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Abstract: In this research, it is aimed to observe a feature study around the assessment of static and dynamic productivity of a historical arch bridge (HAB) (Konjic Bridge 
(KB)) in view of dissimilar far fault earthquakes (FFEs). To explore the conduct of FFEs on KB, finite element model (F-E-M) of the KB is assembled and evaluated under 
various FFEs using ANSYS. Then, FFEs are considered as a result of their distinct, destructive velocity pulse characteristics. The maximum displacement values were found 
and correlated with the principal stresses and strains. At the conclusion of this investigation, it is observed that the arch of HAB has not more impact on the structural reaction 
of HAB. Furthermore, it is obviously detected that tensile stresses have not got the critic tensile strength (TS). Additionally, life cycle assessment (LCA) for HAB is also 
explored and observed that improving the longtime stress/strain values for HAB reduces the HAB life-expectancy dramatically. 
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1 INTRODUCTION 
  

For historical masonry constructions like bridge 
containing several structural parts such as quarry stone 
work, keystone, pavement, etc., it could be very significant 
to study the effect of FFEs. This effect could be a leading 
focus mostly for the character of assembly conjunction 
with the reagent of acceleration, velocity, displacements, 
stress dispersion etc. [1-6]. It is usually accepted that 
resonance properties and spectral response generally 
perform together with structure altitude especially for 
conventional constructions rather than multipart structure 
[7, 8]. Because of this reason, the seismic effects which are 
cited above still involve to be more investigated for the 
complex constructions such as HAB. Moreover, 
acceleration, velocity, displacements, stress dispersion etc. 
due to the multipart masonry assemblies similarly 
converted a significant subject in the properties of soil 
structure relations [9-17]. During the past, human 
existences built bridges in various dissimilar approaches 
and procedures, from the unassuming approaches to the 
recent technology, and removed distinctive mechanisms. 
In HABs, the arch method was generally chosen. In the 
previous stages where today's manufacturing abilities and 
building resources are not presented, it is probable to 
permit great spans or transfer heavy weight charges with 
the arch system which is unique for the simple essentials 
of the HAB. Arch bridges, which are frequently realized in 
Turkey, were constructed by the Ottomans in the 
arrangement of a stone arch system, especially in the 19th 
century. These ancient structures, which extend to the 
present and have a history of thousands of years, have been 
destroyed or damaged due to various tragedies that have 
occurred in some periods. At the present time, an unusual 
consideration is needed to surviving state way and rail 
systems. Currently, the majority of bridges in the path 
system as well as conventional bridges in the European rail 
system involve these masonry bridge constructions, in 
addition to the extraordinary need for the survival of the 
state path and rail systems [18]. Because of the importance 
of HAB constructions, in the literature there are several 
analytical and experimental researches on the masonry 
constructions such as buildings, old bridges, etc. [19-27]. 
At the side of these studies, Özmen and Sayın observed the 
influence of SSI on a single-span HAB via non-linear time-
history analysis [28]. At the end of this study, Özmen and 
Sayın found that the CS and TS of the stone were not an 

