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Abstract: Although only a few of the ancient masonry arch bridges (MABs) are in fairly good
condition today, many ancient arch bridges are still in use. Over time, the condition of the masonry
bridges declines and the safety requirements change. Therefore, it is important to examine these
bridges under different influences. The strengthening of MABs is generally not essential. The major
cause of damage to MABs is their insufficient width and height, and thus, it is not the safety but the
usability that has restricted the life-time of the MABs. Therefore, in this investigation, the effect of the
arch height on the static and dynamic behavior of a single-span MAB was investigated. For this aim,
the Ancient Tokatl: Bridge, built in Karabiik, Tiirkiye, was selected for investigation under near-fault
(NF) and far-fault (FF) ground motions (GMs). To observe the altitude of the arch warp on the ancient
MAB, first, the finite element model (FEM) was utilized, using ANSYS and SAP 2000. Furthermore,
to constitute the arch warp’s influence on a MAB, the FEM was remodeled considering the different
arch warps between 7.0 and 9.0 m. Moreover, GMs were applied to the FEM to investigate the effect
of dynamic behavior. Under these GMs, stresses and strains (compression and tensile) were observed
and compared with each other. Consequently, at the end of these investigations, it was observed
that the maximum motions were reduced, while the height of the one-span MAB was increased
under NF and FF GMs, and this was also true for the contrary situations. The compression stresses
were not observed to be hazardous at the point of destruction, while the altitude of the one-span
MAB increased.

Keywords: ancient masonry arch bridge; fault distances; FEM; warp altitude influence

1. Introduction

In the past, people have constructed bridges utilizing various approaches and systems,
starting from the easiest methods to the later contemporary knowledge, and based on
single studies. In these bridges, the arch method was extensively chosen, as presented
in Figure 1. Arch bridges, frequently surveyed in Tiirkiye, were originally constructed
in Anatolia, specifically using the method of the one-span MAB. In Tiirkiye, almost 1300
of these one-span MABs are in use. It is important to confirm the protection of these
ancient bridges considering the dynamic changes in traffic, wind, and GMs, all of which
involves finding the exact specifications of the dynamic features of these bridges [1-4]. For
the construction of ancient masonry bridges, including various constructional parts such
as quarry stonework, keystone, pavement, etc., it could be very important to study the
influence of GMs. These implications could be important mainly for the characteristics of
construction considering factors such as acceleration, velocity, motions, stress dispersion,
etc. [5]. It is naturally predictable that resonance properties and spectral reactions are
generally performed lengthwise with the construction altitude, specifically for conventional
construction instead of complex construction [6,7].
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Figure 1. An example of an Ancient Masonry Monstar Bridge [8].

For this reason, the seismic implications stated above still need to be further examined,
for instance, for the construction of ancient masonry bridges. Additionally, acceleration,
velocity, motions, stress dispersion, etc., as a result of the complex masonry construction,
also become significant under the implications of soil-construction contact [9-12]. These
ancient constructions, which have been utilized from the past to the present and have
a history of thousands of years, have been damaged or destroyed via natural or human
forces, e.g., GMs, wars, and fires, throughout history. The main bridges in the European
rail network, in addition to the majority of bridges in the road structure, comprise these
MAB constructions. Therefore, special attention needs to be paid to preserving the national
road and rail networks [13]. Due to the importance of the ancient MAB constructions,
there are several analytical and investigational research works based on ancient bridges in
the literature [14-17]. Along with these investigations, Brencich and Sabia [18] examined
Tanaro Bridge. In this investigation, the natural frequencies, mode shapes, and damping
proportions of the 18-span masonry structure were designated with the help of dynamic
tests. Diamanti et al. [19] implemented non-devastating, ground-penetrating radar (GPR)
on MAB:s for the observation of ring departure. To confirm and update the analytical
consequences, numerous laboratory investigations were presented. Another investigation
was carried out by Ural et al. [20], who successfully implemented analytical models and
dynamic experimental research via forming the concrete-filled steel Beichuan Bridge in
FEM using ANSYS. Analytical forming methods were used to simulate the GPR tests. Then,
the analytical models were updated with the laboratory test results. Sarhosis et al. [21]
noticed the impact of the curvature angle on the load-bearing capability of a one-span
stone MAB. Conde et al. [22] examined the impact of geometry on the destruction load
approximation of an in-service mediaeval MAB. Sayin [23] presented linear and non-linear
dynamic studies of the ancient Nadir Bridge. For this objective, the bridge was mod-
eled with 3D FE, and then, the seismic reaction of the bridge was examined. Aydin and
Ozkaya [24], also examining the destruction loads of MABs, implemented an investigation
calculating the performance of one-span MABs under certain loads via the static exami-
nation method. Altunisik et al. [25] offered a detailed examination of the valuation of the
structural performance of ancient MABs in view of the altered arch warp. For this objective,
a FEM of the bridge was established with special software to designate the structural
performance. To prove the arch warp’s influence, the FEM was remodeled in view of the
altered arch warps, between 2.86 and 3.76 m and 2.64 and 3.54 m for the first and second
arches, with an increase of 0.10 m, respectively. It was realized that the arch warp had an
impact on the constructional reaction of the ancient MABs. Breccolotti et al. [26] studied a
border examination process for the quick valuation of the in-plane seismic ability of MABs,
and parametric examination was performed via changing the rise/span proportion; the
consequences were related to those found via FEM. Hamad [27] examined the stress/strain
and strain energy concentration situations of the Dalal MAB in Mesopotamia. Furthermore,
the constructional formation of ancient bridges made of natural stone has been consistently
established, and the exact consequences were obtained via 3D FE. A common method
for calculating the ring stone of the biggest ellipse-shaped arch of the Dalal Bridge was



