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Abstract  
 
This paper reports on the sensitivity of earthquake response and damage of long span masonry stone 
bridges to near field (impulsive type) and far field earthquakes. Towards that objective, the Konitsa 
Bridge is used as a case study. The particular bridge was selected for offering certain unique features 
such as long span, built right on an active fault, survived a recent pair of near-filed type earthquakes with 
minimal damage and finally, construction material mechanical properties and strength could be deduced 
from a recently collapsed similar bridge in the area. The multifaceted study integrated in-situ 
measurements of dynamic characteristics, laboratory tests on representative stone and mortar materials 
and a series of finite-element analyses based on non-linear modelling using a combination of 
discontinuous and continuous representations to capture the behavior of bridge structural component 
interface and interaction as well as mortar-stone interaction and failure. In addition to the ground motion 
records of the recent seismic activity at the Konitsa Bridge location, four additional earthquake records 
representing near-field and far-field families were utilized to assess the stone bridge sensitivity. The study 
revealed that far-field earthquakes are far more destructive than near-field counterparts, a finding in full 
agreement with studies on near field earthquake effects on nuclear structures. The applicability of 
earthquake damage indicators such as CAV, Arias intensity and energy rate, typically used for 
conventional and nuclear structures, was evaluated based on the numerical analysis results. 
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1. Introduction 
   
Masonry arch bridges are an integral component of the heritage of cultures worldwide reflecting unique 
engineering techniques developed over the centuries characterizing the region where they are located. 
Typically, masonry stone bridges were constructed to serve local communities by utilizing construction 
materials from the vicinity and therefore allowing the construction techniques to evolve and adopt to the 
quality of the available raw materials.  Due to ageing, neglect and compounded with often poor-quality 
restoration works that were performed on these structures over the years there is an urgent need to 
evaluate their current structural health state, identify structural degradation and locations of distress and 
perform appropriate restoration based on sound engineering assessment. The unique engineering 
techniques used in the construction of these bridges poses a challenging engineering problem and an 
intriguing numerical case for predicting their dynamic response and seismic vulnerability.  
 
In the last couple of decades experimental and numerical studies on masonry stone bridges have been 
performed to address both the ageing as well as the impact of vehicle or rail traffic both of which were not 
accounted for in the original construction. T. Akoi and co-workers [1] studied the Rakanji Bridge in 
Japan. Most relevant in this study is the fact that study conducted both stone and mortar tests establishing 
a good basis of analysis and material properties. Both micro-tremor measurement by ambient vibrations 
and acceleration by traffic vibrations were measured. Laboratory tests on similar materials to those of the 
bridge were conducted to establish the Young’s modulus and compressive strength of the stone and the 
mortar. A number of historic stone arched bridges around Japan were studied by J. Kiyono and his co-
workers [2]. In their all numerical study the dynamic behavior of several stone arched bridges were 



simulated using the 3-dimentional Distinct Element Method. Actual earthquake ground motions observed 
during the 1995 Hyogo-ken Nanbu earthquake were used in their study in conjunction with impulse 
waves to determine the modal characteristics and their collapse potential. G. Castellazzi and co-workers 
[3] conducted 3D finite element modelling and in situ experimental testing. To deduce both the material 
properties of the masonry constituting and the structural behavior of a masonry case study bridge 
subjected to increased rail traffic. L. Pelà et al. [5] studied the seismic performance of existing masonry 
arch bridges using non-linear techniques and following procedures and standards including pushover 
analyses and response spectrum approaches. Laboratory tests were also conducted to aid the calibration of 
their model. Seismic assessment and retrofitting measures of a historic stone masonry bridge that 
experienced a M7.2 earthquake in1953 and recent M6.1 and M6.0 earthquakes in 2014 was studied in [6] 
in a parametric study to reverse poorly-designed and implemented restorations. B. Sevim and co-workers 
[7, 8] conducted studies of arch bridges in Turkey where ambient vibration data were utilized to calibrate 
numerical models which subsequently were used to conduct earthquake analyses of stone arch bridges by 
representing the stone/mortar elements as a linear elastic homogeneous continuum. In [8] the response of 
bridges under near and far fault ground motions have been calculated using linear finite element analysis 
and, according to the authors [8], near fault ground motions impose higher seismic demand on the arch, 
an assessment derived from calculated higher displacements and stresses.  Findings in [8] are contrary to 
a wealth of reported experimental and analytical data on nuclear-type structures [29-31] as well as 
experience data from sitting of nuclear reactor installations where near-field earthquakes of magnitude 
M≤ 5.5 have been treated as low damageability potential earthquakes [29], It should be emphasized, 
however, that the linear-elastic treatment of the arch bridge structures in [8] may very well produce higher 
displacements and subsequently stresses when subjected to a near-field earthquake signal due to the 
presence of a dominant velocity pulse that characterizes near-field earthquakes. 
 