overpass for the fix base, while for the SSI, the TS of the 
stone was the overpass [28]. The additional research is 
made by Hatzigeorgiou et al. Hatzigeorgiou et al. created a 
model of HAB using F-E-M and conducted linear and non-
linear studies on the model [29]. In the other investigation 
carried out by Fanning and Boothby, the Griffith bridge in 
Dublin, Ireland, has been investigated using ANSYS 
software as 3-D solid components, and Fanning and 
Boothby have completed an investigation of the models 
[30]. Fanning and Boothby described the consequences of 
field analysis and FE displaying three HABs [30]. Bridges 
are verified with a reference frame built under the bridge 
structure. The LVDT is mounted on the reference structure 
to measure physical movements, and the structure is loaded 
with a tool of defined loads. Non-linear F-E-Ms are 
investigated with ANSYS. It is initiated that 3D non-linear 
F-E-M with an allowable set of substantial belongings aid 
good estimate of the genuine productivity of a MAB. 
Frunzio et al. have carried out another research [31]. 
Frunzio et al. have carried out 3D F-E-M of a stone MAB 
[31]. While this model includes non-linear material 
productivity, it also initiates this analysis highly dependent 
on the precision of mechanical parameters, frequently 
problematic to assess with experimental analysis, 
especially in the case of older constructions. Another 
research is completed by Toker and Unay. In this study, the 
exact displaying methods were similarly considered on a 
sample model of an extensive arch bridge under altered 
predication situations [32]. Ural showed the dynamic 
features of Cosandere HAB with SAP2000 [33]. Ural also 
performed an earthquake investigation of the arch bridge 
[33]. The other investigation is achieved by Bayraktar et al. 
Bayraktar et al. investigated the active features of 
Historical Sinik Bridge, and similarly restructured the 
bridge F-E-M by regulating the border form definitions 
[34]. The additional research is done by Brencich and 
Sabia. In this study, Tanaro Bridge was investigated [35]. 
In this research, the ordinary frequencies, mode forms and 
damping percentages of these 18 spans of HAB are 
investigated by dynamic examinations. Diamanti et al. 
investigated non-destructive ground-penetrating radar 
(GPR) on HAB for observing ring separation [36]. To 
approve and inform of the analytical consequences, 
numerous experiment site trials were performed. 
Additional research is done by Aydın and Özkaya. In this 
study, it was similarly considered the failure loads of HAB, 
and a research was completed targeting the computation of 
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the performances of the single-spanned HABs 
demonstrations under definite loads using the method of 
static investigation [37]. Bouzas et al. conducted an 
investigation on the effect of the distribution of the 
thickness sizes of the arches on the load bearing capability 
evaluation of a historical stone bridge in Galicia, Spain 
[38]. At the end of this investigation, Bouzas et al. achieved 
numerous reliability-based structural assessments of the 
same bridge [38]. In another investigation, Alpaslan et al. 
estimated load-carrying ability and carried out consistency 
examination of a current HAB via the response surface-
based F-E-M calibration method to existent crucial 
situations for the ability assessments of other related MABs 
[39]. At the end of this investigation, the perpendicular 
load-carrying ability of MABs with the aid of non-linear 
methods was obtained, and the non-linear load-carrying 
ability was chosen in the assessment examination of the 
bridge. In conclusion, rate proportions demonstrating the 
real productivity of the bridge were gotten. The other study 
was carried out by Şeker and Sahin. In this study, Şeker 
and Sahin examined the seismic performance of the Uşak 
Clandras Bridge via linear and non-linear time history 
analysis [55]. At the end of this investigation, Şeker and 
Sahin found that the compressive stress rate is 6 times 
bigger than the tensile stress rate [55]. Damages are 
determined at the ends of the infill wall. Batar et al. offered 
an influential, confidential, and quick multidisciplinary 
method for the analysis of HABs [56]. For this aim, 
Terrestrial laser scanning (TLS) was chosen to define the 
bridge geometry with high accuracy. At the end of the 
study, Batar et al. offers very quick and extremely precise 
information for defining the structural geometry that will 
offer the essential investigation [56]. As mentioned above, 
only rare researches offered nowadays concern themselves 
with the seismic assessment of HAB. The aim of this 
investigation is to consider the productivity of HAB under 
FFEs through F-E-M and to establish the ability and 
productivity estimating. For this aim, the seismic activity 
productivities of KB built in Bosnia and Herzegovina are 
explored. First, the features and geometric belongings of 
the HAB are considered, and the improving of the original 
FE models is then defined associated with the original 
estimates of bridge features. Additionally, LCA for HAB 
under this strong motion is also explored. Detailed 
discussion of the KB is offered in the following sections. 
 
2 DEPICTION OF THE HAB (KB) 
 

The HAB (KB) considered in this investigation is a 
beautiful example of 17th century classical Ottoman 
architecture. On the bridge with 6 arches of pointed form, 
the arch openings are 6.72 m with 13.56 m among. The 
length of the two wing walls is 86.20 m and the outside of 
the railings is 5.35 m. The arches are built on five pieces of 
masonry built on stone pendants with dimensions of 5  12 
meters on wooden beams consisting of 2 and 3 rows. The 
height of the inscription pavilion is 16.27 m. While the 
history of the bridge is examined, it is detected that the 
bridge has been serving safely for many years. It is known 
to be intact and usable for nearly 263 years, until 1945, 
while it was severely damaged during World War II. As a 
result of the bombing in the last days of World War II, 
which caused the destruction of many historical buildings 
throughout the world, the bridge was heavily damaged and 
the four arches of the bridge were completely destroyed as 
presented in Fig. 1.  