Appl. Sci. 2023,13,7395

30f21

constructed on the basis of more relevant models of destruction. At the end of this study,
Hamad [27] presented that amid all the proposed models, the most appropriate method
is the maximum principal stress model, whose consequences provide the most accurate
indication of the state of the construction. The other study was performed by Sokolovi¢ [28].
In this study, Sokolovi¢ [28] examined the longitudinal fractures in a one-span MAB to
estimate its effect on the structure. For this purpose, Sokolovi¢ [28] performed FEM exam-
inations of the bridge to determine the reasons of the longitudinal fractures. This study
was a general investigation on a one-span MAB, observing how altered deterioration mech-
anisms, in combination, may cause the formation of fractures in MAB and consequently
offers helpful procedures. The other study was performed by Demirel and Aldemir [29].
In this study, Demirel and Aldemir [29] proposed a hybrid method using a simple micro
FEM on the basis of the principles of a limit examination method for the valuation of
ground motion performance of these dry-joint masonry arches. In this study, the method
was implemented for an antique dry-joint Roman MAB depending on important ground
motion hazard. Consequently, it was examined whether the inadequate performance of the
bridge was improved via retrofitting processes, for instance, reconstruction the wrecked
spandrels, sidewalls, pavement, and the implementation of backfilling. Another study
was performed by Bencardino et al. [30]. In that study, Bencardino et al. [30] performed
a constructional examination of the existing railway bridge with masonry arches on the
San Nicola-Avigliano Lucania line in the city of Potenza, Italy. For this aim, a non-linear
non-adaptive static examination was performed for the valuation of the global ground
motion performance of the bridge. At the end of this study, no consequences of the ex-
amination were observed considering risk factors on the basis of the existing codes. On
the other hand, the suggested ground motion restoration solution proved to be effective
and real, leading to the confirmation of the ground motion performance. Ou et al. [31]
implemented another investigation. In that investigation, the combined finite-discrete
element method (FDEM) was chosen to simulate the destruction performance of historic
masonry traditions to support differential descent. Furthermore, in this study, an original
and operational tool was proposed to evaluate the potential destruction or destruction
method of historic masonry traditions under numerous variance descent scenarios, which
is extremely helpful to defend these precious historic culture constructions in contrast to de-
scent possibilities and also to improve the literature on FDEM masonry applications. At the
end of this study, it was found that the deformation ability of masonry constructions is more
enhanced than that of the monolithic counterpart constructed with the same configuration.
Addessi et al. [32] examined the non-linear dynamic reaction of the MAB ‘Ponte delle
Torri” in Spoleto, targeted at evaluating the ground motion performance of the construction
and estimating the taking place damaging mechanisms. For this purpose, a 3D-FE macro-
mechanical process applied in the FE program FEAP was implemented to model the bridge.
At the end of this investigation, a serious valuation of the bridge provision considering the
arrangement of accelerograms and the one record was completed, and the relations among
the wrecked construction dynamic provision and the signal characteristic were emphasized.
Another study by Savini et al. [33] aimed to demonstrate the effectiveness of stratigraphic
examination to evaluate the progress of the examination and constructional description of
MABs. At the end of this study, Savini et al. [33] offered that the recommended technique in-
creases the information and facilitates the drafting of archives regarding the state of health
of MABs. The consequences demonstrate how interdisciplinary methods suggestively
increase and improve the information about infrastructural cultural heritage. Accornero
and Lacidogna [34] examined the elastic-fracture-plastic transitions for three monumental
MABs with changed shallowness and slenderness proportions. At the end of this study,
it was determined that this practice was important because it provided an accurate and
effective valuation of the full-service life of MABs and, more generally, may be appropriate
for many historic masonry constructions that still have strategic or culture significance
in infrastructure systems. He et al. [35] investigated the dynamic assignment and FEM
of a butterfly-arch stress-ribbon pedestrian bridge. In this study, an attempt was made
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to evaluate the optimum FE modeling options to obtain a satisfactory agreement among
the model estimation and the experimental records. The developed FE model might be
used as a basis for long-term monitoring of the bridge. It is also emphasized that it can
be a guide for practitioners and academics all over the world for modeling and analyzing
such structures. Another investigation was performed by Milani and Lourengo [36]. In this
investigation, Milani and Lourengo [36] investigated the static non-linear performance of
MABs using a 3D FE numerical code. At the end of the investigation, a clear advantage
of using 3D analyses for MABs was observed. As mentioned above, only a few studies
till date have evaluated the seismical valuation of ancient MAB [37—42]. The geometric
properties, proportions, and forms of each constructional component significantly affect
the constructional performance of ancient MABs. In the literature, some constructional
analyses have been carried out to examine the influences of geometry on the constructional
performance of MABs. Nonetheless, there are no seismic examinations for assessing the
geometry influence, especially for MABs [42-45]. Thus, in this investigation, we aimed
to examine the performance of ancient MABs under altered arch warp considering the
near and FF GMs via the FEM approach and to prove the performance predicting ability.
Accordingly, a one span-ancient MAB built in the Karabuk, TURKIYE was chosen and
examined. First, the characteristics and geometrical properties of the working bridge are
briefly given, and then, the development of the first FEMs is defined, along with the initial
estimates of the bridge properties. A detailed discussion of the one span-ancient MAB is
given in the subsequent subdivisions.

