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1- Introduction

Earthquakes are known as one of the most significant
causes of structural damage. Since Iran is located in the
high seismic belt, numerous major faults can lead to current
severe earthquakes. In these zones, buildings are often
subjected to successive earthquakes and substantial
damage. This phenomenon typically occurs in short time
intervals. Due to the limited time for repair and restoration,
damages will be accumulated and casualties are more
severe than single earthquakes. Although the seismic
design codes primarily focus on main-shock events for
"design earthquake", the performance of structures under
successive earthquakes needs more comprehensive
examinations. Because the caused damage by consecutive
shocks is significantly greater than that caused by single
earthquakes. Consequently, considering the effects of this
destructive phenomenon in structural design and
construction seems necessary. Steel structures are widely
used system in the construction industry, and known as the
key systems in managing earthquake-induced damage. To
mitigate these damages, a novel dual lateral-load-resisting
system known as the Linked Column Frame (LCF) has
been introduced. This system consists of parallel columns
connected by link beams, which play as structural fuses,
dissipating the seismic energy absorbed by the structure.
The LCF system's simplicity in construction, installation,
and replaceable link beams make it economically option
among engineering for building projects.

2- Research Methodology

In this study, after a comprehensive review in previous
researches and design methods based on force and
performance , four structural models consist of 3 and 6-
story buildings equipped by dual span of linked column
frames with flexural and shear link beams were designed
and implemented in the OpenSees software according to

Fig. 1. In this regard, fiber elements were used for
simulation of the nonlinear behavior, dividing member
cross-sections into segments to accurately model material
behavior. Mechanical properties of columns were defined
using Steel02 model, while link beams were designed with
hysteretic materials to involve both flexural and shear
behaviors under cyclic loading. As-recorded ground
motions were used for nonlinear dynamic analysis under
successive earthquakes because artificial simulations such
as "back-to-back" and "random" often have less sufficient
accuracy. Effective peak acceleration (EPA) was selected
as the most reliable parameter for selection of the ground
motions because Peak Ground Acceleration (PGA) is not
always a suitable criterion. Sixteen successive earthquake
records were selected from the PEER database and used in
this study. A 30-second time gap between two shocks in
each scenario was assumed based on previous researches.

25m

25m

LCF frame
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Fig. 1. Plan and schematic view of the studied models

First shocks were scaled according to Standard 2800
seismic code, while the second shocks were scaled using a
new spectrum based on prior studies.

3- Nonlinear Dynamic Analysis

After verification of the studied models in two steps consist
of comparison of (1) period and (2) pushover curve in Fig.
2, nonlinear dynamic analysis was performed under single
and successive shocks and some parameters including roof

and story drifts, base shear, and residual displacements
were calculated and compared for single and successive
cases. For a more comprehensive assessment, the Park and
Ang damage index (1985) was selected as the primary
parameter to evaluate seismic damage for seismic scenarios
with/without sequence (Fig. 3):

DI
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The results revealed that seismic sequence phenomenon
has more destructive effects than single earthquakes,
particularly for 3-story LCF frame with flexure link beams
(Fig.3), which demonstrated superior performance in
energy absorption and damage reduction. Maximum story
drifts and damage indices were mostly concentrated in the
lower stories and decreased with increasing height. The
results also showed that the residual displacement due to
seismic sequences in 3-story frames was less than 6-story
frames (Fig. 4). Moreover, inter-story drifts caused by
successive shocks were up to 3% higher than single
earthquakes, especially in the lower stories. Base shear
forces increased by up to 26%, indicating the impact of
successive earthquakes on lateral loads. Generally, shear
link beams have better performance than flexural link
beams in structural damage reduction because of more
stiffness and higher energy absorption capacity.
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Fig. 2. Push-over curves for reference and implemented model




The findings of this paper suggest that shear link beams
are a more effective choice in severe seismic conditions,
such as successive earthquakes. Since the appropriate
performance of LCF system in reducing the structural
damages caused by successive earthquakes (especially in
high-rise buildings), it can be considered as a suitable
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Fig. 4. Average of residual displacement under single and successive shocks
option for designing structures in seismic active zones.
4- Results

Also, shear link beams have a crucial role in minimizing
the structural damage because they efficiently absorb
seismic energy and prevent damage from propagating to
other parts of the structure. Therefore, considering this
system in the design of structures can significantly
enhance structural safety and durability. The LCF system
not only prevents severe damages from successive
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earthquakes but also improves the structure’s overall
seismic performance, extends its lifespan, and reduces
maintenance costs. Moreover, implementing this system in
seismic-active zones can prevent the total collapse of
structures and provide more safety for occupants during
successive earthquakes. Some of the results are
summarized as follows:

Relative floor displacements under successive
earthquakes are 2 to 3 percent greater than single
case.

The damage index caused by successive earthquakes
for LCF frames with flexural linked beam is about
38% more than LCF models with shear linked beam.
Generally, consecutive earthquakes have 2 to 38
percent more destructive effects on structures than
single earthquakes. Six-story models with flexural
performance are more affected by consecutive
earthquakes than others.
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Seismic Evaluation of Steel Frames with Dual Linked-Column- Frame under Successive Earthquakes

Farzaneh Tafreshi Elham Rajabi Yaser Golestani®

Abstract Since successive shocks occur with short time interval, damage will accumulate in the structures. Recently,
linked column frame system (LCF) as a new dual lateral-resisting system, has been introduced in order to manage and
reduce the structural damage. In this paper, 4 steel frames equipped by dual LCF and shear/flexure link beams were
designed and implemented in Opensees. After nonlinear static and dynamic analysis for single and consecutive
earthquakes, parameters such as displacements of the roof and stories, base shear and Park-Ang damage index were
investigated. The results showed that successive earthquakes cause more seismic damage to structures than single ones
and the frames with the shear link beams have better performance.

Key Words Dual Linked-Column-Frame system, Seismic sequence phenomenon, Nonlinear dynamic analysis,
Structural fuse, Damage index.
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1- Introduction

Cement is one of the most widely used construction
materials globally, yet its production significantly
contributes to CO, emissions and environmental
pollution. In response to these challenges, researchers are
exploring alternative materials such as geopolymers,
which exhibit high durability, lower CO, emissions, and
enhanced mechanical properties. Among these
alternatives, Ferrock, an iron-based compound made from
industrial by-products, has emerged as a sustainable
substitute due to its ability to sequester CO, while
offering superior strength and durability. Additionally,
incorporating polypropylene fibers into mortar mixtures
can improve tensile strength, impact resistance, and
durability.

Geopolymers rely on aluminosilicate precursors that
react with alkaline solutions to form a robust and
chemically stable matrix. Ferrock, when combined with
geopolymer technology, has the potential to create high-
performance, environmentally friendly construction
materials. Despite its promising characteristics, limited
studies exist on the behavior of geopolymer mortars
activated with alkaline solutions and reinforced with
Ferrock and fibers. This study investigates the influence of
alkaline activators on the static and dynamic properties of
geopolymer  mortars  containing  Ferrock  and
polypropylene fibers, aiming to enhance both mechanical
properties and sustainability in construction applications.

2- Materials and Experimental Program

The primary materials used in this study included ground
granulated blast furnace slag (GGBFS) as the base binder,
Ferrock as a supplementary material, sodium silicate and
sodium hydroxide as alkaline activators, and
polypropylene fibers as reinforcement. Fine silica sand
was used as aggregate, and potable water was used for
mixing. Sodium hydroxide (NaOH) flakes with 98% purity

were dissolved in water to prepare the alkaline solution.
The chemical composition of Ferrock included iron-based
industrial waste combined with reactive binders, which
contributed to its strength and durability. The
polypropylene fibers were 6 mm in length and were added
in different volume fractions to evaluate their impact on
mechanical properties.

The experimental work was conducted in three phases.
The first phase involved preparing control mixtures with
different liquid-to-binder ratios (0.4 and 0.5) and sodium
silicate-to-sodium hydroxide ratios (1.5 and 2). In the
second phase, Ferrock replaced slag at 5%, 8%, 12%, and
15% weight fractions. The third phase introduced
polypropylene fibers at 0.1%, 0.2%, 0.3%, and 0.5% by
volume. The mechanical and durability properties of the
samples were evaluated through compressive and flexural
strength tests, ultrasonic pulse velocity, electrical
resistivity, impact resistance, and water absorption tests.
The samples were subjected to both water and ambient
curing conditions.

