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1. Introduction

A fundamental challenge of water management in river
basins is that societies, in pursuing economic development
and rapid growth, often neglect environmental capacity
and ecological limits. Persisting in this pattern, as Hardin’s
“tragedy of the commons” suggests, leads to growing
competition among users and gradual degradation of
unowned, overused resources. The Zayandeh Rud basin,
as a common-pool resource, has seen intensified
competition among stakeholders, rising demand,
diversified uses, and the emergence of formal and informal
water reallocation patterns over the past two decades—a

commons” within a framework that integrates social and
ecological dimensions.

2. Methodology

The modeling steps are summarized below (and illustrated

in the flowchart):

1. This study employs a combined theoretical—
guantitative approach to examine historical changes in
the flow regime and the weakening of the Zayandeh-
Rud River in past and recent periods.

2. Using the WEAP model (2006-2021), we then
simulate the dynamics of competition, resource

pressure, and conflict formation due to water scarcity.
Finally, the socio-ecological status of the basin is
evaluated using the Water Resource Carrying
Capacity Index (WRCC) across three time periods.
4{ Historical analysis of observed flow data” |

|

Periods 2006-2021

trend with significant socio-ecological consequences.
Therefore, it is essential to examine “competition,” “silent 3.
reallocation,” and the potential for a “tragedy of the

Periods 1990-2005

| Analysis of the supply—
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Figure. 1: Flowchart of the overall research methodology
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3. Results

The first part of the review presented the status of water
reallocation (Table 1). The overall comparison between
long-term and recent periods indicates that approximately
400 MCM have been withdrawn from downstream areas
and transferred upstream of the Polekaleh station.
Following calibration and based on the WEAP model
results, Water Resources Carrying Capacity indices were
calculated. Figure 2 reveals a gradual deterioration in the
balance between pressure and support across three time
periods, shifting from a "carrying"” to a "overload" state.
Concurrently, the comprehensive carrying capacity index
has remained in the "poor" range in most years after an
initial short period of favorable conditions. These results
indicate that in recent years, particularly with increased
withdrawals and growing demand, the basin has exceeded
its natural and social capacity, demonstrating the
occurrence of a tragedy of the commons.

4. Conclusions

This study employed a combined theoretical-quantitative
approach, utilizing the WEAP model and the Water
Resources Carrying Capacity Index (WRCC or WECCI),
to examine the Zayandeh-Rud basin through the lens of the
tragedy of the commons. The results revealed that human
pressure and diminished natural support have shifted the
system from a stable to an overloaded state, with the
ecological index remaining in the poor range for most
years. The phenomena of silent reallocation and hidden
extraction have created a cycle of individually rational
actions leading to catastrophic collective outcomes, which
aligns with Hardin’s theory. Nevertheless, governance
structures and development policies have played a major
role in intensifying competition and the water crisis.

Table 1: Comparison of average water consumption of Zayandeh-rud upstream and downstream of Polekaleh and review of
reallocation (MCM)

Averade Averade Long-term Recent changes Recent changes
Period/ Station g g average (1970- | compared to the relative to the
(2006-2021) | (1990-2005)
2005) past long-term
Consumption from the
regulating dam S. to 474.2 195.3 65 +279 +409.2
PoleKalleh S.
Consumption from the
PoleKalleh S. to Varzaneh 671.7 1137.1 1104.1 -465.4 -432.4
S.
Sum 1145.9 1332.4 1169.1 - -
! ! PS
35 2006-2010
° 2011-2015
L]
‘. 25
™ 05 . . 2 2
L ] [ ] - -
15
¢ 1
L ® ¢ i
. o. 0.3
0 (= 0 1 5
0 0.3 ! Periods

51

Figure. 2: Annual and period-averaged pressure-support index values and their classification grade change.
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Analysis of Tragedy of the Commons the Ory Based on the Concept of Water Resources Carrying

Atiyeh Fatehifar Mohammad Reza Goodarzi Ali Talebi

Abstract Unsustainable water resource management, especially in stressed basins, is a concrete example of the tragedy
of the commons, where prioritizing short-term economics pushes the performance of natural systems to breaking points.
The emergence of competition from this development creates irreversible conditions for water resources in the long term.
The Zayandeh-Rud basin serves as a common-pool resource for stakeholder competition and water reallocation.
Therefore, in this study, with a theoretical-quantitative approach the flow change process was first analyzed, then the
dynamic competition and exploitation in the Zayandeh-Rud basin was simulated using the WEAP model. In the final step,
the socio-ecological status of the basin was assessed using the Water Ecological Carrying Capacity Index framework
and Hardin's perspective in the form of the Pressure-Support-Status (PSS) structure. The results on an annual scale and
in three five-year periods (2006-2010), (2011-2015) and (2016-2021) show that the balance between pressure and
support has gradually deteriorated in the three time periods and has changed from a carrying capacity state to an
overload state (increasing from 0.3 to 1.1 and then 3.8). At the same time, the WECCI has fallen to the “poor” and
“extremely poor” range in most years. The results indicate that in recent years, especially with the increase in
abstractions and the growth of demand, the basin has exceeded its natural and social capacity and has revealed the
occurrence of a tragedy of the common resources.

Key words Future of commons, Water reallocation, Zayandeh-Rud basin, WEAP, PSS.
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1. Introduction

Construction projects, characterized by their intricate
nature and high interdependence of components, are
perpetually plagued by challenges such as delays, rework,
and cost fluctuations. This research is formulated to model
and simulate the System Dynamics (SD) governing these
projects within the Iranian context. The primary objective
is to identify the underlying feedback structures, critical
variables, and complex interactions that indirectly
influence  productivity and project duration. A
comprehensive literature review highlighted a gap: despite
the existence of SD models for analyzing delay factors or
the impact of BIM, no holistic model specifically
addresses the dynamic structures of Iranian projects,
focusing on managerial and financial factors (e.g.,
liquidity and payment delays). This identified gap serves
as the main motivation for this study.