 
Figure 1 The collapse of the KB during World War II (1945) [40] 

 
In order to connect the two sides, the remaining arches 

of the bridge were demolished and a wooden construction 
bridge was formed. For the reuse of the bridge, the parts 
just above the stirrup line were completely demolished, and 
the cones in the heel and nose sections were completely 
removed. Subsequent concrete head and reinforced 
concrete pavement caused serious damage to the bridge 
legs. The pointed nose on the upstream side was damaged 
by the debris coming from the floods. As a result of the 
changes in the river bed and sand and gravel removal from 
the river on the upstream side, carvings have been formed 
in the footsteps of the bridge and decay and breaks have 
occurred in the flexible energy-damping wooden grids 
among the ground and the bridge. As a result of lack of 
care, vegetation on the stone surfaces and consequent floral 
degradation occurred. The original stone and mortar 
samples of the bridge were examined and the properties of 
the mortar mixtures and stones to be used in the restoration 
were determined. The application project was developed 
according to these data by examining the original stones 
extracted from the water belonging to the destroyed parts 
of the bridge and the photographs and engravings showing 
the original state of the HAB are as presented in Fig. 2. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 2 KB: a) bridge Arch Completed on a Pier; b) completed Bridge Arches; 
c) general view [40] 

 
3 MODELING OF THE HAB 

 
The FE model of the HAB is made and investigated in 

several FFEs with the program ANSYS [41]. Information 
of the F-E-M is presented in the following parts. 

 
3.1 Component Forms 

 
In the F-E-M of HAB, the assembly is separated into 

minor and modest components related by interconnecting 
nodes with grades of independence suitable to the part kind 
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designated for demonstrating the assembly performance in 
several predication situations. The HAB is shown with 10-
node high-order tetrahedron elements. This component has 
quadratic transposition productivity and is fine matched for 
exhibiting irregular meshes and contact surfaces [42]. 
Therefore, such a component is appropriate for estimating 
the external contact among HAB constituents and the 
unequal geometry of the F-E-M. Each nodule of the 
component has three degrees of independence. The 
interaction procedure of the F-E-M needs the description 
of interaction exteriors. Information of the interaction 
exterior forming is specified in the next division.  

 
3.2 Contact Modeling 
 

Interaction process is the work of the distortion 
produced via hard forms which contact parts at single or 
extra facts [42]. In this research, the interaction among the 
HAB and then their modules is distinct as an external-to-
external interaction form in which the interaction part 
might possibly alternate as a role of the grade of departure 
of the interaction faces. The interaction form is recognized 
while an exterior of one form comes from interaction with 
the exterior of additional form and it is usually practiced 
for random forms that have huge interaction parts [43, 44]. 
To describe an interaction external couple, one of the 
externals is selected as an interaction part and added as 
target part. Both components require the equal specific 
constraints such as amount of nodes, node places etc. [43]. 
For the interaction edge of the HAB, CONTA174 section 
and a similar TARGE170 section are selected to 
characterize interaction besides departure among the two 
appearances [44, 45] as presented in Fig. 3. Therefore, 
bonded interaction is selected among the HAB and their 
modules. 

 

 
Figure 3 Parts of interaction exteriors [27] 

 
3.3 Mesh System 
 

Dimension and form in mesh system are significant to 
exactly guess the stress and/or strain worth in F-E-M. 
Therefore, to declare a suitable mesh system thickness in 
the F-E-M of the HAB, case studies with altered mesh 
dimensions are accepted. Consequently, four meshing 
possibilities are tried and related in the F-E-M. These 
meshes are offered in Fig. 4. The first alternative is an 
automatically-produced mesh and it contains 65545 
components and 525952 nodes. Another alternative, 
Tetrahedrons mesh involves 215464 elements and 647894 
nodes. The belongings of the additional alternatives are 
presented in Tab. 1. In F-E-M, larger quantities of nodes 
cause unnecessary calculation. Thus, the Tetrahedrons 
meshing choice is selected since the attained mesh has a 
good dimension delivery through the F-E-M and reduced 

quantity of nodes. Formerly, the designated meshing 
alternative is confirmed with several mesh dimensions 
beginning with 250 mm (the length is 250 mm, adjusts to 
width perpendicular to length) and decreasing the mesh 
dimension till the consequences convert to unchanging. 
The biggest mesh length giving constant consequences is 
then selected for the F-E-M. Accordingly, the mesh 
proportions are contributed by hand and engaged as 25 mm 
inside the contact sections and 50 mm inside the rest of the 
HAB. 