The mixing process was carefully controlled to ensure
uniform dispersion of fibers and Ferrock in the
geopolymer matrix. The samples were cast into molds and
demolded after 24 hours before being subjected to their
respective curing conditions. Compressive strength tests
were conducted at 7 and 28 days, while flexural strength
tests provided insights into the toughness and crack
resistance of the mortar. Additionally, the impact
resistance test was performed using the drop-weight
method to evaluate the energy absorption capacity of fiber-
reinforced samples.

The final mixture proportions for the optimized
compositions used in this study are presented in Table 1.
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Table 1. Final Mix Proportions (kg/m3)
Mix1D | Siag | sand | Ferrooc | PobBropslne | Sodum | Sodum | S | inger’
Ratio Ratio
1.5RF8P0.1 | 584 | 1270 51 0.91 191 127 15 0.5
1.5RF8P0.2 | 584 | 1270 51 1.82 191 127 15 0.5
1.5RF8P0.3 | 584 | 1270 51 2.73 191 127 15 0.5
1.5RF8P0.5 | 584 | 1270 51 4.55 191 127 15 0.5
2RF8P0.1 584 | 1270 51 0.91 212 106 2 0.5
2RF8P0.2 584 | 1270 51 1.82 212 106 2 0.5
2RF8P0.3 584 | 1270 51 2.73 212 106 2 0.5
2RF8P0.5 584 | 1270 51 4.55 212 106 2 0.5

3- Results and Discussion
The results demonstrated that ambient curing provided
better performance compared to water curing. The
optimum composition was identified as 8% Ferrock
replacement with 0.1% polypropylene fibers, which
achieved the highest compressive strength of 75.2 MPa
after 28 days and flexural strength of 5.52 MPa.
Electrical resistivity tests indicated a maximum value
of 144.6 kQ-cm, suggesting excellent resistance to
chloride ion penetration. Ultrasonic pulse velocity
results showed that increased fiber content reduced
wave propagation speed, affecting material density.
Impact resistance tests revealed that fiber addition
significantly enhanced the material’s toughness, with
up to a 57% increase in resistance to crack propagation.
Further analysis showed that the
geopolymerization process was influenced by the
alkaline activator ratio, with a higher sodium silicate
content improving mechanical performance. However,
excessive fiber addition led to reduced workability and
increased porosity, negatively impacting compressive
strength. The study also confirmed that Ferrock
improved the sustainability aspect of the mortar by
reducing the carbon footprint associated with
cementitious materials. The observed results align with
previous research on geopolymer materials,
reinforcing the potential of Ferrock-based binders in
construction applications.

4- Conclusion

This study confirmed that using Ferrock in geopolymer
mortars can significantly enhance mechanical
properties while reducing environmental impact. The
incorporation of polypropylene fibers further
improved impact resistance and toughness, although
excessive  fiber content negatively affected
compressive strength. The findings suggest that
geopolymer mortars with optimized Ferrock and fiber
content present a viable alternative to conventional
cementitious  materials, contributing to the
development of sustainable construction materials.
Moreover, the experimental results highlight the
importance of selecting appropriate activator ratios
and fiber dosages to balance strength, durability, and
workability. Future research should explore long-term

durability aspects, including resistance to freeze-thaw
cycles, sulfate attack, and carbonation, to further
validate the applicability of Ferrock-geopolymer
composites in real-world conditions. With increasing
global efforts to minimize construction-related carbon
emissions, this study provides valuable insights into
the potential of alternative binder systems.
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Effect of Alkaline Activator on Static and Dynamic Properties of Geopolymer Mortars Containing
Ferrock and Fibers

Amir Hosein Varasteh Siah Estalakhi Seyed Hosein Ghasemzadeh Mousavinejad

Abstract Cement is one of the most widely used construction materials in the world. Its production process is highly
polluting and leads to the release of carbon dioxide (CO_ ) into the atmosphere. In addition to CO_, emissions, cement
production generates millions of tons of kiln dust annually, causing respiratory health risks and environmental pollution.
Ferrock, an innovative iron-based compound, is a carbon-free alternative to cement that utilizes industrial waste for a
versatile construction material. Accordingly, this study investigated the effect of alkaline activators on the static and
dynamic properties of geopolymer mortars containing ferrock and polypropylene fibers. The variables in this study
included two liquid-to-binder ratios (0.4 and 0.5), two sodium silicate-to-sodium hydroxide ratios (1.5 and 2), various
replacement percentages of ferrock (5%, 8%, 12%, and 15%), and polypropylene fibers (0.1%, 0.2%, 0.3%, and 0.5%)
across three steps. The results showed that curing in ambient conditions performed better than water curing. Samples
containing 8% ferrock and 0.1% fibers exhibited the best performance. The compressive strength of the samples after 28
days reached 75.2 MPa, and the flexural strength was recorded at 5.52 MPa. Furthermore, in the electrical resistivity
test, a maximum value of 144.6 kQ-cm was observed. The inclusion of fibers, even in small amounts, significantly
improved impact resistance, with a maximum increase of 57% being observed. These findings demonstrate that the use
of ferrock and polypropylene fibers is an effective strategy for enhancing the mechanical and environmental properties
of construction mortars.

Key Words Alkaline Activator, Ferrock, Green Cement, Geopolymer, Fibers.
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1-Introduction

Optimum design of structural engineering problems,
especially truss structures, is a very challenging task due
to the presence of design constraints such as stress and
displacement. In most cases, these constraints are defined
in a nonlinear and dynamic way, which makes the
optimization algorithms local in the optimum. Classical
high precision causal methods take time to arrive at the
answer. This increases the number of calculations. On the
other hand, meta-heuristic algorithms produce acceptable
answers for this type of problems using special
programming techniques and operators. The standard
special relativity search algorithm is unsuccessful in
solving this group of problems due to the lack of
coordination between the two important cases of
exploitation and exploration, and the local optimum
converges. In this research, two new techniques are
introduced and implemented to improve the performance
of this algorithm. The descending modification algorithm
has been used as a complementary algorithm for gravity
search. The movement step of the algorithm is controlled
using special coefficients. Also, studies show that creating
a dynamic population proportional to the convergence rate
improves the performance of the algorithm. To prove the
effectiveness and method of the proposed method
compared to other advanced methods, their results are
compared. The results show that the proposed algorithm
has constant evaluation compared to other previous
methods and has created a suitable balance between
exploitation and exploration.

2- Formulation of the Optimization Problem for Sizing
Obijective functions that can be used to measure the quality
of a design include minimizing construction costs,
minimizing lifecycle costs, minimizing weight,
maximizing stiffness, and many others. Typically, the
design is constrained by factors such as material selection,
applicable strength, node displacements, natural
frequencies, loading conditions, support conditions, and

technical limitations (such as the type and size of available
structural members and cross-sections, etc.). Therefore, it
must be decided which parameters can be varied during the
optimization process. These parameters are then
transformed into optimization variables. As a result, the
truss optimization method is formulated as follows:

N,
minimize W =Yy 1A
e=1
o' <o, <0 (1)
A<A <A
5 <6, <o

subject to

3- Development of the Special Relativity Search
Algorithm

The Special Relativity Search (SRS) algorithm is an
intelligent algorithm inspired by the interaction of particles
in a magnetic field and simulated using the principles of
special relativity. The optimization variables in the
algorithm are essentially charged particles moving with
velocity v in a magnetic field. The force that drives the
movement of particles in the magnetic field results from
their interactions with one another. The main step equation
of the algorithm is calculated using Eq. (12).