2. Methodology
The research methodology is firmly rooted in System
Dynamics (SD) Modeling. This approach enables the
representation and simulation of system behavior over
time, particularly in the face of delays and complex
feedback loops. The model is constructed based on six key
causal and feedback loops. These loops illustrate factors
such as the iterative effect of remaining work on the
demand for resources (machinery and manpower), the
impact of reduced safety compliance on legal and
contractual issues, and most crucially, the relationship
between payments to the contractor, employee
motivation, productivity, and the work progress rate.
Variables such as the number of machinery, machinery
efficiency, workspace size, maintenance, and resource
allocation are incorporated to provide a comprehensive
picture of the project’s operational flow (Fig 1).

The structural and behavioral validity of the developed
SD model was examined through a multi-phase
verification process. Initially, the causal loop diagrams

were refined based on experts’ feedback, followed by
sensitivity analysis and behavioral comparison between
the simulated results and real project data from Iranian
construction cases. The modeling process in Vensim PLE
consisted of qualitative and quantitative stages, where
mathematical formulations were derived for each stock
and flow variable to represent the dynamic
interdependencies among financial resources, workforce
motivation, training, and contractual issues. In this study,
the accuracy of the model was investigated by structural
analysis test, structural behavior test, ultimate limit test,
and reference behavior reconstruction test. Fig 2 shows the
accuracy and validity of the model based on the structural
evaluation test. This level of validation ensures that the
model reliably reproduces the actual behavior of
construction projects and serves as an effective analytical
tool for testing managerial policies in nonlinear and
complex environments.

3. Findings and Scenario Analysis

System behavior was simulated under Scenario One

(Current  Conditions) to benchmark the baseline

performance of key variables. Subsequently, two policy-

driven scenarios were examined:

1. Scenario Two (Personnel Rigor): This scenario
assumed reductions in training, R&D investment, and
the ratio of salary to work volume, coupled with a
significant increase in employer delays in payments
(up to 60 days). Results indicated that while delayed
payments directly affect the contractor’s liquidity and
morale, the reduction in investment in training and
R&D introduces long-term detrimental effects on
quality and the rate of correct work completion.

2. Scenario Three (Impact of Employer’s Refusal to
Change Execution Method): This scenario focused on
the consequences of the employer’s inflexibility in
adopting optimized execution methods, which
directly strains the budget and schedule.
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Scenario analysis revealed that the project behavior
exhibits a markedly nonlinear response to managerial and
operational parameters. Even slight improvements in
workforce training and motivation can lead to significant
acceleration in project completion, while managerial
interferences or frequent scope changes tend to accumulate
and amplify delays over time. These insights highlight that
preventive and stability-oriented policies—such as
maintaining scope consistency, strategic human resource
planning, and performance- based management—are far
more effective than reactive measures once delays have

delay effect

|
Number of Task Per 1 Max Overtime
Person work pressure 6 p« persony
/ ~ inabvaue
ove (ﬂllll!

pr:dlcl of remain
pm_lecmn time

working

needed workers Number of machine

Dtime

total works

—*desired rate of duration
construction
e

occurred. The developed system dynamics model, through
simulating these complex interactions, provides a robust
decision-support environment for testing managerial
strategies prior to implementation, enabling project
managers to assess potential impacts on productivity,
quality, cost, and schedule in a controlled simulation
space.

The findings strongly suggest that stable and timely cash
flow to the contractor acts as a vital balancing loop capable
of moderating the adverse effects stemming from initial
poor design quality or necessary rework.

done pmjcc(
durzhon W

Actual Dehy

payi: to the

initial project contractor

Rate of payement
to contractor

-~ changes in
Methods

< / with -mr

Undiscovered
Rework

pc\\orl

|
b dlsm\ ering rate

> fatigue Y

Number ofMeeing ™~ / g o
PerTask Number of Weather /
stakeholders meeting[

nonnal time to
discovering rework

works T R

progress rate
\
\
Work Done \
correctly ——
Completion Rat initial total
ompletion c\\m”sw st
Tnital Vaue of \ l

Productiity delay in paying 4—————— Contractor

producmﬂ/ personels fee delay
Dela\ mne Lookl-p /
Sansfachon

Educamz

Identifing pcrsonel ?
Number cf suppler supplms Wtk eve \\ New ( _"\ N
foratask Technol orkes
\ [ Normal delay time A e ‘og::s ~—a»
for paying fees P‘"‘a‘;‘ °f s;]ary |
\ Administrative and i \
\ - legalissues  —s—pp- changes in s
Number cfmeeting rate of increase deleting issues Methods rate -
perfinance issues o 7“
4
e _EEIEPT \ i Q\ Costof Changein /4 \ =
time to deleting e / disco
issues \
Costof O8M Viorkes
/ Costof Rework

CostofRED

Fig 1. Flow state diagram for research problem

construction

<

predict of remain
projection time OV\

M predicted Delay of «—=——d¢lay,

—"work pressure

T duration works>
Remained
initial project finance [~
duration
x| total payment t

Message from Vensim

progress rate

the contractor

total wor!

[4

s
rework
discovering rate,

normal time to
discovering rework |

|0 Modelis OK.

LS\ .
delay in paying <4—
rsonels fee
O&M workes, . %

Number of
machines

Satisfaction
/“”/f\%m’u(

Fig 2. Structure analysis test




25

Ferdowsi Civil Engineering, 39, 2, 2026.