A large body of research work has been reported in recent years [4, 9-14] aiming to characterize the 
complex mechanical behavior of the two-material system (stone and mortar) and deduce constitutive 
relations as well as failure behavior. Objective of this body of research was the combining the properties 
of the “unit block” (stone) exhibiting high compressive strength with the mortar which exhibits brittle 
behavior in tension and governed by friction in shear. Computational strategies for masonry structures 
were addressed in a PhD Thesis [4] by J. B. Lourenço. The anisotropy of the material is such that a 
complete description is impossible and therefore simplifications must be made. In [14] Drosopoulos and 
co-workers studied the ultimate failure load of stone arch bridges based on 2-D, plane strain finite 
element analysis which included interfaces, simulation of cracks, unilateral friction contacts and the 
implementation of a path-following technique to estimate the ultimate load. Comparison to relevant 
experimental results was also presented. Numerical techniques addressing the interaction of mortar and 
stone blocks or block-block non-linear contact were also explored. Specifically, B. O. Caglayan and co-
workers [15] integrated a 3-D finite element analysis with in-situ acceleration measurements to study a 
long concrete arch bridge located in an earthquake-prone region. Structural analysis of masonry historical 
constructions were conducted in [16] based on limit analysis, simplified methods, FEM macro- or micro-
modeling and discrete element methods (DEM). Numerical analyses [17-20] based on 3D non-linear 
finite elements were used to study masonry structures and in particular stone bridges. Results of a 
comprehensive assessment of the case study (Konitsa Bridge) are presented in [21]. Seismic hazards 
associated with the region and practices are presented in [22-28]. The effects of near-field and far field 
earthquakes on nuclear structures based on shake table experiments and confirmatory numerical studies 
are presented in [29-31]. Damage indicators of earthquakes used in seismic vulnerability assessment and 
field observations, including correlation with observed damage, are discussed in [32-33]. Observations 
and studies of masonry structures under seismic loads are reported in [34-39, 41-43].  
 
In the present study a 3D, non-linear analysis of a large arch stone bridge was performed as a case study 
for assessing the damageability of different type of earthquakes, i.e. near-field and far-field, on these 
structures. The selection of the Konitsa Bridge as the reference structure was prompted by the fact that it 



is situated on a known fault, its performance/survivability to a pair of recent near field earthquakes was 
assessed plus the fact that actual seismic ground motions were recorded in the proximity of the bridge. 
Furthermore, the recent collapse of a similar large stone arch bridge in the general area, built at the same 
period (1870) with similar material and techniques provided access to actual aged structural materials 
(mortar in particular) for laboratory testing and eventual use of the test data in the case study bridge. 
Using the non-linear capabilities of the LS-DYNA finite element code a numerical representation of the 
bridge was deduced as combination of discontinuous model (between distinct structural sections such as 
primary arch and secondary arch or mandrel wall) and continuous model (within each structural section). 
Specifically, interface conditions and failure between structural segments are governed by the mortar 
failure behavior. In the “continuous model” the governing constitutive relations and failure characteristics 
of a “unit” or element representing the stone-mortar materials and their interaction are those of a Winfrith 
type concrete with two-phase material where the mortar is smeared within the unit or element. Tension 
cracking is assumed to be controlled by mortar while crushing by the stone material. Properties from the 
laboratory tests were used in the adopted constitutive relations and failure. Two independent campaigns 
were conducted on the case bridge to deduce modal and damping characteristics and help fine-tune the 
numerical model. Sought in the main body of the current research reported within, is the structural 
damage sensitivity of this case study structure (and others like it) to the nature or type of near-field and 
far-filed earthquake motions. Actual earthquakes recorded around the world were utilized and the 
predicted damage, as well as the applicability of metrics of earthquake damage potential used in modern 
earthquake engineering (i.e. CAV, Arias Intensity) are assessed. The studies revealed, that the 
damageability of far-field earthquakes is more severe than that of near-field counterparts of same peak 
ground acceleration, in agreement with findings of experimental studies on nuclear-type structures [30].  

 

  

       
Figure 1: (a) General view, (b) primary arch restoration including steel mesh addition, (c-d) LHS 

abutment foundation, and (e) RHS abutment foundation details of the Konitsa Bridge 
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 2.  Case Study Bridge Location and Structural Characteristics 
 
2.1 Location and Structural Details 
The case study Konitsa Bridge shown in Figure 1 was built in 1870 and is located at the mouth of the 
Aoos River Gorge near the city of Konitsa, northwestern Greece. It is in close proximity to the Konitsa 
fault (Figure 2) and, following the recent collapse of the Plaka Bridge [19], is the largest of its kind single 
arch stone bridge in Greece. Approximately twenty (20) single arch stone bridges with arch opening 
>12m are found in north-western Greece.  It is of significant cultural heritage value as it represents the 
stone building art of the wider region. It is a single span structure made from natural, local stone with a 
primary (lower) and secondary (upper) arches. It has an opening of 39.8 meters, height of 20 meters. The 
primary arch has a thickness of 1.30m and the secondary arch a thickness of 0.59m. The deck width is 3m 
with a protective parapet. It is not clear, however, as to width and thus weight of the original construction 
parapet and whether the one currently in place represents the original construction (poor quality 
restoration work was performed between 1988 and 1992). It also evident that during this structural 
intervention “restoration” was also performed in critical elements of the bridge (sections of the lower and 
upper arches near the crown as shown in Figure 1) where concrete replaced the stone work and a steel 
mesh was introduced in part of the intrados. Important structural features to note are (a) the “periodical” 
tie keys which have been used in long span stone bridges of the region and (b) the geometric 
configuration of the abutment stone layers receiving the normal load from the ends of two arches that they 
support (Figure 1c; d). As shown in Figure 1 the LHS abutment foundation is supported on rock base 
while the RHS abutment on foundation that is embedded in what appears to be “weathered” rock. Details 
on the depth of the RHS foundation are not readily available and therefore uncertainties of whether a 
competent rock is supporting the RHS abutment persist. Such detail could have engineering significance 
in that the earthquake excitation would exhibit differences between the two supports.  