% = (5)°x, J{# i) V]}tj /1—(3)2 T
c mR; c 12)

R, sin(@,) 1—(%)2

In the context of optimization, the gradient refers to the
vector of partial derivatives of a function with respect to
its variables. It indicates both the direction and magnitude
of the steepest ascent or descent of the function at a given
point. Mathematically, if we have a multivariable function
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f(x1,x2, ..., xn), the gradient is denoted as Vfor grad (f)

and is defined as follows:

vfo| L o 13)
0%, OX,  OX,

Each component of the gradient represents the rate of
change of the function with respect to the corresponding
variable. The convergence changes for the alpha
coefficient are shown in Figures 1 and 2.
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Fig. 2. Convergence of the Algorithm with Very Small
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4- Evaluation of Structural Engineering Applications

In this paper, a total of three truss structural systems with
various loading conditions and design constraints have
been selected as benchmarks to demonstrate the
effectiveness of the SRS algorithm. The computer codes
for the algorithm and structures were developed in the
MATLAB environment, and the truss structures were
analyzed using the direct stiffness method. The best design
is determined through 10 independent runs for each
problem. To evaluate the performance of the SRS method,
three well-known structural engineering problems were
considered: a 52-member planar truss (with discrete
variables), a 72-member space truss (with both continuous
and discrete variables), and a 160-member space truss
(with discrete variables). In this study, the algorithms are
evaluated based on the best, worst, average, and standard

deviation of the results, as well as the convergence speed,
and are compared.

6-Conclusion

In this study, one of the latest metaheuristic algorithms,
called Special Relativity Search, was developed for
optimal structural design. The Special Relativity Search
algorithm is a single-objective, population-based
metaheuristic that, inspired by the interaction of particles
in a magnetic field, has successfully developed an
optimized algorithm. The mathematical equations used in
this algorithm were first developed for practical
application based on the theory of special relativity. Due
to the effective application of this algorithm in the past two
years, it has been widely used to solve various scientific
problems worldwide. However, considering the
background of metaheuristic algorithms, these types of
algorithms are incapable of optimizing all problems.
Therefore, they require revision and development to solve
new problems. In this research, the gradient descent
algorithm was used to increase the accuracy of local
search. The performance of the gradient descent algorithm
is dependent on various coefficient values. For this
purpose, a sensitivity analysis was developed to select the
best coefficient. Finally, to prove the effectiveness of the
proposed method, several structural engineering
optimization problems were solved. The results show that
this method performs more effectively than other past
methods. It is worth mentioning that with this algorithm, a
new range of problems can be optimized in the future.
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Improved Special Relativity Search Algorithm for Optimal Design of Truss Structures
Farnaz Salajegheh Vahid Goodarzimehr

Abstract Optimal design of structural engineering problems, particularly truss structures, is highly challenging due to
the presence of design constraints such as stress and displacement. These constraints are often defined in a nonlinear
and dynamic manner, which causes optimization algorithms to become trapped in local optima. In contrast, metaheuristic
algorithms generate acceptable solutions for such problems using specialized programming techniques and operators.
The standard Special Relativity Search (SRS) algorithm fails to solve these types of problems effectively due to the lack
of coordination between two crucial parameters: exploitation and exploration, leading to convergence to local optima.
In this study, two new techniques are introduced and implemented to enhance the performance of this algorithm. The
gradient descent algorithm is employed as a complementary method to the SRS algorithm, with the movement step
controlled using specific coefficients. To demonstrate the effectiveness of the proposed method compared to other
advanced approaches, their results are compared. The findings indicate that the proposed algorithm has a higher
convergence rate than previous methods and successfully establishes a proper balance between exploitation and
exploration parameters.

Key words Optimal Design, Special Relativity Search Algorithm, Metaheuristic Algorithm, Soft Computing, SRS.
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= Gradient Coefficient = D 0.005
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1 0.111 | 71.613 17 1.457 | 939.998 33 3.840 | 2477.414 49 11.500 | 7419.340
2 0.141 | 90.968 18 1.563 | 1008.385 34 3.870 | 2496.769 50 13.500 | 8709.660
3 0.196 | 126.451 19 1.620 | 1045.159 35 3.880 | 2503.221 51 13.900 | 8967.724
4 0.250 | 161.290 20 1.800 | 1161.288 36 4.180 | 2696.769 52 14.200 | 9161.272
5 0.307 | 198.064 21 1.990 | 1283.868 37 4.220 | 2722.575 53 15.500 | 9999.980
6 0.391 | 252.258 22 2.130 | 1374.191 38 4.490 | 2896.768 54 16.000 | 10322.560
7 0.442 | 285.161 23 2.380 | 1535.481 39 4590 | 2961.284 55 16.900 | 10903.204
8 0.563 | 363.225 24 2.620 | 1690.319 40 4.800 | 3096.768 56 18.800 | 12129.008
9 0.602 | 388.386 25 2.630 | 1696.771 41 4970 | 3206.445 57 19.900 | 12838.684
10 0.766 | 494.193 26 2.880 | 1858.061 42 5.120 | 3303.219 58 22.000 | 14193.520
11 0.785 | 506.451 27 2.930 | 1890.319 43 5.740 | 3703.218 59 22.900 | 14774.164
12 | 0.994 | 641.289 28 3.090 | 1993.544 44 7.220 | 4658.055 60 24.500 | 15806.420
13 1.000 | 645.160 29 3.380 | 2180.641 45 7.970 | 5141.925 61 26.500 | 17096.740
14 1.130 | 729.031 30 3.470 | 2238.705 46 8.530 | 5503.215 62 28.000 | 18064.480
15 1.228 | 792.256 31 3.550 | 2290.318 47 9.300 | 5999.988 63 30.000 | 19354.800
16 1.266 | 816.773 32 3.630 | 2341.931 48 10.850 | 6999.986 64 33.500 | 21612.860
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2 | s s SGA HPSO HS DHPSACO RBAS
(mn?) b slo e [21] [22] 23] [24] [25] SRS
A—Ay 4658.055 4658.055 | 4658.055 4658.055 4658.055 4658.055
As-Ajp 1161.288 1161.288 | 1161.288 1161.288 1161.288 1161.288
Aq-A 645.160 363.225 506.451 494,193 494,193 494.193
Aq4-Ary 3303.219 3303.219 | 3303.219 3303.219 3303.219 3303.219
Ag-Ays 1045.159 940.000 940.000 1008.385 939.998 939.998
Ays-Ayg 494.193 494.193 494.193 285.161 494,193 494.193
Ayr-Azg 2477.414 2238.705 | 2290.318 2290.318 2238.705 | 2238.705
Az1-Asg 1045.159 1008.385 | 1008.385 1008.385 1008.385 | 1008.385
Az7-Azg 285.161 388.386 2290.318 388.386 494,193 494,193
As-Asz 1696.771 1283.868 | 1535.481 1283.868 1283.868 | 1283.868
Ay-Agg 1045.159 1161.288 | 1045.159 | 1161.288 | 1161.288 | 1161.288
Asp-Asy 641.289 792.256 | 506.451 506.451 641.289 | 494.193
«ar 035 (Ib) 1970.142 | 1905.495 | 1906.76 1904.83 | 1903.366 | 1902.6055
Sbe 035 (Ib) - - - - - 1904.4047
035 i (Ib) - - - - - 1907.9661
Sxs il (Ib) - - - - - 1.891
PAHNRT - - - - - 5760
8000 52-bar planar truss structure (Discrete) 10000 72-bar space truss structure (Discrete)
7000 Best solution Best solution
Mean solution 8000 Mean sulut\.un
c 6000 - Worst solution - —— Worst solution
=] k=]
T 5000 S 6000
= =
~u-- 4000 &
§ % 4000
3000 ©
2000
2000
1000 0
0 20 40 60 80 100 0 20 40 60 80 100
Iteration Iteration
1400 72-bar space truss structure (Continuous) 10000 160-barspace truss structure (Discrete)
Best solution Best solution
1200 Mean solution 8000 Mean solution
— \Worst solution Waorst solution
5 1000 5
= = 6000
= j o
= 800 Z
B @ 4000
S 600 f S
a0 | M 2000
200 0
0 50 100 150 200 0 50 100 150 200
Iteration Iteration
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73 e i sS dem s —ade S LS

wras VY o3le sl L;)\Jf)l;‘c)l.,.:ij? ¥ Jed>

G L bS5 | e S (Kips) s L

Py Py P,

Jol b oSy W 0 0 -0
A . . .

