¥ N otroler

005 0.1 0.15 02 025 03
RMS Displacement Y of CM (cm)

~=~— Semi-active controller,

— # - Without Controller

~ # ‘- LOR Controller
e

2026-vo0l8(1)-p 61-76

0.2 03 04 0.5 0.6 0.7 08 0.9 1

RMS Acceleration Y of CM (cm)

comparing uncontrolled, passive, and semi-active control



70 Journal of Civil Engineering Researchers

Table 5:
Numerical Results for Displacement and Base Shear from the Kobe Earthquake (Categories A and B)

Case Semi-active Control Active Control Passive Control
Category A Category B Category A Category B Category A Category B
Maximum Displacement in X (cm) 3/56 3/55 4/08 4/49 10/8 10/73
Maximum Displacement in Y (cm) 1/53 1/42 1/45 1/39 1/72 1/7
Minimum Error in X Displacement (cm) 0/48 0/48 0/54 0/58 1/33 1/32
Minimum Error in Y Displacement (cm) 0/21 0/2 0/22 0/22 0/27 0/27
Maximum Acceleration in X (cm/s?) 4/53 5/17 4/71 5/34 8/37 8/42
Maximum Acceleration in Y (cm/s?) 4/62 4/69 4/48 4/51 6/81 6/82
Minimum Error in X Acceleration (cm/s?) 0/52 0/59 0/57 0/59 1/39 1/4
Minimum Error in Y Acceleration (cm/s?) 0/63 0/63 0/59 0/59 0/9 0/92
Maximum Column Displacement (cm) 3/75 3/81 4/16 4/65 10/87 11
Minimum Error in Column Displacement (cm) 0/52 0/53 0/58 0/63 1/36 1/37
Maximum Base Shear (kN) 556/962 643/42 936/709 1022/81 1620/25 1608/29
Maximum Base Moment (kNem) 9025/19 9869/42 12336/7 14005/6 30581/3 30434/5
Table 6:

Numerical Results for Displacement and Base Shear from the Kobe Earthquake (Categories C and D)

Case Semi-active Control Active Control Passive Control
Category C Category D  Category C Category D Category C Category D
Maximum Displacement in X (cm) 4/2 4/54 4/6 4/54 10/74 10/84
Maximum Displacement in Y (cm) 1/5 1/4 1/45 1/44 1/72 1/72
Minimum Error in X Displacement (cm) 0/57 0/6 0/6 0/58 1/34 1/32
Minimum Error in Y Displacement (cm) 0/2 0/18 0/22 0/22 0/27 0/27
Maximum Acceleration in X (cm/s?) 4/9 4/82 5 5 8/38 8/37
Maximum Acceleration in Y (cm/s?) 4/88 4/54 4/61 4/43 6/81 6/85
Minimum Error in X Acceleration (cm/s?) 0/57 0/57 0/62 0/61 1/39 1/39
Minimum Error in Y Acceleration (cm/s?) 0/66 0/62 0/61 0/57 0/9 0/9
Maximum Column Displacement (cm) 4/36 4/71 4/62 4/56 10/88 10/87
Minimum Error in Column Displacement (cm) 0/59 0/64 0/64 0/64 1/36 1/37
Maximum Base Shear (kN) 609/191 569/391 1011/06 982/336 1597/82 1599/95
Maximum Base Moment (kNem) 10359/3 10470 14049/2 13397 30454/4 30407/5
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Plot of maximum displacement in X and Y directions

5.3.Response of the Structure to the Tabas Earthquake for the ten-story structure under the Tabas earthquake,
comparing uncontrolled, passive, and semi-active control
Analysis under the Tabas earthquake followed the same modes
approach.
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Figure 8: Maximum displacement under Tabas earthquake
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Table 7:
Numerical Results for Displacement and Base Shear from the Tabas Earthquake (Categories A and B)

Case Semi-active Control Active Control Passive Control

Category A Category B Category A Category B Category A Category B

Maximum Displacement in X (cm) 3/12 3/08 3/18 2/95 6/25 6/19
Maximum Displacement in Y (cm) 1/17 1/26 1/42 1/42 2/85 2/85
Minimum Error in X Displacement (cm) 0/75 0/76 0/77 0/73 1/46 1/47
Minimum Error in Y Displacement (cm) 0/23 0/24 0/27 0/27 0/4 0/4
Maximum Acceleration in X (cm/s?) 10/53 9/26 10/79 9/54 14/31 14/42
Maximum Acceleration in Y (cm/s?) 15/04 15/14 15/04 15/14 26/63 26/59
Minimum Error in X Acceleration (cm/s?) 1/25 1/09 1/27 1/12 1/79 1/79
Minimum Error in Y Acceleration (cm/s?) 1/74 1/75 1/72 1/73 2/78 2/79
Maximum Column Displacement (cm) 3/21 3/22 3/25 3/07 6/34 6/32
Minimum Error in Column Displacement (cm) 0/78 0/79 0/83 0/78 1/53 1/53
Maximum Base Shear (kN) 509/554 498/432 726/115 694/006 1000 993/691
Maximum Base Moment (kNem) 8492/17 7792/28 9893/01 9092/17 16707/7 16602/7
Table 8:

Numerical Results for Displacement and Base Shear from the Tabas Earthquake (Categories C and D)

Case Semi-active Control Active Control Passive Control

Category C Category D Category C Category D Category C Category D

Maximum Displacement in X (cm) 3/45 3/72 3/21 3/18 6/23 6/17
Maximum Displacement in Y (cm) 1/25 1/08 1/52 1/36 2/85 2/8
Minimum Error in X Displacement (cm) 0/84 0/88 0/79 0/78 1/47 1/46
Minimum Error in Y Displacement (cm) 0/24 0/21 0/28 0/26 0/4 0/4
Maximum Acceleration in X (cm/s?) 9/85 9/3 10/02 9/61 14/32 14/34
Maximum Acceleration in Y (cm/s?) 15/67 14/53 15/67 14/53 26/55 26/55
Minimum Error in X Acceleration (cm/s?) 1/19 1/13 1/21 1/14 1/79 1/79
Minimum Error in Y Acceleration (cm/s?) 1/84 1/71 1/82 1/69 2/79 2/79
Maximum Column Displacement (cm) 3/57 3/77 3/26 3/25 6/33 6/34
Minimum Error in Column Displacement (cm) 0/86 0/92 0/83 0/83 1/52 1/53
Maximum Base Shear (kN) 517/282 500 722/714 711/538 991/613 1000
Maximum Base Moment (kNem) 8770/21 9254/61 9928/92 9788/73 16700 16456/4
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directions for the ten-story structure under the Gazli
earthquake, comparing uncontrolled, passive, and semi-

5.4.Response of the Structure to the Gazli Earthquake
active control modes

Analysis under the Gazli earthquake used the same
methodology.Plot of maximum displacement in X and Y
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Figure 9: Maximum displacement under Gazli earthquake
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Case Semi-active Control Active Control Passive Control
Category A  Category B Category A Category B Category A Category B
Maximum Displacement in X (cm) 1/79 1/79 1/94 2/09 4/41 4/39
Maximum Displacement in Y (cm) 0/89 0/83 1 1 1/4 1/4
Minimum Error in X Displacement (cm) 0/54 0/55 0/57 0/62 1/27 1/27
Minimum Error in Y Displacement (cm) 0/19 0/18 0/21 0/21 0/29 0/29
Maximum Acceleration in X (cm/s?) 7/04 6/96 7/04 6/88 9/71 9/5
Maximum Acceleration in Y (cm/s?) 8/17 8/34 8/08 8/22 11/37 11/28
Minimum Error in X Acceleration (cm/s?) 1/22 1/18 1/19 1/17 1/57 1/57
Minimum Error in Y Acceleration (cm/s?) 1/51 1/5 1/51 /5 2/25 2/24
Maximum Column Displacement (cm) 1/89 1/86 2/05 2/16 4/52 4/5
Minimum Error in Column Displacement (cm) 0/58 0/57 0/63 0/65 1/32 1/32
Maximum Base Shear (kN) 268/354 292/386 420/253 446/639 708/861 700/83
Maximum Base Moment (kNem) 4275 4292/9 5587/5 5899/62 11775 11682/2

Table 10:

Numerical Results for Displacement and Base Shear from the Gazli Earthquake (Categories C and D

Case Semi-active Control Active Control Passive Control
Category C Category D Category C Category D Category C Category D
Maximum Displacement in X (cm) 2/03 2/22 2/12 2/12 4/39 4/45
Maximum Displacement in Y (cm) 0/88 0/77 1/02 0/98 1/41 1/41
Minimum Error in X Displacement (cm) 0/6 0/66 0/62 0/62 1/27 1/28
Minimum Error in Y Displacement (cm) 0/19 0/17 0/21 0/21 0/29 0/29
Maximum Acceleration in X (cm/s?) 7/46 7 7/36 6/88 9/56 9/54
Maximum Acceleration in Y (cm/s?) 8/31 8/05 8/22 8/05 11/33 11/33
Minimum Error in X Acceleration (cm/s?) 126 1/18 1/25 1/16 1/57 1/57
Minimum Error in Y Acceleration (cm/s?) 1/59 1/49 1/59 1/49 2/26 2/25
Maximum Column Displacement (cm) 1/1 2/24 1/18 2/18 4/49 4/49
Minimum Error in Column Displacement 0/64 0/67 0/67 0/66 1/31 1/31
(cm)
Maximum Base Shear (kN) 301/558 261/978 451/09 426/099 710/28 704/202
Maximum Base Moment (kNem) 4762/5 4990/48 4887/5 5752/38 11775 11733/3
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6-Discussion and Analysis of Results

