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Abstract

This research examines the probabilistic safety assessment of the historic BISTOON
arch bridge. Probabilistic analysis based on the Load-Resistance model was performed.
The evaluation of implicit functions of load and resistance was performed by the finite
element method, and the Monte-Carlo approach was used for experiment simulation.
The sampling method used was Latin Hypercube. Four random variables were
considered including modulus of elasticity of brick and infilled materials and the specific
mass of brick and infilled materials. The normal distribution was used to express the
statistical properties of the random variables. The coefficient of variation was defined as
10%. Linear behavior was assumed for the bridge materials. Three output parameters of
maximum bridge displacement, maximum tensile stress, and minimum compressive
stress were assigned as structural limit states. A sensitivity analysis for probabilistic
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analysis was performed using the Spearman ranking method. The results showed that the
sensitivity of output parameters to infilled density changes is high. The results also
indicated that the system probability of failure is equal to p f”"e’” =1.55x107. The bridge

safety index value obtained is g3’ =2.96, which is lower than the recommended target

safety index. The required safety parameters for the bridge have not been met and the
bridge is at the risk of failure.

Keywords: masonry arch bridge, probability of failure, epistemic uncertainty,
sensitivity analysis, Monte Carlo simulation

1. INTRODUCTION

Historical structures in any country indicate their antiquity and history and are
considered as symbols of the cultural heritage of the country, therefore, they
must be preserved and protected. During the process of constructing these
structures, the gravitational and lateral loads were not necessarily estimated
accurately; hence, scrutiny of their vulnerability is a must and, if required, work
to retrofit, restore or renovate them must be carried out. Cultural heritage
structures are considered to be high-importance-structures and their structural
behavior should be analyzed carefully and precisely. These structures, because
of their geometrical complexities and conventional eroded materials, cannot
easily be modeled accurately and precisely. Moreover, due to international
restrictions, they cannot be tested with known destructive tests. Researchers
have utilized different testing methods to explore the physical and mechanical
properties of masonry materials to discover the damage to the internal parts of
structures in which there is no proper access, including non-destructive-tests or
semi-destructive-tests. One of the most important characteristics to evaluate the
strength of historical structures is the estimation of the compressive strength of
masonry materials. In this research [1,11,12,13,16,27,32,39] the Schmidt-
Hammer-Test, Ultrasonic pulse velocity, compressive jack test from core drilling
samples, and the in-situ drilling resistance technique have been utilized to
estimate the compressive strength. Valluzzi et al. used Infrared Thermography
and ambient vibration tests to assess the structural qualification of the Sarno
Baths, Pompeii [40]. Altunisik et al. performed experimental measurements by
ambient vibration test on an ancient masonry Bastion and extracted three first
natural frequencies of the Bastion [3]. Many studies were done on the structural
behavior assessment of historic monumental construction by finite element
modeling and analysis [4,6,7,9,14,15,17-19,22,24,25,28,29,31,35,38]. Micic et
al. (2015) studied the probabilistic analysis of the strength of masonry building
walls over time. They modeled a macro sample of the wall in the FEM software
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of ANSYS and, for the stochastic modeling, performed the Monte-Carlo
simulation by the Latin-Hypercube sampling method. The considered
probabilistic inputs during their research included the dimension of the wall, the
loads, and the strength of the materials. The vertical deformation and the Von-
Mises Tensions were calculated by Limit State Functions. The sensitivity of the
response of the structure to the probabilistic variables was also performed [26].
Hardil et al. (2001) analyzed the stochastic finite elements of historical masonry
bridges considering operational loads and temperature. Evaluation of the safety
of the Namest nad Oslavou Bridge was studied by considering uncertainties in
order to retrofit and renovate the bridge [20]. The results suggested that
retrofitting the bridge without performing a meticulous study of its properties
would lead to a decrease in the safety of the bridge with respect to its initial
condition, one of the main reasons being retrofitting the passage of the bridge
with concrete. The result of this research was that the probabilistic analysis gives
huge structural responses to the analyzer that help the decision-making process
when selecting the proper retrofitting method, with a higher level of
trustworthiness. Reliability-based assessment of vault bridges on the
serviceability limit states and ultimate limit states was performed by Casas et al.
(2011) [10]. After assessing the results of failure modes from laboratory results,
masonry vaults were introduced. Due to a lack of response model and reliable
information about the materials, the study was only performed on the four-
hinge-mechanism and the ring-separation. The possibility of fatigue-rupture of
the masonry bridge under serviceability loads and also estimations based on the
reliability of the bridge for the limit state of the four hinges were studied. The
bridge was loaded for the fatigue evaluation under safe conditions and sensitivity
analysis to investigate the safety of the bridge, due to the reduction of the
compressive strength of the bricks on one of the columns under the erosion of
the materials, was also studied. Pouraminian et al. (2019) studied the reliability
analysis of a masonry-arch-bridge under serviceability loads. Uncertainties are
produced by the probabilistic platform in ANSYS software and are controlled in
each safety structural cycle. A failure-tree is given for the arch-bridge system
and it is assumed that the failure of the bridge-system is due to the failure of
three components being rupture in tension, rupture in compression, and over-
allowable span-rise. These three components are assumed to be in a sequence
where failure in each of them leads to the failure of the entire bridge system.
Sensitivity analysis for the limit functions of stochastic variables was also
performed. It was determined that the maximum compression occurred with the
variation of the Young Modulus of the bridge-vault. The maximum tension,
however, occurred for the variation of the Young Modulus of the bridge-
passage, and the maximum deformation occurred with respect to the variation of
the specific-mass of the lateral walls of the bridge [34]. In numerous studies, the
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PDS has been used to evaluate the reliability of structures [6,33,34,37]. The PDS
tool of ANSYS software is used for sensitivity analysis and to calculate the
probability of failure.

