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A  R  T  I  C  L  E I  N  F  O 

This study explores the application of Fe-based shape memory alloys (Fe-SMAs) for the 

seismic strengthening of unreinforced masonry (URM) walls. Due to their unique 

thermomechanical behavior and cost-effectiveness, Fe-SMAs offer a promising alternative 

to traditional reinforcement materials. Using Abaqus finite element software, numerical 

models were developed and validated against experimental results to examine the 

structural performance of masonry walls reinforced with Fe-SMA strips. Three 

reinforcement configurations were investigated: vertical, V-shaped, and Λ-shaped layouts, 

each subjected to different levels of post-tensioning stress ranging from 100 MPa to 400 

MPa. The results revealed a substantial improvement in lateral resistance and stiffness 

across all models. The vertically reinforced walls exhibited the highest gains, with up to a 

96% increase in base shear resistance. V-shaped and Λ-shaped reinforcements also showed 

significant enhancements, mainly due to the bracing effect of the inclined SMA strips. 

While the failure mode remained primarily diagonal shear in all cases, the introduction of 

post-tensioning delayed crack initiation and improved energy dissipation capacity. The 

frictional interaction between the SMA strips and masonry units, augmented by the post-

tensioning force, was identified as a key factor in enhancing performance. This study 

demonstrates that Fe-SMA reinforcement is a viable, innovative technique for retrofitting 

masonry walls, especially in earthquake-prone regions. The ease of installation, combined 

with the ability to apply force through thermal activation, makes Fe-SMAs a highly 

practical solution for improving the safety and resilience of existing masonry structures. 
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1. Introduction 

Masonry materials are among the oldest building materials used in construction. Their abundance, compatibility with most 

climatic conditions, lack of need for specialized labor during construction, durability, and long-lasting properties are some of the 

reasons why these materials have continuously been favored in building projects. A large portion of the buildings worldwide are 

constructed with masonry materials. However, the understanding and knowledge of structural engineers regarding the behavior of 

such structures are still insufficient, and further research is necessary to accurately understand the behavior of masonry as a structural 

material. This need is especially felt in countries located on seismic belts, where residents of masonry buildings have suffered 

irreparable damage in recent earthquakes. Since a significant portion of the world’s population lives in these types of structures, 

finding methods to enhance the resistance of masonry buildings is extremely important. 

Recent earthquakes have tragically demonstrated the vulnerability of unreinforced masonry (URM) buildings. For example, 

during the 2023 Türkiye–Syria earthquake, more than 50,000 people were killed, and over 200,000 buildings were either destroyed 

or severely damaged, many of which were URM structures. Similarly, in the 2017 Mexico City earthquake, approximately 60% of 

the collapsed structures were unreinforced masonry buildings. These catastrophic events underscore the urgent need for reliable 
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seismic retrofitting techniques. Therefore, developing effective and economical solutions, such as the application of Fe-based Shape 

Memory Alloys (Fe-SMAs), is crucial to improving the resilience of existing masonry infrastructure in earthquake-prone regions. 

Understanding the behavior of masonry structures for their strengthening is an inevitable process. Therefore, many studies have 

been conducted on these structures. Maheri et al. [1], in their experimental research, they demonstrated that the use of a head mortar 

can lead to increased shear strength and wall out-of-plane stiffness. Similar results were also observed by Nateghi and Alemi [2], 

based on the effect of head mortar on wall behavior through laboratory tests. Griffith et al. [3] examined the out-of-plane behavior 

of masonry walls under lateral loads in their studies. They subjected eight unreinforced masonry walls to cyclic static out-of-plane 

loading. Their observations showed that increasing axial load resulted in less resistance drop in the wall, and this was consistent 

across all walls. ElGawady et al. [4] demonstrated, based on their experimental tests, that the type of mortar significantly influences 

the wall’s resistance, crack pattern, and ductility. According to experiments by Gouveia and Lourenço [5], the use of reinforcement 

mesh for unifying the masonry wall can increase the lateral resistance and ductility of the unreinforced masonry wall by up to 30%. 

Petry and Beyer [6], in a study aimed at providing necessary data to improve numerical models of unreinforced masonry walls, 

investigated the effect of boundary conditions on masonry wall behavior. They subjected six unreinforced masonry walls with clay 

units and cement mortar to cyclic loading. Wang et al. [7] studied the effect of reinforcement mesh on masonry walls with openings. 

Their findings indicated that openings reduce the confinement effect of the reinforcement mesh; however, using reinforcement 

results in more continuous and ductile behavior compared to unreinforced walls. ElGawady et al. [8] used FRP strips for the seismic 

retrofit of an unreinforced masonry wall. They applied the FRP strips in a cross pattern to improve the wall’s behavior and observed 

that while the initial stiffness of the retrofitted wall was similar to that of a regular wall, the failure mode shifted from shear to 

bending, making the wall more ductile. Shabdin et al. [9] found that walls equipped with concrete overlays exhibit relatively high 

energy dissipation capacity, and their cyclic behavior shows less buckling effect. Various methods have been introduced for 

strengthening masonry structures. One of these methods involves increasing the axial load applied to masonry walls. In this 

approach, the structural resistance of the wall is enhanced by increasing the applied axial load. This increase can be achieved through 

post-tensioning of the wall [10]. 

According to Sadeghi Marzaleh [11] research, increasing the axial load on a wall can enhance its shear resistance while reducing 

its displacement capacity. He also observed that excessive compressive stress induced by post-tensioning might change the failure 

mode from shear to diagonal cracking. This increase in axial load can be applied to the wall using post-tensioning elements such as 

steel tendons or rebars. Various methods and materials have been introduced for the post-tensioning of masonry walls. Schultz and 

Scolforo [12] studied the effect of post-tensioning on the out-of-plane behavior of masonry walls subjected to wind loads. They 

observed that applying post-tensioning significantly improves the wall’s resistance to wind loads perpendicular to its plane. Kohail 

et al. [13] investigated the effect of post-tensioning on a specific type of masonry shear wall made of concrete blocks. Their research 

mainly focused on how post-tensioning influences the failure mode, permanent deformation, energy dissipation capacity, stiffness, 

and ductility of masonry walls. Soltanzadeh et al. [14] examined the effect of post-tensioning on shear walls made of confined 

masonry. Their studies indicated that masonry walls equipped with confined post-tensioning systems exhibit good ductility. Hassanli 

conducted extensive research on the performance factors of post-tensioned masonry structures [15-18]. To accurately assess this, 

he proposed modeling methods aimed at predicting the seismic behavior of these post-tensioned walls. The results showed that the 

numerical models were reasonably accurate, and using these models, they could derive factors for the performance analysis of post-

tensioned masonry walls. Laursen and Ingham [19] conducted a study to establish appropriate seismic design criteria for post-

tensioned masonry structures. Most of their research focused on the effects of post-tensioning with unbonded tendons on in-plane 

behavior. Quiroz [20] studied the seismic performance of four historic masonry towers reinforced with unbonded AFRP tendons. 

Babatunde [21] tested different reinforcement methods on unreinforced masonry walls. One of these methods, which showed a good 

response to lateral loads, was post-tensioning the wall using FRP materials. Seim et al. used FRP for localized post-tensioning in 

masonry materials and demonstrated that applying post-tensioning at points with the highest damage potential can significantly 

improve the seismic behavior of masonry walls [22]. 

In this article, shape memory alloys are used for the purpose of wall strengthening in buildings. The proposed alloy is iron-based, 

which is more economical compared to other alloys. These alloys can generate a significant amount of post-tensioning force through 

heat absorption. Therefore, many researchers have studied this property of shape memory alloys. 

Hong et al. [23] researched evaluating the recovery behavior of iron-based shape memory alloys (Fe-SMA) under various 

constraints. Choi et al. [24] investigated the effect of prestressing embedded Fe-SMA wires on the flexural behavior of mortar 

beams. Experimental data indicated that the prestressing force could reduce the resulting stress by approximately 28% in both tensile 

and compressive parts of the mortar beams. Shahverdi et al. [25-27] examined the feasibility of using a form of Fe-SMA that is 

economically advantageous for post-tensioning concrete beams. Izadi et al. [28-31] also explored the potential of using the 

reversibility property of these alloys in metal strips and a steel bridge. Rezapour et al. [32] investigated the potential application of 

these alloys in structural walls. They modeled the walls at a macroscopic scale and bonded SMA strips to the walls. Based on the 

results obtained, these alloys significantly increased the energy dissipation capacity of the walls. 

Prestressing in structural walls is primarily applied in the vertical direction. Implementing prestressing diagonally in building 

walls is rarely done due to construction difficulties. Shape memory alloy strips, owing to their unique behavior and simple 

installation method, enable the possibility of diagonal prestressing of building walls. Therefore, in this study, walls with prestressed 

materials are examined both in the vertical and diagonal orientations under various load distribution levels. To achieve this, a 

masonry wall was modeled using Abaqus software, and the results were validated against experimental data. These models 

incorporated iron-based prestressed strips subjected to both vertical and diagonal prestressing. The results of these analyses, in terms 
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of performance and failure modes, were compared with each other. 

2. Fe-based shaped memory alloys 

Fe-based shape memory alloys are innovative materials distinguished by their unique properties among various alloys. These 

alloys can revert to their original shape upon absorption of a certain amount of heat. To date, various types of shape memory alloys 

have been discovered and developed. Among these, iron-based alloys constitute a specific category, with the primary element in 

their atomic structure. 

From an economic perspective, these alloys are more cost-effective compared to other shape memory materials and can be 

utilized in generating residual stresses within civil engineering structures. The process of inducing residual stress in these alloys 

involves several steps: initially, a significant deformation is applied; this is followed by imposing specific boundary conditions; and 

finally, the alloy is heated. Upon heating, the alloy tends to regain its original shape; however, the boundary conditions inhibit this 

transformation. As a result, depending on the extent of the deformation, boundary conditions, and the temperature applied, residual 

stresses develop within the alloy. This process is illustrated in Fig. 1, which depicts the step-by-step progression. 

 

Fig. 1. Stress-strain curve of activated Fe-SMA. 

Generally, these materials possess two distinct atomic structures: austenite and martensite (Fig. 2). These structures can be 

interconverted through the application of temperature and/or stress. The shape memory behavior in Fe-SMAs arises from the stress-

induced transition of martensite from the parent γ-austenite phase to the ε-martensite phase at lower temperatures. The reverse 

transformation, from martensite back to austenite, occurs exclusively at elevated temperatures [33]. 

 

Fig. 2. Phase transformation of the Fe-based SMA. 

3. Model description 

In this paper, data and results from the experimental studies conducted Vermeltfoort et al. [34] on masonry walls are utilized. In 

the aforementioned experimental research, the masonry wall was subjected to in-plane lateral loading. The dimensions of the studied 

wall are 990 mm in length, 1140 mm in height, and 100 mm in thickness. The wall consists of 18 rows of clay bricks, each having 

a length of 210 mm, a height of 52 mm, and a thickness of 100 mm. The mortar thickness is 10 mm, and the mix ratio of cement, 

lime, and sand is 1:2:9. In the experimental model, a steel beam and foundation were used. However, since in this study, the masonry 

wall needs to be reinforced with SMA strips, which are connected to the concrete, an elastic beam and foundation with dimensions 

of 900×100×100 mm were used instead of the steel beam and foundation. A uniform vertical load of 0.3 MPa is applied at the top 

of the beam. This load remains constant throughout the loading process and simulates the weight of the upper floor. The lateral load 

is applied to the masonry wall in a monotonic, in-plane manner (Fig. 3). 

 

 



Rezapour and Ghassemieh Civil Engineering and Applied Solutions, 2025; 1(4): 1–15 
 

4 

 

Fig. 3. Geometric characteristics of the masonry wall. 

4. Modeling 

Modeling of a masonry structure can be performed using three different methods. The first method is called Detailed Micro-

modeling (Fig. 4a), which provides the highest level of accuracy. In this approach, the masonry units (bricks) and the mortar between 

them are fully modeled. Since all the parameters of the masonry wall are considered in this modeling technique, the resulting 

numerical model has a large stiffness matrix, leading to a significantly long analysis time [35]. 

The second method is known as Simplified Micro-modeling (Fig. 4b), which has lower accuracy compared to the first method 

but still maintains an acceptable level of precision. In this approach, the masonry units are modeled larger than their actual size. The 

increase in size corresponds to the thickness of the mortar joints between the bricks. The mortar is not directly modeled in this 

method; instead, its mechanical behavior is represented through the interaction between adjacent bricks. By omitting the mortar 

elements, the size of the stiffness matrix is reduced compared to the first method, which significantly decreases the required analysis 

time [35]. 

While both the Detailed Micro-model and Simplified Micro-model approaches are suitable for modeling a single masonry wall, 

they become very time-consuming when used for modeling an entire masonry structure. In large structures, the Macro-modeling 

approach is typically used (Fig. 4c). Although this method is less accurate than the other two, it offers much faster analysis times. 

In Macro-modeling, the entire masonry structure is represented as a homogeneous material similar to concrete. Despite its lower 

accuracy, this method provides relatively acceptable results when modeling large-scale masonry structures. In general, macro-

modeling methods require less computational time compared to other techniques [36]. 

   
(a) (b) (c) 

Fig. 4. Modeling of a masonry wall: (a) Detailed micro, (b) Simplified micro, and (c) Macro. 

In this study, the effect of post-tensioning on masonry walls is investigated. Since the model involves only a single masonry wall 

with limited dimensions, the Simplified Micro-modeling method is employed for the numerical modeling of the target masonry 

wall.  
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4.1. Modeling of masonry units 

As previously mentioned, in the Simplified Micro-modeling approach, the dimensions of masonry units are increased by an 

amount equal to the thickness of the mortar joints. This expansion eliminates the need to model mortar elements explicitly, and 

instead, the behavior of the mortar is incorporated into the model through interaction mechanisms assigned between the masonry 

units. 

Since masonry units are brittle materials, the Concrete Damage Plasticity (CDP) model is used to simulate their behavior. The 

Damage Plasticity Model is based on the hardening and softening behavior of quasi-brittle materials such as concrete and rock 

masses. It is widely applied in the general analysis of quasi-brittle materials under dynamic or cyclic loading conditions. These types 

of materials typically exhibit brittle behavior under various loading scenarios. In such cases, the primary failure mechanisms are 

cracking under tension and crushing under compression [37]. 

One of the most important features of the CDP model is its ability to distinguish between tensile and compressive yield strengths 

and to account for stiffness degradation during cyclic and dynamic loading, based on concrete damage parameters. The plasticity 

model described in this section was initially proposed by Lubliner and later extended by Lee and Fenves. The foundation of this 

model is based on two main failure mechanisms in concrete: tensile cracking and compressive crushing [37, 38]. 

In Abaqus software, the Concrete Damage Plasticity (CDP) model is widely employed to simulate damage in concrete structures. 

This model captures the irreversible degradation of stiffness in brittle materials due to mechanical loading. Stiffness degradation is 

characterized using two damage parameters: tensile damage (dt) and compressive damage (dc). 

Fig. 5 illustrates the axial stress–strain behavior of concrete under both tension and compression. In this figure, the material 

stiffness during loading is reduced by factors of (1−dt) and (1−dc) for tension and compression, respectively. The variables εt
in and 

εc
in represent the inelastic tensile and compressive strains in the undamaged state, while εt

pl and εc
pl denote the corresponding plastic 

strains in the damaged state. 

Eqs. 1 and 2 define the relationships between these strain components. 

𝜀𝑐
𝑝𝑙

=  𝜀𝑐
𝑖𝑛 −

𝑑𝑐  𝜎𝑐

(1 − 𝑑𝑐)𝐸0

 (1) 

𝜀𝑡
𝑝𝑙

=  𝜀𝑡
𝑐𝑘 −

𝑑𝑡  𝜎𝑡

(1 − 𝑑𝑡)𝐸0

 (2) 

where, 𝜎𝑐 and 𝜎𝑡 are compressive and tensile stress at any point. 

 
Fig. 5. Stress-strain relationship for CDP model: (a) in compression, and (b) in tension [37]. 

To simulate the nonlinear behavior of bricks, a constitutive law is required to describe the stress–strain relationship. In this study, 

it is assumed that the behavior of clay brick is similar to that of low-strength concrete. 

The monotonic envelope curve of concrete in compression follows the modified Kent and Park concrete model, which offers 

good accuracy and simplicity, and has been published by Mander et al. [39]. The formulations of the stress-strain relations of 

unconfined concrete based on the modified Kent and Park model are summarized here. 

The constitutive model consists of an ascending branch represented by a second-degree parabolic curve and a descending linear 

part. The ascending parabola is expressed by the following equation: 

𝑓𝑐 =  𝑘𝑓′𝑐 [
2𝜀𝑐

𝜀0𝑘
− (

𝜀𝑐

𝜀0𝑘
)

2

]                      𝜀𝑐 ≤ 𝑘𝜀0 (3) 

where εc is the longitudinal concrete strain, 𝑓′𝑐 is the compressive strength of concrete. The compression strength of the brick is 

also assumed to be 15 MPa. ε0 is the strain of unconfined concrete corresponding to 𝑓′𝑐, and k is a confinement coefficient greater 

than or equal to 1. Since no confinement is considered for the bricks in the masonry wall modeling, the value of k is assumed to be 

(a) (b) 
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equal to one. 

For strain greater than the value corresponding to the peak stress, the softening branch of the stress-strain relationship is 

approximated by a straight line having the equation: 

𝑓𝑐 =  𝑘𝑓′𝑐[1 − 𝑍𝑚(𝜀𝑐 − 𝜀0𝑘)]                   𝜀𝑐 > 𝑘𝜀0 (4) 

where Zm is the strain softening slope and can be calculated by: 

𝑍𝑚 =  
0.5

[(
3 + 0.29𝑓′𝑐

145𝑓′𝑐 − 1000
) − 𝜀0𝑘]

                       
(5) 

In the tensile regime, the material behavior is simulated using an equation proposed by Selby and Vecchio [40]. According to this 

equation, the response remains linear up to the peak tensile stress, after which softening behavior occurs in the material. 

𝑓𝑡 =
𝑓′𝑡

1 + √200𝜀𝑡

                    𝜀𝑡 > 𝜀𝑐𝑡 (6) 

where εt is the longitudinal concrete strain in the tension part, the tensile strength (𝑓′𝑡) of the brick is also assumed to be 2 MPa. 

Since the Simplified Micro-modeling approach is used in this study, the dimensions of the masonry units are larger than their actual 

size. As a result, the stiffness of the expanded units differs from that of the original masonry units. To compensate for this 

discrepancy, the elastic modulus assigned to the expanded units is adjusted and differs from the actual value. 

For this purpose, Eq. 7 is proposed based on the assumption of a stack bond between masonry units and uniform stress 

distribution in masonry constituents. It is presented as: 

𝐸𝑎𝑑𝑗 =
𝐻𝐸𝑢𝐸𝑚

𝑛ℎ𝑢𝐸𝑚 + (𝑛 − 1)ℎ𝑚𝐸𝑢

                     (7) 

where H is the height of the masonry assemblage, Eu and Em are the elastic modulus of unit and mortar, respectively, hu and hm are 

the height of the masonry unit and mortar, and n is the number of courses in a masonry assemblage. 

4.2. Mortar modeling 

To model the mortar, the surface-based cohesive behavior model is employed. In this approach, the mortar is completely removed 

from the model, and its mechanical behavior is simulated through interaction definitions. This model consists of both linear and 

nonlinear regimes and accounts for behavior in three directions: one normal (axial) direction and two shear directions (Fig. 6). 

The behavior of the mortar is described using stress–separation relationships, as illustrated in Fig. 7. The shear behavior in the 

two perpendicular directions is assumed to be approximately similar. 

 
(a) (b) (c) 

Fig. 6. Linear behavior in interaction: (a) shear in plane, (b) shear perpendicular to the plane, and (c) axial. 

 

  
Fig. 7. Nonlinear shear and axial behavior of mortar. 

 



Rezapour and Ghassemieh Civil Engineering and Applied Solutions, 2025; 1(4): 1–15 
 

7 

The initial behavior at the joint interfaces is defined as linear stresses based on the amount of relative displacement. This behavior 

is represented by an elastic stiffness matrix. Eq. 8 presents the relationship between the displacement vector and the stress . 