4. Conclusion and Future Directions

The developed model provides a robust framework for
understanding the dynamics of construction delays in Iran.
For future studies, further model refinement is strongly
recommended, including the detailed modeling of
procurement risks, macroeconomic conditions, and the
integration of this SD model with other approaches like
Building Information Modeling (BIM) to quantify the
benefits derived from reducing design errors.

In future research, expanding the proposed SD
framework through integration with Building Information
Modeling (BIM) and Artificial Intelligence (Al) can
substantially enhance managerial insight into the complex
dynamics of construction projects. The coupling of SD

with BIM allows dynamic behaviors to be visualized
within a three-dimensional project environment,
facilitating more accurate prediction of delays, activity
interferences, and the consequences of operational
decisions. Moreover, applying machine learning
algorithms to automatically calibrate model parameters
will improve adaptability and predictive accuracy based on
real project data. This extension will pave the way for an
intelligent decision-support system, capable of assisting
managers in strategic planning and performance
optimization across large-scale infrastructure projects.
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System Dynamic Based Project Duration Simulation of Construction Projects

Yaghoub Alipouri Zahra Tajabadi

Abstract In this study, after identifying the factors and parameters affecting the duration of construction projects, the
system thinking approach and system dynamics method are used to find the root causes, relationships and feedback
between the factors. Library studies were used to identify the factors affecting the duration of the projects and Delphi
interviews with 22 experts were used to improve and supplement these factors. Then, a conceptual model based on causal
loops is presented to better understanding of the relationships between variables. Afterwards, using the approach
governing the system dynamics method, a flow diagram is compiled to better understand and learn and also to more
dynamic analysis of the research problem. The accuracy of the accumulation flow model has been measured with some
tests, including reviewing and evaluating the behavior and structure of the model, and also four main scenarios were
formulated for implementing different executive policies. Based on the results, the behavior and performance of the model
have been evaluated and analyzed. The results obtained from the evaluations confirm the correct performance of the
proposed model. Simulation results across four scenarios demonstrated that the most effective levers for project
acceleration are the minimization of owner-driven scope/method changes and the strategic investment in human resource
development (training and fair compensation), which significantly mitigate project delays by improving system efficiency.
It is hoped that the understanding gained from this learning system will provide the necessary basis for making better
and more efficient decisions in the field of project time

Key words Scheduling program, Project management, Systems dynamics, Causal loops, Construction projects.
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1. Introduction
The rotary gate is an innovative structure designed for
upstream water level control (Marashi et al., 2019). It
operates by rotating around a vertical axis and offers
several advantages, including low actuation force, rapid
response time, reduced sediment accumulation, and the
elimination of sealing requirements during operation.
Previous studies have shown that both the gate opening
angle and the submergence ratio significantly influence the
discharge coefficient. Accordingly, empirical relationships
were developed to estimate discharge under varying flow
conditions (Marashi et al., 2021). Moreover, experimental
investigations involving semi-circular rotary gates installed
in rectangular channels with gradual transitions revealed
that increasing the opening angle or decreasing the
transition length enhances the discharge coefficient
(Khairaei et al., 2025).

The present study examines the hydraulic behavior of
a semi-circular rotary gate placed in a rectangular channel
featuring a gradual transition. The effects of gate opening
angle, transition length, and flow discharge on flow
distribution and energy loss are analyzed. In addition,
empirical relationships are proposed to estimate the
discharge passing through both sides of the gate and the
associated energy loss under free-flow conditions. These
relationships aim to provide a comprehensive evaluation of
the gate's performance as a dual-purpose structure for both
water level control and flow measurement.

2. Materials and Methods

Experiments were conducted in a rectangular laboratory
canal measuring 12 m in length, 0.6 m in width, and
0.5 min height, with a longitudinal bed slope of 0.00088.
Flow was supplied by a centrifugal pump from an
underground reservoir to a constant-head tank. The flow
rate was measured upstream using an electromagnetic
flowmeter with an accuracy of £0.01 L/s. A hinged gate

was installed at the downstream end of the flume to
maintain free-flow conditions. Flow velocity was
measured using a three-dimensional (3D) velocimeter.
Gradual transitions from a rectangular to a semicircular
cross-section were fabricated from galvanized steel sheets
with a thickness of 0.004 m. Three transition lengths
were considered: 0.6,0.9,and 1.2 m. The transitions were
designed to be smooth and continuous in order to minimize
geometric discontinuities and associated flow instabilities.
The downstream end of each transition was connected to a
semicircular frame with a diameter of 0.6 m, which
served as the mounting structure for a semicircular rotary
gate. The gate was constructed from 2 mm thick steel,
and its opening angle was adjusted using a graduated ring.
Gate opening angles were tested from 35° to 85° in 5°
increments, while flow rates ranged from 0.020 to
0.038 md/s with an interval of 0.002 m?3/s. Figure 1
shows different implementations of the physical model.

Figure 1 Different parts of the physical model

3. Results and Discussion

Analysis of the flow through the rotary gate in a
rectangular channel indicates that the impact of the flow
on the gate edge causes it to split into left and right sides,
each with distinct cross-sectional areas and flow
characteristics. The results show that the right-side cross-
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section is mostly located on the fixed semi-circular
transition and is not influenced by the upstream gradual
transition length, but increases solely with the gate opening
angle. In contrast, the left-side cross-section depends not
only on the gate opening angle and flow depth but also on
the length of the gradual transition; the shortest transition
produces the largest left-side cross-section, while the
longest yields the smallest. This difference leads to the
right-side cross-section being smaller than the left for a
given opening angle, and the total flow through the gate
(Aw = Ar + Ay) is influenced by both the transition length
and opening angle.