6-1- Comparison of Results from Earthquakes in
Categories A and B

Category A dampers during Chi-Chi, Kobe, Tabas, and
Gazli earthquakes yielded X-direction displacements in
semi-active mode of 2.6, 3.56, 3.12, and 1.79 cm; active
mode: 2.69, 4.08, 3.18, and 1.94 cm; passive mode: 5.17,
10.8, 6.25, and 4.41 cm. Semi-active mode consistently
showed lower displacements, with base shear in active and
passive modes increasing by 41.4% and 86.84% for Chi-
Chi. For Kobe, active and semi-active modes reduced
displacement by 62.2% and 67% compared to passive
mode.

Category B dampers showed similar trends, with X-
direction displacements in semi-active mode of 2.67, 3.55,
3.08, and 1.79 cm; active mode: 2.54, 4.49, 2.95, and 2.09
cm; passive mode: 5.2, 10.73, 6.19, and 4.39 cm. Base
shear for Chi-Chi in active and passive modes increased by
43.7% and 101.74%.

6-2- Comparison of Results from Earthquakes in
Categories C and D

Category C dampers showed X-direction displacements in
semi-active mode of 2.96, 4.2, 3.45, and 2.03 cm; active
mode: 2.71, 4.6, 3.18, and 2.12 cm; passive mode: 5.17,
10.74, 6.23, and 4.39 cm. Base shear for Chi-Chi in active
and passive modes increased by 41.4% and 86.6%.
Category D dampers showed X-direction displacements in
semi-active mode of 3.22, 4.54, 3.72, and 2.22 cm; active
mode: 2.74, 4.54, 2.18, and 2.12 c¢m; passive mode: 5.16,
10.86, 6.17, and 4.45 cm. Base shear for Chi-Chi in active
and passive modes increased by 48.9% and 105.09%.
Category A (six dampers) performed best, followed by B
(five), C (four), and D. For Chi-Chi, Category A’s
displacement was 0.07, 0.36, and 0.62 cm less than B, C,
and D, respectively, corresponding to 2.6%, 12.16%, and
19.25% better performance.

7.Conclusion

. Semi-active friction dampers significantly reduce
structural displacement.

. Placing dampers at building plan corners yields
optimal performance.

. Semi-active mode outperforms active and passive
modes.

. Passive friction dampers reduce structural
responses acceptably.

. Semi-active dampers are more effective than
passive and active dampers in improving seismic
behavior.

. The impact of semi-active dampers varies across
earthquakes, influenced by structural response
type.

. Selecting an appropriate design earthquake is
critical for effective semi-active systems.

. Maximum base shear and moment are lowest in

semi-active mode. For Chi-Chi, Category A base
shear increased by 41.4% (active) and 86.84%
(passive); Category B by 43.7% and 101.74%;
Category C by 41.4% and 86.6%; Category D by
48.9% and 105.09%.

. Category A (six dampers) is optimal, followed by
B (five), C (four), and D.
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ABSTRACT

ARTICLE INFO

In groundwater flow modeling, as in any modeling problem, a certain amount of error is
inevitable. In groundwater flow and contaminant transport modeling, recharge and discharge
wells act as point sources or sinks. How these wells are treated can influence accuracy and
reduce uncertainty or increase the amount of error. This study investigates an intelligent
aquifer mesh. To illastrate the theory, two hypothetical aquifers with triangular and square
elements were examined, in both confined and unconfined conditions. In the intelligent
aquifer mesh, after gridding the model domain, pumping or recharge wells are considered as
nodes. Consequently, the numbering of nodes and elements are updated accordingly.
Groundwater flow modeling is performed on the updated mesh to enhance accuracy. The
results of this research indicated that considering the recharge and pumping wells as a node
and re-gridding the model area can perform groundwater flow modeling with more accuracy
and ultimately the results will be more reliable.
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1. Introduction

Groundwater is one of the most important water
resources in the world. This resource is particularly critical
for inhabitants of arid regions, as their livelihoods depend
on it. Therefore, research into the quantity, quality, and
management of groundwater resources is of high
significance.