14 - - ‘

Y. . . .

p03 0k S5 WV ' ' -0
A . . -

14 . . -0

Ys . . -0

&MVV h)bwf‘}@b OJ)V\>

e | B0 | "B | e | A | en | e | SRS
A-Ay 0.196 | 4.970 0.196 1.800 0.196 1.563 1.990
As-Aj, 0.602 1.228 0.563 0.442 0.563 0.563 0.563
Ajz-Agg 0.307 0.111 0.442 0.111 0.111 0.111 0.111
Ai-Asg 0.766 0.111 0.602 0.111 0.111 0.111 0.111
Aro-Ay 0.391 2.880 0.442 1.228 1.228 1.266 1.228
Asz-Agg 0.391 1.457 0.442 0.563 0.442 0.563 0.442
Ay -Agy 0.141 0.141 0.111 0.111 0.111 0.111 0.111
Azs-Asg 0.111 0.111 0.111 0.111 0.111 0.111 0.111
As-Agg 1.800 1.563 1.266 0.563 0.563 0.391 0.563
Ag-Asg 0.602 1.228 0.563 0.563 0.563 0.563 0.563
Agg-Asy 0.141 0.111 0.111 0.111 0.111 0.111 0.111
As3-Asy 0.307 0.196 0.111 0.250 0.111 0.111 0.111
Ass-Asg 1.563 0.391 1.800 0.196 0.196 0.196 0.196
Aso-Agg 0.766 1.457 0.602 0.563 0.563 0.563 0.563
Agr-Agg 0.141 0.766 0.111 0.442 0.391 0.391 0.391
Agi-Amy 0.111 1.563 0.111 0.563 0.563 0.602 0.563
<oz 055 (ID) 427203 | 933.09 | 390.73 390.380 389.33 390.18 389.3342
oSk 055 (Ib) - - 395.432 - 391.59 - 390.2501
035 oA (Ib) - - 399.49 - - - 391.9601
Sbre Sl 1 (Ib) - - 3.04 - - - 0.982
56T slaas 60000 | 50000 | 11600 - 17010 - 7020
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b sl g (A Lb Sl o S Samier 15055 dnss

Y

328 VY il sy b il F s

s | B TR T [ | 3 [T [ 5 | o
A—Ay 1.7427 | 1.8577 | 1.860 1.8861 1.9001 | 1.8911 | 1.9170 | 1.8904
As-Ap, 0.5185 | 0.5059 | 0.521 0.5123 0.5131 | 0.5051 | 0.5031 | 0.5138
Aps-Agg 0.1000 | 0.1000 | 0.100 0.1000 0.1000 | 0.1000 | 0.1000 | 0.1000
Aj-Agg 0.1000 | 0.1000 | 0.100 0.1000 0.1000 | 0.1000 | 0.1001 | 0.1000
Ajg-Asy 1.3079 | 1.2476 | 1.271 1.2685 1.2456 | 1.2778 | 12721 | 1.2652
Axs-Agg 0.5193 | 0.5269 | 0.509 0.5117 0.5080 | 0.5082 | 0.5050 | 0.5112
Az-Asg 0.1000 | 0.1000 | 0.100 0.1000 0.1000 | 0.1004 | 0.1000 | 0.1000
Azs-Asg 0.1000 | 0.1012 | 0.100 0.1000 0.1000 | 0.1000 | 0.1000 | 0.1000
As7-Agg 0.5142 | 05209 | 0.485 0.5236 0.5550 | 0.5297 | 0.5184 | 0.5228
Ag-Asg 0.5464 | 05172 | 0.501 0.5171 0.5227 | 0.5343 | 0.5362 | 0.5160
Aso-Asy 0.1000 | 0.1004 | 0.100 0.1000 0.1000 | 0.1000 | 0.1000 | 0.1000
Asy-Asy 0.1095 | 0.1005 | 0.100 0.1000 0.1000 | 0.1000 | 0.1000 | 0.1000
Ass-Asg 0.1615 | 0.1565 | 0.168 0.1565 0.1566 | 0.1566 | 0.1569 | 0.1565
Aso-Ags 0.5092 | 05507 | 0.584 0.5456 0.5407 | 0.5431 | 0.5374 | 0.5460
Agr-Aqg 0.4967 | 0.3922 | 0.433 0.4103 0.4084 | 0.4069 | 0.4062 | 0.4105
As-Agy 0.5619 | 0.5922 | 0.520 0.5697 0.5669 | 0.5500 | 0.5741 | 0.5681
oz 055 (D) 381.91 | 379.85 | 380.62 379.6148 379.73 | 379.72 | 379.75 | 379.6168
oSSbe 035 (Ib) - 382.08 - 379.6149 382.26 | 380.39 | 380.03 | 379.6264
035 cr i (Ib) - - - 379.6155 - - - 379.6393
Sbre Sl 2l (Ib) - 1.912 - 0.0002 1.94 0.54 0.278 0.0081
50T slaes - 19621 | 13742 - 13166 | 8400 | 18000 33570

27.50, 29.88, 32.76, 33.90, 34.77, 39.16, 43.00, 45.65,
46.94, 51.00, 52.10, 61.82, 61.90, 68.30, 76.38, 90.60,
94.13} (cm?)
)LQ}A&L}J‘\S@‘@M ‘-57-(}196(44;440‘)[‘&
e Q‘.’.\Jé '>J-‘~§J‘J’; (10) J}.\?)J IS . 43\)‘ JEJ_,.M.A
ws S b s golis slasl gl bS5 o s
4.3(5[) &L«sﬁc)w@d}—ﬁﬁpﬁ Ls\f k;—wl IS A

:;,.:@Mwﬁ;@)y

2

(%) ..
1300 — L if¥ < 120
o_b — 5 y 24 T
i< > 120
O

Q)

s VP ald oSl w1 b
sl el e Gl 3 odd o) (S3leigs alis o
059 ol 0l esls OLES (A) Ji.,, 238 Sl g2 VO
Jsde 5 caSe o oS LS 4,0 o VAD llas o ol
5 6l e S Slase il o PNV exY P Flas ezl
03,31 (A) 5 (V) sl 3 o5 4 L3 cnl slaael Olodr
(A) Jsd s il w0l Jlesl (18,1 LS 5ol o
YA & sae 190 shaie mhans i opl 5o o oo S &l
s DS 45 pams Sl old o s b i
S={1.84, 2.26, 2.66, 3.07, 3.47, 3.88, 4.79, 5.27, .c..!
5.75, 6.25, 6.84, 7.44, 8.06, 8.66, 9.40, 10.47, 11.38,
12.21, 13.79, 15.39, 17.03, 19.03, 21.12, 23.20, 25.12,
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-
X X
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N
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e VP osle Sled A S

fbye paiTedd ad S B s pae Job 0T s S
1.0=K ki s opl 53w | Jige Jsb o s K5 gm0
Y ln blae Ol 3 25 gt oul ol 5 3
r={0.47,0.57, 0.67, 0.77, .cewlold Jlos! atmnS i
0.87, 0.97, 0.97, 1.06, 1.16, 1.26, 1.15, 1.26, 1.36, 1.46,
1.35, 1.36, 1.45, 1.55, 1.75, 1.95, 1.74, 1.94, 2.16, 2.36,
2.57, 2.35, 2.56, 2.14, 2.33, 2.97, 2.54, 2.93, 2.94, 2.94,
5511 2.92, 3,54, 3.96, 3.52, 3.51, 3.93, 3.92, 3.92} (cm)
FGIW P W (“k“’ Voo glae V80 SL o o5le Gl Comas
bl 00 1SS slaws ST (gl aige Lal B s
3 dle ol gl eSS wg ~b Sl el el sl
Sy Sl el 6l gl o ul ot S Wl (10) Jsuxr
L 5) ple & Sl ol el Gt o501 O3
Wl o 5 (F) JSCE 3 ) S s 00 AL 0

d}&\?' h)b&‘aﬁuw VJ},\}

o 5. X-latsa, Y-olasa, ARSI WEESN o 5. X-Colazsha, Y-oolais. Z-olazad.
1 -105 -105 0 27 40 -40 1027.5
2 105 -105 2000 28 214 0 1027.5
3 105 105 0 29 40 40 1027.5
4 -105 105 0 30 -40 40 1027.5
5 -93.929 -93.929 175 31 -40 -40 1105.5
6 93.929 -93.929 175 32 40 -40 1105.5
7 93.929 93.929 175 33 40 40 1105.5
8 -93.929 93.929 175 34 -40 40 1105.5
9 -82.859 -82.859 350 35 -40 -40 1256.5