 
Table 1 Sums of mesh properties in place of dissimilar mesh method 

Number# Mesh Form  Nodes Elements 
Number #1 Automatic 374474 26590 
Number #2 Hex Dominant 525952 65545 
Number #3 Sweep 374474 26590 
Number #4 Tetrahedrons 647894 215464 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4 Mesh opportunities: (a) number #1; (b) number #2; (c) number #3, [27] 
 

3.4 Solid Model and Border Conditions 
 
In the non-linear F-E-M, definite solid belongings of 

the HAB are required to realize accurate research 
consequences. The resources belongings used in the 
studies are offered in Tab. 2 [35].  

 
Table 2 Supplies properties [32] 

Material 
Modulus of elasticity / 

N/m2 
Poisson 

ratio 
Density / 

kg/m3 
Stone arches 3.0  109 0.25 1600 
Timber block 1.5  109 0.05 1300 

Side walls 2.5  109 0.20 1400 

 
Exact description of the border situations is of 

countless significance in the F-E-M and, subject on the 
assembly, can significantly affect the productivity. The 
border situations are described via fixing the translational 
and revolving amounts of choice at all HAB. All points of 
freedom of the regions are controlled in all directions [54]. 
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Boundary situations are designated as constant 
translational and rotating grades of freedom for all 
historical masonry bridge piers. 
 
4 DISTANT FAULT GROUND MOVEMENTS 

 
FFEs are deliberated as a result of their distinct, 

damaging velocity pulse features. Tab. 3 shows the FFEs 
used in this investigation. This group of seismic activity 
records used in the studies covers an extensive variety of 
FFEs parameters as presented in Fig. 5.  

 

 
Figure 5 Far fault eartquakes: (a) EQ #1; (b) EQ #2; (c) EQ #3; (d) EQ #4;  

(e) EQ #5 
 

The size (Vp) and period (Tp) of the velocity pulse are 
often used to describe FFEs. Nevertheless, the latest 
investigation by Makris and Black mentions that peak 
ground acceleration (Ap) is a supplementary important 
factor to describe the FFEs [44]. Therefore, both Ap and Vp 
that are contained including the Ap/Vp percentage of strong 
motion are chosen to define the FFEs reflected in this 
investigational study. Ap/Vp percentage is similarly 
illustrative of the main frequency and energy substance of 
the FFEs [8]. Although strong motion with short-duration 
acceleration pulses is accompanied by high Ap/Vp 
percentages, low Ap/Vp percentages indicate strong motion 
with intense, continuous acceleration pulses. One set of 
these is selected. This contains a set of 5 earthquakes with 
Ap/Vp proportions alternating among 4.7 s−1 and 23.6 s−1 

offered in Tab. 3. 
 
 

Table 3 The FFEs used in this study 

# EQ. 
Station/ 

Component 
Ap Vp Ap/Vp 
g cm/s s−1 

1 
Borrego 

Mount,1968 

Hollywood 
Storage Lot / 

180° 
0.01 2.33 4.7 

2 
Friuli, Italy, 

1976 
Conegliano / 0° 0.03 4.29 7.7 

3 Kobe, 1995 FUK / 0° 0.05 3.52 13.6 

4 
Morgan Hill, 

1984 
San Fran. Int. 
Airport/ 90° 

0.06 3.65 16.7 

5 
NW 

California, 
1941 

Ferndale City 
Hall / 45° 

0.02 0.76 23.6 

 
5 ANALYSES OF CONSEQUENCES  
 

In this section, the conduct of KB under FFEs is 
explored. For this aim, as mentioned above, FFEs with 
forward rupture directivity effect are observed attributable 
to their distinct, destructive velocity pulse appearances. 
Before the dynamic analysis, it is explored static conduct 
of KB under ordinary gravitation as presented in Fig. 6.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 6 (a) HAB Ordinary gravitation; (b) HAB max. principal as under ordinary 
gravitation; (c) max. principal stress 