2. Explanation of the One Span MAB

The one span-ancient MAB is in Karabiik. The one-span ancient MAB is on a water-
course in the east-west axis. According to the information in literature, the one span-ancient
MAB may have been constructed in the 18th century [46]. In the one-span ancient MAB, a
pulley-shaped arch with smooth thin stones and one-eyed ancient MAB stones were used,
and the Tempan walls and arch core were constructed using the small rubble stone method.
As the original stonework is found in the lower parts of the Tempan wall, it was realized
that it has been repaired with stones of altered dimensions on the upper side. The one
span-ancient MAB is about 47.26 m long and 4.10 m wide. The altitude from the one-span
ancient MAB to the river is 30.70 m. The overall structure of the one span-ancient MAB is
presented in Figure 2.

Figure 2. Structure of the historic Tokatli Bridge [46].

3. Modeling

In this section of the investigation, the FEM of the one span-ancient MAB was built
to examine the performance of the MAB under varying arch heights, and analyses were
implemented under NF and FF GMs via the FEM. For that purpose, first of all, a 3D non-
linear FEM was created via ANSYS [47]. Then, ANSYS solving of the model was performed
via different NF and FF GMs. Then, structural analyses of the old MAB under the modified
arch curvature were completed to inspect the performance of the bridge. In addition, the
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SAP 2000 [48] model was established to determine the mode shapes and natural frequencies
of the one span-ancient arch bridge. Then, the results from non-linear FEMs in ANSYS
were compared. The information of the FEM is described in the subsequent subsections.

