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ABSTRACT: This study investigates the seismic response of a historical arch bridge using a 

macro-modeling technique in finite element (FE) software ABAQUS.  A comprehensive 

investigation involving documentary sources and on-site assessments has facilitated a thorough 

understanding of the case study, the Halilviran bridge. 3D finite element models incorporating 

damage plasticity behavior were constructed for the FE model. The masonry units were 

modeled with the concrete damage plasticity (CDP) material model, and the backfill was 

developed with the Mohr-Coulomb (M-C) material model. Nonlinear dynamic analysis was 

utilized to predict the progression of damage to the bridge and determinate the most susceptible 

structural components. The seismic performance of the case study was evaluated through an 

https://www.sciencedirect.com/science/article/pii/S2352012421005622?casa_token=Ea0XH0L0JloAAAAA:dx18keAZGOd3GCFQbKzcQYYDOoVICv--ZDKTIEc8oE9QoCD-D0NAV_cZOBpm7IvPayb1Jmku
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examination of the outcomes utilizing contour plots depicting tensile damage, maximum 

displacements, and energy calculated from the tensile damage. The findings indicate that the 

spandrel walls, which are interconnected with the pier, and the inner section of the arches 

represent the most vulnerable components of masonry bridges, the failure of which heightens 

the risk of progressive collapse of the bridge. 

Keywords: Masonry Arch Bridges, Seismic Behavior, Strengthening Techniques, Collapse, 

Bridge Failure.  

 

 Introduction 

The breakdown of infrastructure can result in significant economic and social consequences 

and impede rescue and recovery efforts. It is crucial to assess the effectiveness of historical 

masonry structures and provide detailed and accurate data to inform maintenance decisions for 

reinforcing them against seismic forces. The earthquakes that have taken place in the last 25 

years have clearly shown the high vulnerability of masonry structures to seismic events 

(Milani, 2019b) owing to their distinctive characteristics and susceptibility to lateral forces. 

Research conducted post-earthquakes has shown that the main reason for the susceptibility of 

buildings is the presence of local failure modes, which are a result of the out-of-plane response 

of structural components. Hence, it is imperative to introduce a sufficiently thorough 

methodology capable of accurately representing the actual structural reaction of intricate 

structures to lateral forces and precisely identifying the most vulnerable elements. Post-

earthquake assessment of the structure along with nonlinear dynamic analysis (NDA) is a 

comprehensive approach for studying the structural behavior, which involves analyzing force 

redistribution, ductility, damage and collapse mechanisms. Various methods have been 

suggested, utilizing sophisticated numerical and experimental tools to generate three-

dimensional models of the structures, analyze failure mechanisms and design effective 

strengthening techniques (Castellazzi et al., 2017; Clementi et al., 2017; Valente and Milani, 

2019a). The research conducted by Li & Chen, (2023) aimed to examine the seismic 

vulnerability of a reinforced concrete girder bridge. The investigation involved the integration 

of nonlinear vulnerability analysis techniques with numerical and probabilistic modeling 

methods. The study selected 1069 reinforced concrete bridges that had been impacted by the 

Wenchuan earthquake for vulnerability assessment. The vulnerability of the damaged bridges 

was evaluated using the Chinese seismic intensity scale. A new approach was devised to 

compare vulnerabilities by considering both the failure ratio and the likelihood of exceeding 

certain thresholds. Furthermore, a model was established to compute the average damage index 

of reinforced concrete girder bridges across various intensity zones. This model uses matrix 

calculations and compares vulnerability parameters using matrices and curves. Li, (2023) 

examines the seismic vulnerability characteristics of buildings and evaluates the seismic 

capacity of different types of structures during real seismic events. This research employs 

probabilistic damage model analysis techniques. Additionally, a nonlinear regression-based 

approach is presented for analyzing prediction models. A predictive model is created to assess 

structural vulnerability, taking into account failure rates and the probability of exceeding 

certain intensity levels in different areas. The model is validated using data from an earthquake 

damage database. Moreover, a vulnerability matrix predictive model is introduced, which 

involves updating the mean vulnerability index parameter. A comparative model is also 

developed to predict the vulnerability matrix of typical structures in specific regions. Pelà et 

al. (Pelà, Aprile & Benedetti, 2013) performed a seismic evaluation of an existing masonry 

bridge consisting of three curved segments. The seismic capacity of the bridge was evaluated 
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using time history and pushover analysis techniques. Altunısık et al (Altun\i\cs\ik, Kanbur & 

Genc, 2015) performed a research investigation on the impact of arch thickness on the load-

bearing capacity of arch bridges, and evaluated the seismic resilience of such bridges. To 

accomplish this goal, artificial acceleration records are generated, considering the seismic 

characteristics of the location where the bridge is located. Li et al. (2023) developed metrics 

and probability indicators to assess the resilience and vulnerability of group formations in both 

urban and rural settings. Their research comprised a statistical analysis of seismic damage data 

gathered during field surveys after the Jiuzhaigou earthquake in Sichuan Province, China. The 

researchers developed a methodology for comparing and analyzing multidimensional modal 

resilience and probability metrics. They suggested a quantitative approach to improve the 

precision and rationality of structural resilience evaluations in the context of macro intensity 

measurement. This model is based on maximizing the macro intensity index and refining the 

lognormal distribution. Additionally, comparative models were formulated to appraise group 

structure resilience against established macro intensity benchmarks. The study also 

encompassed on-site damage assessments and analyses of the mechanisms of destruction, 

considering the unique attributes of regional structural seismic resilience and the actual 

vulnerabilities exposed during the earthquake event. The current research presents the results 

of sophisticated numerical analyses performed on 3-D finite element models. In order to 

enhance the precision of evaluating the behavior of macro-elements at both local and global 

levels, and to qualitatively evaluate the mechanical properties of the masonry, the authors 

incorporated data from comprehensive surveys, laser scanning, and non-destructive testing. 