Groundwater flow modeling can enhance our
understanding of groundwater flow behavior. Additionally,
modeling contaminant transport in groundwater provides
insights into the movement and dispersion of pollutants

" Corresponding author. e-mail: mj.zeynali@torbath.ac.ir.

within an aquifer over extended timescales, informing
remediation  strategies. In groundwater modeling,
numerical methods such as the finite difference method,
the finite element method, and meshless methods are
commonly employed. Much research has been conducted
in the field of groundwater flow modeling using the finite
difference method [1], the finite element method [2], and
the meshless method [3]. Numerical methods have also
been used in the contaminant transport [4], groundwater
remediation [5-7]. To illustrate how numerical methods
operate, several studies analyze both hypothetical and real
aquifers. Some researchers investigate hypothetical
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aquifers [8-10] while others examine real aquifers [11] and
some have studied both types of aquifers in their research
[12,13].

In some plains, the aquifer is recharged by a lake or a
wetland, while in others this source of recharge is absent;
nevertheless, pumping wells as point discharge sources are
present in all plains. In most research on hypothetical or
real aquifers, pumping or recharge wells are modeled as
point discharge or recharge sources within the model
domain. However, in many studies, when examining a
hypothetical aquifer, wells are placed exactly on the nodes
after regular or irregular gridding of the model dmain
[10,14]; in real aquifers, pumping wells are transferred to
the nearest node [15,16].

Suppose an aquifer is represented by a square grid with
four corner nodes, each side measuring 500 m, and a well
placed exactly at the square’s center; in this case, the well
position can be mapped to any of the four neighboring
nodes, which implies a displacement of 354 m. Clearly,
transferring the well from one point to another can increase
modeling error. Moreover, using a denser grid raises
computational cost, and it is not feasible to guarantee that
the desired well coincides with a grid node. Consequently,
the focus of this research is on developing a intelligent
aquifer mesh that, after the initial mesh is created, places
pumping or recharge wells exactly on a node by adapting
the mesh accordingly; the mesh is updated to ensure a node
lies at the well location, and the numbers of nodes and
elements are revised before proceeding with the simulation
on the new mesh. Hence, the central innovation of this
work can be viewed as the intelligentization of finite
element gridding, enabling high-accuracy modeling
through the strategic addition of pumping or recharge
wells.

2. Materials and Methods

In this research, two hypothetical aquifers are
investigated to illastrate the theory of intelligent aquifer
mesh.

But before examining the performance of numerical
models such as finite elements, these models should be
validated. For this purpose, the groundwater level for a
hypothetical homogeneous and isotropic aquifer reported
by Illangasekare, and Doll, (1989) was simulated and
compared with the analytical results [17]. The hypothetical
aquifer according to Figure 1 has a length of 3200 meters
and a width of 2800 meters, and the thickness of the
aquifer, Transmissivity and specific yield are 30 m, 885.71
m2/day and 0.15, respectively. The upper and lower
boundaries are of the type of boundary with constant head
and the left and right boundaries are considered as no-flow
boundaries. Also, two pumping wells are located at

(1400,1400) and (1400,1800) with flow rates of 1142.85
and 1428.57 m3/day, respectively. There was also an
observation well at the coordinates (1000,1000) and the
duration of the simulation was considered equal to 210
days.
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Figure 1. Hypothetical aquifer configuration (Illangasekare, and Doll,
(1989))
The model domain is gridded with a density of 200 m
by 200 m and the nodes are numbered as shown in Figure
2.
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Figure 2. mesh model domain 200mx200m

2.1. Case Study 1

A hypothetical auifer with length of the 1500 and its
width equal to 1000 m is considered (Figure 3). The
hydrogeologic parameters for the aquifer are presented in
Table 1. There is a lake with rate of seepage of 0.02 m/d in
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Zone A. Also, top of Zones A and bottom of Zone C are
considered to be recharged and discharsed at a rate of 0.2
and -0.2 m/d, respectively. The flow model has constant
head conditions on its left and right boundaries with 100
and 98 m, respectively and the other boundares are the no-
flow boundary. There are four pumping wells and one
recharge well in this hypothetical auifer.

four pumping wells are located on (770,400), (700,650),
(1250,350) and (1230,725) coordinate with the rate of
pumping of 600, 500, 400 and 300 m3/day respectively and
the recharge well is located on (200,200) coordinate with
the rate of recharge of 500 m3/day.
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Figure 3. Hypothetical aquifer configuration (First Case Study)

Table 1.
Hydrogeologic data used for flow model (First Case Study)

Properties Zone A ZoneB Zone C
Hydrolic Conductivity (Kx) 5 4 3
Hydrolic Conductivity (Kx) 8 5 2