The transverse water surface profiles show that increasing
the gate opening angle reduces lateral variations,
improving flow depth uniformity. The largest depth
fluctuations occur at 35° and the smallest at 85°. To control
non-uniformity, gradual transitions of different lengths
and precise gate angle adjustment proved effective.

The flow velocity distribution differs between the two
sides of the gate. On the right side, velocities are higher
but decrease as the gate opening angle increases. In
contrast, the velocity on the left side remains nearly
constant regardless of the opening angle. This indicates
that the increased flow rate through the left side is
primarily due to the enlargement of its cross-sectional area
rather than a change in velocity.

Analysis of the flow split between the two sides reveals
that increasing the gate opening angle raises the proportion
of flow passing through the left side while reducing that
through the right side. Additionally, variations in the
gradual transition length alter the flow distribution
between the two sides. Despite these changes in flow
distribution, the total flow rate through the gate remains
nearly constant and exhibits a linear relationship with the
opening angle. Figure 2 shows the changes in the
percentage of flow passing through the left and right
sections of the rotary gate as a function of its opening
angle.
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Figure 2 The changes in the percentage of flow passing
through the sides of the gate due to changes in the gate
opening angle.

Finally, the following equations are proposed to
calculate the flow rate passing through the left and right
sides of the rotary gate as a function of the gate opening
angle and the gradual transition length.

Qe _ (0.769-0.2540+0.076 -1)x100 (1)
Q B

% — (0.231+ 0.2549—0.076%) <100 @

In these equations, the opening angle (8) is expressed in
radians, the transition length (L) in meters, the canal
width (B) in meters, and the flow rate ratios as percentages.

Energy loss analysis indicates that the highest losses
occur at small gate openings (35°), while the lowest losses
are observed at large openings (85°). The gate opening
angle is the most significant factor influencing relative
energy loss, with the transition length playing a secondary
role (Figure 3).

Experimental data and corresponding calculations
reveal a nearly linear relationship between flow rate and
energy loss. Furthermore, the estimated relative energy
loss shows good agreement with laboratory measurements.
The following equation is proposed to calculate the
relative energy loss of the rotary gate under free-flow
conditions.

70

s LT=0.6 (m)

60 * o LT=0.9 (m)
. LT=1.2 (m)

50 Lo

£ a0 h

E 30 NN

st

20 b.::-.._‘:-_-_;%_b‘
10
0

30 40 50 60 70 80 90

(]
Figure 3 Effect of gradual transition length on relative
energy loss
AE
—=1-¢ (3)
E

1

£=0.090+0.5130— O.OlOI%BT 35°<6<85° 4)

4. Conclusion

The results indicate that the interaction of the flow with the
edge of the rotary gate causes flow separation and lateral
variations in the water surface profile. Increasing the gate
opening angle reduces these variations, with the most
pronounced effects observed at 35° and the least at 85°.

Flow velocity and discharge are higher on the right side
of the gate; however, they decrease as the opening angle
increases, while the flow on the left side increases
correspondingly. The length of the gradual transition also
influences the discharge distribution: increasing the
transition length reduces the left-side discharge and
increases the right-side discharge.

Higher flow rates result in greater energy loss, although
this effect diminishes as the gate opening angle increases.
Finally, precise empirical relationships are provided for
calculating the discharge through both sides of the gate and
the associated energy loss under free-flow conditions.
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The Effect of Installing Semi-circular Rotary Gate in Rectangular Canals on Flow Hydraulics
Mehrdad Kheiraei Hojjat Allah Yonesi Babk Shahinejad Hassan TorabiPoudeh Ava Maraashi

Abstract In this study, the hydraulic performance of a semi-circular rotary gate, along with a gradual transition with
three different lengths in a rectangular canal, was investigated. Experiments were conducted using various flow rates,
upstream water depths, and gate opening angles. The interaction of the flow with the edge of the rotary gate causes flow
division and lateral variations in the water surface. Results showed that these variations decrease as the gate opening
angle increases, with the highest instability occurring at an angle of 35 degrees and the lowest at 85 degrees. The velocity
and discharge on the right side of the gate were higher, but both decreased with an increase in the gate angle. The velocity
on the left side was almost constant, but the discharge increased due to a larger flow cross-section. More flow was
diverted to the left side with an increase in the gate opening angle. The discharge on the right side was increased while
the discharge on the left was decreased by increasing the length of the gradual transition. Increasing the gate angle or
reducing the transition length resulted in a greater share of flow passing through the left side overall. Energy loss
increases directly with flow rate and has an inverse relationship with the gate opening angle. The highest energy loss
occurred at a 35-degree opening and the lowest at 85 degrees. Finally, relationships are presented that determine the
discharge through both sides of the rotary gate and the energy loss in this structure.

Key words Semi-Circular Rotary Gate, Energy loss, Free Flow, Flow Distribution, Rectangular Canal.
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1. Introduction

Asphalt mixture is a temperature-sensitive material. High
temperatures make asphalt mixture susceptible to rutting
and reduce its service life, while low temperatures can lead
to thermal cracking in asphalt pavements, primarily due to
increased tensile stress as pavement temperature
decreases[1-9]. To enhance the properties of pure bitumen
and improve asphalt mixture performance, bitumen
modifiers are commonly used today. These additives can
reduce temperature-induced stresses, thereby increasing
the service life and resistance of asphalt pavements
[10,11]. One promising approach involves thermal energy
storage (TES) systems in asphalt mixtures through phase
change materials (PCMs). PCMs can store and release
energy based on latent heat during phase transition
between melting-freezing cycles [13-21]. In recent years,
researchers have employed PCMs for thermal control of
asphalt mixtures. Studies indicate that the phase change
temperature should be 30-60°C with appropriate melting
enthalpy for pavement applications [11,22-27]. Adding
PCMs to asphalt mixtures can control temperature
fluctuations that might otherwise lead to heat-induced
distress such as rutting [3,12,28-30]. Various methods
exist for incorporating phase change materials in asphalt
pavements, with composite PCMs (CPCM) being one of
the most important. CPCM is fabricated by mixing PCMs
with porous materials [36,37]. The effectiveness of
composite PCMs often depends on stabilization and
encapsulation strategies to reduce PCM migration in the
molten state and improve heat transfer. Coconut oil, as a
natural phase change material, has attracted researchers'
attention due to its unique characteristics and
environmentally friendly nature. This material exhibits
suitable melting point, high thermal capacity, and good
thermal stability, making it appropriate for thermal energy
storage applications [45]. Polyaniline (PANI), a
conductive polymer, has been employed as a conductive
and solid phase in the CO/PANI system within a composite
PCM framework. This polymer possesses significant
electrical and thermal properties that can enhance PCM
performance [46]. Based on previous studies and the