3.1. Component Forms

In the formation of the one span-ancient arch bridge, the rating of freedom was
obtained in accordance with the component form to model the constructional performance
under various loading conditions. Furthermore, the construction is separated into small
and simple components joined at intersecting nodes. The one span-ancient MAB was
modeled via tetrahedron components. The peculiarity of this component is that it is of a
high order with 10 nodes. This component has a quadratic displacement performance and
is well matched for demonstrating irregular meshes and interaction faces [49]. In view of
that, such a component is well suited for forming the face interaction amid the constituents
of the one span-ancient MAB and the asymmetrical geometry of the FEM. Each node of the
component has three ratings of freedom, which is the translations at the x, y, and z nodes.
The interaction algorithm of the FEM involves the description of the interaction faces.
Information of the interaction face formation is provided in the subsequent subdivisions.

3.2. Interaction Forming

The investigation of the tweening produced via solid forms touching each other at
one or more points is described as interaction mechanics [49]. In this investigation, it is
described as a function of the degree of departure of the interaction faces among the one
span-ancient MAB and its constituents, and as a face-to-face interaction form where the
interaction area can vary. This form of interaction is recognized while the face of one
object comes into interaction with the face of an additional object. It is also often expended
for arbitrary objects with large interaction areas [50,51]. To define a pair of interaction
faces, one of the faces is chosen as the interaction component and the other as the target
component. Both components must have the similar specific features, for instance, the
amount of nodes and their positions [50]. For the interaction interfaces of the Ancient
Bridge, the CONTA-174 part and a matching TARGE-170 part are described to represent
the interaction and departure between the two faces [52]. Consequently, bonded interaction
is elected among the one span-ancient MAB and their constituents.

3.3. Meshing

The mesh dimension and form expended are essential to precisely predict stress
and/or strain values in a FEM. Therefore, to provide the suitable mesh concentration in
the FEM of the Ancient Bridge, the mesh dimensions were changed and the investigations
were repeated for each case. Accordingly, four mesh options in the FEM were tested
and compared. The properties of the other meshing selections are presented in Figure 3.
A larger quantity of nodes in a FEM resulted in an extremely long calculation period.
Consequently, the Tetrahedrons meshing choice is elected for the reason that the found
mesh has improved measurement dispersion across the FEM and smaller number of nodes.
Then, the chosen meshing choice is tested via various mesh dimensions, starting with
250 mm (the dimension along the length is 250 mm, while the one perpendicular to the
length is adjusted according to the width) and reducing the mesh dimension until the
consequences become stable. The biggest mesh dimension giving stable consequences is
then elected for the FEM. The maximum strain worth in the one span-ancient MAB remains
approximately continuous for 50 mm and 25 mm mesh dimensions (0.012443 and 0.012466,
respectively). Consequently, the mesh dimensions are manually calculated, obtained to be
25 mm for the interaction areas and 50 mm for the rest of the model.
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Figure 3. Information of nodes and components for altered mesh form.

3.4. Material Model and Border Situations

To obtain correct examination consequences, real material properties are needed in the
Non-Linear FEM of the Ancient Bridge. The material properties expended in the analyses
are presented in Table 1 [1]. The Concrete Damage Plasticity (CDP) model is implemented
to simulate the non-linear behavior of the wall [53]. Though originally established to define
the non-linear performance of concrete [54,55], the usage of such a model for masonry is
generally accepted in studies after the key restrictions are properly adapted. The CDP
model is a damage model on the basis of the continuous plasticity, permitting changed
tensile and compressive strength as in the wall, with changed damage parameters in
stress and compression [53]. On the FE examination, the exact description of the border
conditions along with the material model is of great importance. This also greatly affects
performance depending on the build. Border conditions for all bridge supports and both
sidewalls are described via fixing translational and rotational rating of freedom. In the
model, the Modulus of elasticity, Density and Poisson proportion are defined as E, p and
Y, respectively.

Table 1. Supplies properties [1].