The paper can be succinctly divided into three main components. Firstly, a 3-D finite element 

model of the bridge is constructed. Following this, non-linear dynamic analyses are carried out, 

beginning with a material model. The final stage involves a detailed and meticulous analysis 

of the results, requiring a comprehensive understanding and significant theoretical expertise. 

The primary objective of the initial modeling phase is to achieve a high level of accuracy and 

consider various factors that significantly impact the structure's behavior in the event of a 

collapse. This examination encompasses several factors, including the interconnection between 

the spandrel walls and the condition of them, the degradation of the masonry, and the stiffness 

of the backfill. 

 Case study 

The Halilviran Bridge is about 20 kilometers from the city of Diyarbakir in Turkey and is 

located near the Devegecidi stream. The architectural composition of the bridge is made of 

uniform limestone. Its most important structural feature is a semi-circular arch that rises from 

the rocky base in both directions of the river channel. The stone structure, consisting of seven 

arches, was designed to facilitate the crossing of the river obstacle. The bridge has a total length 

of 132 meters, with a documented roadway width of 5.10 meters and a height of 8.50 meters 

above the ground. The spans of the arches range from 5.95 m to 7.00 m, increasing from west 

to east. The seventh arch to the east has a special shape compared to the previous arches. It has 

a pointed shape that resembles the round arch, but is lower in height. Figure 1 and Figure 2 

show the architectural design, cross-sectional views and vertical views as well as the main 

geometric dimensions of the Halilviran Bridge. 
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(a) 

 
(b) 

 
(c) 

Figure 1. Halilviran Bridge: (a) Location, (b) 3D Scanning cloud image and (c) CAD drawing. (Azar & Sari, 

2023) 

 FE models and material model adopted 

 

The 3D finite element discretization was applied using C3D8R, which denotes 8-node reduced 

integration elements. The selection of the element size was determined to achieve precise 

outcomes and computational effectiveness within the framework of non-linear dynamic 

analyses. 
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Figure 2. Halilviran Bridge. Section and elevation views with indication of the main geometrical dimensions. 

(A.B. Azar and Sari, 2023) 

 Figure 3 depicts the viewpoints of the geometric representations of the bridge, which were 

generated within the commercial software Abaqus. These representations consist of separate 

structural elements known as macro-elements, as shown in Figure 4. In order to ensure the 

accurate modeling of the bridge's response, it is essential to consider the interplay among its 

different components. This study focuses on examining the interaction between the masonry-

masonry and masonry-backfill elements. The analysis assumes a zero-thickness contact, 

employing a hard contact model to depict the interaction between the surfaces. In this context, 

"hard" contact denotes an interaction where there is no softening or penetration of the surfaces 
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within the model. Furthermore, a friction coefficient of 0.78 is adopted to characterize the 

tangential behavior. The mechanical material parameters for the interfaces and masonry units 

are determined based on relevant literature sources (Borlenghi, Saisi & Gentile, 2023; Pepi et 

al., 2021; Ashayeri et al., 2021; Güllü & Özel, 2020; Alpaslan, Yilmaz & \cSengönül, 2023; 

Gaetani, Bianchini & Lourenço, 2021; Gönen & Soyöz, 2022; Stockdale, Milani & Sarhosis, 

2019; Ferrero et al., 2021). The material characteristics for masonry and backfill are shown in 

Table 1 through Table 4. 

 
Figure 3. Finite element model of the bridge. 

 

 

 
Figure 4. Material modeling techniques. (Hokelekli and Yilmaz, 2019) 

 Material Properties 
 

 (CDP) Material Model 

Concrete Damage Plasticity presents a commendable approach for accurately representing two 

common types of failure, namely tensile cracking and compressive crushing. This modeling 

technique efficiently integrates the deterioration of materials under cyclic stress conditions. 

Spandrel wall

Cutwater

Pier

Arch Deck Backfill
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Figure 5 illustrates the inherent behavior of masonry when subjected to both tensile and 

compressive loads.  

  
(a) (b) 

Figure 5. Representation of the masonry constitutive behavior in tension and compression. 
 