pavement industry's need for proper thermal energy
storage and release control, this research utilizes coconut
oil (CO) as a phase change material and polyaniline
(PANI) as a conductive material. This PCM can store and
release thermal energy at phase change temperature,
providing an appropriate solution for controlling asphalt
mixture temperature and ultimately preventing thermal
distress in asphalt pavements. This study investigates the
chemical properties and Superpave tests of bitumen
containing PCM at 3%, 7%, and 10% concentrations.

2. Experimental Program

2.1. Materials

Aniline (C6H5NH2), hydrochloric acid (HCI 37%), and
ammonium persulfate [(NH4)25208] were procured from
Aldrich and Merck companies. The bitumen used in this
research has a penetration grade of 60/70.

2.2. Synthesis of Polyaniline

For polyaniline (PANI) synthesis, 5 mL of aniline
monomer was added to an aqueous solution containing 5
mL of hydrochloric acid (1 M) under continuous stirring
to create a homogeneous acidic environment. The mixture
was then cooled and maintained at a controlled
temperature of 0-5°C to control reaction rate and ensure
better uniformity and reproducibility of PANI formation.
Subsequently, an ammonium persulfate solution (0.1 M in
HCI) was added dropwise over 30 minutes to act as the
primary oxidant (oxidative polymerization initiator). The
resulting mixture was stirred at controlled temperature for
4 hours to complete the polymerization process, with dark
green color indicating PANI formation. The synthesized
PANI was separated by centrifugation and washed several
times with deionized water to remove unreacted aniline
and byproducts. After washing, PANI was dried under
vacuum at 40°C for subsequent use.

2.3. Preparation of CO/PANI Composite
To prepare the phase change material, 10 mL of distilled
water was added to 10 g of coconut oil. The prepared PANI
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was then mixed with coconut oil at a 1:1 weight ratio. The
mixture was stirred at a controlled temperature of 50°C
with a speed of 500 rpm for 2 hours to ensure more uniform
dispersion of PANI in the oil phase and formation of a
CO/PANI composite system.

2.4. Preparation of PCM-modified Bitumen

The phase change material (PANI/CO-PCM) was
incorporated into bitumen at weight percentages of 3%,
7%, and 10%. The mixture was heated to 160°C and stirred
in a high-shear mechanical mixer at 3000 rpm for 30
minutes to ensure homogeneity. After mixing, the
composite was gradually cooled at room temperature to
obtain a stable PCM-bitumen composite (PANI/CO-
PCM/B). The cooling process prevents separation and
ensures uniform distribution of PCM in the bitumen.

3. Results and Discussion
3.1. Chemical Characterization

PANI/CO-PCM

3300-3400 hAd i
2000 1750 PANI

700

2020-2850 1750 1150-1250

r T T T T T T

4000 3500 3000 2500 2000 1500 1000 500
Wave number(cm™ 1)

Figure. 1: FTIR analysis results

FTIR spectra confirm successful CO/PANI composite
formation with preserved functional groups of both
components [47-51]. DSC results show Tg decreases with
PCM addition, indicating improved low-temperature
flexibility. Melting enthalpy increases by over 90%,
demonstrating enhanced thermal energy storage capacity.

3.2. Rheological Characterization

Viscosity remains below the 3 Pa-s standard requirements.
DSR results show improved rutting resistance with PCM
addition.

Table 1: RV result

Sample Viscosity (pa.s)

Bitumen 0.407
Bitumen + 7% pcm 0.487
Bitumen + 10% pcm 0.509

Table 2: DSR result

Material Value Specification
unaged bitumen G*/Sind 21.0kpa
RTFO residue G*/Sind 222kpa
PAV residue G*Sind <5000 kpa

Viscosity remains below the 3 Pa-s standard requirement.
DSR results show improved rutting resistance with PCM
addition. BBR results indicate pure bitumen performs at -
12°C, while PCM-maodified bitumen performs at -18°C.
MSCR test shows 231% increase in creep recovery for
10% PCM sample, indicating significantly enhanced
rutting resistance.

Table 1: BBR results

-12 -18 -24
S m S, m S m
Specification <300 =203 <300 =203 <300 =203
P Mpa Mpa Mpa Mpa Mpa Mpa
Bitumen 171 0.307 309 0.262
Bitumen + 7% pcm 261 0312 459 0.263
Bitumen + 10% pcm 229 0313 440 0.267

4. Conclusions

The results of this research are as follows:

1. PCM addition reduces glass transition temperature
(Tg) and improves low-temperature flexibility. BBR
results show low-temperature performance grade
improves from -12°C in pure bitumen to -18°C in
PCM-modified samples.

2. DSC analysis confirms over 90% increase in thermal
energy storage capacity, with melting enthalpy
increasing from 1.22 J/g to 2.17 J/g for 10% PCM
samples.