The main aim of this paper is to evaluate the probabilistic safety of a historical
masonry bridge using a stochastic finite element method. The safety index has
been used to determine the safety status of this heritage construction. A case
study for this paper is the construction of the BISTOON historical masonry arch
bridge in the north-west of Iran.

2. BISTOON BRIDGE

Bistoon Bridge is located in the east part of Bistoon city on the Sahneh to
Kermanshah highway in the Dinevar-Ab river region. This bridge is located on
the road which connected the cities of Qazvin and Hamedan, following the cities
of Kermanshah and Baghdad during the Safavids-Dynasty. The bridge
construction probably dates back to the reign of King-Abbas-I, however, its piers
and foundations were probably constructed earlier during the Sasanian-Empire,
due to the Sasanian symbols engraved on its surfaces, although the construction
was not completed due to unknown reasons. In the Hasanwayhids-era (961-1015
A.D), the bridge was completed and in the Ilkhanate-Dynasty (1219-24 A.D),
the fourth span of the bridge, along with the triangular piers, was restored. The
facade was rebuilt during the Safavids-dynasty. Furthermore, a brick kiln was
constructed on the north-west side of the bridge within its reconstruction
program. During the first Pahlavi era, the third arch of the bridge and the facade
were restored to their original shape. Although many restorations have been
carried out since that time by the Cultural and Heritage Organization of
Kermanshah Province, the bridge is about to collapse completely and be
demolished.

This bridge has a length of 115 m and a width of 6.90 m including its parapet.
The width of each parapet wall is 37 cm and its height from the bridge pavement
level is 50 cm. All the parapet walls except for a small section of about 8.40 m in
length, located on the south-western part of the bridge, have been destroyed over
time. This bridge has been built in an east-west direction and consists of 4
unequal spans. The piers, except for the side piers, are hexagonal and have been
built using rubble, gravel, and lime-mortar with their surface covered with
scraped rectangular stones. The middle section of the piers is rectangular and
forms the basic part of the pier. The bridge piers have been constructed using
scraped stones to a height of 3.55 m. There are triangular cutwaters in both sides
of the piers with 4.65 m on its isosceles triangle side and above them, the piers
are in prismatic form. Arches are constructed of brick (28x27x7 cm,
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22.5%21.5%5.5 cm, and 24%24x5 cm in a Roman arch) and lime-mortar, and the
bridge carriageway is constructed of river rubble stone and lime-mortar to
produce a cobblestone pavement. There are two small and two large bridge
spans. The spans of the arches from east to west are 5.00 m, 4.90 m, 11.00 m,
and 11.50 m and their heights are 6.50 m, 6.22 m, 10.50 m, and 9.50 m from the
riverbed, respectively. The arch types from east to west are sharp lancet arches
(Sharp five to seven lancet arch), mild lancet arches (Mild five to seven lancet
arch), Roman arches (Halochin) in which the cross-section geometry of this arch
is something between elliptical and circular due to some reconstruction
programs in its history, after its demolition which changed its lancet arch to a
Roman arch, and mild lancet (Mild five to seven lancet arch) type, respectively.
The arches of Bistoon Bridge are, therefore, lancet arches except for one which
was changed to a Roman arch. They are mostly used in large spans with a high
span to rise ratio and were applied mostly to spans over 4.16 m and lower than
16.64 m. However, in Roman arches, the extremely high span to rise ratio in
large spans is not applicable and strong materials should be used. In Mild five to
seven lancet arches, spans tolerate distances of between 3.12 m to 4.16 m.