Within the context of tensile behavior, the material exhibits a linearly elastic response until it 

reaches a point known as (𝜎𝑡0). Microfracture is the result of a material reaching its maximum 

stress. After reaching its maximum point, the material exhibits a softening behavior in relation 

to the stress-strain relationship, as depicted in Figure 5a. Material undergoes deformation when 

it is compressed, and this deformation is observed at the point where the stress is at its 

maximum. At the point of maximum stress, the material demonstrates a softening behavior, as 

shown in Figure 5b. The Concrete Damage Plasticity model may be characterized in terms of 

stress and strain, as follows: 

𝜎𝑡 = (1 − 𝑑𝑡)𝐷0
𝑒𝑙: (𝜀 − 𝜀𝑡

𝑒𝑙)    (1) 

𝜎𝑐 = (1 − 𝑑𝑐)𝐷0
𝑒𝑙: (𝜀 − 𝜀𝑐

𝑒𝑙)    (2) 

 

As symbols 𝑡 is stand for tension and 𝑐 is denoted as compression, 𝜎𝑡 tensile stress and 

𝜎𝑐  compressive stress. 𝜀𝑡
𝑒𝑙 is plastic strain in tension and 𝜀𝑐

𝑒𝑙 compression is denoted 

compression strain. Additionally, 𝑑𝑡 and 𝑑𝑐;are variables that signify damage. 𝐷0
𝑒𝑙stand for 

undamaged initial elastic modulus. 

 

 Mohr–Coulomb Constitutive Model  

The fill material commonly comprises soil, unbounded masonry, or rubble. The current study 

utilizes this material model to integrate the infill (Table 3). 

 
Table 1. Plasticity parameters of the CDP model. 

Parameter Value 

𝐷𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 (𝜓) 20° 
𝐸𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (𝜀) 0.1 

𝑓𝑏0/𝑓𝑐0 1.16 

𝐾𝑐 0.667 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 0.01 

 
Table 2. Basic material properties 

Part 𝜌 (Kg/m3) 𝐸 (Mpa) 𝜐 

Pier 2200 3500 0.2 

Cutwater 2200 2800 0.2 

Arch 2200 3360 0.2 

Backfill 2000 500 0.2 

Spandrel wall 1900 1500 0.2 

𝐸0

𝐸0

1 − 𝑑𝑡 𝐸0

𝜎𝑡0

𝜀𝑡
 𝑙 𝜀𝑡

𝑒𝑙

𝜀0𝑡
𝑒𝑙𝜀𝑡

𝑐 

𝜀𝑐
𝑒𝑙

𝐸0

1 − 𝑑𝑐 𝐸0

𝐸0

𝜀𝑐
 𝑙

𝜀𝑐
  

𝜎𝑐0

𝜎𝑐 

𝜀0𝑐
𝑒𝑙
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Deck 2000 1500 0.2 
Note: E = Young’s Modulus; ρ = Density; υ = Poisson’s Coefficient. 

 

The Mohr-Coulomb criterion states that the yield point of a material is determined by the linear 

correlation between the shear stress acting on any point in the material and the normal stress 

acting on the corresponding plane (Figure 6).  

 

 
Figure 6. Mohr–coulomb material model. 

 

In the Mohr-Coulomb material model shear stress (𝜏) can be characterized as a function of the 

(𝜎), (𝑐), and (𝜑): 

 
𝜏 = 𝑐 +  𝜎 𝑡𝑎𝑛 ∅ (3) 
 

The M-C model may be stated by three stress invariants, which are equivalent to pressure stress: 

 

𝑝 = −
1

3
𝑡𝑟𝑎𝑐𝑒(𝜎) (4) 

 

The Mises equivalent stress: 

 

𝑞 = √
3

2
(𝑆: 𝑆)  (5) 

 

Where 𝑆 =  𝑠𝑡𝑟𝑒𝑠𝑠 𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟 =  𝜎 + 𝑝𝑙. And deviatory stress (third invariant) and 

deviatoric stress (𝑅𝑚𝑐): 

𝑅𝑚𝑐(𝛩, 𝜑) =
1

√3𝑐𝑜𝑠 𝜑 
𝑠𝑖𝑛 (𝛩 +

𝜋

3
) + 1/3 𝑐𝑜𝑠 (𝛩 +

𝜋

3
) 𝑡𝑎𝑛 𝜑 (6) 

 
Table 3. Input Parameters for Backfill Material. 

𝜌 (Kg/m3) 𝐸 (N/mm2) 𝜐 𝑐 (MPa) ∅ (°) 
1900 500 0.2 0.05 35 

 
Table 4. Inelastic material parameters. 

Part 𝑓𝑡 (Mpa) 𝑓𝑐 (Mpa) 𝐺𝑓 (Mpa) 

Pier 0.71 7.06 45 

Arch 0.84 8.4 54 

Spandrel wall 0.32 3.15 20.3 

 Verification of FE Model 

 