Specific Yield 0.15 0.15 0.15
Aquifer Thickness 100 100 100
Transmissivity (Tx) 500 400 300
Transmissivity (Ty) 800 500 200
Storage Coefficient 0.15 0.15 0.15

We can see three diferent hydrolic conductivity in
hypothetical auifer domain. Therefore, we must grid the
model domain in such a way that the edges of the elements
coincide with the boundary between the two zones.
Considering this issue, the gridding was done in such a way
that nodes 1 to 55 were placed in Zone A, nodes 56 to 121
in Zone B, and nodes 122 to 176 in Zone 3. Also,
considering this type of gridding, the lake boundary located
in Zone A corresponds to nodes 27 to 30, 38 to 41, 49 to
52, and 60 to 63. Figure 4 shows rectangular (square)
gridding of the model domain. As can be seen in this
figures, one of the wells (recharge well) is located exactly
on node number 25, but the other wells are not exactly

coinside on the nodes. Also, the inflow to the aquifer
occurs from the boundary of Zone A and from nodes 22,
33,44, 55, and 66, and the outflow from the aquifer occurs
from the boundary of Zone C and from nodes 122, 133,
144, and 155. The inflow and outflow rates are 0.2 and 0.01
m/day, respectively.
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Figure 4. Rectangular mesh of the model domain (First Case Study)

2.2. Case Study 2

A second hypothetical auifer with length of the 800 and
its width equal to 600 m is considered (Figure 5). The
hydrogeologic parameters for the aquifer are presented in
Table 2. There is a lake with rate of seepage of 0.02 m/d in
this aquifer. Also, part of right side and part of bottom of
aquifer are considered to be recharged and discharsed at a
rate of 0.2 and -0.2 m/d, respectively. The flow model has
constant head conditions on its other boundaries with 80 m,
respectively. There are three pumping wells in this
hypothetical auifer.

Three pumping wells are located on (220,110),
(470,470) and (670,380) coordinate with the rate of
pumping of 300, 200 and 100 m3/day respectively.

Recharge
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-~ Wiy
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Figure 5. Hypothetical aquifer configuration (Second Case Study)
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Table 2.
Hydrogeologic data used for flow model (Second Case Study)
Properties
Hydrolic Conductivity (Kx) 5
Specific Yield 0.15
Aquifer Thickness 100
Transmissivity (Tx) 500
Storage Coefticient 0.15

Figure (6-a) shows rectangular (square) gridding that
covers the entire aquifer domain.

In this figure, elements within the model domain are
shown in white and elements outside the model domain are
shown in gray.

As can be seen in this figure, the left boundary of the
constructed mesh does not coincide with the lower left
boundary of the aquifer. In other words, we could have
deleted the elements of the first column from the left.
However, this column of elements was intentionally placed
so that the lack of effect of elements outside the model
boundary can be clearly seen in the modeling.

In Figure (6-b) all of node are numbered. As can be seen
in this figures, three pumping wells are not exactly coinside
on the nodes. Also, the inflow to the aquifer occurs from
the left side boundary and from nodes 11, 18, 19, and 20,
and the outflow from the bottom side boundary and from
nodes 37, and 44. The inflow and outflow rates are 0.01
and 0.01 m/day, respectively.

2.3. Intelligent mesh

In the intelligent mesh, we consider the wells as nodes.
Therefor, number of nodes and elements will be changed.
The Figure 7 and Fig. 8 show the triangular and rectangular
gridding of the model domain. In this hypothetical aquifer,
after the triangular intelligent mesh, the node number does
not change, and the four wells that are not located exactly
on the node are assigned node numbers 177 to 180.
However, the number and order of the elements change.
this triangular intelligent mesh can be implemented using
Delaunay triangulation.The recharge well in the new
rectangular mesh located on node 31. Also, the inflow to
the aquifer occurs from the boundary of Zone A and from
nodes 28, 42, 56, 70, and 84, and the outflow from the
aquifer occurs from the boundary of Zone C and from
nodes 169, 183, 197, 211, 225 and 239.

As mentioned before, In the intelligent mesh, we
consider the wells as nodes. Therefor, number of nodes and
elements will be changed. Figure (9-a) shows the
rectangular gridding of the entire domain that we
considered. Also, Figure (9-b) shows the rectangular
gridding of the only model domain. according to the
intelligent mesh, pumping well location and recharge and

discharge flow from boundaries must be updated. Therefor,
in new mesh pumping well located on node 17, 50 and 73.
Also, the inflow to the aquifer occurs from the left
boundary side and from nodes 5, 10, 11, 12, 13, and 14, and
the outflow from bottom boundary of the aquifer occurs
from nodes 53, and 62.