10 82.859 -82.859 350 36 40 -40 1256.5

11 82.859 82.859 350 37 -207 0 1256.5

12 -82.859 82.859 350 38 40 40 1256.5

13 -71.156 -71.156 535 39 -40 40 1256.5
14 71.156 -71.156 535 40 -40 -40 1346.5
15 71.156 71.156 535 41 40 -40 1346.5
16 -71.156 71.156 535 42 40 40 1346.5
17 -60.085 -60.085 710 43 -40 40 1346.5
18 60.085 -60.085 710 44 -26.592 -26.592 1436.5
19 60.085 60.085 710 45 26.592 -26.592 1436.5

20 -60.085 60.085 710 46 26.592 26.592 1436.5

21 -49.805 -49.805 872.5 47 -26.592 26.592 1436.5

22 49.805 -49.805 872.5 48 -12.737 -12.737 1526.5

23 49.805 49.805 872.5 49 12.737 -12.737 1526.5

24 -49.805 49.805 872.5 50 12.737 12.737 1526.5

25 -214 0 1027.5 51 -12.737 12.737 1526.5

26 -40 -40 1027.5 52 0 0 1615

32 O pas pwligo 4

’F'F‘_})a)[,«“fr‘m‘b"‘ j‘;«fd[w




Al

b sl g (A Lb Sl o S Samier 15055 dnss

e 150 ol slae S (oIS oylad A i

r |o|lo|lo|lo|lo|lojlo|lo|ld|d|ld|d|la|la|ld|d|o oot T w|lvww|lv]|jo|lo|lo|o|r~|~|r~|~|o|o|o]|x
N|ld|N|d|o oo oooologlogoo ot oo oo oo o oo oo|ojajojlaolo|lo|lalolo|on
~wlolg|la|lo|d|la|w|lo|lo|lo|lo|lv|g|v]o|lr|lv] ol |lv]olr|r|lo|lo|lo|ld|lo|lolold|lo|lo|d|d|on|o]o|o
S|t |IF ST T |TF|o|o|o|lo|d|F| T ||| T || [F|TF || |TF|FT|O|o|F|F|O ||| O|w|w|w|0L]|WL]|WL

\

D
glolw|lolvw|lo|ld|la|lo|v|o|lw|lo|jo|dla|o|o|ld|la|lw|dg v olg|T|w]|eoelr|vw]iolr|T||lo|lo|lo|xw|laolo|
olo|olo|F|t|F|F|O|o|d|o|F || F|F|TF|S|F|F|T ST ||| T ||| T[S |T(TF|FT|D|F|TF | |D|w

Mww1_234567890123456789012345678901234567890
Al |ad|a|d ([ Ad|d (oo dld oo h|loglfF|s|f|f|T ||| ||| w|w(O|BV|W|WL|O|DO|o

AR I IR R I e R N B N I T R B I A B [ T (R (' [ ' I ' /T ' = = = = = = = = = = =
s o~~~ |~|o|lo|lo|lo|lo|lojlo|o|lojlo|lo|jlo|d|d|lalN|N|l]|ololo|lo|d|S ||| w|w|o|lo|r~|~|~|~|0]|®
Ald|d|d|a|la|a|la|a|d 9|9 |Q|N|Q|N|la|N|N|N|NlN|NN|N|ld|d|S NN NSNS
~wlglN| ot d|y |||y |d |t |o|lo|la|d|ls|o|lo|lv|v|lo|lo|lo|lvw|lo|lo|lo|lo|lvwolv olo|lw|o|d|n|m|o|o
olo|Hd|ld|oloolaonlooddolooldoloooooldolagoloolooolF|F|ITF|F|T|F|O|®»

\

D
qdlw|lo|lo|wv]|o|~|o|lo|lo|~|lo|lo|~|lo|lo|lo|lo|~|ldlalo|ls|lo|laldls|v|lols|aglrrrrw]jo|lo|o|w|o
N[N |V ||| N|N[N|d|N|[N|[@ | N[N o|dfo|o|ld/o|ld oo o|lofo|o(@g|(o|og|o|o|o

Wl o|ld|la|m|t|w|o|~|o|lo|lo|d|ln|o|t|v|/o|~|o|lo|o
JI|ldlN|o|ldg|w|lor|o|lojlold|vN|o|[|w|o|[~]|©0|o

S|lo|lo|lo|o|o|o|o|ld|S|lald|la|d|la|d|d|d|a|a|N

D D [P|O|XO|O 0|00 |00 0 | g g|ldda|ldlaldlaldlald|ld|lAd|A[AdA|A[A| Al A A|A
5 olo|lo|lo|d|ld|d|d|la|lnN ||| oo ot S| w|w|w]|o|lo]|wo]|©
@ || 0|0 0|00 | D D0 g qg|ldld|ld|ld|d|d|d|d|d|d|d |G |QA|la|q|a|lqa|aa|d|aa|a|a]A
~w | [~N|lo|lo|lolo|~|lo|ld|la|o|ta|dls|olo|lald|s|lo|~|lolo|l~|lo|lo|lo|lo~r|lo|lo|~|lo|o|lv|o|o|o]| o
Ald|d|d|q|d|lq|d|ld|la|dld|ld|la|ldalddNNAINNQO N Q]ORN N N]O N N]O QNN

\

i
alo|t || w|w]|o|lo|o|~|lo|lo|lo|~|o|lo|lo|lo|lo|lol~r|dla|lo|t|dla|lo|ls|lalos|dglo~rlolo|wi~|w|o
Adla|ald|dlda|a|lda|A |9 |Q|a|A|9|Q|a|qd|S|qd|NlN|N|ld ||l || |N|NN|NIN|N[R|O||N SN

WNl234567890123478569012345678901234567890

S 3| F| | IF S| F|TF|F|TF [T ||| OO|OB|B|(E|o|lO|o|lo|©w|©|lo|®|O|FR|~|~MIN|NIFK|N|I~M|N|K|[®

s
7 |d|ld|d|d|a|lnav|n|fa|v|fo|olo|lo|d |t S| T ||| T wO|w|w|w|o|o|o|o|lo|o|O|©|N~]|N~|N~]~

o|ld|n|o —|lo|a | N[lo|d|w|jo|ds|m|w|ds|o|lw|m|lo|~|0|lo]|o

I I L IS e It e B R R et e R =N IR I N L IR i I R e I R e e B R e e N = I T I R A T AT = B T B O A= i e I R

e
Al |t | ||| o|o|t|t|d|w]|o|~|o|bv|lo|lo|~|~|lo|lo|w oS d|YNeoS[(SddYYN]o|[Ql[TFR88

|Ml o|ld|lnN|m|t|w|o|l~r|low|lo|lo|ld|la|ot|w|/o|~|lo|lo|lod|lyu|lm|S|w]|o|r|o|lolo

)M1234567891111_1_11_111222222222233333333334

s

93 Ol es ndiga 4

H‘"“_;Jojvw‘{p&iz_;wzjﬂw



70 e i sS dem s —ade S LS

wsae Vo ol 8L ols 54 Jads

ML oSS | oS (if) (l’)\i’) (II:lZ) ML ols s | oS (i]‘) (l:\ly) (Il;z)
1 52 -868 0 -491 5 52 -917 0 -491
37 -996 0 -546 37 -951 0 -546