3. Rotational viscosity remains within acceptable limits
(<3 Pas), ensuring proper workability for mixing and
paving operations.

4. MSCR test demonstrates 231% improvement in creep
recovery for 10% PCM samples, with reduced Jnr
values indicating enhanced resistance to permanent
deformation and rutting.

5. FTIR, XRD, and FESEM analyses confirm successful
CO/PANI composite synthesis with preserved
functional groups and stable structure within the
bitumen matrix.
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Experimental Evaluation of Energy Storage and Rheological Properties of Bitumen Incorporating
PANI/CO PCM

Sayyed Hamid Kamali Nasab, Sayyed Ali Hosseini

Abstract Extreme fluctuations (sharp increases and decreases) in asphalt mixture temperature can cause distress such
as rutting at high temperatures and th ermal cracking at low temperatures in asphalt pavements.The purpose of this study
is to evaluate the impact of incorporating phase-change material (PCM) as an additive in asphalt binder to control the
temperature of asphalt mixture. For this purpose, polyaniline (PANI) was utilized as the conductive material, while
coconut oil (CO) was employed as the phase change material. This PCM was blended with asphalt binder at weight
percentages of r7 vz and -7 A comprehensive testing program was conducted including Differential Scanning

Calorimetry (DSC), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning
Electron Microscopy (FESEM), Rotational Viscosity (RV), Dynamic Shear Rheometer (DSR), Bending Beam Rheometer
(BBR), Pressure Aging Vessel (PAV), RTFO and Multiple Stress Creep Recovery (MSCR) tests. DSC results confirm an
increase in the thermal energy storage capacity of the modified bitumen, demonstrating over 90% improvement in energy
absorption. Analysis of the BBR data—specifically the creep stiffness (St) and m-value—indicates that the low-
temperature performance grade of the pure bitumen is -12°C, while for the PCM-modified samples, it improves to -18°C.

Key words Phase change material, Polyaniline, Bitumen, Coconut oil, Composite energy storage, Rheological properties.
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1. Introduction

Truss retaining systems are extensively utilized as an
effective stabilization technique for urban shallow to
medium-depth excavations. In conventional engineering
practice, the design of these structures is predominantly
governed by Rankine’s classical lateral earth pressure
theory, which assumes a linear, triangular stress
distribution. However, this simplified approach fails to
account for the complex, three-dimensional soil-structure
interaction, spatial variation in structural rigidity, and the
consequential stress redistributions. The primary objective
of this extended abstract is to critically re-evaluate
Rankine’s assumptions for truss systems, highlighting the
profound impact of the soil arching effect on the non-linear
distribution of lateral earth pressure and its direct
implications on structural member design.

2. Numerical Modeling and Methodology

To accurately capture the soil-structure interaction and the
non-linear response of the retained soil mass, an advanced
three-dimensional continuum modeling approach was
adopted using FLAC3D version 6.0. The soil medium was
simulated using the Hardening Soil (HS) constitutive
model, which is highly capable of representing stress-
dependent stiffness and yielding phenomena typical in
excavation-induced unloading paths.

A comprehensive parametric study comprising 20
distinct scenarios was executed, investigating excavation
depths of 4, 7, and 10 meters across four varying soil
densities (loose to very dense), as well as different
cohesion and surcharge values. Structural components,
including vertical piles and inclined braces, were modeled
as structural elements, while the soil-structure interface
properties were assigned a strength reduction factor of 2/3
relative to the surrounding soil’s shear strength. The
geometrical configuration and the specific layout of the
structural members for varying excavation depths are

thoroughly illustrated in Figure 1.

(a) (b) (c)
Figure. 1: Geometrical configuration and member layout of
the truss retaining system for various depths

3. Results and Discussion

3.1. Lateral Pressure Distribution and the Arching
Effect

The numerical simulation results reveal a significant
departure from classical theories. Rather than following
the linear Rankine profile, the actual lateral earth pressure
distribution exhibits a pronounced parabolic, non-linear
trend. This deviation is primarily driven by the soil
arching effect. Because the stiffness of the retaining
system is non-uniform, active lateral earth pressure is
transferred away from the relatively flexible sections of the
vertical piles and highly concentrated at the rigid truss
joints. This phenomenon and the resulting stress
concentration are clearly demonstrated in Figure 2, which
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compares the numerical pressure profile against the
Rankine theory for a 7-meter excavation depth.

Lateral Pressure (kPa)
30

] 10 20 40 50
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= ® = Numerical
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Figure. 2: Comparison of lateral earth pressure
distribution: Numerical model vs. Rankine theory for a 7m
excavation depth
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3.2. Point of Action of the Resultant Force

Another pivotal finding of this numerical study pertains to
the elevation of the resultant lateral force. Classical
Rankine theory assumes the resultant force acts at an
elevation of 0.33H measured from the base of the
excavation.  Conversely, the numerical analyses
demonstrate an upward shift of the pressure center. As
explicitly depicted in Figure 3, across a broad spectrum of
soil parameters and conditions, the actual point of action
consistently stabilizes at an average elevation of 0.42H.
This substantial rise directly amplifies the overturning
moment and inherently alters the load transfer mechanism
to the supporting braces.

Numerical Numerical

0.45
0.40
0.35
0.30
- 0.25
N 0.20
0.15
0.10
0.05
0.00
0.5 0.7 0 6 12
m ¢

(b) (c)

Figure. 3: Variation of the resultant force location (Z/H) relative to soil parameters, indicating a constant average of 0.42H

4. Engineering Implications and Structural Design
The discrepancies in the pressure distribution and the point
of action fundamentally impact the final structural design.
To quantify this, the internal forces obtained from both the
numerical model and Rankine’s analytical approach were
utilized to design the structural members following the
AISC-ASD89 code specifications.