Material E (N/m?) P v (kg/m3)
Stone arches 3.0 x 102 0.25 1600
Timber block 1.5 x 10° 0.05 1300

Side walls 2.5 x 10° 0.20 1400

4. NF and FF GMs

In this investigation, GMs close to the fault and far from the fault are discussed as a
result of their distinctive, devastating velocity impact features. Table 2 lists the NF and
FF GMs expended in this investigation. This set of ground motion records expended in
the examination take account of ground motion parameters in a variety of ways, as in
Figures 4 and 5. Nonetheless, a recent investigation by Makris and Black [52] suggested
that peak ground acceleration (Ap) is a more essential restriction to describe the NF GMs.
Therefore, both A, and V,, that are contained within the A,/ V), proportion of GMs are
chosen to describe the NF GMs reflected in this investigation. The A}, /Vy, proportion is also
characteristic of the main frequency and energy substance of the GMs [52]. Low A, /V,,
proportions indicate GMs with intense, long-period acceleration pulses, as great A, /Vp
proportions attend GMs having short-duration acceleration pulses. These sets include a
group of 11 GMs, as presented in Table 2.
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Table 2. NF and FF chronicles expended in the investigation.
Fault Form NGM;# GMs Source A Ve
umber (g (cm/s)
GM#1 C. Mend, 1992 89156 Petrolia 0.66  90.0
GM#2 Kobe, 1995 KOBE/KJM000 082  81.0
GM#3 S. Hills, 1987 SUPERST/B-PTS225 045 1120
NF GMi#4 Nrthrdg, 1994 20026 Newhall=W.Pico 5 g5
Canyon Rd.
GM#5 I. Val, 1979 5165 El Centro Diff. Array 035 710
GM#6 Chi-Chi, 1999 CHICHI/TCU087-W 0.38 1200
Borrego Mount, Hollywood Storage
GM#7 o6 Lot/ 180° 001 233
FE GM#8 Friuli, Italy, 1976 Conegliano/0° 0.03  4.29
GM#9 Kobe, 1995 FUK/0° 0.05  3.52
GM#10 M. Hill, 1984 San Fran. Int. Airport/90° 0.06  3.65
GM#11 NW ?32{"“"' Ferndale City Hall/45° 002 076
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5. Analyses Consequences

In this phase of the investigation, the structural performance of a one-span ancient
MAB was examined in view of the altered arch warp under NF and FF GMs. For this
objective, as mentioned above, NF and FF GMs are reflected as a result of their unusual,
damaging velocity pulse features. The mode characters are very significant in response to
the general efficiency of constructions. For this reason, before the dynamic examination,
FEM of the one span-ancient MAB was first performed to gain the mode characters and
additional consequences, by using SAP 2000, as presented in Figure 6. Considering the
design of the model, the self-weight examination is achieved under its self-weight. To define
the mode characters, modal examination was performed in SAP 2000, and the tweening of
the first 10 Modes of One span-ancient MAB is recognized and presented in Figure 7. The
construction of the first 10 Mode periods is presented in Figure 7. Moreover, self-weight
and movable load as well as vehicle loads are taken into consideration throughout the
static examination, as presented in Figure 8. The maximum tweening, elastic stresses,
and stress values found on the examination are presented in Figure 8. To determine the
arch warp influence on a MAB, the FEM is remodeled in view of the altered arch warp
using 7.0-9.0 m with an increase of 1.0 m, individually, as presented in Figure 9. Then, a
self-weight examination is performed under its self-weight, as presented in Figure 10. As
the dynamic conduct of a one-span ancient MAB is examined in view of an altered arch
warp under NF and FF GMs, stress and motions graphs were observed, as presented in
Figure 11. Several models of the destruction mechanism were observed. In view of the 3D
model and the characteristic types of stone constructions, it was suggested that the tensor
of the stresses was owing to the displacement contained by the ring stone. The maximum
principal strain model is proposed for the brittle fracture of supplies, as also recognized in
the St. Venant’s model. According to the St. Venant’s model, the limiting state of the supply
is attained while the maximum tensile strain, emax = €1, approaches with a specific constant
limit value equivalent to the consistent pressure, ¢, at rupture. This correlation is assumed
as follows;

1
Emax = €1 = E[Ul —y(oa+03)] =¢9 1)

(b)

Figure 6. Modeling of the one span-ancient MAB in SAP 2000 (a) no deformed shape, (b) de-
formed shape.
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Figure 8. Ancient Bridge, Static Examination in SAP 2000, (a) Total Tweening, (b) Max. Principal
Elastic Strain, (c) Max. Principal Stress.
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Figure 9. 3D FEM of the MAB for, (a) 7 m, (b) 8 m, (c) 9 m.
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Figure 10. Ancient Bridge, Static Examination in ANSYS for Total Tweening, (a) 7 m, (b) 8 m, (c) 9 m.
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Figure 11. FEM consequences of Ancient MAB Motions (arch height-9 m), (a) GM#1, (b) GM#2,
(c) GM#3, (d) GM#4, (e) GM#5.