 
Figure 2: Konitsa Bridge location relative to local major faulting and most recent earthquake source 

locations (reproduced from Galanakis et al. [23]) 
 
2.2 Area Seismic Hazards 

According to seismological hazard studies [22-24] the immediate area of Konitsa does not present strong 
seismicity. It has, however, experienced destructive earthquakes in the past with magnitudes M > 6.0 and 
epicenters at considerable distances from the location of the bridge and therefore can be considered as far-
field earthquakes. The so called Konitsa fault (Fig. 2) which constitutes the main neo-tectonic structure in 
the proximity of the bridge is too close for comfort for the structure. The most recent earthquake in the 
proximity of the Konitsa Bridge occurred in August 1996. The epicenter of the 6th August earthquake 
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(M=5.7) with 8 km depth was about 15 km to the SW of the bridge. While no recording at the bridge 
location is available, the earthquake was recorded at less than a kilometer away on soft soil with 
maximum acceleration of 0.39g [23]. A similar recording on rock (~1.5 Km away and on the same rock 
formation to that supporting the LHS buttress of the Konitsa Bridge) indicated a peak ground acceleration 
of 0.19g. During the 1996 earthquake limited damage was experienced by the bridge in the form of (a) 
spalling of the protective cement layer in the bridge intrados, (b) loss of parapet sections and (c) few 
tension cracks on RHS abutment. 
 
2.3 Bridge Modal Characteristics – Field Studies 

To gain a good understanding of the current state of the bridge, and in addition aid the fine-tuning of the 
numerical model that is to be used in the earthquake damage analyses, two (2) independent field studies 
based on two different measurement apparatus were conducted to deduce the dynamic characteristics of 
the structure (vibrational modes and damping). Ambient vibrations, transients and long averaged spectra, 
as well as response to external excitations (wind gusts and drop weights) were captured and analyzed. 
Measurements included acceleration time histories and corresponding Fourier spectra, long-term averaged 
Fourier spectra, coherence measurements and transfer function characteristics of the structure. The field 
study focused primarily on the out of plane and vertical motion directions which are dominate the bridge 
response.  Figure 3a depicts the measuring locations and accelerometer directions on the bridge deck. 
Shown in Figure 3b are transient horizontal accelerations captured simultaneously at two locations on the 
bridge deck and in Fig. 3c transient vertical acceleration at crown. The decaying acceleration amplitude 
recorded used in estimating damping based on the relation ln(x/xm) = 2π δ m/√1-δ2 over the decay 
segment of the recording the damping ratio estimated is of ~1.6%.  
 

  

  
Figure 3: (a) Sensor locations, (b) out of plane and (c) vertical acceleration time history segments 

recorded on the Konitsa Bridge deck during post-wind gust decay. 
 
Figure 4 depicts long averaged recorded spectra in the out of plane (horizontal) and in-plane (vertical) 
directions. Figure 5 depicts damping estimation based on induced oscillation “decay” measurements from 
the second field campaign. The in-plane excitations of the second campaign were induced by a 2.0 kN 
weight dropped from a height of 100mm was used. The two campaigns deduced similar dynamic 
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characteristics of the bridge both in terms of bridge characteristic frequencies and damping. The identified 
Konitsa bridge frequencies from the recorded data are listed in Table 1. 

  
Figure 4: (a) Horizontal and (b) vertical spectra (averaged) from long-term measurements 

 
Table 1: Konitsa Bridge measured modes 

Out-of-plane modes (OOP)    In-plane modes (IP) 
1st OOP Symmetric: 2.563Hz   1st IP Asymmetric:  5.176Hz 
2nd OOP Asymmetric: 4.883Hz   2nd IP Symmetric: 7.715Hz 
3rd OOP Symmetric: 7.129Hz   3rd IP Symmetric: 12.549Hz 
4th OOP Asymmetric:  9.326Hz 

 
As depicted in Figure 4 and Table 1, the main symmetric out-of-plane vibration that is excited by the 
wind has a dominant period of 2.563Hz and a corresponding damping ratio ~1.7%. The main symmetric 
in-plane vibration exhibits a dominant period of 7.715Hz and a corresponding damping ratio 
approximately 2.7%. This increase in the damping ratio value may be attributed to the relatively larger 
amplitudes of vibration produced by the drop weight as compared to those from wind gust excitation. 
Decay characteristics from induced oscillations used for damping estimation are shown in Figure 5. 