Table 1: Comparison of required structural sections based
on Rankine theory vs. Numerical analysis (Medium Soil,

Depth=10m)
Rankine- .
Structural Member Based Numggcctz?l)-rl?ased
Section
Vertical Pile (Main) 2IPE220 (Egéigrln‘ilgal)
Raker 2IPE300 (2(;5)5?:28
Middle Horizontal and
Diagonal Members 2IPE140 2IPE140
Horizontal and Diagonal
Members near the Bottom  2IPE160 2IPE140

of the Excavation

Table 1 provides a comprehensive comparison of the
required cross-sections for a 10-meter deep excavation in
medium-dense soil. The results are particularly critical for
design engineers: applying Rankine’s theory leads to over-
designed, uneconomical cross-sections for the vertical
piles due to an overestimation of bending moments.
Conversely, and more alarmingly, it severely
underestimates the axial compressive loads on the main
inclined braces, resulting in potentially non-conservative
and unsafe designs for these critical elements.

5. Conclusion

This advanced numerical evaluation conclusively
demonstrates the limitations of applying Rankine’s linear
earth pressure theory to truss retaining systems. The
manifestation of the soil arching effect leads to a parabolic
stress distribution with severe stress concentrations at the
truss joints, and elevates the resultant force point of action
to 0.42H. Consequently, traditional design approaches
may yield uneconomical vertical members while
compromising the structural integrity of the bracing
system. It is highly recommended that contemporary
design codes incorporate modified pressure distribution
coefficients that account for these critical, non-linear soil-
structure interaction effects in flexible retaining systems.
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Re-evaluation of Rankine's Theory in the Design of Truss Retaining Structures: A Numerical Study on
Lateral Pressure Distribution

Amirreza Ghodrati Mohammad Hazeghian

Abstract The conventional design of truss retaining structures in engineering practice is predominantly based on
Rankine's lateral earth pressure theory, which neglects the actual soil-structure interaction. This research utilizes
advanced three-dimensional numerical modeling in FLAC®® to compare the actual lateral pressure distribution with
Rankine's theory and to evaluate its consequences on the design of the structural members. The results of parametric
analyses indicate that the lateral pressure distribution is highly non-linear due to the arching phenomenon, concentrating
at the truss connection points. The total lateral force in shallow excavations is considerably greater than the predictions
of Rankine's theory, though this difference diminishes with increasing depth. More importantly, the resultant force's point
of application is, on average, at a height of 0.42H from the base, which is significantly higher than the 0.33H assumed in
Rankine's theory. These findings reveal that the traditional design approach leads to an uneconomical design for the
vertical pile while simultaneously resulting in a potentially unconservative design for the critical raker member, thereby
underscoring the necessity of revising current design practices.

Key words Truss Retaining Structure, Lateral Earth Pressure, Soil-Structure Interaction, Arching Effect, Rankine Theory
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1. Introduction

Growing environmental concerns related to the extraction
of natural aggregates and the increasing volume of
industrial waste have strongly motivated the use of
alternative materials in pavement preservation. Slurry seal,
as a highly effective cold preventive maintenance
treatment, plays a crucial role in reducing life-cycle costs
and mitigating environmental pollutants. However,
distresses such as raveling, bleeding, stripping, and rutting
are frequently observed in these overlays, primarily
stemming from inappropriate mix design, poor adhesion
between the bitumen and aggregates, and the selection of
substandard mineral fillers. The mineral filler, comprising
particles smaller than 0.075 mm, significantly affects the
adhesion, abrasion resistance, and deformation behavior of
the asphalt mastic. Simultaneously, the extraction of
natural limestone aggregates leads to severe environmental
consequences, including vegetation destruction, landscape
alteration, and dust generation, while high-quality natural
resources are becoming increasingly limited and
expensive. Conversely, the rapid growth of urbanization
and industrial activities has resulted in a massive
accumulation of industrial wastes, exceeding landfill
capacities. Foundry waste, particularly from CO2 molding
sand processes, represents a significant industrial by-
product that is typically discarded. Utilizing such materials
in pavement engineering not only conserves natural
resources but also resolves waste disposal challenges.
Furthermore, the incorporation of nanomaterials,
specifically silver nanoparticles (Ag NPs), has emerged as
a promising approach to enhance the microstructural
integrity, thermal stability, and mechanical resistance of
bituminous mastics due to their high surface area and
unique physicochemical properties. Despite these
potentials, limited research has addressed the combined
effects of foundry waste fillers and nanosilver in cold

asphalt mastics. Therefore, this study evaluates the
technical feasibility, microstructural characteristics, and
functional performance of replacing natural limestone
filler with foundry waste filler and improving the mastic
behavior using nanosilver in slurry seal applications.

2. Methodology

A comprehensive laboratory matrix was designed to
evaluate the combined effects of foundry waste filler and
nanosilver on slurry seal mastics. The primary binder used
was a cationic slow-setting emulsion (CSS-1h), selected
for its excellent compatibility with slurry seal applications
and ambient-temperature workability. The natural filler
consisted of industrial limestone powder (calcium
carbonate dominant), while the foundry waste filler was
obtained from recycled CO, molding sand, processed, and
sieved to pass the 0.075 mm sieve. Silver nanoparticles
(Ag NPs) with an average particle size of 40—70 nm and
>99% purity were utilized as the nano-modifier. The
aggregate gradation was designed according to the ISSA
TB-112 standard for Type Il slurry seal. The experimental
matrix included five levels of natural filler replacement
with foundry waste filler (0%, 25%, 50%, 75%, and 100%)
and three residual binder contents (8.0%, 8.5%, and 9.0%).
In the nano-modified series, nanosilver was incorporated
at a fixed dosage of 10% by the total weight of the filler.
To ensure uniform dispersion, the nanosilver was pre-
mixed with the dry filler in a high-speed mixer for 3
minutes, subsequently added to the emulsion at 60-70°C,
and stirred using a hotplate magnetic stirrer for 10 minutes.
Chemical and microstructural characterizations of the
fillers and mastics were conducted using X-ray
Fluorescence (XRF) for elemental composition, X-ray
Diffraction (XRD) for crystalline phase identification,
Fourier Transform Infrared Spectroscopy (FT-IR) for
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functional group analysis, and Field Emission Scanning
Electron Microscopy (FESEM) for surface morphology
evaluation. Performance-related indicators were assessed
through standardized slurry seal functional tests, including
the Wet Track Abrasion Test (WTAT) for abrasion
resistance, the Wet Cohesion Test for adhesion and setting
time, and the Loaded Wheel Test (LWT) for deformation
and rutting resistance, all consistent with ISSA and ASTM
evaluation frameworks.