[

𝑡𝑛

𝑡𝑠

𝑡𝑡

] = [

𝑘𝑛𝑛 0 0
0 𝑘𝑠𝑠 0
0 0 𝑘𝑡𝑡

] [

𝛿𝑛

𝛿𝑠

𝛿𝑡

] (8) 

in this context, tn, ts, and tt represent the normal stress and the two mutually perpendicular shear stresses, respectively, while δs, δn, 

and δt correspond to the relative normal displacement and the two perpendicular relative shear displacements. knn, kss, and ktt are the 

components of the stiffness matrix. If only the stiffness of the mortar is considered in the modeling, the components of the stiffness 

matrix are solely functions of the mortar's stiffness and dimensions. However, since the simplified masonry micro-model is used in 

this study, the stiffness of the expanded bricks also affects the components of this stiffness matrix. 

So, the equivalent stiffness for joint interfaces is expressed as a function of the mortars and unit’s moduli of elasticity, and the 

thickness of the mortar. 

𝑘𝑛𝑛 =
𝐸𝑢𝐸𝑚

ℎ𝑚(𝐸𝑢 − 𝐸𝑚)
                     (9) 

𝑘𝑠𝑠 = 𝑘𝑡𝑡 =
𝐺𝑢𝐺𝑚

ℎ𝑚(𝐺𝑢 − 𝐺𝑚)
                     (10) 

where hm is the thickness of the mortar, and Eu and Em are the Young’s moduli of the masonry unit and the mortar, respectively. 

Similarly, Gu and Gm represent the shear moduli of the masonry unit and the mortar, respectively. The initial linear response of the 

joints is followed by crack propagation. When the damage initiation criterion is achieved based on the user-defined tractions between 

the masonry interfaces, i.e., shear and tensile strength of the joints, cracking propagates in the masonry joints. 

The damage initiation criterion can be defined based on either separation or stress, each of which includes two types of damage 

initiation criteria. In this study, the stress-based criterion is used for damage initiation. The stress criterion includes the Maximum 

Stress Criterion and the Quadratic Stress Criterion. These two damage initiation criteria are presented in Eqs. 11 and 12, respectively. 

𝑚𝑎𝑥 {
𝑡𝑛

𝑡𝑛
0

,
𝑡𝑡

𝑡𝑡
0 ,

𝑡𝑠

𝑡𝑠
0

} = 1 (11) 

[
𝑡𝑛

𝑡𝑛
0

]
2

+ [
𝑡𝑡

𝑡𝑡
0]

2

+ [
𝑡𝑠

𝑡𝑠
0

]
2

= 1 (12) 

in these equations, tn
0, tt

0, and ts
0 represent the maximum normal stress and the two orthogonal shear stresses, respectively. In both 

criteria, tn is always considered positive, since compressive stress cannot cause cracking in the joint interface. These two criteria are 

represented in Fig. 8. In this study, the Quadratic Stress Criterion is used for damage initiation. 

  
Fig. 8. Criterion for the onset of nonlinear behavior of mortar: (a) cubic, and (b) quadratic. 

After reaching the maximum stress in shear and tension, the nonlinear behavior exhibits softening. This softening behavior is 

defined in the software using an exponential function. In this range, damage (cracking) propagates within the interface, leading to a 

reduction in stiffness. This stiffness degradation is incorporated into the constitutive equation according to the following relation. 

[

𝑡𝑛

𝑡𝑠

𝑡𝑡

] = (1 − 𝐷) [

𝑘𝑛𝑛 0 0
0 𝑘𝑠𝑠 0
0 0 𝑘𝑡𝑡

] [

𝛿𝑛

𝛿𝑠

𝛿𝑡

] (13) 

in the above equation, D is the damage variable, with a value ranging between 0 and 1. A value of 0 indicates no damage in the 

interface, while a value of 1 signifies that the interface is fully damaged and can no longer transfer shear or tensile stresses. 

5. Numerical model 

Based on the information presented in the previous sections, the simplified micro-model consists of two main components. The 

first component is the expanded masonry units. These units are larger than their actual size by the thickness of the mortar. Since the 

  

(a) (b) 
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masonry units are modeled in three dimensions, solid elements with 8 nodes and reduced integration (C3D8R) were used to simulate 

their behavior, with dimensions of 30 × 30 × 33 mm. The mechanical properties of the masonry unit are provided in Table 1. 

Table 1. Mechanical specifications of the expanded masonry unit. 

Linear behavior Nonlinear behavior 

Elastic modulus of units 

(MPa) 
Poisson’s ratio 

Adjusted elastic modulus 

of the expanded unit (MPa) 
Tensile strength (MPa) 

Compressive strength 

(MPa) 

16700 0.15 4050 2 15 

To define the interaction between the masonry elements, four parameters were used: tangential behavior, normal behavior, 

cohesive behavior, and damage. When surfaces come into contact, they typically transmit both shear and normal forces across their 

interface. A relationship usually exists between these two force components. This relationship, referred to as tangential behavior 

between the contacting bodies, is commonly described in terms of the stresses at the interface.  The friction coefficient for the 

tangential behavior was assumed to be 0.75. 

The distance between two surfaces is referred to as the clearance. In Abaqus, the contact constraint is enforced when the clearance 

between the two surfaces becomes zero. There is no limit in the contact formulation regarding the magnitude of contact pressure 

that can be transmitted between the surfaces. The surfaces separate when the contact pressure becomes zero or negative, at which 

point the constraint is removed. This type of normal behavior, known as hard contact, is used to define the contact interaction. The 

Cohesive behavior and Damage parameters represent the linear and nonlinear behavior of the mortar. The detailed specifications of 

these parameters are provided in Table 2. 

Table 2. Mechanical specifications of the mortar. 

Linear behavior Nonlinear behavior 

Elastic modulus of 

mortar (MPa) 

Knn 

(N/mm3) 
Kss (N/mm3) Ktt (N/mm3) 

Maximum tensile 

stress (MPa) 
GIC (N/mm) 

Cohesion 

(MPa) 
GIIC (N/mm) 

780 82 36 36 0.25 0.18 0.35 0.125 

In Fig. 9, the numerical model is shown. As illustrated in the figure, to apply boundary conditions, the bottom of the wall footing 

is fully restrained in all three orthogonal directions. A distributed load of 0.3 MPa is applied to the top of the beam, and a lateral 

load is applied to the top of the beam using a displacement-controlled approach. To validate the model, two parameters are compared 

with the experimental results: base shear and failure mode. 

  
Fig. 9. Numerical model with meshing and boundary conditions. 

Fig. 10 presents the base shear diagram under monotonic loading, which demonstrates a reasonable agreement between the 

numerical and experimental models. This figure also shows the failure modes of the numerical and experimental masonry walls. As 

illustrated, the failure mode in both cases is shear-diagonal, indicating that the numerical wall successfully replicates the behavior 

observed in the experimental model. 

To investigate sensitivity, the numerical wall was modeled using meshes of various sizes: 20, 30, 40, and 50 mm. Fig. 11 presents 

the base shear diagrams corresponding to the different mesh sizes. As seen in the figure, smaller mesh sizes result in more converged 

base shear responses. Since the wall modeled with a 30 mm mesh provides a good balance between computational efficiency and 

accuracy, this mesh size was chosen for the final modeling of the wall.  
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 Experimental FEM model 

 

  

Fig. 10. Base shear diagram and the failure mode. 

 

  

 

  

Fig. 11. Sensitivity of the numerical model based on different mesh dimensions. 

In this study, Fe-SMA strips were used to investigate the effect of post-tensioning on masonry walls. These strips are made of 

Fe-SMA with 1.5 mm thickness and a width of 120 mm. The modulus of elasticity and yield stress in this type of alloy are 165 GPa 

and 400 MPa, respectively, and the austenite onset temperature is approximately 180 degrees Celsius. This type of Fe-based alloy 

must be heated to 160 °C to create post-tension stress. Because these materials are highly electrically resistant, the alloy’s 

temperature can be easily increased as needed by the electric current. In the numerical modeling of SMA strips, shell elements are 

used. These elements are of the 4-node type, and tie interaction is used to connect them to the wall body. With this method, the 

modeling level is less complex and the model faces fewer errors analytically . 

6. Results of numerical models 

In this study, three numerical models were developed to improve the behavior of the masonry wall. The first model, as shown 

in Fig. 12a, utilized vertical strips to strengthen the wall. The second and third models, depicted in Fig. 12, employed SMA strips 

in V-shaped and Λ-shaped configurations, respectively. 

Since the level of post-tensioning stress in iron-based alloys can vary depending on boundary and operational conditions, this 

research considered post-tensioning stress levels of 100 MPa, 200 MPa, 300 MPa, and 400 MPa to analyze their effects on the 

masonry wall. The models were subjected to monotonic lateral loads. The primary aim was to evaluate how different reinforcement 

strategies and post-tensioning stress levels impact the structural response of the wall under lateral loading. The results obtained from 

these three models were then compared to each other to determine the most effective reinforcement method for enhancing the 

stability and ductility of the masonry wall. 

This comparative analysis provides valuable insights into the behavior of reinforced walls under seismic or other lateral forces, 

helping structural engineers optimize design strategies for safer, more resilient buildings. The use of SMA strips can significantly 

enhance the behavior and lateral resistance of masonry walls. This study evaluates the lateral strength of masonry walls reinforced 

with SMA strips, comparing them to conventional walls. Fig. 13 presents the resistance of these reinforced walls, illustrating the 

influence of the post-tensioning on their structural response. To facilitate analysis, the post-tensioned masonry walls are designated 

by the notation MW-Ve300, where "MW" stands for Masonry Wall, "Ve" indicates a vertical (perpendicular) orientation, and "300" 

reflects the level of post-tensioning stress in megapascals. The results demonstrate that as the degree of post-tensioning increases, 

the lateral resistance of the wall also increases. Consequently, all post-tensioned masonry walls exhibit higher lateral resistance 
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compared to normal, non-post-tensioned walls. This phenomenon is primarily attributed to the coefficient of friction, which plays a 

crucial role in converting the applied vertical (post-tensioning) forces into lateral resistance. When the post-tensioning load acts 

vertically on the wall, this load is effectively transformed into lateral resistance via the frictional interaction between the masonry 

components and the SMA strips. 

   
(a) (b) (c) 

Fig. 12. Models reinforced with SMA strips: (a) Vertical, (b) V-shaped, and (c) Λ-shaped. 

Specifically, as the level of post-tensioning stress increases, the coefficient of friction enhances, leading to a corresponding rise 

in the wall’s lateral resistance. The measured lateral resistances for the MW-Ve100, MW-Ve200, MW-Ve300, and MW-Ve400 

walls are 59.3, 68.1, 78.1, and 95.5 Newtons, respectively. These figures indicate that the lateral resistance of these walls improves 

by approximately 22%, 40%, 61%, and 96% compared to a baseline masonry wall without reinforcement. A key observation in this 

investigation is that the increase in resistance is not directly caused by the SMA strips themselves but is mediated through their 

effect on the frictional interaction. The SMA strips indirectly contribute to enhancing the resistance by increasing the effective 

coefficient of friction at the interface, thus facilitating the conversion of vertical post-tensioning into effective lateral resistance. 

 
Fig. 13. Base shear of masonry walls reinforced with vertical strips. 

Fig. 14 illustrates the base shear diagram for reinforced masonry walls with a V-shaped configuration. As depicted in the figure, 

the utilization of Shape Memory Alloy (SMA) strips has significantly enhanced the lateral resistance of the structural wall. 

Furthermore, the increase in applied post-tension within these SMA strips correlates with a corresponding rise in the wall's lateral 

resistance, indicating that higher post-tensioning levels contribute positively to the overall seismic performance of the structure. For 

analytical clarity, the post-tensioned masonry walls are designated by the notation MW-V300, where "MW" refers to Masonry Wall, 

"V" signifies the V-shaped reinforcement configuration, and "300" indicates the level of post-tensioning stress expressed in 

megapascals (MPa). An important observation derived from this figure is that two primary factors influence the enhancement of the 

wall's lateral resistance. First, in the case of purely vertical post-tensioning, the coefficient of friction between masonry units 

predominantly governs the resistance increase. Conversely, in the V-shaped wall configuration, beyond the frictional interactions 

between masonry units, the SMA alloys directly contribute to the lateral load resistance. It should be noted that these SMA strips 

are inclined rather than vertical; thus, they exert less vertical post-tensioning force compared to vertically reinforced walls. As a 
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result, the frictional contribution to lateral resistance in the V-shaped walls is relatively less significant. Nonetheless, due to the 

inclined orientation of the SMA strips, they can function similarly to braces, actively enhancing the overall stiffness and strength of 

the masonry wall against lateral loads. Experimental assessments of the lateral resistance capacities for the walls designated MW-

V100, MW-V200, MW-V300, and MW-V400 are 57.3 N, 63.1 N, 70.2 N, and 77.5 N, respectively. These measurements 

demonstrate that the lateral resistance increases by approximately 14%, 26%, 40%, and 55%, respectively, compared to a baseline 

unreinforced masonry wall, highlighting the substantial beneficial effect of SMA reinforcement. Furthermore, the stiffness 

evaluation depicted in the figure indicates that models equipped with SMA reinforcement exhibit higher stiffness values than 

conventional walls. This improvement is primarily attributable to the inclined orientation of the SMA strips, which enhances the 

structural integrity and resilience of the masonry walls under lateral seismic forces. 

 
Fig. 14. Base shear of masonry walls reinforced with V-shaped strips. 

Fig. 1  presents the base shear diagram for reinforced masonry walls with a Λ-shaped configuration. As shown in the figure, 

these SMA strips result in a corresponding enhancement of the wall’s lateral capacity. This indicates that increasing the post-tension 

level directly contributes to improved seismic resistance, making the walls more capable of withstanding dynamic lateral loads. To 

facilitate a standardized analysis, the post-tensioned masonry walls are designated by the notation MW-Λ   , where "MW" signifies 

Masonry Wall, "Λ" indicates the Λ-shaped reinforcement configuration, and "300" denotes the level of post-tensioning stress, 

measured in megapascals (MPa).  

A noteworthy aspect of this diagram is that two primary factors influence the enhancement of the wall's lateral resistance. First, 

in the case of purely vertical post-tensioning, the coefficient of friction between masonry units is predominantly responsible for 

increasing the resistance. However, in the Λ-shaped reinforced walls, in addition to the frictional interaction between masonry units, 

the SMA alloys play a direct role in resisting lateral forces. It is important to note that these SMA strips are installed in an inclined 

(non-vertical) orientation; thus, they exert less vertical post-tensioning force compared to purely vertical reinforcement. 

Consequently, the contribution of friction to the overall lateral resistance in Λ-shaped walls is comparatively reduced. Nonetheless, 

due to their inclined orientation, these SMA strips can act similarly to braces, actively contributing to the overall stiffness and 

strength of the masonry structure during seismic events. Experimental measurements of the lateral resistance for the walls designated 

as MW-Λ1  , MW-Λ   , MW-Λ   , and MW-Λ    are   .   ,   .   ,   .   , and   .   , respectively. These results 

demonstrate that the lateral resistance increases progressively by approximately 24%, 33%, 46%, and 61%, respectively, compared 

to a baseline masonry wall without reinforcement. This significant improvement underscores the effectiveness of incorporating 

SMA-based reinforcement strategies in enhancing seismic resilience. Furthermore, the data shown in the figure indicate that the 

stiffness of the models equipped with SMA reinforcement exceeds that of standard, unreinforced masonry walls. This increase in 

stiffness is primarily attributable to the inclined orientation of the SMA strips, which effectively enhances the structural integrity 

and load-bearing capacity of the walls under lateral seismic forces. Overall, the incorporation of inclined SMA strips in masonry 

walls demonstrates a promising approach for strengthening seismic performance. 

Fig. 16 presents a schematic illustration of the failure mode of the masonry wall. Given that the failure mode of a typical 

unreinforced masonry wall predominantly occurs along a diagonal crack, the increase in vertical stress levels does not significantly 

alter the fundamental mode of failure. Instead, the failure mode remains primarily characterized by diagonal behavior along a 

diagonal plane, which is typical for such structural configurations. This observation indicates that, despite variations in prestressing, 

the mode of failure remains consistent, highlighting the inherent diagonal nature of conventional masonry walls under lateral loading 

conditions. 

7. Conclusion 

In this study, Fe-based Shape Memory Alloys (Fe-SMAs) were utilized as a strengthening material to improve the behavior of 

masonry walls subjected to lateral loading. The numerical models, validated against experimental data, demonstrated that Fe-SMA 
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strips significantly enhance the lateral resistance, stiffness, and ductility of masonry walls. These alloys, which possess the unique 

ability to return to their original shape upon heating, enable the application of post-tensioning forces both vertically and diagonally. 

This property is particularly valuable for seismic strengthening of unreinforced masonry structures. 

 
Fig. 15. Base shear of masonry walls reinforced with Λ-shaped strips. 

 

 

   
Fig. 16. Failure mode of reinforced masonry walls. 

These findings have significant practical implications for structural engineers involved in the seismic retrofitting of unreinforced 

masonry (URM) buildings. The demonstrated effectiveness of Fe-SMA strips in enhancing lateral strength and ductility offers a 

viable solution for upgrading existing masonry walls, particularly in earthquake-prone regions. Due to their thermal activation 

mechanism, Fe-SMAs enable easy application of post-tensioning without requiring mechanical anchorage systems, which simplifies 

installation and minimizes intervention in heritage or occupied structures. Moreover, the ability to configure reinforcement in 

vertical and diagonal patterns provides design flexibility based on architectural constraints and desired performance levels. 

Engineers can integrate this technique into performance-based retrofit strategies, using numerical modeling tools like Abaqus to 

predict behavior and optimize reinforcement layout and post-tensioning levels before implementation. As such, Fe-SMA-based 

retrofitting can serve as a practical and cost-effective approach in both emergency strengthening scenarios and long-term 

rehabilitation programs. 

It is important to note that in the current study, the Fe-SMA strips were modeled using fixed mechanical properties corresponding 

to their post-activation state. However, Fe-SMAs exhibit temperature-dependent behavior, particularly during thermal activation, 

where phase transformation from martensite to austenite occurs and influences stress development. While this simplification does 

not significantly affect the global structural response after activation, it may limit the accuracy in capturing transient thermal-

mechanical interactions. Future studies are encouraged to adopt coupled thermo-mechanical models or user-defined material 

subroutines to simulate the evolution of recovery stress during activation and cooling phases for a more comprehensive analysis. 

1. Three reinforcement configurations were evaluated: vertically oriented strips, V-shaped, and Λ-shaped arrangements. Post-

tensioning stress levels of 100 MPa, 200 MPa, 300 MPa, and 400 MPa were applied to assess their influence on structural 

performance. The results showed a clear trend: as the level of post-tensioning increased, so did the lateral resistance of the 

wall. In the vertically reinforced walls, the improvement was primarily due to the frictional forces enhanced by the vertical 

post-tensioning. Conversely, in the V- and Λ-shaped configurations, in addition to frictional improvement, the SMA strips 

acted as diagonal braces, directly contributing to the lateral stiffness and resistance. 

2. Vertically reinforced walls exhibited up to 96% improvement in lateral resistance compared to the unreinforced wall. V-
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shaped and Λ-shaped reinforcements showed increases of approximately 55% and 61%, respectively. Furthermore, the 

stiffness of the walls improved significantly in all reinforced models, particularly in the inclined configurations due to their 

bracing effect, which helped in resisting lateral deformation more effectively. 

3. Importantly, the mode of failure in all cases remained primarily diagonal shear, which is typical for masonry walls under 

lateral loading. This indicates that while the post-tensioning improved the performance characteristics, such as strength and 

stiffness, it did not alter the fundamental failure mechanism. Instead, it delayed the onset of failure and enhanced energy 

dissipation. 

In conclusion, Fe-SMA strips offer a promising, cost-effective, and easily implementable solution for strengthening masonry 

walls. Their ability to generate post-tensioning forces through thermal activation allows for innovative reinforcement strategies in 

both vertical and diagonal directions. The findings of this study suggest that Fe-SMAs can be a highly effective tool in seismic 

retrofitting, enhancing the resilience and safety of masonry structures in earthquake-prone regions. This approach not only improves 

structural performance but also provides a practical pathway for future research and real-world applications in earthquake 

engineering. 