 
As observed in Fig. 6, it is observed that Elastic strain 

and Max. Principal Stress values are so small values. 
Observing the analyses consequences under ordinary 
gravitation, it appears that stress and displacement values 
did not result in the failure of the KB. As a result of the 
analyses made, it is observed that the KB can confidently 

(a) 

(c) 

(e) 

(d) 

(b) 
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carry the stresses that occur under its own weight. In 
addition, while the consequences of the analysis are 
inspected, it is observed that the loads taking place in the 
middle part of the KB are determined at the archway ends, 
causing the maximum stresses to occur in these parts. 
Stress and displacements diagrams are obtained as 
presented in Fig. 7 and Fig. 8. Supposing the KB is steady 
and undamaged below ordinary gravitation, it might be 
supposed that there will be no destruction to the KB with 
the TS improved up to 0.47 MPa. It might be supposed that 
this TS found is according to the TS/compressive strength 
(CS) percentages (1/20 -1/10) suggested by Pela et al. for 
masonry constructions and that might be used as a control 
in evaluating the destruction possible [18]. As a result, as 
indicated above, in this point, the TS/CS percentage is 
gauged as 1/20 or 5% and the possible destruction is 
calculated. So, it is estimated that the values showing the 
TS larger than 1/20 or 5% might be decreased damage in 
the HAB. Additionally, examining Fig. 7 and Fig. 8, it has 
been found that the tension, which indicates the tensile 
values by the FFEs, is extra important especially along the 
wide belt. As observed from Fig. 8, the TS was obtained 
between 0.43 MPa - 0.47 MPa as a consequence of the 
FFEs and it was observed that it was not beyond the TS of 
the KB recognized as 1MPa. Once the F-E-M is considered 
in part it is detected that the TS at 647894 nodes is not 
bigger than 1 MPa. These conclusions showed that damage 
may not be formed by TS in FFEs. As the pressure stresses 
under FFEs are relatively smaller than the CS of KB, no 
destruction is predictable as a result of pressure. Fig. 7 and 
Fig. 8 display that the stress showing tensile value on the 
KB surface under FFEs is not more than 1 MPa which may 
not be dangerous in terms of destruction. As can be 
observed from Fig. 7 and Fig. 8, the high edge of the 
archway, the lowest edge, and the outside of the trail might 
be suggested as serious for destruction. These 
consequences are in relation to the consequences in the 
researches touching their individual weightiness and 
seismic activity capacity. In the next phases, ruptures that 
may happen beneath accumulative load consequences 
might be predictable to onset from these sections and 
influence the failure mechanism. Dynamics analyses 
consequences are offered in Tab. 4. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 7 HAB displacements under far fault earthquakes: (a) EQ. #1; (b) EQ. 
#2; (c) EQ. #3; (d) EQ. #4; (e) EQ. #5 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 8 HAB max. principal stresses under far fault earthquakes: (a) EQ. #1; 
(b) EQ. #2; (c) EQ. #3; (d) EQ. #4; (e) EQ. #5 

 
Table 4 Dynamic Analyses Consequences 

Number 
# 

Fault 
Form 

EQ 

Konjic Bridge 

D
ef

or
m

at
io

n
 

Max. 
Principal 

Elastic 
Strain 

Max. 
Principal 

Stress 

mm mm/mm MPa 

1 

Far Fault 

Borrego Mount, 
1968 

1.24 0.00016 0.43 

2 
Friuli, Italy,  

1976 
1.39 0.00016 0.44 

3 
Kobe,  
1995 

1.29 0.00017 0.45 

4 
Morgan Hill,  

1984 
1.39 0.00018 0.47 

5 
NW California,  

1941 
1.24 0.00016 0.43 

 
6 LIFE-CYCLE ASSESSMENT FOR KONJIC BRIDGE 

 
Disruption might be produced as a consequence of 

loads and environmental properties. Though the 
deterioration rate is assumed to be good for concrete and 
steel bridges, there is fewer data for HABs in the literature. 
In this point, it is explored to decline models for HABs 
exactly as a consequence of predication. Though there are 
several methods considered for MAB in the literature, for 