 

 Figure 5: Induced oscillation “decay” measurements, (a) horizontal and (b) vertical 
 

3.  Numerical (FE) Model Generation 
 
3.1 Material properties 
Construction material properties (natural stone and mortar) of bridge structures are expected to vary from 
region to region influenced by the variation of the natural materials available in the immediate locality. 
Such variability is primarily expected to impact the mortar used (composition, weathering, mechanical 
properties, etc.) and consequently the overall response of the structure. The recent collapse of the Plaka 
Bridge [19], which as noted previously was constructed around the same period, with same techniques 
and materials, offered the opportunity to study actual, weathered materials (stone and mortar) retrieved 
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from the collapsed structure in the laboratory. The results of the lab tests provide a good estimate of the 
material strength and properties required as input to the seismic study of the Konitsa Bridge.  Test 
specimens of stone and mortar of regular prismatic geometry were extracted and tested at the laboratory 
of Strength of Materials and Structures of Aristotle University, Thessaloniki, Greece. The test specimens 
were subjected to axial compression as well as four-point bending by employing load cells to measure the 
applied load and a combination of displacement sensors as well as several strain gauges to measure the 
resulting deformation with 10Hz sampling frequency. Two prismatic samples were used for stone 
compression tests of sizes 61mm x 68mm x 93mm and 67.5mm x 62mm x 89mm respectively. For the 
stone flexure tests two specimens with a span of 180mm and a cross sectional area of 52 x 52mm2 were 
used. The mortar samples used in the compression and flexure tests had a cross sectional area of 27.5 x 
57mm2 and 66mm length.  
Compression tests revealed an average of 71.3 MPa in stone compression strength, a Poisson’s ratio ν of 
0.142 and modulus E1 of 40 GPa (E1 represents the Young’s modulus deduced from compression tests). 
For the compression tests the reference slenderness ratio was equal to 2.0 and the average compressive 
strength refers to a prism with slenderness ratio of 2.0. Stone flexure tests led to an average tensile 
strength of 17.20 MPa and modulus E2 ~34.8 GPa (E2 represents the Young’s modulus deduced from 
flexure tests). The stone direct tensile strength of ~6.5 MPa has been deduced from the flexure tensile 
strength by using a conservative flexural/tensile factor of ~0.38.  The average mortar tensile strength from 
flexure was found to be ~1.267MPa whereas the mortar average compressive strength was ~10.275MPa. 
Conservative estimates of the mortar direct tensile strength have been made using factors as low as 0.33 
leading to strength values of 0.42MPa. The mortar modulus was estimated to be Emortar ~2,500 MPa and 
the Poisson’s ration ν=0.35. 
 
Testing of rock-like materials has been conducted by Prof. L. Biolzi and co-workers [40] where bending 
strengths are compared with the direct strength from double-edge-notched specimens of medium grained 
size granite. Techniques such as electronic speckle pattern interferometry and acoustic emission, in 
addition to direct tensile and the standard compression and three-point-bending tests, were integrated to 
capture the evolution of cracking and displacement fields. It was assessed in [40] that the flexural/tensile 
strength ratio for the tested medium grain-size granite depends strongly on the microstructure and the 
specimen size. In fitting the experimental data [40] flexural/tensile ratios of ~0.75 were deduced. 
However, due to the differences in the microstructure of the stone and the mortar, as compared to the 
granite tested in [40], the authors believe that the more conservative factor values 0.38 and 0.33 
respectively used are more appropriate for the present study. 
 
No attempt was made during this test phase to measure the bond strength between stone and mortar. The 
mortar direct tensile strength has been assumed as an upper limit of the bond strength between the two 
materials in the numerical studies.  
 
3.2 Constitutive models and failure of the interfaces 

The numerical scheme adopted in the analysis to emulate constitutive and failure (cracking and or 
crushing) relations in the stone-mortar system consists of both “discontinuous” and “continuous” 
representations. The “discontinuous” representation or failure criteria are implemented between distinct 
structural sections of the stone bridge (i.e. interface of primary arch with the secondary arch or abutments, 
etc.) and the “continuous” representation implemented within each structural segment (i.e. stone and 
mortar non-linear behavior within the primary arch or within the abutments, the mandrel walls, etc.) 
 
Shown in Figure 6 are the two strategies implemented in the present study to emulate the non-linear 
behavior and failure in the structure. Figure 6a reveals the discontinuous discretization of the structure 
into distinct sections which interface with each other through non-linear contact whose non-linear 
behavior and failure is controlled by the properties and strength of the mortar layer that exists over these 



interfaces between distinct structural sections. It is the belief of the authors that such description adheres 
closely to the actual construction of these type of stone structures. A constitutive interface model 
formulated within the LS-DYNA code (Tiebreak_surface_to_surface) and enabling the separation of two 
surfaces in contact when failure criteria are met has been adopted. Normal to the interface stresses and 
shear stresses form the failure envelope governed by the relation, 
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With σn and τs being the normal and shear stresses of the interface between segments of the structure. σfail 
is the tensile failure stress and τfail is the shear failure stresses of the mortar assumed to be present 
between the structural sections in surface-to-surface contact. Figure 6b depicts an exploded view of the 
surface-to-surface interface between the upper surface of the primary arch and the lower face of the 
secondary arch. The failure stresses are deduced from laboratory tests. Following failure at the interface 
the structural segments will remain in contact acted upon compressive loads and will move apart under 
tensile loads. After failure no interface tension is possible. The laboratory tests conducted as part of this 
study deduced only compressive and tensile strengths of the representative mortar. As a result, based on 
the test data from both this and other studies [11], the mortar shear strength was assumed to be equal to 
the tensile strength deduced from flexure tests (1.267 MPa). The normal mortar strength for interface 
failure was assumed in the numerical analyses to be as low as 0.42 MPa and up to 1.26 MPa for tensile 
crack initiation. It should be pointed out that these assumed tensile strength values of mortar, in particular, 
are accompanied with significant uncertainty due to the limited test specimens allowed to be removed 
from the collapsed bridge.  