Also, the lake, which is the aquifer recharge and which we
have considered as an distributed source, is placed in
elements 32, 33, 34, 42, 43, and 44, according to the
conventional numbering of the elements.
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Figure 6. Hypothetical aquifer configuration (Second Case Study)
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Figure 9. Intelligent rectangular mesh of the model domain (Second
Case Study)

In the Intelligent triangular mesh, pumping well located
on node 17, 50 and 73. Also, the inflow to the aquifer
occurs from the left boundary side and from nodes 5, 10,

11, 12, 13, and 14, and the outflow from bottom boundary
of the aquifer occurs from nodes 53, and 62.

Also, the lake, which is the aquifer recharge and which
we have considered as an distributed source, is placed in
elements 63, 64, 65, 66, 67, 68, 83, 84, 85, 86, 87, and 88,
according to the conventional numbering of the elements.
Figure (10-a) shows the triangular gridding of the entire
domain that we considered. Also, Figure (10-b) shows the
triangular gridding of the only model domain.
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Figure 10. Intelligent triangular mesh of the model domain (Second
Case Study)

2.4. The Steps of intelligent mesh

The intelligent aquifer mwsh is performed in several
general steps, and the image created in each step is shown
in Figure 11.

Step 1: Create a regular distribution of nodes that cover
the entire aquifer domain and have specific x and y
coordinates.

Step 2: Identifying elements that are inside and outside
the boundary, as well as nodes that are inside, on, or outside
the model domain boundary,

Step 3: Detecting nodes where boundary flow occurs
and elements that experience extended distributed sources.
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Step 4: Inserting wells where x and y coordinates are
specified.

Step 5: Update the number of nodes, elements and their
retransition numbers. Also boundary nodes with inflow and
outflow and elements with distributed sources.

Step 6: Extraction of the model domain mesh and its
modeling.

Groundwater flow modeling using intelligent mesh can
be examined in three general parts. The details of each part
are explained in detail below:

Part One: Data Input and Initial Processing

1- Importing model data

1-1- Creating a regular distribution of nodes

1-2- Conventional numbering of nodes

1-3- Specifying the x and y coordinates of nodes

1-4- Specifying boundary nodes, inside nodes and
outside nodes of the model domain

1-5- Specifying the values of hydrogeological
parameters for nodes located on the boundary and inside
the model domain

1-6- Specifying the inflow and outflow values for nodes
affected by the inflow and outflow on boundary

1-7- Specifying the distributed sources values for nodes
affected by the distributed sources

1-8- Specifying the x and y coordinates of pumping and
recharge wells and their pumping or recharge rate values

2- Specifying the nodes of each element

2-1- Specifying the nodes of each element in the overall
aquifer domain

Figure 11. Flowchart of intelligent mesh

2-2- Specifying the nodes of each element in the aquifer
domain

Part Two: Updating Nodes and Elements

1- Checking the compliance or non-compliance of the
wells and nodes (wells that do not coincide are considered
one node)

2- Passing horizontal and vertical lines through new
nodes

3- Identifying the intersection of horizontal and vertical
lines with the edges of the old mesh

4- Extracting unique nodes and removing common
nodes

5- Updating the number of elements and nodes of each
element based on the newly added nodes

6- Updating elements that have distributed sources

7- Updating nodes that have inflow or outflow

8- Calculating the values of hydrogeological parameters
for new nodes based on neighboring nodes

9- Orderly arrangement of nodes around the model
boundary in a vector

Part Three: Groundwater Flow Modeling

1- Initialization and Calculations

1-1- Initialization

1-2- Construction of Stiffness matrices and unsteady
flow matrices

1-3- Construction of boundary flow vector

1-4- Construction of distributed sources matrix

1-5- Construction of point sources matrix

2- Groundwater flow modeling and storage

3- Displaying results through graphs
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3. Results and Discussion
3.1. Validation of numerical model

To implement the finite element model to solve this
problem, a time period of one day ( ) was considered and
the Crank-Nicholson method () was used. The comparison
of finite element numerical method with analytical values
in Illangasekare, and Doll, (1989) aquifer is shown in
Figure 12 and the head area is shown in Figure 13.
According to the values of SSE and RMSE performance
criteria, which are 0.0420 and 0.0141, respectively, the
results indicated that the performance of the finite element
method for groundwater flow modeling has been accepted
and is in agreement with the research results of Kulkarni,
(2015) and Jafarzadeh, et al. (2021) is consistent [18,19].
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Figure 12. Head and head drowdown after 210 days

Also, a summary of the performance of the finite element
method for this problem considering the time interval of
0.1 days (Ar=0.1 ) and Crank-Nicholson method
(a=0.5)is given in table 3.
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Figure 13. Head in model domain

3.2. The Results of Case Study 1

The first hypothetical aquifer has been investigated using
finite element. The results of groundwater flow modeling
in confident and unconfident aquifer for 5 years by
intelligent triangular mesh are presented in Figure 14 and
Figure 15, respectivly.