A verification study was carried out on masonry arch bridges by (Fanning & Boothby, 2001) 

to establish the appropriate material properties required for accurately simulating this specific 

 c

𝜎𝑚 =
𝜎 + 𝜎 
2

𝑠 =
𝜎 + 𝜎 
2

compressive stress
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structural type. The bridges were subjected to tests in which a reference frame was placed under 

the bridge, linear variable differential transformers (LVDT) were attached to measure the 

structural displacements and a vehicle was loaded with a specific weight. Modeling parameters 

such as support conditions, properties and masonry stiffness were determined by fitting the 

finite element model to the test results. The behavior of masonry was replicated by utilizing a 

solid component modeled in terms of rigidity, incorporating features such as cracks and 

crushing. The infill material was characterized using a Drucker-Prager material model, while 

the interface between masonry and infill was defined as a friction contact surface. The bridges 

were subjected to operational loads in a simulation, and the results of the model were compared 

with the results of on-site tests of the structures. By considering the relevant material properties 

and visually inspecting the material and construction of the structure, a three-dimensional 

nonlinear finite element analysis program can be used to accurately predict the performance of 

an arch bridge. Griffth Bridge has a span of 9.49 meters, a height above the abutments of 2.67 

meters, a width of 7.85 meters and an arch ring thickness of 45 centimeters. The front segment 

of the arch ring is made of granite, while the rest of the arch ring is made of limestone, with 

joints around 0.5 cm thick. The spandrel walls are made of limestone blocks with a joint 

thickness of around 1 cm. The examination and computational analysis of the Griffth Bridge 

in Dublin, Ireland, are showcased in Figure 7.  Figure 8 displays the finite element simulation 

of the deformation of the arch barrel and spandrel walls under the scenario where a fully loaded 

truck places its rear axle at the center of the span. Figure 9 exhibits the comparative data derived 

from numerical simulations and physical experiments conducted at the midpoint of the bridge's 

central axis during the passage of the fully loaded truck. The study indicated a maximum 

deflection of 0.43 mm in the experimental results, while the finite element model predicted a 

deflection of 0.54 mm. 

  
Figure 7. Griffth Bridge in Dublin, Ireland. 
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Figure 8. Deformation of the arch barrel and spandrel walls. 

 

 
Figure 9. Numerical and test crown displacements for fully loaded truck. 

 

 Modal Analysis 
 

The structural behavior of masonry bridges is influenced by various characteristics that have 

been shown to have significant effects. Factors such as the overall length, the number of spans, 

the maximum length, the height, the arch type and the material properties are essential in this 

context. The accurate assessment of structural performance requires the application of finite 

element modeling. The validation of the initial finite element model in masonry structures 

requires the use of tests or empirical equations. In a study by Bayraktar et al. (2022), statistical 

methods were used to establish a quantitative correlation between the maximum arch span and 

the initial natural frequencies of eight masonry bridges. This correlation was determined by 

analyzing the respective natural frequencies using Eq.(7): 

 
𝑦=  −3,935 ln(𝑥) + 16,824   (7) 

 

The symbols 𝑥 and 𝑦; denote the maximum arch span (measured in meters) and the first 

frequency (expressed in Hertz) respectively. Table 5 displays the theoretical frequency values 

calculated using Eq. Error! Reference source not found.) and the experimentally determined 

first frequency values. The results indicate a strong agreement between the experimentally 

observed and theoretically predicted values. Consequently, the authors propose that Eq. Error! 

Reference source not found.) is suitable for validating the analytical model of masonry 

bridges. Given the minimal discrepancy between the experimentally obtained and theoretically 

calculated initial frequency values, the authors suggest that the finite element model 

constructed accurately reflects the real structural response. 

Table 5. Correlation between the dynamic characteristics of the bridges. 
Bridge Type Span Number Length of Span The first natural frequency 

(Hz) 

Experimental Empirical. 

Eq.(7) 

Stone Masonry Seven 16 5.890 5.914 

Stone Masonry Single 16 5.279 6.123 
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Stone Masonry Single 19.5 6.063 5.137 

Stone Masonry Two 25 4.640 4.126 

Stone Masonry Single 25 4.045 4.189 

Stone Masonry Eight 15 4.730 6.168 

Stone Masonry Two 10 8.853 7.763 

Stone Masonry Two 12 6.970 7.046 

 

Table 6. Numerical natural frequencies and ratios of the effective mass to the total mass in the three main 

directions. 

Mode f (Hz) meff,x/mtot (%) meff,y/mtot (%) meff,z/mtot (%) 

1 8.8076 0 0 24.02 

2 9.3167 0 0 0.1 

3 9.8325 0.1 0 12.7 

4 10.470 0.4 0 0 

5 11.010 35.4 0 0 

6 11.196 0.1 0 6.55 

7 12.067 0 0 0.4 

8 12.943 0 0 0.2 

9 13.092 0 0 4.60 

10 14.078 0 0 0.1 

 

The mass contribution ratio and the analysis of the mode motions show that the first and third 

as well as the fifth mode shape significantly influence the behavior of the model. Table 6 shows 

the distribution of the initial 10 modes of the Halilviran bridge in both longitudinal and 

transverse directions. In addition, the deformed shapes of the primary modes are shown 

together with their respective periods and the mass ratio involved (PMR) in the main directions. 

The first mode (with a period of 0.11 seconds) involves the deck, with the transverse direction 

having a PMR value of 24.02%. The third mode, with a period of 0.10 seconds, affects the 

upper part of the piers and the parapet walls. The PMR in the transverse direction is 12.72%. 

The fifth mode with a period of 0.09 seconds (T=0.09 s) concerns the filling and the deck of 

the bridge. It has the highest PMR of 35.4% in the longitudinal direction. The sixth vibration 

mode with a period of 0.08 seconds concerns the parapet wall of the bridge. It has the highest 

PMR of approx. 6.55% in the transverse direction. 