      
Figure 6: Implementation of (a) “discontinuous” and (b) “continuous” strategies in capturing the 

interaction between bridge structural sections 
 
Within each structural section the discretization is “continuous” where elements or “units” represent the 
two-phase material (stone and mortar). The bond between the stone and mortar is deemed to be the 
weakest link in the stone masonry system and so the stone-mortar interface is most relevant.  
The aim is, instead of adopting a complete micro-model that include all the failure mechanisms of 
masonry, such as, cracking at the interface of stone and mortar, cracking and crushing of stones, to create 
a homogenized unit where both constituents contribute to the state of stress and failure. Figure 6b depicts 
the transformation of the two-phase material into a homogeneous unit. To capture the “weakest” link in 
the homogenous unit (i.e. tensile cracking in the mortar) it is assumed that failure in tension to be 
controlled by the mortar and failure under compression (crushing) by the stone part. To achieve such a 
representation of the constitutive behavior of the stone-mortar homogeneous unit or element the Winftrith 
concrete-like constitutive relations [44] and behavior was implemented. In such material the stone 



represents the concrete and the mortar the reinforcement. The mortar is assumed to be smeared within the 
homogeneous unit. According to the approach stresses for the two constituents are computed separately 
and the two components are smeared together according to their relative cross-sectional areas to form the 
total element stress. An elastic, perfectly plastic behavior is assumed for the mortar. Tensile and 
compressive stresses deduced from the laboratory tests summarized in Section 3.2 are used for the non-
linear behavior with a ratio of mortar to stone varying from structural section to section (smallest in the 
discretization of the two arches of 5%). Threshold tensile stress for crack initiation was assumed 1.26MPa 
(tensile strength of mortar from flexure tests). Upon formation of a tension crack no tensile load can be 
transferred across the crack faces. Fracture energy Gf = 80 N/m dissipated in the opening of a tension 
crack was assumed.  Gf is defined as the amount of energy to create a crack of unit area. For the actual 
stone-mortar system that would occur along the stone-mortar interface but for the homogeneous element 
adopted here it can occur with any orientation within the element. To define the failure of mortar failure 
tests were conducted on small masonry specimens [9, 10] leading to Gf values ranging from 5 to 20 N/m 
for tensile bond strengths in the range of 0.3-0.9 MPa. Higher Gf values (up to 250 N/m) were deduced for 
failure in shear. Compressive failure of the homogeneous unit (crushing), Winfrith concrete-like material 
is considered to be controlled by the stone strength. The hydrostatic component of the stone stress field is 
computed from the form, 

𝑃𝑃𝑖𝑖 = 𝜎𝜎𝑐𝑐
3

;           𝐾𝐾 = Es
3(1−2ν)

.      (2) 
Pi is the pressure at uniaxial compressive failure of the stone, K is its bulk unloading modulus, Es is the 
tangent modulus and ν is the Poisson’s ratio. The critical pressure Pi deduced from the compressive stone 
strength σc is used in the present analysis to trigger crushing in a given unit and consequently its 
elimination (erosion) from the structure.     

3.3 Model Calibration Based on Measured Modal Characteristics 

The bridge was modeled using four different materials reflecting differences in both the stone quality and 
percent mortar for different sections using a total of 72,540 solid, one-point integration elements. In 
addition, a total of fourteen interfaces with tiebreak failure criteria controlled by the mortar shear and 
tensile strength were incorporated to capture the interaction between distinct structural sections. 

 

 
Figure 7: Predicted Konitsa Bridge modes using the 3-D “pseudo-linear” model 

The model was assumed to be fixed on competent rock on both sides and therefore no Soil-Structure-
Interaction (SSI) effects were considered. The LHS abutment of the actual bridge is supported on 

2nd Bending Mode 
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competent rock. The RHS abutment on the other hand appears to be supported by weathered rock. For 
this study, and in the absence of geotechnical and foundation depth and construction information and/or 
details regarding the RHS abutment, it has been assumed that both abutments are on competent rock. The 
fundamental modes of the idealized structure were deduced using the “pseudo-linear” equivalent of the 
3D non-linear numerical model whose properties and constitutive relations were described above with 
isotropic elastic material behavior (density ρ = 2.69 g/cc, E = 17 GPa, ν = 0.21). Figure 7 depicts modal 
frequencies and shapes predicted by the numerical eigen analysis. It can be observed that while the out-
of-plane primary modes are in good agreement with those identified from measured data from the two 
independent field studies, deviations exist in the in-plane modes. As noted above this is attributed to the 
anisotropy that inherently exists in the global stiffness of the bridge (out-of-plane vs. in-plane) 
compounded by the inherent error of degrading the fully non-linear model with “discontinuous” 
discretization between structural sections to an equivalent linear one. The agreement, however, between 
predicted and measured modes is considered sufficiently satisfactory for the bridge earthquake response. 