3. Results

XRF and XRD results confirmed a fundamental
compositional and structural difference between the fillers.
The natural filler exhibited a carbonate-dominant nature
with highly crystalline Quartz and Calcite phases,
indicating physical stability but lower chemical reactivity.
In contrast, the foundry waste filler was highly rich in
silica and iron-bearing phases (e.g., Magnetite and
Hematite, with Fe, O3 reaching 45.3%), exhibiting a
semi-amorphous structure that indicates a higher surface
reactivity potential and stronger initial adhesion with the
bitumen.

Comparative XRD Patterns of Natural and Waste Fillers
100 Natural Filler (Quartz)

—= Waste Filer (Magnetite]

Figure 1: XRD patterns of natural and foundry waste
fillers

FT-IR analysis revealed the presence of Fe-O bonds in the
waste filler. More importantly, the combination of waste
filler and nanosilver strengthened active functional
interactions within the mastic, specifically enhancing the
Si-O-Si networks and indicating the formation of a more
stable structural matrix with increased hydrogen bonding
potential. FESEM imaging showed that while the natural
filler had a relatively smooth and uniform surface, the
waste filler possessed rougher surfaces, higher texture
irregularity, and micro-porosities resulting from the rapid
cooling in the casting process. The addition of nanosilver

effectively filled these micro-voids, significantly
improving particle distribution, reducing nano-scale
agglomeration, and enhancing the overall structural
integrity of the mastic. Overall, the mixture containing
50% waste filler with nanosilver (NWFP50) demonstrated
the most balanced response. This optimal blend reflected
improved wet cohesion, reduced deformation tendency in
the LWT, and more favorable abrasion resistance in the
WTAT compared to other replacement levels and the
control sample.

4. Conclusion

Foundry waste filler, when used as a partial replacement
of natural filler and combined with nanosilver, can
significantly enhance the structural and functional
performance of slurry seal mastics while strongly
supporting sustainability goals. The microstructural
analyses (XRF, XRD, FT-IR, and FESEM) proved that the
siliceous and iron-rich semi-amorphous nature of the
foundry waste provides excellent surface reactivity. The
incorporation of silver nanoparticles effectively mitigated
the potential drawbacks of the waste filler's heterogeneous
surface by improving particle dispersion, filling micro-
voids, and reinforcing the bitumen-filler interfacial
transition zone. The optimum observed condition in this
study corresponded to the mixture containing 50% foundry
waste filler and 10% nanosilver, which yielded the highest
resistance to abrasion, rutting, and moisture damage.
These findings highlight the potential of utilizing
industrial by-products in producing high-performance,
environmentally sustainable cold-applied slurry seal
asphalt, thereby reducing the ecological footprint of
natural aggregate extraction and diverting industrial waste
from landfills. However, this study was primarily
conducted under controlled laboratory conditions. Future
work is highly recommended to examine different
nanosilver dosages and to validate the long-term durability
of these nano-modified mastics under field-like cyclic
loading, environmental exposure, and freeze-thaw cycles.
Additionally, conducting a comprehensive Life Cycle
Assessment (LCA) and techno-economic analysis is
suggested to fully quantify the environmental and financial
benefits of scaling this sustainable pavement preservation
technology for widespread industrial application.
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Performance Evaluation of Slurry Seal Mastics Containing Foundry Waste and Silver Nanoparticles
Vahid Bagheri Mofrad Mahmood Jazayeri Moghaddas Amin Tohidi Hassan Divandari Mehdi Mahdavi Adeli

Abstract Considering the growing environmental concerns associated with natural aggregate extraction and the
increasing accumulation of industrial waste, this study aimed to evaluate the technical and functional performance of
bituminous mastics used in slurry seal surface treatments incorporating foundry waste filler and silver nanoparticles.
Mixtures were formulated with varying replacement levels of natural filler by waste filler (0-100%), with and without the
addition of silver nanoparticles (10% by weight of total filler), across three residual bitumen contents. The prepared
mixtures were subjected to physical, chemical, and microstructural characterization using X-ray Fluorescence (XRF), X-
ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR), and Field Emission Scanning Electron
Microscopy (FESEM). Performance was assessed through Wet Track Abrasion, Wet Cohesion, and Loaded Wheel tests.
Results showed that the waste filler, characterized by siliceous and iron-rich phases, provided good surface reactivity.
The incorporation of silver nanoparticles enhanced particle dispersion, structural cohesion, and abrasion resistance. The
optimal performance was achieved with the mixture containing 50% waste filler and silver nanoparticles. These findings
highlight the potential of utilizing industrial by-products in producing high-performance, environmentally sustainable
cold-applied slurry seal asphalt.

Key words Slurry seal, Foundry waste powder, Silver nanoparticles, Bitumen emulsion, FESEM test.
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