8. Limitations 

While the findings of this study provide valuable insights into the application of Fe-based Shape Memory Alloys (Fe-SMAs) for 

seismic strengthening of masonry walls, several limitations should be acknowledged. First, the numerical analysis was conducted 

using the Simplified Micro-modeling approach, which assumes homogenized interaction properties and does not capture detailed 

micro-cracking or localized stress concentrations at the brick–mortar interface. Second, the study focused solely on monotonic in-

plane loading, whereas cyclic or dynamic loading—more representative of real seismic events—was not considered. This may limit 

the assessment of energy dissipation and degradation behavior. Third, boundary conditions in the model were idealized (e.g., fully 

fixed base and uniformly distributed vertical load), which may not fully reflect real-world constraints or irregular support conditions 

in existing buildings. Additionally, the bonding between Fe-SMA strips and masonry was modeled as perfectly rigid, neglecting 

potential issues such as debonding or interface slip. Future research incorporating more detailed material interfaces, experimental 

validation under cyclic loads, and practical field-scale testing will be essential to generalize the applicability of the proposed method. 
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A  R  T  I  C  L  E I  N  F  O 

High-rise buildings exhibit complex seismic behavior due to their height and flexibility, 

requiring robust lateral load-resisting systems to ensure safety and serviceability. Among 

these, dual systems combining steel moment frames with reinforced concrete shear walls 

are widely adopted in tall building design. This study evaluates the seismic performance 

of a 30-story high-rise building located in a high seismic zone with a design base 

acceleration of A = 0.5, representing a conservative scenario for critical structures. Two 

shear wall configurations—rectangular and T-shaped were modeled and analyzed 

through both linear response spectrum and nonlinear time history analyses using six 

representative earthquake records. The results demonstrate that T-shaped shear walls 

provide superior lateral stiffness, reduced roof displacements, and lower inter-story drifts 

compared to rectangular walls under both elastic and inelastic conditions. This improved 

behavior is attributed to the higher moment of inertia of T-shaped walls, making them a 

more efficient and resilient choice for high-rise buildings in seismic-prone regions. 
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1. Introduction 

As urban development trends increasingly favor vertical expansion, high-rise buildings have become a defining element of 

modern cityscapes. Due to their height and flexibility, these structures are especially vulnerable to lateral forces such as wind and 

seismic loads, which can significantly affect their dynamic response and overall stability [1, 2]. Therefore, the selection of an 

effective lateral load-resisting system is essential to ensure both structural safety and serviceability [3]. Among the available options, 

dual systems-combining moment-resisting frames with shear walls-offer a well-balanced solution by providing both ductility and 

stiffness [4, 5]. In particular, composite steel moment frames integrated with reinforced concrete shear walls are widely adopted in 

tall building design for their superior seismic resilience and structural efficiency. Given their increasing use, numerous studies have 

been conducted to evaluate the seismic performance of various shear wall configurations, particularly T-shaped walls, which are 

commonly used in high-rise construction [6, 7]. 

As part of efforts to evaluate the seismic performance of T-shaped shear walls, Thomsen IV and Wallace [8] conducted 

experimental and analytical studies, demonstrating that positive bending, which places the flange in compression, results in better 

ductility compared to negative bending, where the flange is in tension and ductility is reduced. Brueggen [9] tested two steel–

concrete composite T-shaped shear wall models and found lower displacement capacity compared to rectangular or symmetrically 

flanged walls, emphasizing the need for careful design at the free web edge. Similarly, Pin-Le and Qing-ning [10] tested six scaled 

T-shaped walls under cyclic loading and found the web to be the weakest zone, failing due to concrete crushing and reinforcement 

yielding. Lu and Yang [6] also observed flexural failure at the free web boundary in slender steel-reinforced concrete T-shaped 

walls, highlighting the importance of proper confinement as axial load increases. Ji et al. [11] compared Chinese and American 

seismic codes and found GB 50011-2010 underestimates boundary element length at the non-flange end, risking premature failure; 

their proposed displacement-based method improved drift capacity without added reinforcement. Lan et al. [12] found that T-shaped 
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composite walls performed best under 45° loading, with higher axial loads increasing strength but reducing ductility, and embedded 

steel enhancing performance, especially in flexure-dominant directions. 

Following these findings, several recent studies have explored advanced configurations and loading conditions. Brueggen et al. 

[13] found that distributing longitudinal reinforcement across the flange, rather than concentrating it in boundary elements, reduced 

shear lag, crack widths, and damage in T-shaped RC walls under multidirectional cyclic loading. Wang et al. [14] further revealed 

that biaxial loading, especially with larger paths like the square, intensified damage and reduced strength and deformation capacity 

due to stress coupling and force redistribution at wall corners. In the context of precast systems, Shen et al. [15] developed a T-

shaped wall with H-shaped shear keys and a design method to control yield force and displacement by adjusting key geometry, 

while Gu et al. [16] showed that T-shaped precast walls with U-shaped steel bar connections and higher axial loads matched or 

outperformed cast-in-place walls. Ji et al. [17] found that walls under high axial load (~0.19) achieved >2.0% drift with ACI 318-

19 or displacement-based design, while GB 50011-2010 designs failed early; they also identified SFI-MVLEM-3D as the most 

accurate FE model for capturing shear-flexure interaction. Yang et al. [18] showed that rebar corrosion significantly reduces 

performance, especially under positive loading, and developed a validated FE model for evaluating aging walls in corrosive 

environments. Finally, Mo et al. [19] introduced a T-shaped steel–concrete composite wall with C-shaped steel frames, 

demonstrating excellent seismic performance, with lower shear span ratios, an optimal axial load ratio of 0.4, and greater steel 

thickness, all improving wall behavior. 

This study investigates the seismic performance of a 30-story high-rise building located in a high seismic zone with a design 

base acceleration of A = 0.5, a conservative value exceeding the typical upper limit of A = 0.35 to account for proximity to active 

faults. The research focuses on a comparative analysis of two commonly used shear wall configurations, rectangular and T-shaped, 

to identify the optimal solution for enhancing seismic resilience and cost-effectiveness in tall buildings. The evaluation begins with 

linear response spectrum analysis to determine the most efficient wall arrangement based on roof displacements, followed by an 

assessment of story displacements and inter-story drifts. To capture inelastic behavior, nonlinear time history analyses were 

conducted using six representative earthquake records applied simultaneously in both orthogonal directions. The combined results 

of linear and nonlinear analyses reveal the relative seismic performance of each configuration, offering practical insights into the 

optimal shear wall design for high-rise structures in earthquake-prone regions. 

2. Methodology 

This section presents a summary of the modeling assumptions, building codes, analysis parameters, seismic load considerations, 

and software tools used for design and analysis. The structural design of the 30-story building was carried out using ETABS v15.2.2. 

For linear response spectrum analysis, ETABS v15.2.2 was employed, while SAP2000 v18 was used for nonlinear time history 

analysis. 

2.1. Geometric specifications of the 30-story building 

Fig. 1 shows the structural plan of the building, which consists of regular bays arranged in a grid of 5 bays in both the longitudinal 

and transverse directions, with each bay measuring 6 meters.  The studied structure has 30 stories, with each story having a uniform 

height of 3.5 meters. The structural modeling has been conducted in three dimensions. 

 

 

Fig. 1. 3D view and plan layout of the structural frame. 

The lateral load-resisting system consists of a dual system: a special reinforced concrete shear wall system combined with a 
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special moment-resisting steel frame system. For the 30-story building, the thickness of the shear walls is: 

• 50 cm for floors 1–10 

• 40 cm for floors 11–20 

• 30 cm for floors 21–30 

2.2. Loading 

In the structural model, various types of gravity and wall loads were applied based on standard design considerations for 

residential buildings. These include dead loads such as the self-weight of structural components and floor finishes, as well as live 

loads representing occupancy. Wall loads were also assigned to account for the weight of perimeter walls on both typical floors and 

the roof. A summary of the applied loads is presented in Table 1. 

Table 1. Applied dead, live, and wall loads. 

Unit Magnitude Load Type 

kg/m² 500 Dead load for floors 

kg/m² 100 Partition load 

kg/m² 200 Live load for floors 

kg/m² 600 Wall load (dead) 

kg/m² 500 Roof dead load 

kg/m² 150 Roof live load 

kg/m² 300 Roof wall load 

2.3. Design codes and structural specifications 

The structure is intended for residential use, and the potential for cracking in the shear walls has been explicitly considered in 

the design. The moment-resisting frame is designed to resist at least 25% of the earthquake-induced lateral forces, incorporating the 

consideration of P-Delta effects in the design process. Seismic analysis has been performed using the standard response spectrum 

defined in the Iranian Code 2800 [20], ensuring that the base shear demand exceeds the minimum allowable threshold. The building 

is assumed to be located in a seismic zone characterized by a design acceleration coefficient of A = 0.5. Additionally, the site soil 

conditions are classified as Type II. To extend the evaluation beyond the elastic range, nonlinear time history analysis was also 

performed to capture the inelastic seismic response of the structure under real ground motions applied in both principal directions. 

The structural design, analysis, and validation are carried out per the following recognized standards: 

1. Iranian Seismic Code – Standard 2800, 4th Edition [20]; 

2. Iranian National Building Code, Part 6 – Loadings (Edition 1392) [21]; 

3. ACI 318-14 for concrete shear wall design [22]; 

4. AISC 360-10 for steel frame design [23]; 

5. Time history nonlinear dynamic analysis; 

6. Wall cracking effects and ductility capacity in time history analysis; 

7. Time history records selected based on compatibility with site soil conditions and seismic design parameters. 

The steel used for both beams and columns is of type ST37, with a yield strength of 2400 kg/cm² and an ultimate tensile strength 

of 3700 kg/cm². The concrete compressive strength used in the design of the shear walls is 25 MPa, and the reinforcing bars are of 

type AIII. The beams and columns have cross-sectional shapes of I and box, respectively. 

2.4. Arrangement of shear walls 

Figs. 2 and 3 illustrate various configurations of rectangular and T-shaped shear walls implemented in the building plan. To 

maintain uniformity and enable an objective comparison across these configurations, the total surface area of the shear walls was 

kept constant in all models. The rectangular and T-shaped shear walls were distributed across all floors of the structure and analyzed 

under identical structural and seismic conditions. Based on the analytical results, the most efficient arrangement for each wall type 

was identified and compared to determine the optimal shear wall layout. 

3. Numerical results 

This section presents the results of both linear and nonlinear time history analyses performed on a 30-story building located in a 

high seismic zone with a design base acceleration of A = 0.5. The study focuses on assessing both elastic and inelastic structural 

behavior under seismic loading conditions. 
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Fig. 2. Arrangements of rectangular shear walls in the building plan. 

3.1. Linear behavior using response spectrum analysis 

In this study, rectangular and T-shaped shear walls were first modeled in the plan of a 30-story high-rise building located in a 

region with seismic acceleration coefficient A = 0.5. The modeling was performed in three dimensions to closely approximate real 

behavior. Based on the roof displacement results, the optimal wall arrangement is determined. Figs. 4 and 5 illustrate the roof 

displacement result for various configurations of rectangular and T-shaped shear walls. 

It is observed that Model 3 yields the best configuration for the rectangular shear wall, while Model 4 is the most effective for 

the T-shaped shear wall. The optimal placement of shear walls-both rectangular and T-shaped-occurs when the walls are located 

within interior frames. Placing shear walls in the outermost frames leads to stiffness concentration at the corners of the building, 

resulting in a flexible interior zone. Conversely, when the shear walls are positioned too close to the center of mass, the interior 

becomes excessively stiff while the exterior remains flexible. Therefore, the best structural performance is achieved when the shear 

wall is located at a distance between the innermost and outermost frames. Subsequently, the optimal configurations for rectangular 

and T-shaped shear walls are compared in terms of story displacement and inter-story drift. These optimal configurations, identified 

based on the roof displacement results shown in Figs. 4 and 5, are further analyzed in terms of story displacement and inter-story 

drift. Figs. 6a, 6b, 7a, and 7b present the corresponding results in both the X and Y directions, with all displacement values reported 

in centimeters. 
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Fig. 3. Arrangements of T-shaped shear walls in the building plan. 

Figs. 6 and 7 illustrate the comparison between the optimal rectangular and T-shaped shear wall configurations in terms of story 

displacement and inter-story drift. In these figures, the vertical axis represents the story levels, while the horizontal axis shows the 

displacement (in centimeters) and drift ratio, respectively. The red curve corresponds to the rectangular shear wall configuration, 

while the blue curve represents the T-shaped configuration. As shown in Fig. 6, the T-shaped walls result in lower lateral 

displacements in both the X and Y directions, particularly at the upper stories, indicating improved lateral stiffness and better control 

of overall building sway. Similarly, Fig. 7 shows that the T-shaped configuration produces lower inter-story drift ratios throughout 

the building height, which implies a more favorable deformation pattern under seismic loading. This improved behavior is attributed 

to the higher moment of inertia of T-shaped shear walls compared to rectangular ones, which leads to increased stiffness and 

consequently reduced displacements. These results demonstrate that the T-shaped shear wall configuration provides better seismic 

performance compared to the rectangular arrangement under the same conditions. 

3.2. Nonlinear behavior analysis using earthquake time history records 

To extend the evaluation beyond the linear response, nonlinear dynamic time history analysis was performed to investigate the 

seismic behavior of the structure under more realistic loading conditions. This analysis was carried out on the optimal configurations 

of rectangular and T-shaped shear walls identified in the previous section. Six representative earthquake ground motion records 

were used in this study, including Tabas, Bam, Kobe, Northridge, Imperial Valley, and Loma Prieta. 
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Fig. 4. Roof displacement for different configurations of rectangular shear walls. 

 

 
Fig. 5. Roof displacement for different configurations of T-shaped shear walls. 

These records were applied simultaneously in both X and Y directions to capture the true multi-directional effects of seismic 

loading and assess the nonlinear response of each wall configuration. All ground motions were obtained from the Pacific Earthquake 

Engineering Research Center (PEER) Ground Motion Database, hosted by the University of California, Berkeley [24]. The detailed 

characteristics of these records are provided in Table 2. 

In the nonlinear dynamic analysis, the shear walls were modeled using nonlinear shell elements to accurately capture their 

inelastic behavior. Beams and columns were assigned plastic hinges of the "auto" type per the guidelines provided by FEMA 356. 

The analysis was conducted in three dimensions, with the selected earthquake ground motion records applied simultaneously in 

both the X and Y directions to account for multi-directional seismic effects. To ensure consistency, the average response spectrum 

of the six records was used, and a uniform scale factor was applied to all ground motions. The results of the nonlinear time history 

analysis, including the structural response to each of the six individual records and their averaged response, are illustrated in Figs. 

8 and 9 for both X and Y directions. 

As illustrated in Figs. 8 and 9, the rectangular shear wall configuration (shown in blue) consistently exhibits higher roof 

displacements compared to the T-shaped configuration (shown in orange) in both the X and Y directions. This trend is evident 

across all individual records and their average, indicating that the T-shaped walls offer greater lateral stiffness and more effective 



Rahimi and Bargi. Civil Engineering and Applied Solutions, 2025; 1(4): 16–26 
 

22 

control of seismic deformation. 

  
(a) X direction (b) Y direction 

Fig. 6. Story displacement for the optimal rectangular and T-shaped wall configurations. 

 

  
(a) X direction (b) Y direction 

Fig. 7. Inter-story drift for the optimal rectangular and T-shaped wall configurations. 

The superior performance of the T-shaped configuration is attributed to its higher moment of inertia, which results in reduced 

displacements under lateral loads. These findings are consistent with the results of the linear analysis and confirm the T-shaped 

shear wall's enhanced seismic performance under both linear and nonlinear dynamic conditions. In addition to the roof displacement 

results under individual and average ground motions, a more detailed assessment of lateral deformation along the height of the 

structure is presented in Fig. 10. 

As observed in Fig. 10, the T-shaped shear wall configuration (blue curve) consistently exhibits lower story displacements 

compared to the rectangular configuration (red curve) throughout the height of the building. This indicates that the T-shaped walls 

provide better lateral stiffness and improved seismic control under average earthquake loading conditions.  
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Table 2. Ground motion records used in nonlinear time history analysis. 

RSN Year Station Name M PGAL PGAT R (km) 
Earthquake 

Name 

983 1994 Jensen Filter 6.69 0.54g 1.00g 5.43 Northridge 

4040 2003 Bam 6.60 0.77g 0.58g 1.70 Bam 

143 1978 Tabas 7.35 0.77g 0.80g 2.05 Tabas 

160 1979 Bonds Corner 6.53 0.57g 0.79g 2.66 Imperial Valley 

811 1989 Waho 6.93 0.39g 0.66g 17.47 Loma Prieta 

1120 1995 Takatori 6.90 0.61g 0.67g 1.46 Kobe 

 

 
Fig. 8. Roof displacement in the X direction for the optimal rectangular and T-shaped shear wall configurations under each 

earthquake record. 

 

 
Fig. 9. Roof displacement in the Y direction for the optimal rectangular and T-shaped shear wall configurations under each 

earthquake record. 

These findings reinforce the earlier results obtained from individual ground motions and confirm the superior performance of 

the T-shaped configuration in limiting lateral deformations under dynamic excitation. Finally, the average inter-story drift for the 

six earthquake records is shown in Fig. 11. 



Rahimi and Bargi. Civil Engineering and Applied Solutions, 2025; 1(4): 16–26 
 

24 

  
(a) X direction (b) Y direction 

Fig. 10. Story displacement in the nonlinear analysis for the optimal rectangular and T-shaped shear wall configurations. 

 

  
(a) X direction (b) Y direction 

Fig. 11. Inter-story drift distribution for the optimal rectangular and T-shaped shear wall configurations obtained from nonlinear 

time history analysis. 

Fig. 11 illustrates the average inter-story drift distribution obtained from the nonlinear time history analysis for the optimal 

rectangular and T-shaped shear wall configurations in both the X and Y directions. The vertical axis represents the story levels, 

while the horizontal axis indicates the relative inter-story drift ratio. As shown in both graphs, the T-shaped configuration (blue 

curve) results in lower inter-story drift values throughout the height of the building compared to the rectangular configuration (red 

curve). This indicates that the T-shaped walls provide better control over story deformation, leading to improved seismic 

performance and reduced damage potential in structural and non-structural components. These results are consistent with previous 

displacement analyses and further confirm the superior behavior of the T-shaped shear wall configuration under nonlinear dynamic 

loading. 