To obtain a safe design, the maximum principal strain must be smaller than the
permissible strain as follows:

1
Emax = €1 = *[0—1 - ’Y(‘TZ + 03)]

yielding strain 0y

< SIS P
E ~ factor of safety E.n

@
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This rule is still unclear considering the findings in various resources; nonetheless, in
some situations, it offers an eligible verification of the destruction mode of the resources,
for instance, while longitudinal fractural fractures take place in usual stones under com-
pression. A one-span ancient MAB was also considered in the maximum distortional strain
energy density model. The total strain for the triaxial situation might be considered in the
following equation:

Total Strain Energy per unit volume = %(7181 + %(7282 + %(7383 3)
In which,
1
e1= glon —v(o2 +03)] )
1
& = E[‘TZ — (01 +03)] ®)
1
&3 = ¢los — (01 + )] (6)

As a consequence, the final calculation for energy is assumed by

Strain Energy Density = % [0’% + 02 4 02 — 2.9(0109 + 0p03 + 0103)} (7)

Assuming the one-span ancient MAB is steady and unharmed considering earth’s
gravity, it might be expected that there will be no harm to the one-span ancient MAB
when the drawing stress was increased up to 2.20 MPa. This drawing stress was found
to be steady with the traction resistance/pressure resistance proportions (1/20-1/10), as
suggested by Pela et al. [12] for masonry constructions and which might be expended as a
control to evaluate the possible harm. Consequently, as stated above, at this point of the
examination, the traction resistance/pressure resistance proportion is measured as 1,/20 or
5% and the possible harm is estimated. Thus, it is expected that the drawing stress values
of bigger than 1/20 or 5% might be concentrated via the harmful constructional strength.
In addition, as presented in Figure 11, the drawing stress was improved via the influence
of the NF earthquake and is essential particularly along the large belt while the altitude
of the arch warp reduced. In view of the NF GMs loading that was implemented for the
estimations, the drawing stress increased up to 0.60 MPa under static loading on the one
span-ancient MAB, with an improvement up to 2.20 MPa as a result of the NF earthquake
implications and exceeded the traction resistance of the one span-ancient MAB, which is
recognized to be 1 MPa; in contrast, the altitude of the arch warp was reduced. When the
FEM is examined in detail, the drawing stress at several nodes is bigger than 1 MPa. These
results specified that destruction might be produced via drawing stress under NF GMs,
particularly while the altitude of the arch warps reduced. As the pressure stresses under
the influence of NF GMs are quite low compared to the pressure resistance of the Ancient
Bridge, no destruction was estimated as a result of pressure. Figure 11 shows that the
drawing stress on the one span-ancient MAB faced under NF earthquake implications is
more than 1 MPa and that may be hazardous considering destruction. As can be seen from
Figure 11, the top, bottom, and side of the MAB might be critical for destruction. These
results are reliable considering the consequences of the influence of their particular mass
and seismic activity weight. In the subsequent phases, fractures that might follow with
the improvement in the load influence might be estimated to start beginning from these
sections and owing to the destruction mechanism. The consequences of dynamics studies
are presented in Tables 3-5. Furthermore, in Figure 12, the results are also given.
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Table 3. ANSYS-Dynamic Consequences for 7 m.