The most significant difference of this bridge compared to other bridges in the
region is in the construction of its arches; the largest face of the bricks was
placed towards the outer part of the arch, whereas, the other bridges have the
smallest sides of the bricks facing outward.

Figure 1 shows the image of the Bistoon-bridge from downstream. According to
the valid evidence and available documents, the columns of the Bistoon bridge
were constructed in the late Sasanid-Dynasty and, similar to most other
structures of that era, have not been completed. In the 4th century A.D., the local
governors completed the bridge and from those constructions, solely two vaults
from the total of four and the circular retaining walls remain. The mid-section
has a rectangular shape which on both sides of this cube is in the same direction
as the water current, with triangular gutters. On the northern and southern views
of the bridge, on each of the gutters, are triangular or circular retainers made
from brick that play an important role in preventing the vaults from drifting. The
columns of the bridge were made of stone and plaster mortar and covered with
curved rectangular stones, while the inner parts were made from pebble, rubble,
and plaster mortar. The vaults of the bridge were made of brick with plaster
mortar and the passage over the bridge was made of plaster mortar and pebbles.
The biggest vault is on the most western part.
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Fig. 1. Photograph of the Historic BISTOON Masonry Arch Bridge in Iran

Fig. 2. Isometric images of the BISTOON bridge

3. EXPERIMENTAL TESTS

In this research, a total number of 13 clay bricks with complete dimensions were
tested. The tested clay brick specimens are shown in Figure 3. Firstly, they were
dried in an oven, then their dimensions were measured with calipers, after which
their specific weight was calculated, and the compressive strength of the samples
was determined by a uniaxial pressure test. The histogram of the geometrical and
strength data distribution for the performed tests on the clay brick specimens is
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shown in Figure 4. The mean value for the compressive uniaxial strength and the
standard deviation of the brick samples are f,"" =10.78MPa and o, =1.72MPa,

b
respectively. Regarding the looseness of the masonry-mortar and its
inaccessibility, this was hypothesized as f =1MPa. A Freezing-Test was

performed on the brick samples with 50 freeze/thaw cycles and, as a result, a
weight loss of 1.1 to 8.6 percent was observed.

To determine the compressive strength of the masonry-materials in the macro-
model, Equations of (3.1) and (3.2) were applied [8]. The authors utilized
Equation (3.2) for safety reasoning. The n parameter is assumed as 1. The
allowable compressive strength f, =1.8MPa was applied in the finite element

software as the compressive strength of homogenous masonry materials (Brick-
mortar).

fi =K* f27* £2*(MPa) (3.1)
f;, - bmean _n*o.fb (32)

Fig. 3. Test specimens



94 Majid POURAMINIAN, Somayyeh POURBAKHSHIAN, Ehsan NOROOZINEJAD
FARSANGTI, Sevil BEREN]JI, Salman KEYANI BORUJENI, Mirhasan MOOSAVTI ASL,
Mehdi MOAHAMMAD HOSSEINI

Brick Length Brick Width Brick Height

FNE—
EN—

w
©

N

Frequency
N

Frequency
N
Frequency

L [

NG
3

50 60 70 80

200 250 300 100 150 200 250 300
L(mm) B(mm) H(mm)
5 Specific Gravity 6 Dimensional Unit Weight 3 Compressive Strength
4
3 34 32
c3r c c
[0} o o
3 3 3
o o o
02 1<) 1<)
[ w2r [r
A
0 0~ ’_‘ 0
1600 1800 2000 2200 2400 1200 1300 1400 1500 1600 5 10 15
SpecificGravity(kg/m3) DimensionalUnitWeight(kg/m3) fb(MPa)