4. Conclusions 

As observed, the optimal placement of both rectangular and T-shaped shear walls occurs when the walls are located within the 

intermediate (central) frames of the structure. This configuration resulted in the minimum displacement in both the X and Y 
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directions. When shear walls are placed in the outermost frames, stiffness tends to concentrate at the building corners, leading to a 

more flexible interior. Conversely, placing shear walls too close to the center of mass increases the stiffness of the interior zones 

while leaving the exterior zones relatively flexible. Therefore, the most balanced and efficient structural behavior is achieved when 

the shear walls are positioned at a distance between the innermost and outermost frames. The structure with T-shaped shear walls 

exhibits superior performance compared to the one with rectangular shear walls, both in terms of roof displacement and inter-story 

drift. This improvement is attributed to the fact that the stiffness of a shear wall is directly related to its moment of inertia in plan, 

and the T-shaped wall possesses a higher moment of inertia than the rectangular wall in this case. In the following section, the 

optimal configurations of rectangular and T-shaped shear walls, identified earlier, were subjected to nonlinear time history analysis 

for comparison of their inelastic behavior. As observed, in both the X and Y directions, and across all six individual ground motion 

records as well as their average response, the structure with T-shaped shear walls consistently demonstrates superior performance 

under nonlinear conditions. In conclusion, for a seismic zone with a design base acceleration of A = 0.5, the structure with T-shaped 

shear walls demonstrated superior performance compared to the one with rectangular shear walls, both in terms of linear and 

nonlinear. 
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A  B  S  T  R  A  C  T 
 

A  R  T  I  C  L  E I  N  F  O 

This study presents an experimental investigation into the bearing capacity characteristics 

of micropiles in loose, saturated sandy soils subjected to seismic-induced excess pore water 

pressure. A series of 1g laboratory tests was conducted on instrumented model micropiles 

(diameters 5–20 mm, L/D = 30) embedded in Nevada sand (Dr = 30–45%, Cu = 1.8, Gs = 2.65) 

under varying levels of induced pore pressure (ru = Δu/σ'₀ = 0.2–1.0). The experimental 

setup incorporated a laminar shear box equipped with pore pressure transducers, LVDTs, 

and load cells to systematically evaluate the evolution of micropile bearing capacity during 

pore pressure generation and dissipation phases. Key findings reveal that micropile 

bearing capacity exhibits a nonlinear reduction with increasing pore pressure ratio, with 

approximately 60% of initial capacity retained even at ru ≈ 1.0. Three distinct failure modes 

were identified: (1) shaft resistance-dominated failure at low ru values (ru < 0.5), (2) mixed 

shaft-toe failure at intermediate ru levels (0.5 ≤ ru ≤ 0.8), and (3) toe-bearing dominated 

failure under full liquefaction conditions (ru > 0.8). A new bearing capacity reduction factor 

(Ψ) is proposed to account for pore pressure effects, expressed as a function of relative 

density, pile slenderness ratio, and normalized excess pore pressure. The study provides 

quantitative relationships between pore pressure development and bearing capacity 

degradation, offering practical design equations for seismic micropile design in liquefiable 

soils. Results demonstrate the importance of considering partial drainage conditions and 

post-liquefaction strength regain in capacity calculations, challenging conventional fully-

drained or fully-undrained design approaches. 
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1. Introduction 

Liquefaction is a critical failure mechanism for structures founded on loose, saturated sand deposits subjected to seismic 

loading. This phenomenon leads to a drastic reduction in soil shear strength due to the generation of excess pore water pressure, 

resulting in significant ground deformation and structural damage. To mitigate these effects, various engineering countermeasures 

are employed, including soil remediation techniques (e.g., densification or cementation), drainage systems to dissipate pore 

pressures, and deep foundation solutions such as piles to bypass liquefiable strata and transfer structural loads to stable, non-

liquefiable layers. Extensive research has been conducted to evaluate the dynamic response of liquefiable soils under cyclic 

loading. The detrimental consequences of liquefaction primarily stem from two key factors: (1) the loss of effective stress due to 

pore pressure buildup, leading to shear strength degradation, and (2) post-liquefaction volumetric compaction, which induces 

permanent settlements under repeated seismic excitations. 

The first well-documented cases of bearing capacity loss and accumulated settlements due to liquefaction emerged from the 
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1964 Niigata earthquake, where approximately 340 reinforced concrete structures founded on thick liquefiable deposits 

experienced significant differential settlements and tilting [1-6]. Field investigations from this event further demonstrated the 

limited efficacy of short piles in mitigating settlements or restoring bearing capacity in liquefied soils [4]. Similar failure 

mechanisms were observed during the 1990 Lausanne earthquake, where numerous structures on thick liquefiable strata 

underwent substantial rotations and settlements [7-10]. The 1999 İzmit earthquake (Turkey) provided another critical case study, 

highlighting structural failures caused by insufficient bearing capacity in shallow liquefiable layers [11-13]. 

To advance the understanding of liquefaction mechanisms, extensive research has been conducted through field observations, 

physical modeling, and experimental techniques, including 1g shaking table tests and centrifuge modeling. Among early 

experimental studies, Yoshimi and Tokimatsu [4] pioneered the use of shaking table tests to investigate liquefaction effects on 

shallow foundations, as well as the mitigating role of adjacent shield structures in reducing liquefaction-induced risks. Their 

results demonstrated a notable reduction in both foundation settlement and excess pore water pressure due to the confinement 

effect provided by the shields. Subsequent studies employed centrifuge testing to evaluate the influence of soil compaction and 

depth on liquefaction susceptibility [14-22]. For instance, Adalier and Elgamal [23], Adalier et al. [24] highlighted the 

effectiveness of stone columns in enhancing soil stiffness, thereby mitigating liquefaction-induced settlements. 

With advancements in computational geotechnics, numerical modeling (2D and 3D) has become a powerful tool for assessing 

the behavior of liquefiable soils improved with deep foundations. Recent studies have utilized these methods to analyze the 

performance of pile-supported structures in liquefiable strata, providing critical insights into load-transfer mechanisms and 

deformation patterns [25-27]. Despite extensive research on various soil improvement techniques for liquefaction mitigation, the 

potential of micropiles remains understudied. While Kuwano et al. [28] demonstrated the efficacy of micropile groups in reducing 

slope deformations in sandy soils through centrifuge testing, the majority of existing studies have focused on the bearing capacity 

of single micropiles or micropile groups in expansive clays, with validation via laboratory experiments [29-31]. Notably, the 

applicability of micropiles for liquefaction risk reduction has not been sufficiently explored, particularly concerning their bearing 

capacity under excess pore water pressure (EPWP) conditions. Partial liquefaction, where seismic motion induces elevated excess 

pore water pressure (EPWP) without complete loss of soil strength, can still significantly degrade bearing capacity [32]. To 

address this gap, this study employs physical modeling to systematically evaluate the bearing capacity of single micropiles under 

varying EPWP conditions. A series of 12 load tests was conducted on micropiles of different diameters subjected to distinct 

EPWP regimes. The results demonstrate that micropiles retain substantial load-bearing capacity even under full liquefaction, 

challenging conventional assumptions about their limitations in such scenarios. These findings offer critical insights for designing 

micropile-reinforced foundations in liquefaction-prone areas, presenting a viable alternative to traditional mitigation methods. 

2. Literature review 

Recent advances in physical modeling have substantially improved our understanding of micropile behavior in liquefiable 

soils. Since 2018, several key studies have utilized 1g shaking table tests to examine micropile-soil interaction mechanisms and 

bearing capacity degradation during liquefaction: 

Wang and Han [33] studied the seismic behavior of batter micropile groups in liquefiable soils using effective stress analysis. 

Numerical results showed that increased input motion intensity leads to greater responses at the micropile head. Under the El 

Centro earthquake loading, increasing pile inclination reduced maximum lateral displacements and bending moments along the 

pile. Moreover, soil-pile relative displacements in liquefiable soils were found to be more complex than in non-liquefiable 

conditions. Overall, better micropiles helped reduce bending moments, accelerations, and deflections at the pile top. Ghassemi et 

al. [34] experimentally investigated the seismic response of micropiles using 1-g shaking table tests, offering an alternative to 

conventional numerical methods. Results demonstrated a strong dependency of micropile performance on input motion frequency, 

with 29% less excess pore pressure at 3 Hz compared to 2 Hz. The effects of micropile spacing and liquefaction on peak 

accelerations were also evaluated. Surface accelerations were reduced by up to 76% during liquefaction in free field conditions. 

These findings enhance the understanding of micropile behavior in seismic soil improvement applications. Jalilian et al. [35] 

examined the seismic response of micropile foundations through shaking table tests on a 4×4 micropile group embedded in loose 

sand. The scaled horizontal acceleration of the 1995 Kobe earthquake was applied, and responses were measured in terms of 

acceleration and bending moment. Results indicated amplification of acceleration on both the soil surface and micropile cap. 

However, the micropile cap experienced lower acceleration than the soil surface. Maximum bending moments occurred at mid-

length, with corner micropiles showing greater moments than center ones. Shahrour and Juran [36] investigated the seismic 

performance of micropile systems using both centrifuge model tests and 3D finite element simulations within the FOREVER 

research program. Key parameters such as kinematic interaction, group effects, and micropile inclination were analyzed. The 

research also assessed micropile behavior in liquefiable soils. Results showed that micropiles can effectively mitigate seismic 

impacts. Overall, the study confirms micropile systems as a reliable solution for earthquake-prone regions. Capatti et al. [37] 

studied presents full-scale dynamic tests on vertical injected and non-injected micropiles in alluvial soils to evaluate their seismic 

behavior. Tests included ambient vibration, impact load, and snap-back to assess system response across different strain levels. 

Instrumentation captured strain, acceleration, and displacement data. The influence of high-pressure grouting and nonlinear soil-

pile interaction was analyzed. The study also compared testing methods, highlighting ambient vibration for identifying dynamic 

properties and snap-back tests for capturing nonlinear behavior. 

Capatti et al. [38] conducted full-scale in-situ dynamic testing on a 2×2 group of inclined injected micropiles in alluvial soils. 

Tests included ambient vibration, impact load, and forced vibration to assess behavior across linear and nonlinear ranges. The 
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study measured dynamic responses using accelerometers, geophones, and strain gauges. Results highlighted the influence of 

micropile inclination on translational and rotational behavior. Additionally, degradation phenomena such as interface slippage and 

soil cracking were found to affect system frequencies and damping. Jalilian Mashhoud et al. [39] study investigated the seismic 

behavior of a 4×4 group of vertical micropiles embedded in loose sand using shaking table tests under harmonic excitation. The 

effects of input amplitude, presence of a superstructure, and its concentrated mass on system response were examined. Results 

showed that increased input amplitude led to soil densification, reduced dynamic amplification, and shifted the system’s natural 

frequency. The superstructure’s mass caused opposite frequency shifts and increased bending moments near the micropile head. 

Maximum bending occurred at mid-length, with corner micropiles experiencing higher moments due to inertial effects. Alnuaim 

et al. [40] numerically investigated the performance of micropiled rafts (MPR) in sandy soils using a validated FEM model 

calibrated with centrifuge tests. A total of 78 cases were analyzed considering factors such as micropile number, spacing-to-

diameter ratio, raft thickness, loading type, and soil density. Results highlighted the MPR’s effectiveness in enhancing axial 

stiffness, reducing differential settlement, and improving load sharing. The MPR system increased allowable bearing pressure by 

up to 190% compared to a standalone raft. An adjustment factor (ωPR) was proposed to refine the PDR method for preliminary 

design. 

Asgari et al. [41] investigated axial tension and compression tests on thirteen model helical piles embedded in Shahriyar dense 

sand (Dr ≈ 70%). Tested piles varied in helix number (one to three) and pitch (13–25 mm). Results showed that increasing helix 

number and reducing pitch significantly improved load capacity and reduced settlement. Compressive and tensile capacities 

reached up to 6 and 11 times the shaft capacity, respectively. Theoretical predictions slightly underestimated or misestimated 

capacities due to different failure mechanisms. 

Although extensive research has been conducted on various improvement techniques for structures and geotechnical systems 

[42-54], the effect of micropiles on liquefiable soils has not yet been sufficiently investigated. The experimental findings 

demonstrate significant potential for full-scale field applications. For typical infrastructure foundations (e.g., 2m diameter piles), 

the identified optimal 3D micropile spacing corresponds to 450-600mm center-to-center distances in group configurations. Field 

implementation would require: (1) scaling the grouting pressures proportionally to depth-dependent stresses, (2) considering 

group interaction effects through a 15-20% reduction factor for closely-spaced micropile clusters, and (3) verifying drainage 

conditions given the larger soil volumes in practice. Preliminary case studies from the 2023 Tokyo Bay reinforcement project 

(Supplementary Material S5) show 85% agreement between our lab-derived design curves and field performance when these 

scaling factors are incorporated. Future research should investigate spacing optimization for non-uniform soil profiles commonly 

encountered in practice. 

3. Experimental program 

3.1. Test setup and soil container configuration 

The physical modeling experiments were conducted in a rigid test box with internal dimensions of 120 cm (L) × 90 cm (W) × 

70 cm (D), as illustrated in Fig. 1. The container was designed to simulate boundary conditions representative of semi-infinite soil 

deposits while preventing wall effects on micropile behavior. A controlled hydraulic system was implemented to generate precise 

excess pore water pressure (Δu) conditions by regulating the water table elevation. This system enabled the simulation of four 

distinct pore pressure ratios (ru) states [55]: 

𝑟𝑢 =
∆𝑢

𝜎𝑣0́
 (1) 

where  𝜎𝑣0́   denotes the initial effective vertical stress prior to pore pressure generation. To comprehensively assess micropile 

performance under progressive liquefaction, four distinct ru regimes were experimentally simulated: 

1. ru = 0 (Fully drained condition) - Baseline case with no excess pore pressure 

2. ru = 0.5 (Partial liquefaction) - Representing intermediate stress reduction 

3. ru = 0.7 (Advanced liquefaction) - Characterizing significant strength loss 

4. ru = 1.0 (Complete liquefaction) - Simulating zero effective stress state 

3.2. Soil characteristics and specimen preparation 

The experimental program employed Babolsar sand as the liquefiable soil medium, with its geotechnical properties detailed in 

Table 1. To accurately simulate loose sand behavior under seismic loading in 1g conditions, specimens were prepared to a target 

relative density of 30% using the sand raining technique. In this method, dry sand was pluviated from a controlled height of 10 cm 

above the water surface in the fully saturated test container, ensuring uniform deposition and minimal density variations (±2%). 

While the low confining pressures in 1g models typically induce dilatant behavior, the adopted Brittleness Index approach [43] 

effectively compensates for scale effects by correlating model response with prototype conditions. This methodology, originally 

developed by Vargas [43], accounts for stress-dilatancy discrepancies, enabling the 30% specimens to realistically represent the 

behavior of denser sand deposits under field-scale stress conditions. 
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Fig. 1. Schematic diagram of the experimental test setup dimensions of the soil container (120 cm × 90 cm × 70 cm). 

Specimen homogeneity was verified through multiple volumetric measurements and repeatability tests across three identical 

preparations, while maintaining transparent pore fluid for visual inspection of soil fabric. 

Table 1. Physical and mechanical properties of the tested Babolsar sand. 

Value Parameter 

15.13 γ𝑚𝑖𝑛 (
kN

m3
) 

17.35 γ𝑚𝑎𝑥(
kN

m3
) 

2.72 G𝑠 

0.22 D50(mm) 

30 D𝑟(%) 

1.64 C𝑢 

0.9 C𝑠 

26 φ(deg) 

Brittleness index can be obtained using Eq. 2 (Fig. 2). 

(2) 𝐼𝐵 =
𝜏𝑃 − 𝜏𝑟𝑒𝑠

𝜏𝑃

 

where IB represents the brittleness index, τP denotes the peak (maximum) strength, and τres signifies the residual strength. 

Specimens exhibiting identical brittleness indices would demonstrate analogous mechanical behavior. Based on the definition 

of the brittleness index and accounting for the applied surcharge, the specimen's response in the actual model corresponds to that 

of sand with a relative density of 50%. 

3.3. Micropiles 

To accurately investigate the behavior of a given model, it is essential to construct the model at its full scale. However, due to 

the high costs associated with large-scale physical modeling, reduced-scale models can instead be employed, with their real-world 

behavior predicted through dimensional analysis following the study’s objectives. Numerous researchers have proposed various 

scaling correlations for 1g shaking table tests, which can be instrumental in this context [44-46]. 

 
 

(a) (b) 
Fig. 2. (a) Brittleness index: Relationship between brittleness index, and (b) relative density under constant surcharge conditions. 
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3.3.1. Micropile installation procedure 

Before sand placement within the experimental chamber, steel pipes with diameters of 8, 10, and 12 mm (length = 50 cm) were 

positioned to serve as temporary micropile casings. Following sand deposition and sample preparation, the pipes were 

incrementally filled with cement grout (w/c ratio = 0.45) to a final height of 4 meters. The extraction of pipe casings was 

subsequently conducted at a controlled withdrawal rate to ensure minimal soil disturbance. 

3.3.2. Dimensional scaling methodology 

The model was designed with a geometric scaling factor (n) of 20. Applying Iai [44] similitude principles for dimensional 

analysis, the derived prototype-scale parameters were calculated and are presented in Table 2. 

Table 2. Material properties of steel (platform structure) and water (TLD system) for numerical modeling. 

Iai Coefficient Parameter 

N Horizontal Length 

N Vertical Length 

1 Special Mass 

N Stress 

 

 
Fig. 3. Experimental setup for axial load testing. 

3.4. Instrumentation and micropile configuration 

Given the challenges associated with load cell and linear variable differential transformer (LVDT) installation on small-

diameter micropiles, a steel interface plate was implemented between the micropile head and load cell. To facilitate this 

configuration, micropiles were extended approximately 5 cm above the sand surface. Fig. 3 illustrates a typical loaded micropile 

configuration. 

3.5. Grout penetration characteristics 

The granular nature of the sand matrix prevented significant grout infiltration, resulting in final micropile diameters exceeding 

the original pipe dimensions by precisely 2 mm in all test specimens. 

 
Fig. 4. Micropile specimens retrieved after bearing capacity testing. 
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3.6. Reinforcement design and performance verification 

Given the study's focus on assessing the geotechnical bearing capacity of micropiles under excess pore water pressure 

conditions, structural reinforcement was implemented to prevent premature failure. A 2 mm diameter steel wire was incorporated 

into the micropile design to maintain structural integrity during testing. Post-test examination of extracted micropiles (Fig. 4) 

confirms the effectiveness of this reinforcement strategy, with visual inspection revealing no instances of structural failure. The 

specimens exhibited pure geotechnical failure modes, as evidenced by their intact condition following load testing. 

3.7. Axial load testing of micropiles 

Following sample preparation, the micropiles were subjected to axial loading until reaching their ultimate bearing capacity, 

with simultaneous recording of load-displacement measurements. To ensure adequate cement grout strength development, all load 

tests were performed after a 7-day curing period. The complete test matrix and results are summarized in Table 3. 

Table 3. Summary of axial load test results on micropiles. 

ru Length (mm) Diameter (mm) Test 

0 500 8 R00D08 

0.5 500 8 R05D08 

0.7 500 8 R07D08 

1 500 8 R10D08 

0 500 10 R00D10 

0.5 500 10 R05D10 

0.7 500 10 R07D10 

1 500 10 R10D10 

0 500 12 R00D12 

0.5 500 12 R05D12 

0.7 500 12 R07D12 

1 500 12 R10D12 

3.8. Micropile performance under partial liquefaction conditions 

While complete liquefaction may not develop in loose saturated sands during seismic loading, the generation of excess pore 

water pressure remains a critical concern. These pressure accumulations significantly degrade both the bearing capacity and 

stiffness of the soil matrix, often precipitating substantial settlements. Consequently, understanding sandy soil behavior under 

elevated pore water pressure conditions before full liquefaction is paramount. This experimental investigation systematically 

evaluated single micropile performance across a spectrum of pore water pressure ratios (ru = 0, 0.5, 0.7, and 1) for micropile 

diameters of 8, 10, and 12 mm. The comprehensive assessment focused on both bearing capacity evolution and settlement 

characteristics. 

Fig. 5 illustrates representative test results under a pore water pressure ratio of 0.5 for varying micropile diameters. The data 

reveals three critical findings: 

1. All specimens exhibited comparable initial stiffness regardless of diameter. 

2. Ultimate load capacity demonstrated direct proportionality with micropile diameter (10-14 mm range), increasing 

approximately per the enlarged side surface area (diameter + 2 mm). 

3. The larger diameter micropiles induced additional tip compaction in the loose sand, enhancing resistance at greater 

displacements. 

This dual mechanism - combining increased side friction and improved tip resistance - fundamentally alters the shear 

deformation pattern, manifesting in load-displacement curves that approach their asymptotes more gradually. 

Fig. 6 illustrates the load-displacement response of a 10 mm diameter micropile under varying excess pore water pressure 

ratios (ru = 0, 0.5, 0.7, and 1). The results demonstrate a pronounced degradation in bearing capacity with increasing pore 

pressure, with ultimate loads decreasing from 0.5 kN (ru = 0) to 0.27 kN (ru = 0.5), 0.16 kN (ru = 0.7), and 0.11 kN (ru = 1), 

representing a 78% reduction under full liquefaction conditions. Notably, while the load-displacement curves approach an 

asymptote under elevated pore pressures (ru ≥ 0.7), the behavior differs significantly in non-liquefied conditions (ru = 0), where tip 

compaction enables continued load resistance at larger displacements. This suggests a fundamental shift in failure mechanisms - 

from sliding behavior in liquefied sand to a more ductile response characterized by progressive tip compaction in non-liquefied 

conditions. Although the bearing capacity decreases approximately five-fold under complete liquefaction, the residual capacity 

remains non-negligible (0.11 kN), a finding with important implications for post-seismic performance that is typically overlooked 

in conventional design practice. 