instance Harvey [46], Gilbert and Melbourne [47], Fanning 
and Boothby [48], these are established on the static 
examination records and the properties of long-standing 
worsening as a consequence of traffic prediction and 
environmental properties are not considered. To take these 
features into account, Sustainable Masonry Arch 
Resistance Technique (SMART) is suggested [49]. 
Consuming that method, it is combined longtime service 
capacity and restrictions into the calculation. This method 
brings together all the present approaches into a particular 
method, in view of not only the ultimate load capability but 
also the longtime conduct and remaining life cycle for 
HABs [50]. In mathematical correlation, SN method 
offered for masonry by Roberts et al. established on a series 
of small-scale experiment site assessments [51]. According 
to experiment consequences, a stochastic model was 
established for MABs as presented in Eq. (1) by Casas 
[52]; 

 
 1 0.5B RS A N                                                         (1) 

 
where, S is described as S = SMax/SAv. SMax is described as 
percentage of the max. stress and SAv is described as the 
average strength. Furthermore, N is described as the 
number of cycles and R is described as the proportion of 
the min. stress to the max. stress (R = SMin/SMax). A 
durability edge of 50% was expected. To form the useful 
presentation of SN curvatures, samples for stress stages 
and related lifecycle possibility are offered in Tab. 5 [52], 
according to Casas' model.  
 

Table 5 Instances of estimated life expectation according to Casas [52] 
Compression Shear 

Stress Average Life Stress Average Life 
% Cycles Ratio % Cycles Ratio 
45 8  109 35 45 1  108 18 
50 2  108 1 50 7  106 1 
55 1  107 1/20 55 6  105 1/12 

 
Additionally, Tomor obtained the static test results and 

presented them as determined in Fig. 9 [50].  
 

 
Figure 9 Tomor [50] fatigue test consequences: (a) compression; (b) shear 

 
The value of B is established to 0.04 for the current test 

data [53]. While Fig. 9 is detected for compression, the life 
cycle expectation calculated for an average 50% stress 
grade is nearby 2  108 cycles. If this grade is decreased 
about 5% (from 50% to 45%), the life cycle expectation 
rises 35 times (from 2  108 to 8  109). On the other hand, 
if this grade is improved 5% (from 50% to 55%), the life 
cycle expectation decreases to around 1/20 (from 2  108 
to 1  107). As stated above, while lifecycle calculation is 
imposed on the KB under different FFEs, it is detected that 
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stress values are improved from 0.41 to 0.47. Though it is 
detected that the stress showing tensile value has not 
touched the allowable sandstone TS and stress values 
appear to be so small, it is detected that historical MAB life 
is decreased significantly as a consequence of the amount 
of improvement in the TS (25%). As a consequence of this 
investigation, it is observed that though stress/strain values 
improve in small amounts as a consequence of FFEs, 
significant decreases in fatigue life occur. Consequently, 
Damage progress might take place over an extended date 
of time (even under comparatively low stress/strain 
stages). 
 
7 CONCLUSIONS 

 
In this research, a feature examination around the 

evaluation of static and dynamic productivity of a HAB in 
view of dissimilar FFEs is offered. Thus, F-E-M of the KB 
is made and investigated under numerous FFEs by the 
ANSYS. According to the analyses consequences, it is 
investigated that under the FFEs, TS have not touched the 
allowable masonry TS, specifically on the higher edge of 
the large archway, on the higher edge of the archway and 
pose hazard for destruction. It was observed that the 
compressive stresses are below the masonry compressive 
strength and are not imagined to be hazardous in the way 
of destruction. Additionally, for the KB, the possible 
destruction as a result of displacements is not established 
to be dangerous. Though, there is not displacement at the 
grade that would cause damage to the left behind parts of 
the KB. Additionally, observing these stress/strain values, 
life cycle assessment for HAB under these ground motions 
is also explored and observed that growing the longtime 
stress/strain values for HAB may decrease the HAB life-
expectancy while stress/strain values have not reached the 
permissible masonry TS. 
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