Fig. 4. Geometrical and strength data distribution for clay brick specimens

4. DETERMINISTIC AND PROBABILISTIC FE

The ANSYS popular finite element software was used to analyze the BISTOON
bridge. Many civil engineering field studies have used ANSYS software for
analysis of structures [6,33,35-38]. To assess the safety level of the bridge,
probabilistic analysis based on the Load-Resistance model is utilized, as in many
previous studies to assess the probabilistic safety of civil engineering structures
[6,21,33,34]. To perform the probabilistic analysis of the BISTOON arch bridge,
it is necessary to define our random variables in advance. To define random
variables, we can use the given data in the technical literature and/or from
laboratory observations. The specific mass of the materials in the body of the
bridge (Bridge own weight) and the traffic loads are the loads that are imposed
on the bridge structure. Also, the properties of the strength of the bridge are
mainly the modulus of elasticity, the specific mass of the filler-materials, the
formation of the arches, and the lateral walls. In Figure 5, the applied stochastic
finite element model is shown. The physical properties of the masonry materials,
including the modulus of elasticity and the specific mass, are generated
randomly.

4.1. Discretizational model

For the materials of the bridge, linear behavior has been considered. In modeling
the body of the masonry bridge, the strategy of macro-modeling and
homogeneity of the mechanical properties of materials in different directions is
used. In Figure 5, the discretized model that has been applied in FEM is shown.
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3-Dimensional SOLID185 isoparametric-elements with eight nodes were used
such that each node has three degrees-of-freedom. The number of the elements
and nodes for the discretized model are 11012 and 14538 respectively. On the
supports of the bridge, where the bridge is connected to the bed-rock of the river,
the boundary conditions were considered as rigid. The mechanical and physical
properties of the materials are applied based on the performed tests and the
advice of the technical literature. For the materials of the vaults and the lateral

walls, the modulus of elasticity is E, =2.2GPa, the Poisson ratio is v, =0.2,
and the density of concrete is considered as p, = 1800%8 , for the physical
m

properties in the FE modeling. Moreover, for the infilled materials and the deck
passage over the bridge, the modulus of elasticity is E, ., =02GPa, the

Poisson ratio is V4, =0.22, and the density of concrete is considered as

Pugited = 2000]‘8 , (The mean values are given in Table 1).
m

Infilled

Fig. 5. Discretization of the finite element model

4.2. Deterministic static analysis
After implementing the bridge in the ANSYS FE platform, it was analyzed
under the gravitational and the traffic loads 3004Y/,. The bridge structure was

analyzed statically. Minimum principal stress, maximum principal stress, and the
maximum deflection of the bridge span are utilized as the strength control in
compression, tension, and operational controls, respectively. The distribution of
the tensile and compressive stresses and the deformation are shown in Figures 6
to 8, respectively. Under the aforementioned loading, the maximum of the
principal stress will be S1™ =0.65MPa and the minimum of the principal
stress will be S$3™"=-0.92MPa, the maximum deformation will be

D™ =2.79mm , and except for the tensile stress, all the other values are less

allow allow

than their allowed values, ie. S1 =0.15MPa, S3 =-1.8MPa, and
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D" =5.75mm . The allowed values of BISTOON bridge deflection are assumed

tobe p = 5 500 (em)> Where S=1150cm is the length of the arch span [34].
659257

-145084 33658.7 212401 391144 5698¢ 7
-55712.5 123030 301772 480515 659257

Fig. 6. The maximum of the tensile stress under gravitational loading [Pa]

-917780

-917780 -713986 -510191 -306397 -102602
-815883 -612089 -408294 -204500 -705.148

Fig. 7. The minimum principal stress under gravitational loading [Pa]

0 -620E-03 .00124 .00186 .002479
.310E-03 .930E-03 -00155 .002169 .002789

Fig. 8. The maximum deflection of the bridge [m]
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4.3. Deterministic modal analysis

After the free vibration analysis, the first three vibrational frequency modes with
the damping ratio ¢ =5% would be according to Figure 9., i.e. f, =5.48Hz,
f, =5.86Hz , and f, =6.25Hz. The Block Lanczos method was used for the

mode extraction.