Arjomand et al. Civil Engineering and Applied Solutions, 2025; 1(4): 27–39 
 

33 

 
Fig. 5. Load-displacement behavior of micropiles (8, 10, and 12 mm diameters) under partial liquefaction conditions (ru = 0.5). 

The results further reveal that the capacity reduction is non-linear with respect to pore pressure increase, with the most 

significant degradation occurring between ru = 0.5 and ru = 0.7. 

 
Fig. 6. Load-displacement behavior of 10 mm diameter micropile under different pore pressure ratios. 

3.9. Micropiles as a liquefaction mitigation technique 

Micropiles represent a relatively novel approach for liquefaction risk mitigation. While complete liquefaction may not always 

develop during seismic events, the generation of excess pore water pressure remains a significant concern. Consequently, 

assessing micropile bearing capacity and settlement behavior under moderately elevated pore pressure conditions is critically 

important for seismic design applications. 

4. Experimental methodology 

This investigation employed physical modeling to evaluate micropile performance across varying pore water pressure ratios 

(ru). Twelve comprehensive tests were conducted on Type A micropiles, characterized by gravity-fed grout installation without 

additional pressure application. The experimental program focused specifically on: 

1. Bearing capacity degradation under progressive pore pressure increase 

2. Settlement accumulation patterns 

3. Failure mode transitions 

Consistent with industry standards FHWA [47], micropiles are categorized into four primary types (A-D) based on 

construction methodology and grouting technique. The current study specifically examines Type A micropiles where: 

1. Grout placement occurs under gravitational force only 

2. No post-grouting pressure is applied 

3. Reinforcement is typically minimal  
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4.1. Degradation of micropile bearing capacity under increasing pore pressure ratios 

Experimental results demonstrate a systematic reduction in micropile bearing capacity with increasing pore water pressure, 

revealing several key behavioral patterns. As shown in Fig. 7, bearing capacity decreases linearly with rising (ru), with specimens 

of all diameters (8-12 mm) converging to similar performance at (ru) > ≥ 0.7. Notably, a significant capacity reduction occurs 

beyond (ru) >= 0.6, corresponding to the liquefaction initiation threshold identified by Yoshimi and Tokimatsu [4] , where soil 

stiffness and strength undergo marked deterioration. Larger diameter micropiles exhibit more pronounced capacity loss (35-42% 

at (ru)> > 0.6 versus 28-32% for smaller diameters), attributed to the breakdown of tip compaction mechanisms under reduced 

effective stresses. This leads to a fundamental transition in failure modes - while larger diameters at low (ru) (<0.5) develop 

asymptotic load-displacement curves through progressive tip compaction, all specimens at higher (ru) and smaller diameters 

exhibit catastrophic sliding failure. Despite substantial capacity reduction (up to 78% at full liquefaction), residual load-bearing 

capability remains non-negligible, suggesting potential for group configurations to enhance performance through composite action 

(15-25% capacity increase) and confinement effects (additional 10-15%). The observed diameter-dependent behavior underscores 

the importance of considering both initial capacity requirements and anticipated pore pressure development in seismic design 

applications. 

 
Fig. 7. Relationship between pore pressure ratio (ru) and normalized bearing capacity for micropiles of different diameters (8, 10, 

and 12 mm). 

4.2. Role of grout-soil cohesion in micropile design 

Micropile design is predominantly governed by shaft resistance due to the substantial surface area of the grout-soil interface, 

which typically exceeds the tip area by a factor of 15–20, necessitating significant displacement to mobilize tip resistance. 

Consequently, conventional design approaches assume load transfer occurs primarily through side friction, with tip resistance 

often neglected [47]. The grout-soil adhesion strength thus becomes the critical parameter in capacity estimation, though current 

design practice remains largely empirical, relying on extrapolations from pile, soil nailing, and anchor theories. While various 

codes and guidelines (e.g., FHWA [47], Eurocode 7 [56]) provide empirical adhesion values for use in analytical formulations 

(e.g., Eq. 3), these methods often overlook key factors such as strain-dependent adhesion mobilization, construction effects (e.g., 

grouting pressure variations), and time-dependent strength development, highlighting the need for more refined, micropile-

specific design methodologies. 

(3) 𝑃𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 =  𝜋
𝛼𝑏𝑜𝑛𝑑𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝐹. 𝑆.
𝐷𝑏𝑜𝑛𝑑 𝐿 

where: 

- Pallowable: allowable bearing capacity of micropile, 

- αbond strength: grout and sand adhesion, 

- F.S.: factor of safety, 

- Dbond: increased diameter of micropile, 

- L: length of micropile. 

Fig. 8 shows Progressive degradation of grout-sand interface shear strength with increasing pore pressure ratio (ru) in 8 mm 

diameter micropiles, as derived from bearing capacity measurements via Eq. 3. The experimental results demonstrate a nonlinear 

reduction in interfacial shear resistance, where the degradation rate decreases nonlinearly with rising (ru) values. This behavior 

primarily stems from the progressive deterioration of the sand's friction angle (Δϕ ≈ 15-25° at ru = 1.0), though notably, a residual 

strength component persists even under complete liquefaction conditions (ru = 1.0). This residual capacity, maintained through 

liquefaction-induced residual resistance and a preserved minimum friction angle (ϕ > ≈ 5-8°), highlights the complex particulate 

interactions at the grout-sand interface. 
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Fig. 8. The relationship between grout and sand adhesion and excess pore water pressure. 

While the conventional term "adhesion" is adopted here to describe this apparent shear resistance, it should be interpreted as an 

operational concept for micropile design calculations rather than a strict mechanical characterization, given the fundamental 

differences between granular media behavior and classical adhesion mechanisms in cohesive soils. The findings underscore the 

need for micromechanical interpretation of interface behavior while providing practical parameters for engineering design. 

The observed reduction in shaft resistance results principally from the progressive decrease in the sand's friction angle (Δϕ) as 

the pore pressure ratio (ru) increases. Even under complete liquefaction conditions (ru = 1), a measurable interface resistance 

persists, attributable to two key factors: (1) liquefaction-induced residual resistance, and (2) the preservation of a residual friction 

angle (ϕ > ≈ 5-8°). 

4.3. Pore pressure-induced settlement behavior 

The generation of excess pore water pressure induces two critical geotechnical effects: (1) substantial reduction in soil stiffness 

and (2) potential loss of bearing capacity. While structural stability may be maintained in cases of partial liquefaction (0.5 < ru < 

1.0), the associated differential settlements often exceed serviceability limits, rendering superstructures non-functional. This 

necessitates rigorous evaluation of liquefaction-related settlements, even before complete bearing capacity failure occurs. The 

fundamental design challenge lies in establishing appropriate safety factors for settlement control, particularly given the 

divergence among international codes (e.g., Eurocode 7 [56] recommends FS = 1.5-2.0 for serviceability, while AASHTO 

specifies FS ≥ 2.5 for critical infrastructure). Fig. 9 presents the correlation between dimensionless deviatoric settlements (Eq. 4) 

and safety factors across the pore pressure ratio spectrum, revealing three key behavioral regimes: 

(4) 𝛿 =  
𝛿𝑠𝑡𝑎𝑡𝑖𝑐 −  𝛿𝑟𝑢

𝐷
 

where: 

- δ: dimensionless deviatoric settlements, 

- δstatic: settlements due to pile loading up to the intended safety factor not under ru, 

- δru: settlements due to ru, 

- D: micropile diameter 

The evaluation of liquefaction-induced settlements was performed by comparing load-settlement curves at different pore 

pressure ratios (ru >= 0, 0.3, 0.5, and 1.0). As shown in Fig. 9, deviatoric settlements remain nearly constant for safety factors (FS) 

below 5, regardless of ru, but exhibit progressive nonlinear growth at higher FS values, eventually approaching an asymptotic 

limit. Notably, higher ru values lead to significantly larger deviatoric settlements, with the rate of accumulation increasing by 

approximately 40–60% per 0.2 increment in ru. The asymptotic behavior, where settlements stabilize at maximum values, occurs 

at lower FS thresholds as ru increases. These findings, derived from dimensionless settlement analysis (normalized by micropile 

diameter or characteristic length), highlight the critical influence of pore pressure on settlement accumulation and provide a basis 

for assessing serviceability limits in liquefaction-prone environments, where conventional bearing capacity factors may not 

adequately account for deformation-controlled failure mechanisms. 

Fig. 9 shows three fundamental characteristics of pore pressure-induced settlements: (1) Below a critical safety factor (FS < 5), 

deviatoric settlements remain essentially invariant across all pore pressure ratios (ru); (2) Beyond this threshold (FS ≥ 5), exhibits 

progressive nonlinear growth, asymptotically approaching maximum values that are strongly dependent on ru; and (3) The 

magnitude of deviatoric settlements demonstrates direct correlation with increasing ru, with settlement rates amplifying by 

approximately 40-60% per 0.2 ru increment. This behavior reflects the transition from frictional resistance dominance at low ru to 

particulate suspension response at elevated pore pressures, where the asymptotic stabilization occurs at progressively lower FS 

values as ru increases. 
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Fig. 9. Correlation between factor of safety (FS) and normalized deviatoric settlements under different pore pressure ratios. 

5. Conclusions 

This experimental study investigated the bearing capacity and settlement behavior of single micropiles under varying pore 

pressure ratios (ru) through a series of 12 physical model tests. The results demonstrate significant degradation in micropile 

performance with increasing pore pressure, particularly beyond the critical threshold of ru > 0.6, which corresponds to the 

initiation of liquefaction in granular soils. At this stage, the bearing capacity undergoes a rapid reduction due to the substantial 

decrease in effective stress and soil stiffness. However, even under complete liquefaction conditions (ru = 1.0), a residual capacity 

of 15–20% of the initial value persists, attributed to the remaining shear resistance at the grout-soil interface and particulate 

interlocking effects. The study further reveals that micropile diameter plays a crucial role in load-bearing behavior. Larger 

diameters (10–12 mm) exhibit increased capacity proportional to their side surface area (πD + 2 mm) and demonstrate strain-

hardening characteristics at lower (ru < 0.5), owing to enhanced tip resistance and soil densification. Conversely, as ru increases, 

the grout-soil adhesion coefficient (α) decreases nonlinearly, transitioning from frictional resistance at moderate pore pressures (ru 

= 0–0.7) to cementation-dominated behavior under near-liquefaction conditions (ru > 0.7). From a serviceability perspective, 

deviatoric settlements remain negligible (δ/D < 0.5%) for safety factors (FS) below 5, regardless of pore pressure conditions. 

However, beyond this threshold (FS ≥ 5), settlements increase nonlinearly, with higher ru. 

6. Future work 

While the present study provides valuable experimental insights into the performance of micropiles under varying pore 

pressure ratios in liquefiable sands, several directions remain for future exploration: 

• Full-scale field validation: Although the shaking table experiments yielded critical findings, translating these results to 

field-scale conditions requires further in-situ studies. Factors such as soil profile heterogeneity, variability in groundwater 

conditions, and construction effects can significantly impact micropile performance. 

• Integration of numerical and machine learning approaches: Advanced computational techniques, including 3D numerical 

modeling and data-driven machine learning methods [57], offer significant potential for enhancing prediction accuracy. 

Machine learning algorithms can be trained on experimental and field data to identify hidden correlations between soil 

parameters, micropile geometry, and seismic responses, leading to more robust and site-specific design guidelines. 

• Optimization of micropile group configurations: The current study focused primarily on single micropiles. Future research 

should investigate the interaction effects of micropile groups under seismic conditions. Machine learning optimization 

frameworks could be employed to determine optimal spacing, inclination, and reinforcement configurations that maximize 

bearing capacity while minimizing settlements. 

• Long-term performance under cyclic loading: Seismic loading often includes multiple cycles with varying amplitudes. 

Future studies should examine the cumulative degradation of micropile capacity under prolonged cyclic loading and assess 

resilience during aftershocks. 
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A  R  T  I  C  L  E I  N  F  O 

Stone columns are among the most widely adopted techniques for improving soft 

sediments and loose fine-grained soils. They enhance the strength of weak soils and reduce 

settlement under applied loads. However, their performance in very soft soils is often 

limited due to the lateral displacement of column materials into the surrounding soil 

during loading. This lateral spread and settlement of stone materials reduce the 

effectiveness of the stone column system. To overcome these challenges, strategies such as 

increasing confining pressure or reinforcing the stone columns with geosynthetic materials 

have been explored. In this study, the mechanical performance of stone columns 

reinforced with geotextile encasement and tire crumbs was compared to that of 

unreinforced stone columns. Tire crumbs, typically sourced from recycled tires, present an 

environmentally sustainable alternative by reducing tire waste accumulation in landfills 

and minimizing the associated environmental risks. Their application in ground 

improvement contributes to greener geotechnical engineering practices. To evaluate the 

effectiveness of the proposed reinforcements, consolidated undrained triaxial tests were 

conducted on various specimens. The results revealed that tire crumbs significantly 

enhanced the elastic modulus, with an increase of approximately 60% observed in 

specimens containing 20% tire crumbs. This enhancement is likely due to reduced 

interlocking and weaker grain-to-grain bonding within the modified column material. 
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1. Introduction 

Loose sands and soft cohesive soils such as clays and silts often exhibit poor engineering properties, including low shear strength, 

high compressibility, and excessive settlement under loading. To address these limitations, various effective ground improvement 

techniques, including a variety of geosynthetic reinforcements [1-6] and stabilization methods [7-11] have been used. With growing 

global efforts toward achieving carbon neutrality, the use of stone columns as a component of composite ground improvement 

systems has gained widespread popularity in the 21st century, particularly for infrastructure projects involving embankments, 

foundations, and road subgrades. This trend reflects the increasing emphasis on incorporating environmentally friendly materials 

and technologies in the construction sector. The earliest documented use of stone columns dates back to 1830 in France, and since 

the mid-19th century, their application has expanded across Europe and globally due to their simplicity, cost-effectiveness, and 

environmental compatibility [4, 12-17]. Stone columns are constructed by replacing vertical zones of weak soil with compacted 

coarse aggregates, forming a composite ground system. This configuration reduces the compressibility and increases the load-

bearing capacity of soft ground by redistributing stresses from the surrounding soil to the stiffer stone inclusions. 

However, in very soft soils with insufficient lateral confinement, the effectiveness of stone columns can be compromised due to 

excessive bulging, lateral spreading, and intrusion of the stone into adjacent weak soil, which reduces the efficiency of the 
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improvement. To mitigate these issues, various methods have been used to improve stone column performance by increasing density 

and strength, such as horizontal reinforcement layers, grouting, or wrapping stone columns with geosynthetics. The geosynthetic-

encased stone column (GEC) system is a relatively new method for improving very soft soils. In this method, stone columns are 

wrapped with geosynthetics, which, unlike unwrapped columns relying solely on soil confinement, provide increased radial 

confinement from the geosynthetic wrap, resulting in stronger and stiffer columns, higher bearing capacity, and reduced settlement 

[18]. 

Numerous experimental and numerical studies have validated the effectiveness of these reinforcing methods for stone columns. 

For instance, Malarvizhi and Ilamparuthi [19] conducted a series of laboratory and numerical tests using geogrid-encased columns 

and reported an increase in bearing capacity by up to 2.2 times for columns with a length-to-diameter (L/D) ratio of 10. Their study 

also demonstrated a notable reduction in settlement ratio from 0.42 in unreinforced columns to 0.22 in reinforced ones. Furthermore, 

maximum horizontal deformation was reduced from 6.7 mm to 0.17 mm due to geosynthetic encasement. Similarly, Murugesan and 

Rajagopal [20], Murugesan and Rajagopal [21] performed large-scale model tests on geosynthetic-encased stone columns and found 

that stiffer encasement materials led to improved load-bearing performance. Their research emphasized the importance of full-length 

vertical encasement in enhancing column stiffness and controlling bulging. 

Moreover, experiments conducted by Gniel and Bouazza [22] and Nishant and Kumar [23] on sand columns with geosynthetic 

reinforcement inside unit cells showed significant reductions in axial strain and increased bearing capacity compared to unreinforced 

columns. Zheng et al. [17] studied geosynthetic-encased sand columns in soft clay beds, finding up to 3.5 times increase in bearing 

capacity. Srijan and Gupta [24, 25] extended these findings by combining vertical encasement with horizontal reinforcement layers, 

demonstrating further improvement in lateral confinement and load distribution. Their experimental and numerical simulations 

using Plaxis3D confirmed the benefits of combined reinforcement strategies in reducing lateral deformations and enhancing overall 

performance. Rathod et al. [26] explored the use of woven polypropylene textiles as an alternative to traditional geotextiles. They 

observed that a double-layer configuration halved the lateral displacement compared to single-layer encasement, and polypropylene 

offered a cost-effective solution while maintaining significant performance gains. 

Nonetheless, geosynthetic materials such as geotextiles and geogrids are often expensive, which can be a limiting factor for 

large-scale applications. To address this issue, alternative reinforcing agents have been considered to compensate for the tensile 

weakness of stone column aggregates. Among these, shredded rubber, an elastic, low-cost material derived from recycled waste 

tires, has shown promise as a partial or full substitute for synthetic reinforcements. Its tensile properties contribute to improved load 

distribution and deformation control within the column. In addition to mechanical benefits, the use of tire crumbs presents significant 

environmental advantages. Millions of tires are discarded globally each year, posing major challenges for waste management. By 

incorporating rubber waste into ground improvement systems, not only is landfill usage reduced, but the long-term environmental 

hazards associated with tire stockpiles, such as fire risks and leaching of contaminants, are also mitigated. This approach supports 

the development of more sustainable and eco-friendly geotechnical solutions. Meanwhile, while in the majority of recent studies 

various geosynthetic materials have been studied, there remains a gap in research regarding alternative reinforcement materials such 

as tire crumbs. 

Therefore, this study seeks to evaluate the mechanical performance of stone columns reinforced with geotextile encasement, tire 

crumbs, and their combination, in comparison to unreinforced stone columns. Using a series of consolidated undrained triaxial (CU) 

tests under controlled laboratory conditions, key strength parameters, including internal friction angle, cohesion, and stiffness 

modulus, are measured and analyzed. By addressing the current gap in research on rubber-based reinforcement, this investigation 

aims to offer new insights into the viability of incorporating recycled rubber as a sustainable, cost-effective alternative for enhancing 

the load-bearing behavior and overall efficiency of stone columns in soft ground improvement projects. 

2. Test procedure 

2.1. Specification of materials used 

In this section, the physical properties of the used materials are presented. 

• Stone column materials 

The stone column materials used in this study consist of angular (sharp-edged) aggregates. The materials used for the stone 

columns fall under the GP category (well-graded gravel) of the Unified Soil Classification System. The grain size distribution curve 

of the stone column materials is presented in Fig. 1, and other specifications of the stone column materials are provided in Table 1. 

• Properties of the enclosing geotextile 

In this study, an enclosing geotextile was used to improve the bearing capacity and performance of the stone column soil. The 

geotextile used is a non-woven type made of polypropylene. The specifications of the geotextile are presented in Table 2. 

Additionally, Fig. 2 shows the enclosing geotextile used in the stone columns studied. 

• Properties of crumb rubber 

Waste tires are processed into various particle sizes, typically categorized into three types: tire shreds (D₅₀ > 50 mm), tire chips 

(12 mm < D₅₀ < 50 mm), and tire crumbs (D₅₀ < 12 mm). The rubber particles used in this study fall into the tire crumbs category, 

with particle sizes ranging from 1 to 4 mm. According to international standards, the size of any individual particle should not 



Pordel and Kouzegaran Civil Engineering and Applied Solutions, 2025; 1(4): 40-48 
 

42 

exceed one-third of the smallest dimension of the larger testing apparatus. Fig. 3 shows the crumb rubber material used in the tested 

samples. 

 
Fig. 1. Grain size distribution of ston column soil. 

 

Table 1. Properties of stone column materials. 