Arch Heights

Max. Principal

Max. Principal

(m) Fault GMs Motions (mm) Stress (MPa) Elastic Strain
(mm/mm)
C. Mend, 1992 5.96 2.100 0.000680
Chi-Chi, 1999 2.11 2.275 0.000730
NF L. Valley, 1979 3.57 1.390 0.000450
Kobe, 1995 7.23 0.818 0.000260
Northridge, 1994 4.34 0.823 0.000264
7 S. Hills, 1987 4.36 0.800 0.000256
B. Mount, 1968 1.65 0.818 0.000262
Friuli, Italy, 1976 1.64 0.817 0.000262
FF Kobe, 1995 1.63 0.815 0.000261
M. Hill, 1984 1.63 0.818 0.000262
NW California, 1941 1.77 0.817 0.000262
Table 4. ANSYS-Dynamic Consequences for 8 m.
. .. Max. Principal
Arch Heights Fault GMs Motions (mm) Max. Principal Elastic Strali)n
(m) Stress (MPa)
(mm/mm)
C. Mend, 1992 5.63 2.090 0.000681
Chi-Chi, 1999 1.97 0.890 0.000292
L. Valley, 1979 3.36 1.394 0.000452
NF Kobe, 1995 6.83 1.871 0.000639
Northridge, 1994 4.10 1.626 0.000528
8 S. Hills, 1987 411 1.627 0.000529
B. Mount, 1968 1.52 0.622 0.000204
Friuli, Italy, 1976 1.60 0.607 0.000196
FF Kobe, 1995 1.56 0.673 0.000218
M. Hill, 1984 1.53 0.638 0.000207
NW California, 1941 1.64 0.681 0.000231
Table 5. ANSYS-Dynamic Consequences for 9 m.
. .. Max. Principal
Arch Heights Fault GMs Motions (mm) Max. Principal Elastic Stralsn
(m) Stress (MPa)
(mm/mm)
C. Mend, 1992 5.52 2.035 0.000662
Chi-Chi, 1999 1.76 0.881 0.000287
NF L. Valley, 1979 3.22 0.611 0.000195
Kobe, 1995 6.72 0.611 0.000195
Northridge, 1994 3.97 0.614 0.000196
9 S. Hills, 1987 3.74 0.623 0.000194
B. Mount, 1968 1.20 0.611 0.000195
Friuli, Italy, 1976 1.23 0.610 0.000194
FF Kobe, 1995 1.21 0.609 0.000194
M. Hill, 1984 1.21 0.611 0.000195
NW California, 1941 1.36 0.610 0.000195
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Figure 12. ANSYS consequences of Ancient MAB Motions, (a) Deformations for NF, (b) Deformations
for FF, (c) Max. Principal Stress for NF, (d) Max. Principal Stress for FF, (e) Max. Principal Elastic
Strain for NF, (f) Max. Principal Elastic Strain for FF.

6. Results

In this investigation, a particular examination about the valuation of structural perfor-

mance of a one-span ancient MAB in view of the altered arch warp under NF and FF GMs
has been suggested. For this objective, FEM of the one-span ancient MAB was performed
under numerous NF and FF GMs via the program ANSYS and SAP 2000. The following
observations were found:

The results of the analyses made within the scope of the study show that under
standard gravity, the collapse of the MAB is not caused by the stress and displace-
ment values.

The consequences indicate a clear advantage of using 3D investigations for MABs
considering the cases studied. The consequences of the analyses demonstrate the most
critical sections of the MABs as the altitude of the arch warps decreases. Furthermore,
it was detected that the maximum motions reduced while the altitude of the one-span
MAB increases under NF and FF GMs and vice versa.

It was observed that the arches that carry the main structure of the MABs are the
divisions that are essential for examination considering their seismic performance.
While the altitude of the one-span MAB rises specifically under NF GMs, it was
noticed that the obtained stress reached the allowable masonry traction resistance.
Furthermore, the evidence of dynamic investigations showed that the most criti-
cal sections of the MAB are the sub-sections of the MAB, specifically on the higher
side of the large belt, posing a hazard for destruction. The maximum principal
stress values demonstrated a decrease as the MAB height increases, decreasing from
2.27 MPa to 0.881 MPa.

Furthermore, deformation values of MAB showed a reduction as the MAB height in-
creased, decreasing from 5.96 mm to 5.52 mm. Dangerous (large) relation displacement
stages were not determined along the MAB altitude.

The compression stresses are well under the masonry pressure resistance and are not
reflected to be hazardous considering the point of destruction while the altitude of the
one-span MAB rises. Moreover, for the one-span MAB, the potential destruction as
a result of motions was established to be critical when the altitudes of the one-span
MAB reduced. Nevertheless, there is no movement at the degree that would lead to
destruction to the sections of the one-span MAB that were left behind.

As a result of the modeling approach chosen, it was observed that behavior (damage,
etc.) takes place in the sections where stresses are concentrated in the elements.
Furthermore, although stress/strain values increase in small amounts as a result of
NF and FF GMs, significant decreases in fatigue life occur when the height of the arch
warp increases.
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e  Future studies with field observation as well as analytical investigations are needed
to contribute to the literature. The current investigated the effect of height, thereby
contributing to the basis of other investigations that should be performed in future.
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