25 -1091 0 -546 25 -1015 0 -546

28 | -1091 0 -546 28 -636 | 1259 | -428

2 52 -493 | 1245 | -363 6 52 -917 0 -491
37 -996 0 -546 37 -572 | 1303 | -428

25 -1091 0 -546 25 -1015 0 -546

28 | -1091 0 -546 28 | -1015 0 -546

3 52 -917 0 -491 7 52 -917 0 -491
37 -951 0 -546 37 -951 0 -546

25 | -1015 0 -546 25 | -1015 0 -546

28 | -1015 0 -546 28 -636 | 1303 | -428

4 52 -917 0 -546 8 52 -498 | 1460 | -363
37 -572 1259 -428 37 -951 0 -546

25 | -1015 0 -546 25 | -1015 0 -546

28 | -1015 0 -546 28 | -1015 0 -546

&}.AGW;' z)MWf\Jb@b Vo Jgde

e)rirsoss | by | e | wn | T | op | my | S
Ay 19.03 19.03 19.03 19.03 19.03 19.03 19.03
A, 5.27 5.27 5.27 5.27 5.27 5.27 5.27
Ay 19.03 19.03 19.03 19.03 19.03 19.03 19.03
Ay 5.27 5.27 5.27 5.27 5.27 5.27 5.27
As 19.03 19.03 19.03 19.03 19.03 19.03 19.03
Ag 5.75 5.75 5.75 5.75 5.75 5.75 5.75
Ay 17.03 15.39 15.39 15.39 15.39 15.39 15.39
Ag 6.25 5.75 5.75 5.75 5.75 5.75 5.75
Ay 13.79 13.79 13.79 13.79 13.79 13.79 13.79
Ajo 6.25 5.75 5.75 5.75 5.75 5.75 5.75
Ay 5.75 5.75 5.75 5.75 5.75 5.75 5.75
Ay 12.21 13.79 12.21 12.21 12.21 12.21 12.21
Az 6.84 6.25 6.25 6.25 6.25 6.25 6.25
Ay 5.75 5.75 5.75 5.75 5.75 5.75 5.75
Ais 2.66 2.66 3.47 3.88 3.88 3.88 3.88
A 7.44 7.44 7.44 7.44 7.44 7.44 7.44
Ayp 1.84 1.84 1.84 1.84 1.84 1.84 1.84
Ajg 8.66 8.66 9.40 8.66 8.66 8.66 8.66
Ajg 2.66 2.66 2.66 2.66 2.66 2.66 2.66
Ay 3.07 3.07 3.47 3.07 3.07 3.07 3.88
Ay 2.66 2.66 3.07 2.66 2.66 2.66 2.66
Ay 8.06 8.06 8.06 8.06 8.06 8.06 8.06
Ay 5.27 5.27 5.27 5.27 5.27 5.27 5.27
Any 7.44 6.25 6.25 6.25 6.25 6.25 6.25

WJJJ}‘J/JMWW?J‘:‘J ,F'Fij)é)LQJ&M_}‘;\AJLW



b slaoile g UL (sl ol S St ot 55 s

55

s VP U‘L,:A;.:@J.fbla@u Vo Jd aalsl

2 .

(e - I = i

Ays 6.25 5.75 5.75 5.75 6.25 5.75 5.75

A 1.84 1.84 2.26 2.26 2.26 2.26 1.84

Ay 479 4.79 4.79 4.79 479 479 479

Ang 2.66 2.66 3.07 2.66 2.66 2.66 3.07

Ao 3.47 3.47 3.47 3.47 3.47 3.47 3.47

Az 1.84 1.84 1.84 1.84 1.84 1.84 1.84

As 2.26 2.26 3.88 2.26 2.26 2.26 2.26

As 3.88 3.88 3.88 3.88 3.88 3.88 3.88

Ass 1.84 1.84 1.84 1.84 1.84 1.84 1.84

Asy 1.84 1.84 2.26 1.84 1.84 1.84 1.84

Ass 3.88 3.88 3.88 3.88 3.88 3.88 3.88

Asg 1.84 1.84 2.26 1.84 1.84 1.84 1.84

Ay 1.84 1.84 3.47 1.84 1.84 1.84 1.84

Asg 3.88 3.88 3.88 3.88 3.88 3.88 3.88
<oz 035 (D) 1359.781 1337.442 1348.905 1336.634 1336.704 1336.634 | 1336.3502
Sike 035 (D) - - 1367.5275 | 1355.875 1372551 1338.245 | 1338.3399
03 s (Ib) - - 1401.6323 | 1410.611 - - 1345.4180

e Sl il (ID) - - - 18.805 34.706 10.49 2.7087

AT sl - . 90000 23925 16870 24000 60800
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1- Introduction

The construction industry, as one of the most important
parts of the global economy, plays a key role in economic
development, especially in developing countries.
However, this industry constantly faces numerous
challenges such as endless disputes, low productivity, and
poor information and communication management.
Multiple disputes in construction projects not only reduce
project efficiency but also hinder the achievement of
project goals. These conflicts can lead to strained
relationships, project delays, increased costs, and
ultimately, reduced quality and unsuccessful project
completion. Therefore, investigating the root causes of
disputes and developing strategies to prevent them is of
great importance.

This research aims to identify the causes of disputes in
design-build projects and propose preventive measures. To
achieve this goal, a qualitative research method using
thematic analysis was employed. The design-build system,
as one of the project delivery methods, has a relatively
short history in Iran and faces unique challenges. Thus, this
study seeks to answer the question: What factors cause
disputes in design-build projects, and how can these
disputes be prevented?

2-Research Methodology:

This study used a qualitative research approach with
thematic analysis to examine and analyze data. In the first
step, a collection of causes of disputes in the construction
industry was gathered through a review of numerous
articles. In the second step, semi-structured interviews
with experts in claim and contract management were

conducted to identify and differentiate the most significant
disputes and their causes. In the third step, a matrix
questionnaire was used to assess the impact of each cause
on the occurrence of the aforementioned disputes, and the
relationship between disputes and their causes was
specified. In the fourth step, additional semi-structured
interviews were conducted to identify practical ways to
prevent disputes in design-build projects. Finally, in the
fifth step, the validity and reliability of the results were
verified using three different methods (negative case
analysis, member checking, and external audit).

3- Results and Findings:

In this study, 71 primary causes of disputes were identified
and categorized based on the relationships among the four
key stakeholders in design-build projects (client,
contractor, client’s consultant, and contractor’s
consultant). These causes were refined into 11 main
disputes and 22 causes for their occurrence. The 11 main
disputes identified are:

1. Deficiencies in initial studies and errors in the
Request for Proposal (RFP) documents, along with a
lack of proper understanding of the -client’s
requirements.

2. Delays in approving and issuing drawings, work
orders, and meeting minutes.

3. Disagreements over excusable and non-excusable
delays by the contractor.

4. Disagreements over delay costs in the project.

Insufficient payments to the contractor.
6. Ambiguous and interpretable contract terms.
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7. Delays in delivering materials, facilities, and
equipment that are the client’s responsibility.

8. Disagreements over the valuation of new work items.

9. Defective construction.

10. Excessive change orders from the client.

11. Changes in the client’s consultant or key decision-
makers.

Alongside these disputes, 22 causes of disputes were
identified, some of the most important being "weak client
management and leadership," "weak client consultant in
understanding client needs, preparing the RFP, and
drafting clear contracts," "lack of agreed-upon bases for
progress calculations, controls, and delays," and "conflicts
of interest and opportunistic behavior due to lack of
transparency."

Additionally, the relationships between the 11 disputes
and the 22 causes were illustrated through diagrams and
charts, which significantly aided in identifying preventive
measures. In the final stage, through further interviews
with experts, strategies to prevent these disputes were
detailed, stemming from the root causes of each dispute. In
total, 29 practical strategies were identified, categorized
according to the project’s progress stages. Examples
include:

e Determining the location and amount of financial
resources during the pre-approval phase.

e Selecting a professional client consultant after project
approval.

e Drafting clear and unambiguous contracts during the
agreement with the design-build company.

e Holding high-level management meetings during the
occurrence of managerial challenges.

e Implementing phased project delivery during project
execution.

It is worth noting that each of these strategies,
presented in a timeline table, has prerequisites. For
example, "detailed planning and setting project milestones
are prerequisites for phased project delivery," and "good
faith and a win-win approach are prerequisites for holding
high-level management meetings to resolve managerial
challenges."

4-Conclusion:

This research provides a comprehensive examination of
disputes, their root causes, and preventive measures in
design-build projects in Iran. While some causes of
disputes, such as excessive changes or lack of financial
resources, are common across all types of projects, some
disputes and their causes are unique to the design-build
project delivery system. This highlights the importance of
further research in other project delivery systems within
Iran’s construction industry.

The findings of this study can assist project managers,
clients, contractors, and consultants in reducing the
likelihood of disputes by identifying their root causes and
implementing the proposed strategies. These strategies not
only improve project management but also foster more
collaborative relationships among stakeholders.
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Thematic Analysis of Construction Disputes, Their Causes And Prevention resolution In The Design-
Build Project Delivery System

Mostafa Bodaghi Majid Parchami Jalal Ali Mohaghar Esmatullah Noorzai

Abstract T0day, claims and disputes have a great impact on reducing the efficiency of construction industry projects.
Because each of project delivery system has unique relationships among stakeholders and the responsibilities of them are
also formed by these relationships, claims and disputes, causes of claims and disputes, and solutions to prevent of them
are also different in each of PDSs. In this research, with the aim of achieving solutions to prevent claims in design-build
projects, we first identified 71 of the most important causes of claims and then classified them based on the relationships
between stakeholders. After that, we separated 11 main claims from 22 reasons for their occurrence and showed the
relationship between them. Then, by interviews and content analysis of experts' opinions, we presented solutions to
prevent claims separately for each claim and, in conclusion, presented 29 practical solutions in order to application time
in the project as a practical guideline.