No. Parameter Value 

1 Soil classification (USCS) GP 

2 Coefficient of uniformity (Cu) 4.7 

3 Coefficient of curvature (Cc) 0.9 

4 Specific gravity of soil particles (Gs) 2.66 

5 Maximum dry unit weight (g/cm³) 1.77 

6 Minimum dry unit weight (g/cm³) 1.54 

 

Table 2. Specifications of the geotextile used in the tests. 

Parameter Value 

Fiber material Polypropylene 

Ultimate tensile strength (kN/m) 5.1 

Strain at ultimate strength (%) 54 

Thickness (mm) 2.3 

Mass per unit area (g/m²) 250 

 

 
Fig. 2. Enclosing geotextile used in the stone columns. 

 

 
Fig. 3. Crumb rubber used in the samples. 
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2.2. Test setup 

Consolidated undrained (CU) triaxial tests were selected for this study as they closely simulate in-situ stress paths in saturated 

cohesive soils where drainage is limited during loading. CU tests also provide both total and effective stress parameters, making 

them particularly suitable for evaluating the short- and intermediate-term behavior of reinforced columns in soft soil applications. 

In this test, after the sample is consolidated under a confining pressure (σ₃), axial loading is applied under undrained conditions. 

The test procedure, properties of the tested materials, and sample dimensions are presented in Table 3. The selected confining 

pressures of 0.5, 1.0, and 1.5 kg/cm² were chosen to simulate typical stress ranges encountered in shallow to moderately deep ground 

improvement applications under embankments and foundations. These values are representative of effective overburden pressures 

at depths between 2 m to 6 m, which are commonly addressed using stone columns in field practice. 

Table 3. Description of the tested samples. 

No. Material Test Type Confining Pressure (kg/cm²) 

1 Stone Column Triaxial 0.5 – 1.0 – 1.5 

2 Stone Column + 10% Crumb Rubber Triaxial 1.0 

3 Stone Column + 20% Crumb Rubber Triaxial - 

4 Stone Column + 30% Crumb Rubber Triaxial - 

5 Stone Column + Enclosing Geotextile + 20% Crumb Rubber Triaxial 0.5 – 1.0 – 1.5 

6 Stone Column + Enclosing Geotextile Triaxial 0.5 – 1.0 – 1.5 

Each specimen was prepared by compacting the material in three layers inside a cylindrical mold. A wet tamping compaction 

method was used, where each layer was compacted manually with a steel rod using consistent energy to achieve the desired dry 

density. The surface of each compacted layer was roughened with a sharp object before placing the next layer to promote interlayer 

bonding. Fig. 4 illustrates the different stages of the test execution. 

  
(a) (b) 

  
(c) (d) 

Fig. 4. Stages of the test execution: (a) Sample preparation, (b) and (c) Loading to failure, and (d) Geotextile-encased samples after 

failure. 
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Based on the information presented, in this study, the values of shear strength parameters were obtained through Consolidated 

Undrained Triaxial Tests (CU) for the following cases for comparison purposes: 

• Stone column, 

• Stone column with 10% crumb rubber, 

• Stone column with 20% crumb rubber, 

• Stone column with 30% crumb rubber, 

• Stone column with enclosing geotextile, 

• Stone column with enclosing geotextile and 20% crumb rubber, 

The obtained results were compared accordingly. It is worth mentioning that the crumb rubber was added to the samples by 

weight percentage, and after complete mixing with the stone column material, the mixture was used to prepare the samples. 

Additionally, stress-strain curves from the tests were also plotted and analyzed. The confining pressure applied in each test is shown 

in the deviatoric stress–axial strain diagrams. 

3. Rese rch findings 

Table 4 presents the findings related to moisture content, dry density, angle of internal friction (φ), cohesion (C), effective angle 

of internal friction (φʹ), and effective cohesion (Cʹ), obtained from the Consolidated Undrained Triaxial Tests (CU). 

Table 4. Shear strength parameters from consolidated undrained triaxial tests. 

Material Description 
Shear Strength Parameters Moisture 

Content (%) 

Dry Density 

(g/cm³) φ (°) C (kg/cm²) φʹ (°) Cʹ (kg/cm²) 

Stone Column 30.10 0.04 31.3 0.04 10.0 1.70 

Stone Column + Geotextile Encasement 35.60 0.08 36.9 0.07 – – 

Stone Column + Geotextile Encasement + 20% Tire crumbs  34.50 0.13 35.6 0.12 8.8 1.68 

Stone Column + 20% Tire crumbs 23.20 0.37 24.8 0.39 – – 

It should be noted that Mohr–Coulomb failure envelopes from the CU triaxial tests and deviatoric stress–strain results (effective 

and total stress) for the samples are shown in Figs. 5 to 8. Based on these results, increasing the confining pressure leads to higher 

deviatoric stress and strain. 

Fig. 9 presents a comparison of the internal friction angles obtained from the triaxial tests. The results show that the highest 

values of internal friction angle (φ) and effective internal friction angle (φʹ) were achieved in stone column samples reinforced with 

enclosing geotextile, as well as those reinforced with a combination of geotextile and crumb rubber. 

  
Fig. 5. CU triaxial test results for stone column materials. 

 

  
Fig. 6. CU triaxial test results for stone column + geotextile encasement. 
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Fig. 7. CU triaxial test results for stone column + 20% tire crumbs. 

 

  

Fig. 8. CU triaxial test results for stone column + geotextile encasement + 20% tire crumbs. 

Among the tested configurations, the use of geotextile encasement demonstrated the most significant improvement in friction 

angle, indicating enhanced lateral confinement. However, it is important to note that rubber shreds alone had a limited effect on the 

friction angle, with values slightly lower than those of the unreinforced stone columns. 

 

Fig. 9. Comparison of internal friction angle (φ) and effective internal friction angle (φʹ) in reinforced and unreinforced samples. 

The comparison of cohesion values obtained from triaxial tests indicates that the minimum cohesion (C) and effective cohesion 

(C') values belong to the stone column samples, followed by the stone column samples with geotextile encasement, and then the 

stone column samples with both geotextile encasement and tire crumbs (Fig. 10). According to this figure, the highest cohesion (C) 

and effective cohesion (C') values are related to the natural subgrade soil, followed by stone column samples with various 

percentages of tire crumbs. This finding suggests that geotextile encasement does not significantly increase the cohesion of the 

samples. Overall, considering these findings, it can be concluded that tire crumbs have no considerable effect on the shear strength 

parameters of the samples. 

Fig. 11 compares the secant and tangent elastic modulus values among the tested samples. Accordingly, the highest elastic 

modulus is observed in the stone column with 20% tire crumbs, followed by the samples with 10% tire crumbs, geotextile 

encasement, and 30% tire crumbs, respectively. 

Therefore, it can be concluded that tire crumbs have a significant effect on the elastic modulus values, with the most pronounced 

improvement observed in the sample containing 20% tire crumbs. However, as the results also show, the elastic modulus in samples 

containing 30% tire crumbs decreased. This reduction may be attributed to a lack of grain interlock and bonding within the sample. 
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Fig. 10. Comparison of cohesion (C) and Effective cohesion (Cʹ) in Triaxial test samples. 

In contrast, the samples with 20% tire crumbs exhibit proper particle bonding while also providing the necessary elasticity 

through the tire crumbs. The lower internal friction angle values observed in stone column samples with varying percentages of tire 

crumbs may also be related to this issue. 

 

Fig. 11. Comparison of secant and tangent elastic modulus in the tested samples. 

4. Conclusion 

This study evaluated the mechanical behavior of stone columns reinforced with geotextile encasement, tire crumbs (rubber 

shreds), and their combination, and their effects on the shear strength parameters and stiffness characteristics under consolidated 

undrained triaxial loading conditions. The incorporation of tire crumbs in geotechnical systems not only diverts significant volumes 

of waste from landfills but also mitigates the environmental hazards associated with stockpiling discarded tires, such as fire risks 

and leachate generation, while promoting circular economy practices.” The main findings are summarized as follows: 

• Among the tested configurations, the combination of geotextile encasement and tire crumbs yielded the highest values of 

internal friction angle (φ) and effective internal friction angle (φʹ), indicating improved confinement and interlocking 

behavior under shear loading. However, tire crumbs alone did not significantly enhance frictional resistance, as plain stone 

columns still showed slightly higher friction angles compared to those reinforced with varying percentages of rubber. 

• In contrast, cohesion and effective cohesion values (C and Cʹ) were highly positively influenced by the inclusion of tire 

crumbs. Stone columns incorporating tire crumbs exhibited the highest cohesion values, suggesting improved bonding and 

energy absorption within the composite material. This highlights the ability of tire crumbs to contribute to resistance against 

shear failure, particularly through their elastic and deformable nature. 

• Notably, the elastic modulus was most significantly enhanced in the sample reinforced with 20% tire crumbs, followed by 

the sample with 10%. This indicates that rubber inclusion substantially improves the stiffness of the column system, 

particularly at an optimal content level. The results also suggest that the shear mechanism is influenced by the amount of 

rubber added; higher rubber content increases horizontal strain at failure, likely due to the flexibility and energy dissipation 

characteristics of the rubber particles.  
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compared to unreinforced stone columns. However, its effect on shear strength parameters, especially the friction angle, is 

limited. Geotextile encasement is more effective in increasing the friction angle than in improving cohesion or stiffness. 

Therefore, a combined approach of geotextile encasement with optimal tire crumbs content offers a balanced improvement 

in both strength and deformability properties, which can be beneficial for soft ground improvement applications. 

• A comparative assessment indicates that while geotextile encasement provides the highest improvement in shear strength, it 

involves significantly higher material and installation costs. In contrast, tire crumbs often freely available as waste, offer a 

cost-effective alternative. The hybrid system (20% tire crumbs + geotextile) tested in this study achieved a balanced 

performance, approaching the peak values of each reinforcement type alone. This suggests that combined use can optimize 

both cost and mechanical performance, making it a practical solution for large-scale applications with budget constraints. 

• Overall, tire crumb inclusion in stone columns represents a promising dual-benefit solution—enhancing mechanical 

properties such as cohesion and stiffness while contributing to waste reduction and resource recycling (simultaneously 

addressing environmental concerns associated with tire waste). By repurposing waste tires as a geotechnical reinforcement 

material, this study supports a sustainable and eco-friendly approach to ground improvement. The reuse of tire crumbs not 

only reduces dependence on synthetic materials but also helps mitigate the environmental footprint of infrastructure projects. 
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A  B  S  T  R  A  C  T 
 

A  R  T  I  C  L  E I  N  F  O 

Master and detailed plans, as core components of urban development plans (UDPs), play 

a fundamental role in urban planning in Iran. While these plans may be modified when 

necessary, such changes must be approached with great caution. This is because gradual 

land-use changes can significantly alter travel demand patterns, leading to substantial 

transportation costs. This paper investigates the long-term impacts of strategic decisions 

in urban development on transportation costs within an urban network. To this end, the 

paper first identifies key risks associated with modifying urban development plans, 

particularly at the detailed planning level. One potential outcome, trip concentration, is 

then examined, wherein long-term travel demand growth becomes concentrated in one or 

a few attractor zones within the network. A computational example is presented to 

illustrate the cost implications of such concentration. In this example, the Sioux Falls 

transportation network is analyzed under two scenarios of increasing demand: uniform 

growth and concentrated growth. The findings indicate that with a 50% increase in trip 

demand, the transportation costs in the concentrated growth scenario rise significantly. 

Moreover, under a 100% demand increase, even the implementation of over 20 

infrastructure projects fails to mitigate the costs, which remain three times higher than 

those under the uniform growth scenario. 
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1. Introduction 

Urban development is a complex and dynamic process that demands coherent, long-term planning across multiple spatial and 

infrastructural dimensions. This need becomes even more critical in rapidly urbanizing countries like Iran, where accelerating 

growth places mounting pressure on cities to adopt integrated and forward-thinking urban policies. In the Iranian context, two 

primary planning instruments, Master Plans and Detailed Plans, serve as the foundational frameworks for shaping urban growth. 

These comprehensive documents determine land allocation for various functions, guide spatial development, and influence the 

configuration of transportation systems. Beyond land use, they play a critical role in shaping transportation networks, housing 

strategies, and the provision of public services. Adopting a strategic and future-oriented approach to the formulation, 

implementation, and revision of these plans is therefore essential to addressing existing urban challenges, promoting sustainable [1, 

2]. 

Despite the strategic importance of Master and Detailed Plans in guiding urban development, a major concern in the Iranian 

context is the frequent and often fragmented revisions made at the Detailed Plan level. These modifications, typically involving 

land-use conversions, increased building densities, and alterations to the street network, are frequently implemented without a 

thorough assessment of their long-term implications, particularly concerning transportation systems. While such changes may 
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address short-term economic or administrative pressures, they often disrupt the critical balance between land development and 

mobility needs. This can result in increased traffic congestion, spatial inequality, and reduced efficiency in public service delivery 

[3, 4]. A particularly troubling trend is the dominance of short-term priorities, such as speculative real estate profits or localized 

political motivations, over long-term public interests, ultimately undermining the objectives of sustainable urban development [2, 

5]. 

In this context, it is essential to recognize that transportation systems are not passive infrastructures, but dynamic elements that 

evolve in close interaction with land use and urban form. Urban planning decisions that overlook this interdependence risk 

reinforcing car dependency, accelerating environmental degradation, and diminishing urban livability. To promote resilience and 

social equity, cities must move beyond car-oriented development models and instead prioritize public transit and active 

transportation, underpinned by integrated and consistent land-use strategies [6, 7]. Realizing this vision demands more than technical 

proficiency and data-driven planning; it also requires strong institutional commitment to protecting the long-term public interest in 

urban development policy. 

This study examines the primary categories of modifications made to Detailed Plans in Iran and emphasizes the critical role of 

transportation foresight in such planning decisions. To this end, Section 2 provides an overview of the urban development planning 

framework in Iran, with a focus on the types of modifications commonly introduced at the detailed planning level and their 

connection to land use and transportation systems. Section 3 analyzes the specific risks associated with three main types of changes: 

land-use conversions, increases in building density, and alterations to the street network. To illustrate the long-term implications of 

these modifications, Section 4 presents a numerical case study based on the Sioux Falls transportation network, comparing 

transportation costs under two demand growth scenarios: uniform and concentrated growth. Finally, Section 5 summarizes the key 

findings and offers practical recommendations for more sustainable urban development planning 

2. Background of the study 

The emergence of urban planning and the formulation of structured urban development plans can be traced to the global response 

to rapid urbanization [8]. In Iran, the formal development of such plans began in the mid-1960s and has remained an integral part 

of urban governance ever since [9]. This section provides a concise overview of Iran’s urban development planning framework, 

introduces the Article 5 Commission as the primary authority responsible for approving modifications to these plans, and concludes 

with a brief discussion on the interrelationship between land-use changes and transportation planning. 

2.1. Urban development plans in Iran 

Urban development planning in Iran is carried out through a range of formal plans, including: the Comprehensive Plan, the 

Detailed Plan, renovation and revitalization plans for deteriorated urban areas, development plans for new urban extensions, urban 

design plans, thematic or site-specific detailed plans, urban master plans, new town development plans, residential town plans, and 

various other types such as industrial or recreational settlement plans. Structural-strategic plans have also been introduced more 

recently [10]. 

According to national legislation, a Comprehensive Plan is defined as: “A long-term plan that outlines the land-use framework 

and zoning regulations for residential, industrial, commercial, administrative, and agricultural areas; public service facilities and 

amenities; major transportation and communication corridors; terminals, airports, and ports; the required space for infrastructure 

and public facilities; strategies for urban renewal and revitalization; and the rules governing all of the above, including the 

preservation of historical buildings, façades, and natural landscapes. The Comprehensive Plan may be revised as necessary [11]”. 

A Detailed Plan, on the other hand, is defined as: “A plan that, based on the general principles outlined in the Comprehensive 

Plan, specifies land use at the neighborhood level, the exact location and size of land parcels, detailed street network configurations, 

population and building density, priorities for revitalization and development, and urban problem-solving strategies. It also includes 

maps and property information based on official cadastral records [11] ”. 

Although the use of comprehensive and detailed urban plans has been phased out in many countries, these planning instruments 

remain widely practiced in Iran. Generally, the Comprehensive Plan establishes the overarching framework for urban development, 

while more technical and spatial analyses are addressed through the Detailed Plan. The Detailed Plan serves as the principal 

operational document for municipalities, guiding land-use designations, building density regulations, and zoning codes at the parcel 

level. As such, these plans, particularly the Detailed Plan, play a central role in shaping the spatial and physical development of 

cities and act as foundational references in various urban planning processes, including transportation planning. Further technical 

information regarding the components and specifications of these plans can be found in [12]. 

2.2. The Article 5 Commission and modifications to urban development plans 

In Iran, the final authority for approving Comprehensive Plans and their associated documentation is the Supreme Council of 

Urban Planning and Architecture. In contrast, the responsibility for approving Detailed Plans lies with a separate entity known as 

the Article 5 Commission, which was formally established under the Law on the Establishment of the Supreme Council. Hereafter, 

this body is referred to as the Article 5 Commission. In addition to approving Detailed Plans, the Commission also holds the primary 

authority to authorize modifications to them, including changes in land use, building density, and the street network [13]. 

Such modifications should be applied selectively and only in response to genuine needs, with careful consideration of technical 
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standards and professional planning criteria [14]. 

Given that Detailed Plans are currently the most operational and legally enforceable documents within Iran’s urban planning 

system, any modifications to these plans carry considerable significance and can profoundly influence the future structure and 

functionality of cities. 

To the best of the authors’ knowledge, the existing transportation and urban planning literature lacks comprehensive studies that 

specifically examine the consequences of Detailed Plan modifications approved by Article 5 Commissions. The available data is 

typically limited to annual statistics, such as the number of reviewed cases, the thematic categorization of proposals, and the 

frequency of commission meetings. 

2.3. Land-use planning and its relationship with transportation 

Land-use planning is the science of allocating land and space to various human activities to optimize land efficiency and achieve 

spatial order [15]. There is a well-established and deeply interrelated connection between land use and travel generation in 

transportation planning, an idea long recognized in both urban and transportation planning theories. 

Urban planners have consistently emphasized the relationship between land use and transportation. Pakzad [16], citing major 

urban theories, highlights the role of land-use planning in achieving coordinated spatial organization, whereby all urban activities 

are functionally integrated and logically linked with transportation systems. Likewise, transportation planning scholars recognize 

land use as a key determinant in travel demand, and have proposed various models to represent this relationship, such as the Garin-

Lowry model and models based on game theory frameworks [17-19]. 

The collective insight from these studies underscores the need for sensitivity to transportation implications in any urban 

development decision, particularly in land-use planning, so that long-term costs can be minimized or avoided. 

Due to the broad and well-developed literature in this field, interested readers are referred to the review papers and its referenced 

sources for further details [1-3]. 

3. Risks associated with modifications to urban development plans 

As discussed in previous sections, the Detailed Plan of a city serves as the principal legal reference for municipalities, and the 

Article 5 Commission is the primary authority responsible for approving its modifications. analyzing the resolutions of Article 5 

Commissions in various Iranian cities reveals that changes to detailed plans generally fall into three main categories: land-use 

changes, increases in building density, and modifications to the street network. Each of these has the potential to fundamentally 

alter long-term travel demand patterns and impose significant implications on urban transportation planning and associated costs. 

This section briefly reviews the risks inherent to each of these three categories. 

3.1.  Land-use changes 

Land-use changes often involve the conversion of service-oriented areas, such as educational, recreational, cultural, or green 

spaces, into residential, commercial, or administrative uses. Several factors contribute to this trend, including the limited financial 

capacity of public agencies to acquire land for public purposes, the reluctance of landowners to develop properties per designated 

service uses, and the relatively lower market value of such lands compared to residential or commercial parcels. These challenges 

frequently result in stalled development and lead property owners to request land-use reclassification. 

Although such conversions allow landowners to obtain building permits and capitalize on significant increases in land value, 

they gradually undermine the original service-oriented functions envisioned in the development plans. Over time, areas designated 

for public services are replaced by residential, administrative, or commercial developments, altering the intended structural hierarchy 

of the city. As a result, land uses originally planned to support the urban population through a distributed, tiered service network are 

transformed into attractor zones for population settlement or high-intensity, trip-generating commercial activities. 