 Nonlinear Analyses 

 

In the subsequent phase, the model is subjected to two horizontal components of ground motion 

for dynamic analysis. The full Newton-Raphson method is used to solve the nonlinear 

equilibrium equations by a stepwise integration approach with a time step of 0.005 seconds. 

Rayleigh damping refers to the dissipation of energy resulting from phenomena that are not 

explicitly accounted for in the constitutive law of the material. The viscous damping 

coefficients for masonry are typically between 2% and 10%. 
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f1 = 8.8076 Hz 

 

 
 

 

 
 

 

 
 

 

 
 

f3 = 9.8325 Hz 

 

 
 

 

 
 

 

 
 

 

f5 = 11.010 Hz 

Figure 10.  Distribution of the modes in the longitudinal and transversal directions. Deformed shapes of the 

first main modes, corresponding periods and participating mass ratios. 

 

In this research, the model is exposed to a damping ratio of 3%, which is established through 

an analysis of the first frequency and the frequency at which the modal mass contribution ratio 

surpasses 90%. This study uses acceleration data that was recorded during the Düzce 

earthquake sequence on August 17, 1999. Figure 11 depicts the time history of acceleration, 

specifically the two horizontal components, with respect to the peak ground acceleration (PGA) 

of 0.36g in the longitudinal and transverse directions. 

 



 

13 

 

  
(a) (b) 

Figure 11. Horizontal components of the real accelerograms used in the non-linear dynamic analyses: 

longitudinal direction (a) and transversal direction (b) 
 

The decision was made to restrict the duration of the accelerograms to 5 seconds (between the 

7th and 12th second of the graph) in order to manage the substantial computational resources 

needed for the analyses.  

 Results  
 

An evaluation of the overall performance of the masonry bridge is carried out through a 

comparative analysis of results. Initially, this comparison involves an assessment of the amount 

of energy absorbed by the model. The energy equilibrium of the system under seismic activity 

can be elucidated by Eq. Error! Reference source not found.. Within this equation, various 

variables are defined: (𝐸𝐼) the energy input from the earthquake, (𝑊𝜉); represents the energy 

dissipated as a result of viscous effects, (𝑊𝑝);accounts for the hysteretic energy encompassing 

plasticity and damage, (𝑊𝑒) ;signifies the elastic-strain energy, and (𝑊𝑘) ;stands for the 

kinetic energy.  

𝐸𝐼 =  𝑊𝜉 +  𝑊𝑝 +  𝑊𝑒 +  𝑊𝑘 (8) 

 

The overall elastic vibrational energy, represented as 𝑊𝑒𝑣 , is the combination of the elastic 

strain energy (𝑊𝑒) and the kinetic energy (𝑊𝑘) . Eq.(8) can be reformulated in a different 

manner. 

 

𝐸𝐼 –  𝑊𝑒𝑣 =  𝑊𝜉 +  𝑊𝑝 (9) 

 

The cumulative energy absorption in Eq.(9) is delineated on the right-hand side. Specifically, 

(𝑊𝜉) it comprises the dissipated energy from viscous effects, which includes the dissipation 

of soil through dashpots denoted by 𝑊 (𝜉, 𝑠); and 𝑊 (𝜉, 𝑟) the portion attributed to the 

structure through Rayleigh damping. Conversely, (𝑊𝑝); represents the energy dissipation by 

the structure through plasticity and damage. The computation of 𝑊(𝜉, 𝑠) involves the 

integration of dashpot coefficients and the square of velocities across the dashpots over time. 

To ensure reproducibility of results, the variable (𝐸𝐼); signifies the external work in the 

analysis. Additionally, 𝑊𝜉; denotes the energy dissipated due to viscous effects, while (𝑊𝑝); 
represents the combined energy dissipated by plastic deformation and damage. The variable 

(𝑊𝑒); signifies the recoverable strain energy, and (𝑊𝑘); represents the kinetic energy. In the 

base-fixed model, (𝑊𝜉) and 𝑊 (𝜉, 𝑟); coincide due to the absence of dashpots. 
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Figure 12. Total input energy (𝐸𝐼), energy dissipated by viscous effects (𝑊𝜉), hysteretic energy (𝑊𝑝), kinetic energy 

(𝑊𝑘), and elastic-strain energy (𝑊𝑒) 

 

Figure 12 illustrates the variations over time in the energies 

(𝐸𝐼), (𝑊𝜉), (𝑊𝑝), (𝑊𝑒) and (𝑊𝑘), within the Model. The primary dissipation of input energy 

occurs due to plastic deformation. This phenomenon is attributed to the localized damage in a 

limited number of elements, thus validating the suitability of the selected CDP parameters. 

The study investigates the impact of tension and compression-induced damages on masonry 

materials, particularly in the context of seismic damage assessment for masonry bridges. 