Key Words Claim Management, Disputes, Causes Of Disputes, Project and Construction Management, Thematic
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1. Introduction

Civil structures are critical infrastructure assets that require
continuous structural health monitoring (SHM) to prevent
catastrophic failures and minimize associated damages.
Effective damage detection through SHM is essential for
ensuring structural safety and longevity. In recent years,
non-destructive testing (NDT) methods, particularly those
based on vibration analysis, have gained significant
attention. These techniques allow for the assessment of
structural integrity without disrupting operational
functionality. This research evaluates and compares the
performance of various system identification techniques
for extracting modal parameters from both numerically
simulated and real-world structural vibration data.

2. Methodology

This study employed four prominent system identification
methods: Stochastic Subspace Identification (SSI), a time-
domain parametric method; Frequency Domain
Decomposition (FDD) and Polynomial Least Squares
Complex Frequency-domain (PLSCF), frequency-domain
non-parametric and parametric methods, respectively; and
Empirical Mode Decomposition (EMD), a time-frequency
domain method. The efficacy of these methods was
assessed using two distinct case studies: a numerical model
of the ASCE-AISC benchmark structure and experimental
data obtained from the 22 Bahman Bridge at Ferdowsi
University of Mashhad.

3. Case studies

The ASCE-AISC benchmark structure, a 12-DOF
analytical model, was simulated with incorporated noise
and damping effects to provide a controlled environment
for evaluating method accuracy (Figure 1).

Figure 1- ASCE-AISC benchmark structure

The 22 Bahman Bridgeis a single-span bridge
measuring 12.6 meters in length and 3.25 meters in
width (Figure 2). Modal testing was performed
using piezoelectric accelerometers and a 16-channel data
logger to record ambient vibration data. Two different
sensor configurations were employed. Additionally,
a finite element model (FEM) of the bridge, based on field
measurements, was developed in SAP2000 to assess
methods robustness and the effect of sensor
configurations.

Figure 2- 22 Bahman Bridge
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4. Results and discussion

For the ASCE-AISC benchmark structure, the PLSCF
method demonstrated superior accuracy in estimating
natural frequencies, though it exhibited notable sensitivity
to noise. SSI and FDD showed comparable performance,
with FDD offering greater computational efficiency for
large datasets. In contrast, EMD yielded lower accuracy,
especially for higher-order modes, as summarized in Table
1.

For the 22 Bahman Bridge, SSI consistently provided
the most accurate natural frequency estimates, with FDD
also maintaining high accuracy. However, PLSCF showed
some deviations in its estimates, while EMD again
demonstrated the lowest accuracy. The frequency
estimations for the two configurations are shown in Table
2.

Table 1- Estimated natural frequencies (Hz) of the ASCE-
AISC benchmark structure

Method Model | Mode2 | Mode3 | Mode4
Analytical | 9.4109 | 25.5449 | 38.6634 | 48.0073
SSI 9.7496 | 25.8891 | 39.4439 | 48.4052
FDD 9.1553 25,5127 | 37.9028 | 47.3022
PLSCF 9.4181 25.4767 | 38.9618 | 48.3439
EMD 9.258 23.9584 - -

Table 2- Estimated natural frequencies (Hz) of the 22
Bahman Bridge

Configuration | Method | Mode1 | Mode2 | Mode 3
SSl 12.0035 | 49.8247 | 99.7489
1 FDD 11.8594 | 49.7188 | 99.7109
PLSCF | 11.8561 | 50.1249 | 99.812

EMD | 11.4774 | 45.3655 -
SSI 12.082 | 51.1011 | 102.16
2 FDD 12.2422 | 51.2578 | 102.523
PLSCF | 11.8904 | 50.6787 | 102.808

EMD | 11.8015 | 47.386 -

The study compared the estimated mode shapes with
the finite element model, revealing that all methods
successfully captured the fundamental vibration patterns,
albeit with varying degrees of accuracy. The FDD and SSI
methods exhibited the closest agreement with the
analytical model, demonstrating robust performance in
modal identification. In contrast, the PLSCF method
showed a tendency to overestimate modal amplitudes,
particularly in higher-order modes. While EMD proved
effective for extracting low-frequency, dominant modes,
its performance degraded significantly for higher-order
modes. These observations were quantitatively validated
using the Modal Assurance Criterion (MAC) and
Coordinate Modal Assurance Criterion (COMAC), Figure
3 presents the MAC matrix for the first sensor
configuration of the 22 Bahman Bridge.

Figure 3- MAC matrix: Analytical vs. estimated mode
shapes (Config. 1) - 22 Bahman Bridge

For the real-world study, FDD and SSI demonstrated
relative errors below 6% in the first sensor configuration
and below 5% in the second configuration for the first
mode. In contrast, PLSCF showed deviations up to 9%,
and EMD up to 17%. The MAC values indicated strong
overall correlation between estimated and analytical mode
shapes, with FDD consistently yielding the best results.
COMAC analysis showed excellent local agreement,
though only the first two modes were analyzed.

5. Conclusion

This research presents a comparative analysis of SSI,
FDD, PLSCF, and EMD for modal parameter estimation
in structural health monitoring. Through numerical
simulations and field data analysis, the study demonstrates
each method's distinct strengths and limitations. The
results show that FDD and SSI consistently provide the
most accurate and reliable estimations, as evidenced by
their strong correlation with analytical models and superior
MAC/COMAC values.

Key findings reveal that FDD offers particular
advantages for field applications due to its noise
robustness and computational efficiency, while SSI
provides precise modal identification but requires careful
parameter selection. PLSCF proves ideal for controlled
laboratory conditions with known inputs, though it
exhibits limitations in noise-contaminated environments.
EMD remains preferable for non-stationary signal analysis
but requires methodological enhancements to improve
accuracy.
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Comparison of System Identification Methods for Extracting Modal Parameters
(Case Study: 22 Bahman Bridge, Ferdowsi University of Mashhad

Nima Kowsari ~ Zaher Rezaie  Mahmud Hassanpour Golriz  Ahmad Shooshtari*

Abstract System identification plays a crucial role in structural health monitoring. By using damage-sensitive features
such as natural frequencies and mode shapes and comparing these features to the healthy state of the system, damage
can be identified. This paper investigates the efficiency of system identification methods. To this end, the Stochastic
Subspace ldentification (SSI) method in the time domain, the Frequency Domain Decomposition (FDD) and Poly
Reference Least Squares Complex Frequency domain (PLSCF) methods in the frequency domain, and the Empirical
Mode Decomposition (EMD) method in the time-frequency domain were selected for evaluation. To assess the accuracy
of these methods, both numerical and experimental data were utilized. The numerical data were obtained from the ASCE-
AISC benchmark structure, while the experimental data consisted of vibration data obtained from a modal test performed
on the 22 Bahman Bridge at Ferdowsi University of Mashhad. This approach allowed for an evaluation of method
performance under controlled conditions (numerical) and in the presence of environmental noise (experimental). The
results demonstrate that the FDD and SSI methods exhibited superior accuracy and suitability for estimating the modal
characteristics of structures. The PLSCF method proved to be sensitive to environmental noise, leading to errors in the
estimated modal parameters. The EMD method, while suitable for processing non-stationary and nonlinear signals,
exhibited lower accuracy compared to other methods. These findings provide valuable information for researchers in the
field of structural health monitoring in selecting appropriate methods for implementation in real-world applications or
in developing further advancements to these techniques.