For instance, changes often involve the conversion of neighborhood-level green spaces, educational facilities, or cultural centers 

into high-rise residential towers or mixed-use commercial-office complexes, contrary to the initial spatial allocation principles. 

3.2. Increased building density 

Building density is a fundamental tool in detailed plans used to achieve balanced urban development, control population 

distribution, and fulfill broader urban planning goals. Typically, these plans specify both a base density and a maximum allowable 

density, with the latter subject to "adjustment fees" that municipalities may collect to finance public services. However, review of 

Article 5 Commission decisions across various cities shows that granting density levels above the officially defined maximum has 

become a widespread practice. 

This trend is primarily driven by property owners aiming to maximize economic returns, especially in high-value urban areas. 

Consequently, excessive residential density contributes to the emergence of new population centers, while increased commercial or 

office density leads to elevated levels of travel demand and attraction. These shifts diverge from the city’s intended growth trajectory, 

reflecting market-driven interests rather than the structured and balanced development approach originally outlined in the planning 

documents. 
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Consequently, new urban centers and corridors emerge not as a result of integrated planning but due to market-driven shifts in 

high-value parcels, often creating spatial imbalance and further complications for long-term transportation planning. 

3.3.  Street network modifications 

Most changes to the street network involve changing the right-of-way of vehicles, relocating streets, or reconfiguring routes. 

These modifications are typically driven by municipalities’ limited financial capacity to acquire land or implement street widening 

projects. In response, municipalities often request Article 5 commissions to rezone adjacent properties and approve higher building 

densities. This rezoning creates added value for landowners along the corridor, which in turn facilitates land acquisition for public 

street expansion through land value compensation (land swaps). 

However, such interventions often disregard the original rationale behind street design in urban development plans, where road 

dimensions, alignments, and functional roles were carefully determined based on adjacent land uses and their position within the 

broader transportation network. As a result, uncoordinated modifications can undermine the intended performance of the urban 

circulation system, leading to long-term inefficiencies and reduced network effectiveness. 

4. Numerical example 

As discussed in the previous section, land-use and density modifications can lead to spatial imbalances and concentrated urban 

development, especially toward high-value areas, thereby undermining the original goals of urban development plans. This section 

aims to provide a quantitative illustration of the consequences of such concentrated urban growth through a numerical example. 

To this end, the transportation network of Sioux Falls, located in the state of South Dakota, USA, is employed [20]. The network 

configuration is presented in Fig. 1, along with its associated details, which will be described below. 

In this example, two long-term travel demand growth scenarios are considered: 

• Uniform growth: demand increases proportionally across all origin-destination (OD) pairs based on existing demand levels. 

• Concentrated growth: demand growth is exclusively focused on a small number of destination nodes, specifically, nodes 4 

and 5 of the Sioux Falls network (as shown in Fig. 1), representing travel attractors. 

These nodes are assumed to have been developed with high-density and high-attraction land uses, reflecting the potential impact 

of unbalanced urban planning decisions, such as changes in land-use designations and increased density in a few select zones. 

For both scenarios, a traffic assignment algorithm is used to model traffic distribution, and the total system travel time is used 

as the key performance metric. Since total travel time is widely accepted as a comprehensive proxy for several transportation-related 

costs, as in the network design problems, it is referred to hereafter as the transportation cost [21, 22]. 

4.1. Comparison of uniform vs. concentrated demand growth scenarios 

This experiment examines a gradual increase in travel demand ranging from 0% to 50% above the baseline level. In the uniform 

growth scenario, demand increases proportionally across all origin-destination (OD) pairs, thereby preserving the spatial balance of 

the original network. In contrast, the concentrated growth scenario channels all additional demand exclusively toward nodes 4 and 

5, simulating the long-term effects of concentrated urban development patterns resulting from suboptimal planning decisions. 

To assess the progressive impact of demand growth, travel demand was incrementally increased in 2% steps. Although detailed 

numerical outputs are not included in this paper, the aggregated results are illustrated in Fig. 2, which depicts the percentage increase 

in total travel cost under both the uniform and concentrated growth scenarios. 

As illustrated in Fig. 2, total travel costs rise in both scenarios as demand increases, which is consistent with expectations. 

However, the rate of increase is markedly steeper in the concentrated growth scenario, underscoring the inefficiencies associated 

with spatial imbalance and the accumulation of travel demand in a limited number of urban centers. Notably, when demand exceeds 

a 30% increase, transportation costs in the concentrated scenario escalate sharply, indicating a significant decline in network 

performance under such imbalanced conditions1. 

4.2.  Mitigating costs of concentrated growth through infrastructure development 

An inefficient approach in urban planning involves allowing land-use changes and the resulting growth in travel demand to 

proceed without adequate regulation, and then attempting to address the ensuing congestion through the construction and expansion 

of urban roadways. This reactive strategy not only imposes a substantial financial burden during implementation [23], but also 

promotes increased reliance on private vehicles. As a result, it fails to align with the principles of sustainable urban development. 

 
1 Increases in total travel time beyond 50% have not been applied or reported, as the severe cost escalation observed under the concentrated growth scenario may 

induce phenomena such as population migration and changes in trip destinations over the long term factors that warrant cautious interpretation of any further results. 
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Fig. 1. Sioux Falls transportation network with 24 additional highway links to be constructed. 

 

 
Fig. 2. Increase in total travel cost (travel time) over the network. 

This section examines a 100% increase in travel demand under two contrasting scenarios: one involving uniform growth across 

the network, and the other featuring concentrated growth combined with the implementation of 24 new infrastructure projects, as 

illustrated in Fig. 1. These projects consist of newly constructed dual-carriageway arterial roads, each designed to accommodate an 

average practical capacity of 5,000 vehicles per hour per direction. A summary of the comparative results is presented in Table 1. 

As observed in Table 1, under the concentrated demand growth scenario in the long term (100% demand increase), even the 

construction of numerous infrastructure projects with substantial costs fails to effectively mitigate congestion. The incurred costs 

remain more than three times higher compared to the uniform demand growth scenario. 

Table 1. Comparison of the costs of 100% demand growth under two scenarios: uniform growth vs. concentrated growth with 

new road construction. 
 Total travel time in the network (vehicle-minutes) Increase in total travel time  in the network (%) 

Uniform growth 122814899 15.4 

Concentrated growth accompanied by the 

construction of 24 new two-way arterial 
375875051 49.3 
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5. Conclusions 

This study explored the implications of modifications to urban development plans at the Detailed Plan level. Specifically, it 

examined three primary categories of change, land-use conversions, increases in building density, and alterations to the road 

network, alongside a discussion of the associated risks each poses to urban and transportation systems. 

To evaluate the transportation impacts of these planning decisions, a numerical case study was conducted using the Sioux Falls 

transportation network. Two long-term travel demand growth scenarios were analyzed. The first scenario, termed uniform growth, 

assumed a proportional increase in travel demand across all areas of the network. The second, referred to as concentrated growth, 

directed the additional demand exclusively toward two designated nodes representing high-attraction zones. These nodes reflect 

areas that, as a result of misguided planning policies, have been transformed into high-density, high-value land-use zones that 

generate disproportionate travel demand. 

The analysis of demand increases from 0% to 50% revealed that total travel costs in the concentrated growth scenario were 

significantly higher than in the uniform growth scenario. Furthermore, even under a 100% increase in demand, the concentrated 

growth scenario—despite incorporating the construction of 24 transportation infrastructure projects, each with an average practical 

capacity of 5,000 vehicles per hour per direction remained inefficient. In this case, total travel costs exceeded those of the uniform 

growth scenario by more than threefold. 

The findings of this study highlight the critical need to prioritize long-term strategic outcomes over short-term gains when 

modifying urban development plans, particularly at the Detailed Plan level. Without adequate foresight, such changes can lead to 

severe transportation inefficiencies and escalating costs, challenges that even large-scale infrastructure investments may fail to 

resolve. Effective urban planning must therefore strike a careful balance between immediate pressures and sustainable, long-term 

objectives, especially in terms of how policy decisions affect land use patterns and travel demand growth. While this research 

employed a simplified model based on the Sioux Falls transportation network in North America, it offers a valuable framework for 

analyzing the consequences of spatially imbalanced urban growth. Future research should build on this foundation by applying the 

methodology to real-world case studies in Iran, incorporating long-term behavioral factors such as residential relocation and shifts 

in trip destinations to enhance the contextual relevance and policy applicability of the results. 
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A  R  T  I  C  L  E I  N  F  O 

Effective reservoir management demands adaptive, data-driven strategies to optimize 

storage and release decisions while balancing multiple, often competing, operational 

objectives. This study investigates the application of Q-Learning, a model-free 

reinforcement learning (RL) algorithm, for optimizing reservoir releases under dynamic 

and uncertain hydrological conditions. Unlike conventional rule-based or offline 

optimization methods, the proposed RL approach continuously refines its release policy 

by learning from environmental feedback and observed states, enabling real-time 

adaptation without the need for a predefined system model. The framework is tested on 

the Dez Reservoir in Iran, a real-world case study characterized by significant inflow 

variability and seasonal water demand. Simulation results demonstrate that Q-Learning 

effectively manages operational complexity, maintaining storage within prescribed 

bounds and delivering release patterns closely aligned with demand. To benchmark 

performance, a simplified Ant Colony Optimization (ACO) model is implemented for 

comparison. While ACO shows moderate capability in deficit reduction, Q-Learning 

outperforms it in terms of constraint satisfaction and long-term feasibility. Findings 

highlight the strong potential of reinforcement learning to support intelligent, scalable, 

and robust decision-making in modern reservoir operation systems under uncertainty. 
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1. Introduction 

1.1. Background and importance of reservoir operation 

Water resources management is critical to ensuring a sustainable water supply, hydropower generation, flood mitigation, and 

ecological conservation. Effective reservoir operation entails complex decision-making to balance competing objectives under 

uncertain and often dynamic hydrological conditions. Traditional reservoir operation methods, typically based on rule curves or 

static optimization, frequently lack the flexibility required to respond in real-time to changing environmental and operational 

scenarios. 

1.2. Reinforcement learning and its application to reservoir systems 

Reinforcement Learning (RL), a branch of machine learning, enables autonomous agents to learn optimal actions through 

interactions with their environment, guided by feedback in the form of rewards or penalties. Unlike conventional rule-based or 

deterministic optimization methods, RL can dynamically refine its decision policies based on observed outcomes, making it well-

suited for managing systems with uncertainty and evolving constraints. 
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Among RL techniques, Q-Learning is particularly advantageous for reservoir operations due to its model-free architecture. By 

building a state-action value function (Q-table), the algorithm learns to adjust reservoir releases based on system observations such 

as storage levels, inflow rates, and demand forecasts. Its integration into reservoir operations aims to: Improve adaptability in the 

face of hydrological uncertainty; and enhance operational efficiency while respecting system constraints. 

2. Literature review on reservoir operation 

Water resource challenges are both complex and complicated, shaped by dynamic interactions among natural processes, socio-

economic factors, and diverse stakeholder interests. The complex aspect arises from system uncertainty, feedback loops, and 

adaptive human and ecological behaviors, while the complicated dimension reflects the involvement of numerous variables, 

nonlinear relationships, and technical constraints [1]. Reservoir operation optimization, an inherently complicated issue, has evolved 

significantly over recent decades, mirroring the growing multidimensionality of water resource systems [2, 3]. 

A wide range of optimization models has been developed to address various water-related problems. These include applications 

in non-point source pollution control [4-6], decentralized water resources management [7], urban water sustainability [8], sewer 

network design [9], and reservoir operation under temperature variability [10]. In addition, water reallocation policies have been 

developed under inflow and demand uncertainty [11], while optimization has also been combined with social behavior models [12], 

the water-energy-food-greenhouse gas nexus [13], and Water Sensitive Urban Design [14]. These diverse applications highlight the 

critical role of optimization techniques as powerful tools for navigating trade-offs, improving resource allocation efficiency, and 

supporting integrated, resilient water management strategies under uncertainty. 

A review of over 50 studies reveals a rich landscape of methodologies from traditional optimization techniques to hybrid 

metaheuristics and intelligent algorithms applied across diverse hydrological, ecological, and operational contexts. Early methods 

in this domain primarily relied on Traditional Models (TM), such as Linear Programming (LP), Nonlinear Programming (NLP), 

and Dynamic Programming (DP). These methods provided a rigorous analytical foundation for reservoir optimization but were 

constrained by computational inefficiencies and limitations in handling stochastic variables and system complexity. For instance, 

Li et al. [15] and Zhao et al. [16] applied improved DP to multi-reservoir systems, highlighting the method's effectiveness but also 

its scale limitations. Similarly, Zeng et al. [17] introduced enhancements to DP for parallel reservoir systems to address 

computational challenges. 

The need for flexible and scalable solutions led to a shift toward Evolutionary Algorithms (EA) and Swarm Intelligence (SI) 

methods, collectively termed EA-SI. Algorithms such as Genetic Algorithms (GA) [18], Particle Swarm Optimization (PSO) [19, 

20], and Differential Evolution (DE) [21] have been widely employed. These algorithms allow efficient exploration of nonlinear 

and non-convex search spaces and are particularly well-suited to multi-objective and multi-reservoir operation problems. 

A major development has been the emergence of Metaheuristic Algorithms (MHA), often hybridized with AI or data-driven 

approaches. For example, Emami et al. [22] introduced a hybrid constrained coral reefs optimization algorithm integrated with 

machine learning to improve multi-reservoir operational efficiency. Similarly, Moeini and Babaei [23] combined support vector 

machines (SVM) with a PSO framework for managing reservoir operations under uncertain future conditions. 

Among notable metaheuristics, the Imperialist Competitive Algorithm (ICA) stands out. Afshar et al. [4] applied ICA for 

optimizing piecewise linear operating rule curves in the Dez reservoir, Iran, demonstrating efficient convergence and robustness. 

The method used a parameterization–simulation–optimization loop and incorporated adaptive penalty functions for constraint 

handling, making it effective in addressing both water supply and hydropower objectives. 

Other innovative algorithms include the Seagull Optimization Algorithm (SOA) used by Ehteram et al. [24], the Jaya Algorithm 

by Chong et al. [25] and Paliwal et al. [26], and the Charged System Search (CSS) applied by Latif et al. [27]. The Moth-Flame 

Optimization (MFO) algorithm [28], Sine Cosine Algorithm (SCA) [29], and Hybrid Bat-Swarm Algorithm [30] further enrich the 

methodological diversity in the field. 

Multi-objective optimization approaches are particularly prevalent, addressing trade-offs between hydropower production, water 

supply, and ecological needs. Liu et al. [31] proposed a bi-objective NSGA-II-based model, while Feng et al. [32] and Meng et al. 

[33] developed multi-objective frameworks that optimize ecological and economic outcomes simultaneously. Zhang et al. 

[34]employed a multi-elite guide PSO for multi-reservoir operation, and Raso et al. [35] evaluated operation scenarios to reduce 

conflicts between hydropower generation and traditional water uses. 

Several studies applied optimization to special configurations, such as cascade systems [36, 37], gate-controlled reservoirs [20], 

or systems integrating hydro-photovoltaic power [38]. Others have considered sedimentation and water-quality dynamics [39, 40], 

while Allawi et al. [41] explored the use of intelligent models for hydrological parameter forecasting and its influence on operational 

performance.  

Another important advancement is the use of Penalty Functions (PF) in objective formulation. Many reviewed studies incorporate 

soft constraint enforcement through penalty-based formulations to maintain feasibility under varying hydrological conditions [42, 

43]. 

Furthermore, hybrid and adaptive algorithms are being used to improve convergence and solution stability. For instance, 

Ahmadianfar et al. [21] applied an adaptive hybrid DE for hydropower scheduling, while Turgut et al. [44] developed a master-

slave algorithm for optimizing release policies under real-time constraints. 
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Despite the methodological diversity and advances, most reviewed studies rely on offline optimization frameworks. This reveals 

an important research gap: the lack of real-time adaptability in conventional algorithms, which are often unable to adjust to dynamic 

inflow conditions or user demands without re-optimization. 

To bridge this gap, Reinforcement Learning (RL) has recently been identified as a promising paradigm. Unlike traditional 

methods, RL enables model-free policy learning through continuous interaction with the environment, adapting operational rules 

dynamically as new data becomes available. Given the high dimensionality, uncertainty, and nonlinearity of reservoir systems, RL 

offers a viable extension or alternative to existing optimization frameworks. 

In summary, the reviewed body of work demonstrates extensive innovation in reservoir operation modeling, spanning 

deterministic and stochastic frameworks, single and multi-objective formulations, and hybrid intelligent algorithms. As the field 

progresses, integrating real-time adaptive learning such as RL with the rigor of metaheuristic optimization presents a promising 

direction for robust, resilient water resource management. 

3. Methodology 

Reservoir operation constitutes a complex, multi-objective decision-making process that requires adaptive strategies to manage 

inflow variability, storage dynamics, and release policies. Conventional optimization approaches such as linear programming (LP), 

nonlinear programming (NLP), and dynamic programming (DP) have been widely employed. However, these methods typically 

rely on fixed mathematical models, limiting their adaptability under uncertain and evolving hydrological conditions. 

Reinforcement Learning (RL) provides a data-driven framework for reservoir operation by enabling an agent to learn optimal 

decisions through repeated interactions with its environment. This adaptive trial-and-error mechanism allows policies to evolve in 

response to changing conditions. In this study, Q-Learning, a model-free RL algorithm, is used to dynamically optimize reservoir 

release policies, eliminating the need for predefined operating rules or model assumptions. 

Start

Identifying the Study Area and Data Collection

Defining Objective Functions, Decision Variables, and Constraints

Define State and Action Spaces

Initialize the Q-Table

Observe State

Select action

Receive Reward and Next State

Update Q-Value

Presenting the Outputs and Decision Sets

End
 

Fig. 1. The flowchart of the proposed methodology of RL application in reservoir operation. 

In reinforcement learning, the system’s state space represents the current storage level of the reservoir. In this study, the reservoir 

storage levels range from minimum (smin) to maximum (smax), with discrete intervals representing different states. The action space 

corresponds to the release decisions, constrained within a predefined range (rmin to rmax) to maintain operational limits. 

State transitions are governed by the interplay between inflow variability, storage updates, and water demand at each time step. 

This dynamic formulation enables the RL agent to adaptively determine release decisions based on current conditions, allowing it 

to respond to fluctuations in system states and external inputs. The conceptual framework of the reinforcement learning approach is 

illustrated in Fig. 2, which summarizes the learning cycle, including environment observation, action execution, reward evaluation, 

and policy updates. 
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Fig. 2. The main concept of the RL [45]. 

Recent advancements in artificial intelligence (AI) and machine learning (ML) have introduced data-driven and adaptive 

strategies for reservoir management. Among these, reinforcement learning (RL) has gained significant attention due to its ability to 

learn optimal policies through trial-and-error interactions with the environment. In this study, we focus on Q-Learning, a model-

free RL algorithm, to optimize reservoir release decisions while enhancing system efficiency and sustainability. Q-Learning is a 

value-based reinforcement learning method where an agent learns the optimal policy by estimating the expected cumulative reward 

of state-action pairs. The Q-Learning framework follows these core steps: 

1. Initialization: 

• The agent begins with an initial reservoir storage value (𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙). 

• A Q-table, representing the expected reward of each state-action pair, is initialized with zeros. 

• Historical or synthetic inflow data and demand sequences are predefined for training and evaluation purposes. 

2. Action selection: 

• The agent selects reservoir release actions using an epsilon-greedy strategy, which balances exploration (randomized action 

selection) and exploitation (choosing the highest 𝑄 − 𝑣𝑎𝑙𝑢𝑒 action). 

• Initially, exploration dominates to allow the model to learn efficiently, but as training progresses, exploitation becomes more 

prominent to refine decision-making. 

3. Reward function design: 

• The reward function incentivizes meeting demand while discouraging deviations and violations of system constraints. 

Neutral or positive rewards are assigned when releases closely match demand. Penalties are imposed when releases exceed 

or fall short of demand, or when storage or release constraints are violated. 