4. Near-field and Far-field Earthquake Response and Bridge Damage 
 
The seismic response and vulnerability of the case study bridge was conducted based on the 3D non-
linear model developed and reflecting (a) the material properties deduced from the laboratory tests and (b) 
the constitutive and failure envelope relations discussed in Section 3. The primary objective is to observe 
the sensitivity of the bridge response and induced damage to different types of earthquakes, i.e. near-field 
and far field. To arrive at an assessment real earthquake records the exhibit the near-field and far-field 
characteristics were utilized.  
As a baseline analysis, the earthquake recording obtained during the 1996 event approximately 1 Km 
distance away from the LHS abutment of the Konitsa Bridge was used to obtain the response and damage 
potential. As noted previously, no earthquake recording is available on the actual structure. The 0.19g 
peak ground acceleration record on the same rock formation, however, represents a close approximation 
to the actual seismic excitation. Furthermore, the assessment of damage to the structure following the 
earthquake offers a good basis for comparing the actual performance with the simulation results. The 
recorded ground motions on rock (~1Km away from the bridge) are shown in Figure 8a-b [25].  The 
strong motion acceleration exhibits the characteristics of an impulse-type or near-field earthquake (NFE) 
especially in its horizontal component which contains the characteristic pulse of a near-field earthquake. 
The 5% response spectra of the recorded accelerations are also shown in Figure 8c. Damping ratios 
deduced from the field studies (1.7% -2.7%) were used in the seismic analysis. 
 

 

 
Figure 8:  Konitsa 1996 earthquake acceleration recordings (~1.5Km from bridge) on hard rock 
formation, (a) horizontal and (b) vertical. (c) 5% response spectra. 

(a) 

(b) 
(c) 



The baseline analysis of the Konitsa Bridge revealed the following:  
 
• The bridge static analysis performed as a pseudo-dynamic analysis with fictitiously high global 

damping and the onset of gravity as the dynamic excitation confirmed that the entire structure is in 
compressive state throughout, free of damage and tension cracks.  

• Uniform, three-dimensional excitation of the bridge applied at the LHS and RHS abutments with in-
plane and out-of-plane horizontal components considered identical and no SSI considerations 
(assumed both be fixed on rock) resulted in (a) no interface separation between distinct structural 
sections of the bridge assumed in the analysis to be controlled by the mortar strength in tension and 
shear and (b) only limited micro-cracking is predicted by the analysis near the support locations of the 
main arch. These predictions on structural damage are in-line with the in-situ observations and 
inspection made following the actual earthquake event of 1996 [21] where only limited damage to 
parapet sections, spalling of the concrete cover placed in the intrados of the main arch during 
restoration work in 1he 1980’s and few tension cracks near the RHS foundation were observed.  

       

    

Figure 9: Predicted stress profile during earthquake excitation (a) and tension crack development (b) in 
the Konitsa Bridge during the 1996 0.19g earthquake. 

The sensitivity to the earthquake type of this large arch stone bridge (representing the class of such 
structures), following the validation of its dynamic characteristics and the earthquake analysis which 
predicted no extensive damage (as also observed) was performed using the following four real earthquake 
signals which represent near-field and far-field characteristics: 
(a) The  NS component observed at Shiofukizaki site in the 1989 Ito-oki earthquake of moment 

earthquake magnitude 5.3, epicentral distance of 3km, and the depth of the seismic source of 5km. 
The record was observed at the surface of basalt rock and has a maximum acceleration of 0.189g. It 
has been characterized as a near-field earthquake. 

(b) The EW component of an earthquake observed at the Kashyo Dam site during the 2000 Tottori-ken 
Seibu earthquake of moment magnitude 6.6 with epicentral distance of 3km, seismic source depth of 
11km and maximum acceleration of 0.531g. Kashyo Dam earthquake characterized as near-field. 

(c) The  1957  San  Francisco-Golden Gate Park far-field earthquake of 5.3  magnitude, focal distance of 
18 Km and peak acceleration of 118 cm/s2, peak ground velocity of 4.6 cm/s normalized for this study 
to 0.531g to match the PGA of the Kashyo Dam earthquake 

(d) The 1940 El Centro (far-field) earthquake normalized to 0.19g to enable comparison with the similar 
PGA Konitsa 1996 and Ito-Oki near-field earthquakes 

 
The recorded acceleration traces of these four earthquakes are shown in Figure 10 and the associated 
response spectra in Figure 11. Peak ground acceleration, peak ground velocity (PGV), Response and 
power spectra as well as cumulative absolute velocity (CAV) and Arias intensity (IA) were computed and 
utilized to interpret the results of the dynamic analyses and correlate damageability of these earthquakes 

(a) (b) 



(based on widely used criteria deduced from their intensity and spectral characteristics) with the damage 
potential predicted for the stone bridge of this type. The CAV and IA parameters used in the analysis are 
computed based on Eqn. (3) shown below.  
 