Tensile cracks and compressive crushing are the two main forms of damage observed in 

masonry materials, with tension being a significant factor due to the lower tensile strength 

compared to compressive strength. The research focuses on analyzing the effects of tension 

and pressure-induced damages on masonry bridges during seismic events. Tensile fractures in 

bridges occur when the predicted plastic strains and main stresses in tension surpass specified 

threshold values. The study utilizes Figure 13 and Figure 14 to present the maximum values 

and patterns of equivalent plastic tensile strains (𝑃𝐸𝐸𝑄𝑇) in masonry arches and spandrel walls 

under the influence of longitudinal and transverse strong ground motions. The distribution of 

equivalent plastic tensile strain (𝑃𝐸𝐸𝑄𝑇) after 5 seconds of earthquake records reveals 

concentrated tensile plastic deformations around the bearing portion connecting the arches of 

the wall. The masonry arches and spandrel walls exhibit peak plastic tensile strains of 4,7𝑒−  

and 4,36𝑒− , respectively, with the strains predominantly localized in the lower interior 

sections of both structures. Additionally, the study highlights the maximum displacements of 

the bridge deck in the longitudinal and transverse directions, as depicted in Figure 15. 
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Figure 13. Maximum principal (tension) strain contour maps and time histories of the arch. 
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Figure 14. Maximum principal (tension) strain contour maps and time histories of the spandrel wall. 

 

 

 
Figure 15. Longitudinal and transverse displacement of the bridge deck. 
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Figure 16 illustrates the dynamic displacements graphed in the horizontal directions at the 

upper and lower ends of the spandrel walls of the bridge. This graph illustrates the significance 

of the structural response in masonry bridges that takes place out of the plane. 

 

 
Figure 16. displacements in the transverse directions at the bottom of the spandrel wall. 

 

The measurements are carried out to determine the horizontal displacements of the spandrel 

wall, leading to the manifestation of out-of-plane characteristics in the wall. The longitudinal 

displacements of the spandrel wall are assessed to establish its in-plane behavior. The stability 

of the spandrel walls and their relationship with the arch barrel are crucial elements influencing 

the various challenges observed in masonry arch bridges. Figure 17, Figure 18 and Figure 19 

illustrate that the masonry unit undergoes peak principal stresses when exposed to intense 

ground motion along the arch interface.  
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Figure 17. Maximum principal (tension) stress contour maps of the arches. 

 

 

 
Figure 18. Maximum principal (compression) stress contour maps of the spandrel wall 
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Figure 19. Maximum principal (compression) stress contour maps of the infill. 

 

Figure 20, Figure 21 illustrate the changes over time in the minimum principal stresses and the 

specific stress regions. The minimum principal stresses determined in the analysis were below 

3.15 MPa, which is the upper limit for compressive stresses in masonry walls and vaults. 

However, the model showed increased stresses in certain segments of the bridge that 

approached the maximum allowable value. 
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Figure 20. Minimum principal (compression) stress contour maps of the arches. 
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Figure 21. Minimum principal (compression) stress contour maps of the spandrel wall. 

 

 
Figure 22. Maximum principal (tension) strain contour maps of the bridge. 

 Conclusion 
 

The study shows that it is possible to perform a seismic assessment with a simplified method 

using a limited data set, even in a complex environment with different modeling factors. A 

detailed three-dimensional finite element (FE) model was created to investigate the dynamic 

properties of the bridge. This model effectively represents the complex geometric details 

obtained from laser scanning and photogrammetric surveys. The material properties of the 

bridge components were evaluated by diagnostic and geognostic investigations and by 

consulting the relevant literature. By using acceleration diagrams consisting of two horizontal 

diagrams showing the longitudinal and transverse alignment of the bridge, the study provided 

the following results: 

 

• This research has shown that the point cloud generated by terrestrial laser scanning technology 

provides fast and highly accurate data to determine the essential structural geometry required 

for structural analysis. The point cloud data was used to create a computerized solid element 

model of the building. Once the modeling process was completed, load and material 

assumptions were determined and then static and dynamic evaluations of the structure were 

performed.  
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• Bridge failure primarily happens at the junction between the parapet walls and the barrels, as 

well as with the masonry arch, which are the most susceptible elements of the bridge (see 

Figure 22). 

• The bridge exhibits dynamic properties, as the first analysis of its natural frequency shows. 

Furthermore, the results of the non-linear dynamic simulations have underlined the 

vulnerability of the bridge to seismic forces and indicated a significant vulnerability. A 

comprehensive understanding of the behavior of the various macro elements that make up the 

bridge was achieved by comparing contour plots showing tensile damage, displacements and 

dissipated energy. 

• - The preliminary results of the natural frequency analysis provide valuable insights into the 

dynamic properties of the bridge. The Halilviran bridge exhibits three predominant modes, 

each characterized by a significant PMR. The presence of masonry affects the fundamental 

behaviors of the bridge and thus influences its overall structural integrity. The primary 

vibration patterns of the bridge have a short duration, leading to a significant increase in 

spectral accelerations and subsequent remarkable structural deterioration. 

• In model, the 1st  and 3rd  mode shapes occurred in the transverse direction, whereas the 4th  and 

5th mode shape occurred in the longitudinal direction (Figure 10). 