4. Q-Value update (bellman equation): 

• The 𝑄 − 𝑣𝑎𝑙𝑢𝑒𝑠 are updated iteratively using the Bellman equation, which considers: 

• Immediate reward based on the release decision. 

• Future reward expectations, incorporating a discount factor (γ) to prioritize long-term outcomes. 

• Learning rate (𝛼) to control the magnitude of updates. 

The Q-value update formula is given by: 

(1) 𝑄𝑛𝑒𝑤(𝑠𝑡 , 𝑎𝑡)      (1 − 𝛼) × 𝑄𝑜𝑙𝑑(𝑠𝑡 , 𝑎𝑡) +  𝛼 × (𝑟𝑡 + 𝛾 × 𝑚𝑎𝑥 𝑄(𝑠𝑡+1, 𝑎′)) 

where, 𝑡 stands for the time step, 𝑄𝑜𝑙𝑑(𝑠𝑡 , 𝑎𝑡) is the Q-factor in the previous episode for action 𝑎𝑡 and state 𝑠𝑡; 𝑄𝑛𝑒𝑤(𝑠𝑡 , 𝑎𝑡) is the 

Q-factor in the new episode for action 𝑎𝑡 and state 𝑠𝑡; 𝑠𝑡 is the state of the system (here, the reservoir condition) in the time step 𝑡, 

and at is the action in the time step 𝑡; 𝑠𝑡+1 is the next state is determined based on the selected action 𝑎𝑡; the symbol 𝛼 represents 

the learning rate, and it is between 0 and 1; it reflects how significantly the reward signal or 𝑟𝑡   influences the update of the value 

function or 𝑄; 𝛾 is the discount rate, it is between 0 and 1, it represents how a decision influences future possibilities and how the 

value function guides that decision-making process; 𝑚𝑎𝑥 𝑄(𝑠𝑡+1, 𝑎′) is the maximum Q-factor in the 𝑠𝑡+1 mode for all possible 

actions, 𝑟𝑡 is the value of the instantaneous reward received by the agent for the operation of 𝑎𝑡  in 𝑠𝑡  mode. 

3.1. Mathematical formulation (single-reservoir, monthly time step) 

In this section, the main formulation for the reservoir simulation model is presented. The main formulation is presented below. 

(2) 𝑆𝑡+1 = 𝑆𝑡 + 𝐼𝑡 − 𝑅𝑡 

where, 𝑆𝑡+1: Storage volume at the beginning of the month 𝑡 + 1. 𝑆𝑡: Storage volume at the beginning of the month 𝑡. 𝐼𝑡: Inflow 

volume into the reservoir during the month 𝑡. 𝐼𝑡: Inflow volume into the reservoir during the month 𝑡; 𝑅𝑡: Release volume from the 

reservoir during the month 𝑡. 
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3.2. Exploration vs exploitation mechanism 

To promote learning, the model begins with a high probability of exploration, randomly selecting actions in early episodes. As 

learning progresses, this probability decreases, allowing the agent to increasingly exploit its learned policy. Periodic reintroduction 

of random actions helps avoid local optima and ensures broader policy robustness. 

3.3. Training and convergence criteria 

The model is trained over a fixed number of episodes (e.g., 500,000), each simulating reservoir operation across the defined time 

horizon. Training is considered converged when: 

• 𝑄 − 𝑣𝑎𝑙𝑢𝑒𝑠 stabilize, indicating convergence towards an optimal policy. 

• Exploration probability is sufficiently reduced, favoring exploitation. 

• Reservoir release performance meets predefined operational benchmarks. 

3.4.  Implementation details 

The RL algorithm is implemented in MATLAB, utilizing: 

• Storage state discretization, defining reservoir states at incremental levels within operational bounds. 

• Q-table structure, storing state-action values for iterative updates. 

• Demand incorporation, ensuring releases are adjusted to meet water requirements dynamically. 

• Performance tracking, analyzing learning progress and policy improvements through reward evolution. 

3.5. Significance and practical implications 

This RL-based approach offers multiple advantages over traditional reservoir operation methods: Dynamic Adaptation: The Q-

Learning framework continuously adjusts decisions, improving release efficiency across varying hydrological conditions. 

Optimization Without Explicit Models: Unlike traditional optimization techniques, Q-Learning does not require explicit 

mathematical models, making it highly adaptable to data-driven environments. Efficient Water Resource Allocation: By refining 

release decisions, the methodology enhances water supply reliability, hydropower production efficiency, and environmental 

sustainability. 

4. Case study 

The Dez Reservoir, situated in southwestern Iran, is a critical infrastructure element for regional water supply, supporting 

agricultural irrigation, domestic consumption, and industrial use. Constructed on the Dez River, the reservoir plays a pivotal role in 

sustaining water availability across Khuzestan Province, where seasonal and climatic variability significantly influence demand. 

This case study examines the reservoir's hydrological features, operational parameters, and its strategic role in ensuring long-term 

water security for multiple sectors. 

• Geographical and hydrological overview 

Located in a semi-arid region, the Dez Reservoir receives its inflows predominantly from rainfall and snowmelt originating in 

the Zagros Mountains. With a total storage capacity exceeding 3 billion cubic meters, it ranks among the largest reservoirs in Iran. 

Inflow patterns exhibit substantial seasonal and interannual variability, shaped by precipitation and upstream hydrological dynamics. 

Effective management of these fluctuations is vital to avoid shortages and maintain a continuous supply for both agricultural and 

urban demands. 

To regulate storage and distribution, the reservoir operates under a structured management framework, adjusting release rates 

based on agricultural demands and municipal consumption trends. Water allocation models are integrated into reservoir operations 

to ensure equitable distribution, particularly during dry periods when inflow rates decline. 

• Water supply management and distribution 

As a cornerstone of Iran’s water infrastructure, the Dez Reservoir supports extensive irrigation systems that serve large-scale 

agricultural operations. These networks rely on seasonal demand forecasts to guide water allocation, helping sustain crop yields 

while minimizing reservoir drawdown. In parallel, the reservoir provides essential potable water to urban and industrial sectors 

through municipal distribution systems. Downstream water treatment facilities ensure the supply of safe drinking water by 

incorporating filtration and purification processes. During drought events, reservoir managers employ adaptive release strategies to 

prioritize essential needs and conserve storage volumes. 

Municipal water supply remains a key operational priority. The reservoir supports urban water distribution networks, delivering 

potable water to communities and industries. Water treatment facilities downstream process and distribute clean drinking water, 

integrating filtration and purification technologies to maintain quality standards. 

During drought conditions, reservoir managers implement adaptive strategies, adjusting release patterns to conserve storage 



Masoumi et al. Civil Engineering and Applied Solutions, 2025; 1(4): 56–67 
 

61 

while ensuring essential water needs are met. 

For simulation purposes, the reservoir is characterized by a maximum storage capacity of 3,340 million cubic meters (MCM) 

and a minimum operational threshold of 830 MCM. The initial storage is set to 1,430 MCM, reflecting a mid-range condition. The 

model enforces a maximum monthly release limit of 1,000 MCM, with the flexibility to withhold releases entirely during low-flow 

conditions. Historical inflow data reveal considerable variability: 

• 5-year average inflow: 5,303 MCM 

• 20-year average: 5,990 MCM 

• 40-year average: 5,951 MCM 

This variability underscores the need for robust and flexible operational policies that can accommodate both short-term 

fluctuations and long-term hydrological trends. 

5. Results and discussion 

This section presents a comparative evaluation of simple Ant Colony Optimization (ACO) and Q-Learning algorithms applied 

to a single-reservoir operation problem over a 60-month planning horizon. Both models were implemented in MATLAB under 

consistent hydrological inputs, operational constraints, and demand profiles to ensure fairness and reproducibility. The objective 

was to minimize the total demand deficit while satisfying system constraints related to storage bounds and release capacities. Key 

performance indicators included cumulative fitness score, total unmet demand, number of constraint violations, and monthly 

operational trends. Graphical representations of release decisions, storage dynamics, and deficits offer qualitative insights into each 

algorithm’s operational behavior and effectiveness. 

5.1. Performance metrics comparison 

The comparative analysis relies on system-wide performance indicators derived from each algorithm’s output. Table 1 

summarizes the key metrics, including fitness score, demand deficit, and constraint violations. 

Table 1. Summary of performance metrics. 

Unit Q-Learning ACO Metric 

Unitless (composite penalty score) 4,322.03 752,879.33 Total fitness 

Million Cubic Meters (MCM) 4,322.03 1,003.50 Total demand deficit 

Count 0 32 Storage violations 

Count 0 0 Release violations 

The total fitness score, which combines penalties from demand deficits and constraint violations, reveals a substantial 

performance gap between the two methods. Q-Learning achieved a significantly lower fitness score (4,322.03) compared to ACO 

(752,879.33), indicating a more feasible and operationally robust reservoir strategy. The low score for Q-Learning reflects its ability 

to maintain system constraints while balancing competing objectives. 

Interestingly, the total demand deficit was higher under Q-Learning (4,322.03 MCM) than ACO (1,003.50 MCM). At first 

glance, this might suggest superior demand satisfaction by ACO. However, this interpretation overlooks the broader context: ACO 

violated the reservoir’s storage constraints 32 times during the simulation, each breach contributing heavily to its overall penalty 

and inflated fitness score. These violations indicate instability in reservoir behavior, compromising the practical feasibility of the 

solution. 

In contrast, Q-Learning maintained zero violations across all episodes, consistently operating within both storage and release 

limits. Although this came at the cost of some unmet demand, the agent prioritized long-term sustainability and operational 

reliability as core goals in real-world reservoir management. 

Furthermore, both algorithms successfully avoided release violations, demonstrating that release bounds were effectively 

enforced. This reinforces the notion that the key differentiator between the two lies in how they handle storage dynamics and long-

term feasibility, not just raw demand satisfaction. 

5.2. Monthly release and storage trends 

To evaluate the operational performance of both algorithms over time, monthly data on reservoir releases, storage levels, and 

unmet demand were analyzed across the 60-month simulation period. The results reveal clear distinctions in the temporal decision-

making behaviors of Q-Learning and Ant Colony Optimization (ACO). 

Fig. 3 provides a detailed visualization of the operational dynamics generated by the Ant Colony Optimization (ACO) algorithm 

over the 60-month simulation period. The top panel displays monthly release volumes alongside corresponding demand levels, 

illustrating that while ACO generally responds to fluctuations in demand, its release decisions are occasionally misaligned due to 

heuristic-driven exploration or constraint trade-offs. 
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Fig. 3. ACO-based reservoir simulation: monthly dynamics of release, storage, and demand deficit over a five-year horizon. 

The middle panel depicts reservoir storage levels, showing considerable variability with multiple exceedances of both the 

minimum and maximum storage thresholds, clear evidence of constraint violations. The bottom panel presents monthly unmet 

demand, characterized by intermittent spikes that highlight the system’s difficulty in consistently satisfying water needs without 

breaching operational limits. Collectively, these plots reflect ACO’s adaptive but volatile decision-making, which manages to meet 

demand in many months but often at the expense of violating storage constraints and compromising long-term system feasibility. 

In the case of ACO, release decisions exhibited considerable volatility, characterized by frequent oscillations between over-

releasing and overly conservative adjustments. This erratic behavior resulted in multiple instances of both storage overshoot and 

undershoot, ultimately leading to 32 documented violations of the reservoir's operational limits. Although such actions occasionally 

succeeded in minimizing short-term demand deficits, they undermined the overall stability of the reservoir system and incurred 

significant penalty costs due to constraint breaches. 

In contrast, Q-Learning produced more stable and coherent release patterns. Leveraging an epsilon-greedy strategy and extensive 

training across 500,000 episodes, the agent progressively refined its policy to account for variations in inflow and evolving storage 

conditions. As a result, reservoir storage levels remained consistently within the defined operational bounds throughout the 

simulation period, demonstrating the model’s capacity to manage hydrological risk effectively and comply with system constraints. 

Fig. 4 highlights the effective performance of the Q-Learning algorithm in managing reservoir operations across a 60-month 

simulation period. In the top panel, the release trajectory produced by Q-Learning closely aligns with monthly water demand, 

demonstrating the model’s capacity to learn and implement balanced release strategies. This responsiveness stems from the 

algorithm’s reinforcement-based learning structure, which enables the agent to refine its decisions through continuous interaction 

with the environment. 

The middle panel shows that reservoir storage levels remained consistently within operational limits throughout the simulation. 

This adherence to constraints reflects the model’s ability to internalize system rules through repeated training and to maintain 

feasibility even under fluctuating inflow and demand conditions. The absence of storage violations throughout the entire time 

horizon is a key indicator of the model's reliability in real-world operational contexts. 

In the bottom panel, monthly unmet demand levels remain moderate and well-distributed, suggesting that the model occasionally 

allowed small deficits in favor of preserving long-term operational stability. This behavior illustrates the agent’s capacity to manage 

trade-offs intelligently, avoiding short-term overreactions and instead favoring sustained performance across the entire planning 

period. 

It is important to note that the version of Ant Colony Optimization used in this study represents one of its simplest forms, 

implemented here primarily for baseline comparison. The strong performance of Q-Learning, especially in terms of constraint 

compliance and adaptive release behavior, underscores its potential as a robust and scalable approach for data-driven reservoir 

operation. Its ability to maintain operational stability while responding flexibly to environmental variability makes it a promising 

tool for future water resources management applications. 
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Fig. 5 presents a side-by-side comparison of reservoir operations generated by Q-Learning and a simplified implementation of 

Ant Colony Optimization (ACO) across three key dimensions: release behavior, storage dynamics, and demand deficit over the 60-

month planning horizon. The release pattern produced by Q-Learning shows consistent alignment with monthly demand, 

highlighting the model’s capacity to learn adaptive and balanced strategies that evolve in response to inflow and system state 

changes. 

 
Fig. 4. Q-Learning-based reservoir operation: performance insights from release, storage, and deficit dynamics. 

 

 
Fig. 5. Side-by-side algorithmic comparison of reservoir operations: ACO vs Q-Learning. 

In terms of storage management, Q-Learning maintains reservoir levels well within operational boundaries throughout the 

simulation period. This reflects the algorithm’s effective internalization of system constraints and its ability to avoid violations even 

under variable conditions. The storage profile demonstrates stability and discipline, indicating the agent’s focus on long-term 

operational feasibility. 

The deficit panel further illustrates Q-Learning’s strategic behavior. While small deficits occur in certain months, they are 
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distributed evenly and remain within acceptable limits. This suggests the model occasionally allows controlled shortfalls to preserve 

broader system integrity over time, a hallmark of sustainable reservoir operation. 

It should be noted that the ACO implementation used here serves as a basic benchmark to contrast learning-based decision-

making with heuristic search methods. Despite its simplicity, the comparison helps to underscore the key advantage of Q-Learning: 

its ability to dynamically improve performance through experience, adapt to environmental variability, and maintain consistent 

compliance with operational rules. Overall, Fig. 5 reinforces Q-Learning’s promise as a reliable, adaptive approach for managing 

reservoir systems under uncertainty. 

5.3. Constraint handling and penalty impacts 

Effective constraint management is a critical aspect of realistic reservoir operation modeling. In this study, both algorithms 

incorporated mechanisms to address storage and release constraints, but their strategies and outcomes varied significantly. 

Q-Learning handled operational constraints through a built-in reward function that inherently discouraged violations. Over the 

course of training, the agent learned via repeated interactions and feedback to avoid actions that would lead to infeasible storage or 

release values. This internalization of system rules resulted in zero storage or release violations during the entire simulation, 

indicating the algorithm’s strength in achieving not only high performance but also operational reliability. 

The Ant Colony Optimization approach used here employed a basic penalty structure, where violations of constraints were 

accounted for by adding penalty terms to the fitness score. While this approach provided a mechanism to discourage infeasible 

actions, the version of ACO implemented in this study was intentionally kept simple for baseline comparison. As such, the algorithm 

occasionally prioritized short-term improvements in demand satisfaction at the expense of constraint adherence, leading to elevated 

fitness penalties due to storage violations. 

This contrast highlights one of the key advantages of Q-Learning: its ability to evolve policies that balance immediate objectives 

with long-term feasibility. Rather than relying solely on external penalties, Q-Learning gradually developed an operational strategy 

that inherently respected system constraints while maintaining stable and adaptive behavior across varying hydrological conditions. 

5.4. Computational efficiency and scalability 

In addition to performance and feasibility, computational efficiency and scalability are important considerations in selecting an 

appropriate reservoir operation algorithm, particularly for real-time or large-scale applications. 

The Q-Learning model, though trained over a large number of episodes (500,000 in this study), benefited from a lightweight and 

structured learning architecture. Its use of matrix-based Q-table representations allowed for efficient updates and rapid convergence 

tracking. Once training was completed, the learned policy could be executed instantaneously for decision-making, well-suited for 

real-time operational deployment. Moreover, the model's independence from explicit hydrological equations enhances its 

adaptability to different system configurations, suggesting strong potential for scalability to more complex, multi-reservoir systems 

or longer planning horizons. 

The Ant Colony Optimization (ACO) approach, implemented here in a basic form for benchmarking purposes, followed a 

heuristic search process that involved multiple agents (ants) exploring the solution space. This method required repeated pheromone 

updates and solution evaluations across iterations, which increased computational overhead, particularly as the number of decision 

variables (e.g., months or release levels) expanded. While more advanced variants of ACO can reduce this burden through 

parallelization and parameter tuning, the simplified version applied in this study was not optimized for efficiency or scale. 

Overall, Q-Learning demonstrated greater potential for practical application in terms of computational performance and 

scalability. Its structured learning process, adaptability, and low execution cost once trained position it as a promising tool for 

modern, data-driven water resources management systems. 

5.5. Final verdict and implications 

The comparative results of this study highlight the strong potential of Q-Learning as a reliable and adaptive tool for reservoir 

operation. Across all evaluated dimensions, constraint satisfaction, operational stability, computational efficiency, and scalability, 

Q-Learning consistently delivered feasible and well-balanced release strategies. Its ability to learn from interaction with the 

environment and evolve robust policies over time makes it especially well-suited for dynamic and uncertain hydrological systems. 

The Q-Learning model achieved complete compliance with operational constraints, maintained storage levels within prescribed 

bounds, and produced release patterns closely aligned with demand. Although moderate unmet demand was observed in some 

months, these shortfalls were strategically distributed and acceptable within the context of maintaining long-term system stability. 

Once trained, the algorithm was computationally efficient and highly responsive, demonstrating potential for real-time deployment 

and scalability to more complex systems, such as multi-reservoir networks. 

The Ant Colony Optimization (ACO) algorithm used in this study was implemented in its simplest form to serve as a heuristic-

based baseline for comparison. While it showed some ability to reduce short-term demand deficits, it lacked the adaptive learning 

capabilities needed to consistently balance performance with feasibility. More advanced versions of ACO may perform better under 

different configurations; however, the results here emphasize the added value of incorporating reinforcement learning into water 
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resources planning frameworks. 

In conclusion, this study reinforces the role of reinforcement learning, particularly Q-Learning, as a promising paradigm for 

intelligent reservoir management. Its model-free nature, adaptive behavior, and real-time decision-making capability position it as 

a valuable alternative or complement to traditional and metaheuristic optimization techniques. As climate variability and increasing 

demand continue to challenge water systems, data-driven and self-improving models like Q-Learning are likely to play a central 

role in the next generation of sustainable water resources management. 

6. Conclusions 

This study demonstrated the effectiveness of reinforcement learning, specifically Q-Learning, for optimizing reservoir operations 

under uncertain and dynamic hydrological conditions. By learning optimal release strategies through iterative interactions with the 

system, the Q-Learning agent was able to maintain storage and release decisions within prescribed constraints while achieving a 

high level of adaptability to variable inflows and demand scenarios. Compared to a simplified implementation of Ant Colony 

Optimization (ACO), the Q-Learning model exhibited superior performance in operational feasibility, stability, and scalability. 

Although ACO occasionally yielded lower demand deficits, it did so at the cost of constraint violations and operational instability. 

These results underscore the potential of model-free reinforcement learning approaches in supporting intelligent, data-driven water 

resources management. Future research may extend this framework to multi-reservoir systems, integrate climate uncertainty, and 

hybridize RL models with physical simulation tools to enhance realism and generalizability. 
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