Head (m)

Horizontal Distnace (m)

(a) Triangular Mesh — 3D View

1000

102

100

Vertical Distnace (m)
@
g
3

0 . > o
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Horizontal Distnace (m)

(b) Triangular Mesh — Contour
Figure 14. Groundwater head in confident aquifer in case study 1
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Table 3.
summary of the performance of the finite element method
mesh Performance Criteria in Computational cost Performance Criteria in Computational cost
density At =1 (seconds) Ar=0.1 (seconds)
rmse 0.0996 216.9655 rmse 0.0138
>0 mmx >0 mse 0.0099 mse 0.00019 2130.88
sse 2.0837 sse 0.0401
rmse 0.0837 8.6195 rmse 0.0306
1?801?; mse 0.0011 mse 0.0009 98.4415
sse 0.2236 sse 0.1967
rmse 0.0141 0.3788 rmse 0.0404
200 mse 0.0002 mse 0.0016 6.0545
sse 0.0420 sse 0.3422
rmse 0.1720 0.0895 rmse 0.1589
42801?5 mse 0.0296 mse 0.0253 1.5062
sse 6.2094 sse 5.3054

100

Head (m)

Horizontal Distance (m)

(a) Triangular Mesh — 3D View

100

Vertical Distance (m)

I
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Horizontal Distance (m)

(b) Triangular Mesh — Contour
Figure 15. Groundwater head in confident aquifer in case study 1

The results of groundwater flow modeling in confident
and unconfident aquifer for 5 years by intelligent
rectangular mesh are presented in Fig. (16) and Fig. (17),
respectivly.
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(b) Triangular Mesh — Contour
Figure 16. Groundwater head in confident aquifer in case study 1

3.3. The Results of of Case Study 2

The second hypothetical aquifer has been investigated
using finite element. The results of groundwater flow
modeling in confident and unconfident aquifer for 5 years
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by intelligent triangular mesh are presented in Figure (18)
and Figure (19), respectivly. 800008
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Figure 17. Groundwater head in unconfident aquifer in case study 1 and unconfident aquifer for 5 years by intelligent

rectangular mesh are presented in Figure 20 and Figure 21,

w015 respectivly.
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Figure 18. Groundwater head in confident aquifer in case study 2 Figure 20. Groundwater head in confident aquifer in case study 2
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Table 4.
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Figure 21. Groundwater head in unconfident aquifer in case study 2

Head value in the nearest neighboring node for case study 1

Also, Head value in the nearest neighboring node of
wells for confident and unconfident aquifer for case study
1, presented in Table 4.Also, Head value in the nearest
neighboring node of wells for confident and unconfident
aquifer for case study 2, presented in Table 5.As can be
seen in Figure 2, nodes 140, 141, 151, and 152 are at the
same distance from well number 4, but the difference
between the triangular and square element modeling in the
confined aquifer according to Table 3 is greater than the
other three nodes with a value of 0.1844. The reason for
this can be attributed to the existence of a boundary with
the outflow at the bottom of the aquifer. However, in the
case of well number 3 at nodes 136 and 148, the difference
between the triangular and square element modeling is
greater than the other two nodes with values of 0.6751 and
0.3185, respectively. This is also true for well numbers 1
and 2 in the second hypothetical aquifer. The difference
between the triangular and square element modeling in the
confined aquifer according to Table 4 is greater than the
other nodes with values of 0.9395 and 0.1386 at nodes 24
and 33. In the case of unconfined aquifer, the difference
between triangular and square element modeling in the
unconfined aquifer, according to Table 4, with values of
0.0004 and 0.0008, is greater in nodes 24 and 33 than in
other nodes.

confident aquifer

unconfident aquifer

R Node Triangular Mesh  Rectangular Mesh  Triangular Mesh  Rectangular Mesh
Number Col (5)= Col (6)=
Col (1) Col (2) Col 3) Col 4) abs(Col (1)- abs(Col (3)-