• Figure 12 shows the overall energy dissipation of the bridge as part of a non-linear dynamic 

analysis. Most of the energy introduced into the system is dissipated by structural plasticity 

mechanisms. In accordance with the existing literature, the generalization of these results 

should be taken with caution, as the response of a bridge structure to seismic events depends 

on various factors, including the dynamic properties of the system, the choice of foundation 

model, soil type, and frequency spectrum of seismic waves. 

• Examination of the contour plots of the plastic strain damage shows that the bridge shows signs 

of degradation, particularly in the parapet wall, the upper sections of the arches and the infill. 

The choice of infill material plays a crucial role in improving the structural stability of bridges, 

especially when considering the specific reinforcement method used. This strategy has the 

potential to improve the reinforcement of masonry bridges. 

• Prior studies in the literature, specifically by Seker et al. (2014), have recommended the 

utilization of the subsequent equation to determine the maximum relative displacement 

requirement for masonry structures. Consequently, this investigation also incorporates this 

equation for the evaluation of displacement values: 

 

∆ 𝑚𝑎𝑥≤
0,02 ∗ ℎ 

𝑅
 (10) 

 

The variables "ℎ " and "𝑅" denote the height of the structure and the behavior factor related to 

the ductility of the structure, respectively. Low Bridge ℎ = 9 m, 𝑅 = 2 and the corresponding 

maximum allowable top displacement is 0.09 m. The study revealed that the displacements 

observed at the interlock points between the arches and spandrel wall with the piers are greater 

in analyses compared to the values computed using the provided formula. Consequently, it can 

be inferred that the displacements exceed the permissible thresholds. 

• The inclusion of fill material in a masonry arch bridge provides several beneficial effects that 

enhance its load-bearing capacity. Firstly, the additional weight of the infill material applies 

compressive stresses on the arch, thereby improving its stability. Additionally, it assists in 

distributing dynamic loads from the roadway to the upper section of the arch. Moreover, it 

prevents horizontal movements of the arch by utilizing passive ground pressures. Nonetheless, 

the study indicated that improving the mechanical properties of the backfill could significantly 

enhance the seismic response of the bridge (Martinelli et al., 2018). This is particularly evident 

in the cases of Elastic Modulus and increases in cohesion. 
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• The investigation revealed that the primary stresses caused by both out-of-plane and in-plane 

seismic forces exceeded the critical tensile stress threshold of 0.32 MPa for masonry walls. The 

potential collapse of the bridge could be significantly affected by the out-of-plane behavior of 

these elements under lateral seismic forces. Specific retrofitting measures would be essential 

to ensure consistent structural performance. In addition, the parapet walls are highly susceptible 

to seismic and train traffic loads, especially with regard to their out-of-plane behavior. It is 

therefore crucial to prioritize the repair and reinforcement of dilapidated parapet walls exposed 

to these loads. The most severely damaged coatings of the Halilviran bridge are obviously those 

exposed to significant transverse displacements or located near sections exposed to significant 

horizontal displacements. Error! Reference source not found. illustrates the vertical 

displacement of the parapet wall of the Halilviran Bridge perpendicular to the bridge plane. To 

prevent failure in the vertical plane of the parapet walls, the tensile areas can be reinforced 

using various techniques. The specific configuration of the strengthening system depends on 

factors such as the classification of the building, cultural significance and mechanical 

requirements. Several techniques have been commonly proposed to improve the structural 

integrity of parapet walls. 

• Various techniques can be employed to address issues with spandrel walls, such as using 

transverse tie bars, substituting backfill with concrete, reconstructing with a tapered section, 

grouting if needed, applying a thin concrete cover, and utilizing a Fabric-Reinforced 

Cementitious Matrix (FRCM) composite (Figure 23). Mokrini et al. (2012)have extensively 

studied these methods. In cases where a spandrel wall with a tapered section is considered 

beyond repair, an alternative approach involves demolishing the existing walls and 

reconstructing them with a tapered section instead of a straight one. Additionally, adding a 

layer of reinforced concrete to an existing one can protect the arch and inner surfaces by 

applying a thin coating of reinforced concrete. Concrete filling can also be used to replace part 

or all of the backfill material. Transverse tie bars, known as rots, stitching, or anchoring, can 

be used to connect and restrain the lateral movement of spandrel walls 

• The macro modeling technique is employed to calculate the collapse loads and potential hinge 

mechanisms of multi-span masonry arch bridges when the micro modeling technique is deemed 

too intricate. This approach is advantageous for determining the highest tensile stresses that 

exceed the tensile strength and identifying potential hinge mechanisms in multi-span brick arch 

bridges. 

• The analysis of the findings indicates that the structural response and damage levels of the 

various macro-elements in the case study are influenced by both their geometric characteristics 

and potential interactions with neighboring components. 

• The absence of bending moment in arches is a widely acknowledged phenomenon, attributed 

to their inherent curvature properties. However, due to the interaction with other components 

and the inherent lack of symmetry in the load, the presence of a bending moment is inevitable. 