CAV =∫ |𝛼𝛼(𝑡𝑡)| 𝑑𝑑𝑑𝑑𝑡𝑡∗
0    and  IA =  𝜋𝜋

2𝑔𝑔 ∫ 𝛼𝛼2𝑡𝑡∗
0 (𝑡𝑡) 𝑑𝑑𝑑𝑑    (3) 

 

 

 

 
Figure 10: Acceleration time histories of the four (4) actual earthquakes used in the study of the Konitsa 

Bridge seismic vulnerability (a: Ito-Oki, b: Kashyo Dam, c: El Centro and d: San Francisco) 
 
Figure 12 compares the predicted damage of the Konitsa Bridge from the near-field 0.189g Ito-Oki and 
the normalized to 0.19g far-field El Centro earthquakes.  Similar response and limited damage to the one 
observed in the Konitsa 1996 earthquake study is predicted for the near-field Ito-Oki earthquake (Fig. 
12a). It is assessed that the similarity in response/damage observed to be the result of the type of 
earthquake (impulsive, near field) rather than the similarity in peak ground acceleration (0.19g vs. 
0.189g). This assessment is reinforced by the analysis/damage results deduced using as seismic excitation 

(a) 

(b) 

(c) 

(d) 



the El Centro far-field type earthquake with peak ground acceleration normalized to 0.19g. As shown in 
Figure 12b, a dramatically different response and damage is observed when compared to the Ito-Oki and 
Konitsa 1996 near-field type earthquakes. Examination of induced global deformation revealed that while 
the Ito-Oki and Konitsa 1996 earthquakes excited primarily the first symmetric (out-of-plane) mode, the 
El Centro earthquake appeared to also excite the asymmetric out-of-plane modes of the bridge. 

  
Figure 11: (a) 2% acceleration response spectra of the four earthquakes and (b) 2% response spectra of 
the Konitsa 1996 earthquake comparison with the near-field Ito-Oki and El Centro far-field earthquakes 

 
 

 

 
Figure 12: Predicted damage resulting from similar PGA earthquakes, (a) 0.19g Ito-Oki and (b) El 

Centro normalized at 0.19g 

To further scrutinize and validate the dramatic differences observed in the response and damage 
depending on the characteristics of the earthquake (near vs. far field) at even higher peak ground 
accelerations, the Kashyo Dam (0.54g) near-field and San Francisco-Golden Gate Park (0.53g) far-field 

(a) (b) 

(b) 
 

(a)  

Ito-Oki (0.19g) 

El Centro (0.19g) 



earthquakes were used to excite the structure. Figure 13 depicts damage resulting from these higher PGA 
earthquakes. In Figure 13a the near-field Kashyo Dam earthquake only causes tension cracks at the bridge 
crown but no collapse. Contrary, as seen in Figure 13b the damage of the Konitsa Bridge from the similar 
PGA far-field San Francisco (0.53g) earthquake is predicted by the same analysis to result in extensive 
damage and subsequent collapse. These results of higher damageability of the far-field earthquakes on 
this type of stone masonry bridges agree with findings of experimental studies on nuclear structures [29-
31] of the less damaging effects induced by near-field earthquakes. 

  

 
  

Figure 13: Comparison of predicted damage in Konitsa Bridge subjected to (a) near-field Kashyo Dam 
(0.54g) and (b) far-field San Francisco (0.53g) earthquakes 

 
To help explain the predicted dramatic difference of earthquake damage potential for this type of 
structures (large stone arch bridges) the CAV and IA damage indicators of the studied earthquakes are 
evaluated. Specifically, the CAV values of the earthquakes utilized in the vulnerability analysis computed 
according to Eqn. (3) are listed below.  

CAVKonitsa-H (0.19g) = 0.150 g s  CAVKonitsa-V (0.12g) = 0.113 g s 
CAVIto-Oki (0.19g) = 0.188 g s  CAVEl Centro (0.19g) = 0.348 g s 
CAVKashyo-Dam (0.54g) = 0.531 g s  CAVSan Francisco (0.53g) = 0.223 g s 

In correlating the damage observed with the CAV computed for each earthquake is assessed by the 
authors that the CAV damage metric can adequately explain the bridge response differences between the 
low PGA earthquakes (Konitsa 1996, Ito-Oki and El Centro). The CAV metric, however, fails to correlate 
the damage observed under the action of the higher PGA earthquakes (Kashyo-Dam and San Francisco). 

The Arias intensities, as alternative damage indicators, of the studied earthquakes have been computed 
and are depicted in Figure 14. Similarly, with the CAV damage indicator, the IA correlates well with the 

(b) 

(a) 



predicted damageability for low PGA earthquakes (Fig. 14a) but deviates at the higher PGA (Fig. 14b) 
with predicted damage. Using the IA measure depicted in Figure 14 and the rate parameter introduced by 
Trifunac [32] a different approach to correlating damage predicted with input earthquake indicators is 
explored. According to [32], and for both linear domain with viscous damping or nonlinear ranges of 
structural response, a structure is capable of dissipating only a certain amount of vibrational energy per 
unit time. If the dissipation rate is higher than the rate of the input seismic energy the structure may 
survive a particular excitation. Conversely, if the input rate is higher than that of dissipation, then the 
structure is expected to experience permanent progressive damage to create a higher energy dissipation 
capacity, and for prolonged shaking it would eventually collapse. Such input rate is defined in terms of 
earthquake acceleration, velocity and ground displacement according to Eqn. 4. 