Key words System identification, Stochastic Subspace Identification, Frequency Domain Decomposition, Poly Reference Least
Square Complex Frequency domain, Empirical Mode Decomposition
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1- Introduction

The use of Reclaimed Asphalt Pavement (RAP) in asphalt
mixtures is becoming increasingly popular due to economic
and environmental benefits. However, the most important
challenge in using asphalt mixtures with a high percentage
of RAP is the degradation of the bitumen in the RAP,
which, due to oxidation of the bitumen and the passage of
time, increases its hardness, changes its physical and
chemical properties, and reduces its efficiency. Inadequate
performance of asphalt mixtures with proper in-situ
compaction can lead to the formation of fine cracks and
premature failure of the in-situ pavement surface. Many
researchers believe that due to the layered structure of
bitumen in asphalt chips, bitumen always adheres to the
chips and creates dark-colored aggregates. This bitumen
never separates from the aggregates and prevents water
from entering the asphalt chip aggregates, so the chips will
not have any problems with moisture sensitivity. Previous
research results have shown that this is partly true, that
asphalt crumb materials do not perform as well as dark
aggregates in combination with new bitumen, and the type
of aggregate can be influential. This issue has not been
studied in detail to date, and the effect of the relationship
between the degree of denudation before asphalt recycling
and the degree of denudation after asphalt recycling has not
been studied. Examining this issue could lead road
construction professionals and those active in the asphalt
recycling industry to be more sensitive to issues such as
denudation and moisture sensitivity when designing
recycled asphalt mixtures. Therefore, in the present study,
in addition to examining the effect of different asphalt chip
materials, the effect of moisture damage in asphalt chips on
the moisture sensitivity of recycled asphalt mixtures and
the effect of using various rejuvenating agents used in
recycled asphalt mixtures on the moisture sensitivity of
these mixtures are investigated.

2- Methodology

One of the vital infrastructures in the development and
progress of any country is the construction of high-quality
roads with a long service life. The service life of road
pavement has a fundamental impact on the economy of any
society and is recognized as one of the national assets;
therefore, any damage to it will lead to a reduction in the
service life of the pavement and an increase in its related
costs. Therefore, to maintain and maintain urban and
suburban roads for a long time, many roads need to be
repaired and reconstructed. On the other hand, the budgets
allocated for pavement maintenance are not sufficient and
conventional and costly methods have delayed the timely
improvement of roads and reduced the quality and services
provided by pavements. Studies show that the use of
asphalt recycling technology before the complete
destruction of asphalt layers significantly reduces
maintenance costs. In conducting this research, we faced
certain limitations such as laboratory facilities, project
financial resources, etc.; therefore, the hypotheses and
framework of the study were adjusted in such a way that
appropriate and practical results could be achieved despite
the existing limitations. Accordingly, in this research, four
RAPs with percentages of 25, 50, 75, and 100 and three
types of rejuvenators from different groups of rejuvenators
were used. To determine the optimal percentage of
rejuvenators, aged asphalt of recycled mixtures (RAP) was
extracted and then the optimal percentage of each
rejuvenator was determined using conventional bitumen
tests (permeation degree and softening point). By
evaluating the effect of the design material structure on the
volumetric properties of asphalt mixtures, the structure and
granulation that meets the needs of the mixing design and
pavement system were selected from among the different
aggregates. By selecting the design material grading,
asphalt samples were prepared to determine the optimal
percentage of different asphalt mixture conditions, using
the requirements and standards of the Marshall mixing
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plan. Then, for the obtained optimal bitumen percentages,
samples were prepared in specific dimensions according to
the standard of each type of test using a Marshall electric
hammer compactor, and the manufactured samples were
subjected to loading by the desired devices to evaluate
mechanical properties. Finally, the results of each of the
tests performed are presented and discussed.

Determining the mixing
plan for manufactured
mixtures

,, l

Image processing on boiling water
test samples

l

Preparing aggregate and >
bitumen networks

Usin

g Add
diffe ing
rent - Making 80 asphalt mixture Rej
RAP > samples 4 yve
perc - Pre-conditioning the samples in nato
enta saturated conditions and freeze-thaw rs
ges cycles

- Performing boiling water test

- Performing contact angle test
- Performing PULL OFF test

l

Determining the appropriate percentage of
RAP to improve the performance of asphalt
mixtures

Fig. 1. Steps of the research method used in this study.

3- Results

In this section, the results obtained from various
experiments on recycled asphalt mixtures containing
different percentages of different chips from urban roads in
the two provinces of Mazandaran and Golestan, and the
Hemmat and Babaei highways, and the three rejuvenators
of sunflower oil, cyclogen, and vacuum batum are
presented.

The results of the adhesion and cohesion strength in the
PULL OFF test of the mixtures made in dry and wet
conditions show that limestone has higher adhesion and
cohesion values with the base bitumen in both dry and wet
conditions and in all four types of aggregates. However,
with the addition of a rejuvenator, the adhesion and

cohesion strength in the dry state of limestone decreases
and increases in the wet state; therefore, it can be stated that
the addition of rejuvenators to recycled bitumens can have
a significant effect on increasing adhesion. Also, the use of
recycled chips with different percentages and different
rejuvenators can help improve the performance of asphalt
against tensile forces.

The results of the surface free energy measurements of
the bitumens used in this study show that the rejuvenator-
modified bitumen has a higher total surface free energy
compared to the base bitumen, which causes this bitumen
to experience less cohesion failure compared to the base
bitumen. The surface free energy measurements of the
bitumens from different samples showed significant
differences. The rejuvenator-modified bitumens showed
that they have a higher surface free energy, which could
mean improved adhesion properties and reduced
probability of failure between aggregates. Comparison of
the results with the data available in the literature showed
that increasing the percentage of rejuvenator effectively
affects the stability and performance of asphalt. In other
words, the findings of the present study indicate the
improvement of asphalt performance by using rejuvenator
compounds and recycled chips.

4- Conclusion

The most important results obtained from this study are
briefly stated below:

- Samples with calcareous chert had the highest chert
coverage (80.618 percent) and siliceous chert with a
coverage of 51.340 percent resulted in the lowest
coverage.

- According to the results of the moisture sensitivity test,
mixtures containing limestone and asphalt recycling
materials have greater resistance to moisture damage with
increasing RAP percentage, and cyclogen rejuvenator can
also be more effective than other rejuvenating materials,
but with increasing RAP percentage, the performance of
the rejuvenators becomes completely homogeneous.

- By examining the results of the PULL OFF test, it can be
concluded that the use of rejuvenators, especially cyclogen,
in modifying the surface of limestone leads to increased
adhesion and cohesion. These can be used to improve the
performance of stone materials.

- The results of measuring the surface free energy
components of the bitumens used in this study show that
the bitumen modified with a rejuvenator has a higher total
surface free energy compared to the base bitumen, which
causes this bitumen to experience less cohesion failure
compared to the base bitumen.

- Multivariate regression model for predicting moisture
deterioration behavior of recycled asphalt mixtures shows
that variables such as recovery percentage (RAP), sand
index, and Gastel index have a large impact on TSR values,
and these variables are more sensitive to moisture changes.
The TSR model is presented with high accuracy and low
error, which indicates the good performance of the model
in predicting moisture deterioration behavior of recycled
asphalt mixtures.
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Improving the Performance of Reclaimed Asphalt Pavement (RAP) Mixtures Against
Moisture Damage Using Rejuvenators

Hamidreza Eftekhari Paraham Hayati Ali Moniri

Abstract In this study, the effect of recycled asphalt chips, their percentage of use, and oil-based rejuvenators on the
moisture deterioration properties of asphalt mixtures was investigated. The bitumen used in this study was PG 64-16. In
order to determine the moisture deterioration parameters, surface water energy tests on bitumen, boiling water test (along
with image processing to analyze the extent of deterioration) and PULL OFF were performed on mixtures containing
recycled asphalt chips. The results showed that changes in the composition of chips and the addition of rejuvenators have
a significant effect on the resistance of mixtures to moisture deterioration. Also, asphalt mixtures containing limestone
have higher adhesion and cohesion values with the base bitumen in both dry and wet conditions. However, with the
addition of rejuvenator, the adhesion and cohesion strength in the dry state of limestone decreases and increases in the
wet state. The results of the PULL OFF test indicate the importance of rejuvenators in improving the adhesion of
aggregates and the cohesion of mixtures to the road surface. Also, the results of measuring the surface free energy
components of the bitumens used in this study showed that the bitumen modified with a rejuvenator has a higher total
surface free energy compared to the base bitumen.

Key Words Recycled asphalt mixture, Chip percentage, Moisture damage, Rejuvenating materials, Indirect tensile strength resistance
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