Complex arch constructions experience both bending moments and horizontal thrusts, resulting 

in tensile strains being applied to the cross sections of the arch construction. Increasing the 

dead loads leads to a reduction in tensile stresses, often necessitating the use of larger cross-

section dimensions for arches. This is particularly evident in old masonry structures, where 

engineers recognize the significant influence of the self-weight in maintaining the stability of 

arches. Therefore, it is crucial to consider the potential failures that may arise from geometric 

modifications due to retrofitting, as these adjustments can have detrimental and lasting effects 

on the structure. 
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Figure 23.Strengthening techniques for spandrel walls of masonry bridges. (Bayraktar & Hökelekli, 2021) 

 Post-earthquake survey 

 

In this section the findings of the prompt evaluation conducted after an earthquake on a total 

of five bridges situated within or near the city of Glina. A visual inspection was conducted by 

the authors (Perković et al., 2021), (Novak et al., 2020), (Miranda et al., 2021), (Korbar et al., 

2021), (Cassese, De Risi & Verderame, 2020) for the assessment, using a pre-established 

process. Two significant earthquakes struck North-western Croatia. The earthquake occurred 

in March 2020. The second earthquake took place in December 2020. After Petrinja earthquake 

for bridges in and around the town of Glina started: 

 

• Matija Gubec Street Bridge 

 

The cross-sectional design of the bridge consists of three steel elements, along with an 18 cm 

thick concrete surface. The superstructure has a width of 4 meters. The seismic activity had a 

noticeable effect on the stone wall connections, resulting in cracks and openings of various 

centimeters. The absence of mortar and displacement of the stone blocks were observed. The 

abutment exhibited indications of both lateral shifting and rotational motion towards the bridge 

opening due to ground movements. Evidence of soil erosion was observed at the abutment 

wings. 

 

• Roviska Bridge 

 

 e) Covering with FRCM f) Connecting with stainless steel U profiles 
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The bridge is built with reinforced concrete and comprises more than three spans. The 

superstructure is composed of a reinforced concrete slab directly supported by substantial 

columns projecting outward at the upper end. The asphalt connection linking the abutment and 

superstructure sustained no damage, and there were no discernible movements at the 

superstructure supports. The columns and abutments showed no notable indications of cracks, 

rotations, or settlements. Subsequent to the earthquake, the bridge continued to operate as 

intended. 

 

• Svracica Bridge 

 

The superstructure of the bridge consists of two continuous composite girders spanning four 

evenly distributed sections. It is constructed with a composite cross-section comprising 

multiple steel girders. Despite the earthquake, no significant damage, such as permanent 

deformations or displacements, was observed in the superstructure or substructure components. 

Consequently, regular maintenance was conducted to ensure the bridge's unrestricted 

operation. However, further examination and upkeep are advised due to the deterioration of the 

steel girders and indications of corrosion in the column reinforcement. 

 

• Nikola Tesla Street Bridge 

 

The bridge is a truss structure with three continuous girders spanning across. The superstructure 

of the construction is composed of steel girders and concrete ribs, which are filled with concrete 

and positioned between two sets of steel girders. The steel girders are partially embedded 

within these ribs, serving as a formwork for the concrete. The bridge did not exhibit significant 

structural damage as a result of the earthquake, neither in the upper structure, lower structure, 

nor the inclined surfaces surrounding the supports. Fractures were observed in the region where 

the superstructure connects to the abutment, specifically at the point where the abutment wall 

intersects with the cross girder and provides support for the superstructure. 

 

• Hader Bridge 

 

The bridge consists of a continuous slab girder with multiple spans and a simply supported 

girder that extends across. The structure sustained damage from an earthquake on various 

structural elements. The movement of the bridge superstructure in both the longitudinal and 

transverse directions was clearly noticeable at a significant pace. 

Extensive review of literature and in-depth analysis of design experience consistently indicate 

that columns are widely recognized as the most critical element in the seismic evaluation of 

reinforced concrete road bridges. The main factors contributing to structural defects in columns 

include inadequate dispersion of longitudinal and transverse reinforcement, poor concrete 

quality, insufficient seismic design, concrete degradation, reinforcement and steel girder 

corrosion, railing and bearing deterioration, obstruction of expansion joints, asphalt cracking, 

and erosion of abutment slopes (Kassem et al., 2022). The ability of columns to deform is 

essential in dissipating seismic energy. Assessing the ductility of older bridges that do not meet 

current seismic design standards is a challenging task. Earthquakes often lead to shear critical 

brittle fracture in columns due to the limited shear capacity of short piers, while tall pillars may 

collapse due to flexural failure. To extend the applicability of the findings to other ancient 

masonry multi-span arch bridges, it is important to consider the influence of differential 

settlements on their structural capacity. Accurate estimation can only be achieved through the 
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use of a sophisticated model that accounts for the interaction between soil and structure, known 

as soil-structure interaction (SSI). Several bridges have been recognized as significant 

structures requiring maintenance through proper restoration methods and suitable construction 

materials (Samadi et al., 2021). Therefore, understanding the composition of construction 

materials, different structural components, and their overall structural integrity is essential. To 

fully comprehend the structural behavior of masonry arch bridges, it is crucial to have 

knowledge about the fundamental structural elements that constitute them. Understanding the 

performance of masonry bridges and their ability to withstand changes in structural 

components requires an appreciation of their load-carrying capacities and an evaluation of the 

structural integrity and intensity of the load they support. 
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