T1=0.18 sec
~ f1=5.48 Hz

T2=0.17 sec
f2=5.86 Hz

T3=0.16 sec
f3=6.25 Hz

Fig. 9. First Three Modal Shapes of The BISTOON bridges

4.4. Random variables

Four random parameters were considered in probabilistic analysis. These
random parameters are defined by the Gaussian probability density function
(PDF) shape. In Table 1, the type of variables, PDF, mean value, and standard
deviation are also shown. The values in the table are selected according to
technical literature.
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Table 1. Random variables defined in the finite element model of Bistoon Bridge

Random Parameters Index Unit Dist. Mean Standard
() deviation (O)
Elasticity Modulus of Bricks E, GPa N 2.2 0.22
Density of Bricks O ky . N 1800 180
0
Elasticity Modulus of Infilled Einfiea  GPa N 0.2 0.02
Density of Infilled ky , N 2000 200
Infilled m

7 MEAN  0.18000E+04 -0, MEAN  0.22000E+10

045 STDEV 0.18007E+03 STDEV 0.22016E+09
~ SKEW -0.45881E-02 R~U‘5 SKEW  0.55587E-02
e f KURT 0.12691E+04 N 4 N KURT 0.12775E+04
1 .04 [l 1N MIN 0.10462E+04 1 .04 MIN 0.13341E+10
a MAX 0.24781E+04 a MAX 0.31701E+10
t.035 t.035
e 0 2 .03
5.025 F.025 I
Z .02 : <02
e.oms h
¢ n ¥
y % ‘ g0

005 Al I L005 Al b

0 dfﬂﬂ“ ‘ T o 0 hhh«

1676 1393 1701 2028
1210 1537

1864 2192
DEN_BRICK

o
TT53E410 175810 17E+10
1548410 8E-

L196E+10

2598410
.238E+10 +280E-
EX_BRICK

T30iE0
+10

a) The Histogram of the Specific Mass of the
vault and the lateral walls
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Fig. 10. Histogram of the Random Variables

By utilizing the Monte-Carlo simulation method and Latin hypercube Sampling,
5000 simulated samples have been produced that are shown in Figure 10. In
Figure 10(a), the histogram of the specific mass of the masonry materials of the
vaults and the lateral walls are shown with a mean value of 18004g/m’and a

standard deviation of 180kg/m*. In Figure 10(b), the histogram of the modulus

of elasticity of the materials of the vaults and the lateral walls are shown with a
mean-value of 2.2GPa and a standard deviation of 0.22GPa. In Figure 10(c), the
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histogram of the specific mass of the masonry materials and the top-passageway
are shown with a mean value of 20004g/m’ and a standard deviation of 200

kg/m® . In Figure10(d), the histogram of the modulus of elasticity of the masonry

fillers and the top-passageway is shown with a mean value of 0.2 GPa and a
standard deviation of 0.02 GPa.

4.5. Histogram of output parameters
To determine the histogram of the failure function, rather than producing
random data, there is a need to calculate output parameters (S1,,..:53 s Daion )

in every simulation with finite element analysis. On the left side of Figure 11,
histograms of the output parameters for the maximum deflection, maximum
tensile stress, and minimum compressive stress for all the simulation loops
produced by MCS are shown. Statistical properties of the output parameters are
shown, including the mean value, standard deviation, etc. On the right side of
Figure 11, the histogram of 5000 simulation loops of the failure function for the
three aforementioned limit states is shown. The negative values of the failure
functions GF,(x)~<o0 indicate the risk of exceedance from special limit states and

induced damage to the bridge.
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Fig. 11. Histogram of the output parameters: maximum deflection, maximum tensile
stress, and minimum compressive stress of the bridge materials

4.6. Probabilistic analysis

To accelerate the assessment of the values of the failure functions, the Monte-
Carlo Latin Hypercube method is used. The number of assessment samples are
independent of the number of stochastic variables and depend on the type of the
output parameter for the user. The high values of the system probability of
failure lead to a low number of required MCS loops. In this research, 5000
replications have been utilized. It was assumed that the system probability of
failure is due to the failure of each system component in terms of tensile,
compressive, and deflection modes. For instance, whilst the inequation
GFSI(J)—<0 is satisfied, it expresses that most probably, the tension failure will

occur. The Monte-Carlo method is utilized due to calculating the probability of
the failure. The performed calculations determine that the probable values of the
failure or damage for the controlling-parameters are as follows: p jD =0,