Col (2)) Col 4))
Wo 25 100.0001 99.7319 99.7995 99.8786 0.2682 0.0791
82 97.6312 97.3785 98.5028 98.6657 0.2527 0.1629
Wi 93 96.9477 96.5566 98.2846 98.3932 0.3911 0.1086
84 98.2736 97.8836 98.5141 98.6448 0.3900 0.1307

w2 85 98.6387 98.5416 98.5458 98.6922 0.0971 0.1464
136 95.1976 94.5225 97.9592 98.0881 0.6751 0.1289
137 95.9412 95.8376 97.9923 98.0764 0.1036 0.0841
W3 147 95.6327 95.6957 97.8102 97.9063 0.0630 0.0961
148 96.2669 96.5854 97.9318 97.9035 0.3185 0.0283

140 97.0602 97.0744 98.0682 98.0548 0.0142 0.0134
141 97.3769 97.3620 98.1059 98.0658 0.0149 0.0401

WA 151 97.2670 97.4514 98.0317 97.9797 0.1844 0.0520
152 97.4759 97.5915 98.0565 97.9851 0.1156 0.0714
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confident aquifer

unconfident aquifer

- Node Triangular Mesh Rectangular Mesh ~ Triangular Mesh ~ Rectangular Mesh
Number Col (5)= Col (6)=
Col (1) Col (2) Col 3) Col 4) abs(Col (1)- abs(Col (3)-
Col (2)) Col 4))
16 79.8901 79.8516 79.9993 79.9990 0.0385 0.0003
17 79.9923 79.9722 80.0000 79.9998 0.0201 0.0002
Wi 23 79.9584 79.9339 79.9997 79.9996 0.0245 0.0001
24 79.0263 79.9658 80.0002 79.9998 0.9395 0.0004
33 80.1196 79.9810 80.0007 79.9999 0.1386 0.0008
34 80.0019 79.9536 80.0000 79.9997 0.0483 0.0003
W2 40 80.0424 79.9475 80.0003 79.9997 0.0949 0.0006
41 79.9679 79.9161 79.9998 79.9995 0.0518 0.0003
46 80.0145 79.9682 80.0001 79.9998 0.0463 0.0003
W3 47 79.9955 79.9519 80.0000 79.9997 0.0436 0.0003
53 79.9875 79.9699 79.9999 79.9998 0.0176 0.0001
54 79.9690 79.9483 79.9998 79.9997 0.0207 0.0001

Therefore, in general, it can be said that the further the
well location is from the surrounding nodes, the greater the
difference between modeling with triangular and square
elements. These results indicated that the smaller the
distance between the nodes and the well location, the more
accurate the results obtained will be. This requires
increasing the mesh density, which will increase the
computational cost, or another approach should be
adopted, for which the use of a intelligent mesh can be
considered a suitable option.

4. Conclusion

In the modeling of groundwater flow and contaminant
transport, numerical methods such as finite difference and
finite elements (triangular and rectangular elements) are
used. In these modelings, whether the aquifer is
hypothetical or real, there are always recharge or discharge
wells as point source or sink. In dealing with this point
source, a simple approach is to transfer the recharge or
discharge well to the nearest node after gridding the model
area. In this case, if several wells are close to a node, they
all coincide on that node and finally their pumping rates are
summed together. Beside, to avoid such a discrepancy,
smaller regular mesh can be used to ensure that all wells
coincide on the nodes. However, it is obvious that using
small mesh increases the computational cost. Therefore, in
this study, a different mesh was used in dealing with
pumping wells. In this approach, after gridding the model
domain, pumping or recharge wells are considered as

nodes. and the numbering of nodes and elements is
changed and updated accordingly, so that groundwater
flow modeling can be done more efficiently and accurately.
In this study, two hypothetical aquifer were investigated
and an attempt was made to include all the characteristics
of an aquifer, such as different hydraulic conductivity in
different parts of the aquifer, application of distributed
source and point source and sink, boundary conditions of a
specific head (Dirichlet condition), a specific and no-flow
boundary (Neuman condition). The results of this research
indicated that considering the recharge and pumping wells
as a node and re-gridding the model area can perform
groundwater flow modeling with more accuracy and
ultimately the results will be more reliable.
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Scholars Pavilion

Scholars Pavilion or Scholars Chartagi is a monument donated by the Islamic Republic of
Iran to the United Nations Office at Vienna. The monument architecture is claimed by the
Islamic Republic News Agency of Iran to be a combination of Islamic and Achaemenid
architecture, although the latter clearly predominates in the decorative features, with Persian
columns and other features from Persepolis and other remains from the Achaemenid dynasty.
The Chahartaq pavilion form runs through the architecture of Persia from pre-Islamic times
to the present.

Statues of four famous Persian medieval scholars, Omar Khayyam, Al-Biruni, Muhammad
ibn Zakariya al-Razi and Ibn-Sina are inside the pavilion. This monument donated in June
2009 in occasion of Iran's peaceful developments in science.
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