Rateα=  1
𝑇𝑇2−𝑇𝑇1

∫ 𝛼𝛼2∞
0 (𝑡𝑡) 𝑑𝑑𝑑𝑑;  Ratev =  1

𝑇𝑇2−𝑇𝑇1
∫ 𝑣𝑣2∞
0 (𝑡𝑡) 𝑑𝑑𝑑𝑑;  Rated=  1

𝑇𝑇2−𝑇𝑇1
∫ 𝑑𝑑2∞
0 (𝑡𝑡) 𝑑𝑑𝑑𝑑     (4) 

 
Where T1 and T2 enclose the 5% and 95% of the integrated quantity (mean-square value of α(t), v(t) or 
d(t) evaluated over the entire earthquake duration. The shown integrals define average rate at which the 
seismic-wave energy passes by a recording station. Analysis based on the energy rate depicted above was 
performed for all earthquakes examined with particular focus on the higher PGA earthquakes (Kashyo 
Dam and San Francisco). The comparison revealed that all indicators associated with the Kashyo Dam 
0.54g near-field earthquake are higher than those linked with the 0.53g San-Francisco earthquake. The 
differences, however, in the value of the metrics are significantly reduced as compared with the CAV and 
IA indicators (Rateα Kashyo Dam = 40.0 m/s vs. 35.0 for the San Francisco earthquake).  
 
Based on these findings on damage prediction (via 3D, non-linear analyses) and its correlation with strong 
motion shaking as well as earthquake damageability indicators (CAV, IA and Rate) developed over the 
years and widely applied to nuclear structures, it is assessed by the authors that stone arch bridges 
represent a unique, a-typical class of structures where a combination of damage indicators might be 
needed to predict earthquake-induced damage when higher PGA values are involved.  
 

   
Figure 14: Computed Arias intensities (IA) for the examined earthquakes. (a) lower PGA (~0.19g) 

earthquakes and (b) higher PGA (~0.54g) earthquakes 
 
8. Summary and Conclusions 
 
The earthquake-induced damage on a large stone arch bridge (Konitsa Bridge) used as a case study 
representing a family of such structures found in earthquake-prone zones has been studied with particular 
focus on the sensitivity of damage to the near-field and far-field type of earthquakes. 
 

(a) (b) 



Selection of the case study bridge was prompted by the fact that the said bridge is located on a known, 
active fault, has experienced an impulse-type or near field earthquake of ~0.19g in 1996 and survived 
with no damage and finally, actual earthquake recordings on the same rock formation at ~1 Km distance 
from the bridge have been made. Furthermore, the recent collapse due to flooding of a similar, but even 
larger stone arch bridge, constructed with the same techniques, around the same period and with similar 
structural materials, has made the need of seismic vulnerability more urgent. 
 
Two independent field studies were conducted to establish the dynamic characteristics of the case study 
bridge and help calibrate the 3D non-linear analysis model developed to study the earthquake response 
and predict damage. Laboratory tests on stone and mortar specimens from the recently collapsed Plaka 
Bridge, which are expected to represent the material properties of the case study bridge, provided realistic 
mechanical strength and property values for the constitutive models implemented in the earthquake 
analyses. The constitutive and failure relations implemented in the study have been used in the simulation 
of the collapse of similar bridge leading to a very satisfactory prediction of its collapse [19]. 
 
In addition to the ground motion recordings of the 1996 Konitsa near-field earthquake, four additional 
earthquakes (two with the characteristics of near field and two those of a far field) were introduced and 
their damageability was compared. The study revealed the following: 
 
Far-field earthquakes were shown to be far more destructive than their near-field counterparts. This 
important finding deduced from the present study on this type of tone structures is in excellent agreement 
with the conclusion that has been reached for nuclear structures following a series shake table 
experiments and assessment [29-31] as well as the decades-long practice of sitting nuclear facilities in the 
proximity of faults capable of producing earthquakes of magnitude M≤ 5.5 due to their low damage 
potential [29]. Studies based on elastic-linear response of similar stone bridges [8], and without 
accounting for the progressive damage induced, have indicated that the elastic response (not damage) of 
such structures may be higher under near-field earthquakes than the far-field counterparts, a response that 
stems from the characteristic dominant velocity pulse of the n 
 
Earthquake damage indicators such as CAV, Arial Intensity IA and energy rate, developed over the years 
to comparatively assess damage to conventional or nuclear structures, correlated well with the damage 
predicted using the 3D non-linear analyses of the case study bridge al low earthquake PGA values but 
deviated significantly at higher PGA. It is the opinion of the authors, given the structural shape of these 
bridge structures, the materials used in their construction, including weathering, all influencing their 
dynamic characteristics, that a combination of these damage indicators may be needed for vulnerability 
assessment. 
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