Pft =1.55%107, and p fC =0. The safety index for the tensile stress limit state

will be ' =2.96. Whereas the target safety index in the standard of ISO13822

offers a minimum value of 4.20. In some other research, the minimum value for
the Trustworthy-Index for the bridge of the type in this research is suggested at
values of 4.8 and 5.2 [34]. Due to the dissatisfaction of the target safety-index in
the tensile stress failure function, the structure of the bridge is recognized as
unsafe and is at risk of failure. In Figure 12, the values of the random samples
show the maximum tensile stress occurring in the bridge, seen on the graph like
a cloud (this figure is an example). For each sample in the case, the values of the
actual tensile stress would be more than the allowed values, which will be
considered as a failure event in the probability of failure.
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- Load- Resistance Model for Tensile Stress ( S1_Max )

0.16

Principal Tensile Stress ( MPa)
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Simulation Number
Fig. 12. Results history of Load—Resistance model of Tensile stress
The failure function for the tensile stress is shown by GF,(0)- In the recently
mentioned state, GF,,(0)<0 and J.=1. In the case of each random sample, the
failure function would be GF,, ()0, and the value of I. would be I.=0. In

the general case, the system failure probability function will be calculated from
Equations 4.1 to 4.5. In Equations 4.1 to 4.3, it is indicated how to determine the
failure functions. In order to determine the failure functions of GF (X ), we

must subtract the critical exist values from their respective allowable values in
every simulation loop, and if the values of the limit-state functions are negative,
it indicates that the structural simulated model is unsafe, i.e. GF,;(x)<0; and if

the value of the failure function is positive, it means the model is safe, i.e.

GF,(X)>0.

GF, (o) = S14% - g1 ; S1“* =0.15MPa 4.1
GF,(0) = 53 - §3™"; §3"" =1.8MPa 42)
GF,(D)= D" = D™ ; D" =5.75mm (4.3)

P> = P|p,”| P! UP|= PlGF,, <OUGF, <0UGF, <0]=0+P' +0 (44
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No.of .Sim.=5000

1
P System __ P ST _ Z ¢ (45)
f Yy T s oo
No.of .Sim

In Figure 13, the cumulative density functions (CDF) for the output parameters
of deformation and stresses are shown. The cumulative functions for the output
parameters of deflection and the stresses are shown in semi-logarithmic planes.
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Normal Probability Plot of S3MIN ( MPa).
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Fig. 13. The CDF for the output parameters
Equation 4.6 is utilized to calculate the safety-index (g). According to Equation
(4.7), the safety-index should be greater than the target safety-index(g). The

value of the target safety-index for historical structures of high importance is 4.2
[2,34]. In Excel software, the inversed CDF can be calculated with the following
command: S =-NORMSINV(p?*"). Figure 15 and Table 2 demonstrate the

relationship between the reliability index and the safety factor of the BISTOON
bridge. An increment in the safety factor would contribute to an improvement in
the reliability index [30]. The segment between the values of 1.5 and 2, is quite
steep.

B=-0"(p;™") (4.6)
B=2p 4.7)

Table 2. Safety Index of the BISTOON bridge for different Safety Factors

L.S. SlAIlow S3Allow DA/low P ,8
Allo%xist (MPa) (MPa) (mm) !
1 0.15 1.8 5.75 0.00154 2.96
1.5 0.225 2.7 8.625 0.00069 32
2 0.3 3.6 11.5 2.11E-06 4.6
25 0.375 4.5 14.375 9.96E-08 5.2
3 0.45 54 17.25 9.87E-10 6
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Reliability Index, f
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Safety Factor, S.F.
Fig. 14. Safety Index of BISTOON bridge for different Safety Factors

S. SENSITIVITY ANALYSIS

The analysis of the response of the structure with respect to the variation of the
random variables in this section is explained. The standard pie-chart and bar-
chart of the sensitivity analysis are given in detail in Figure 15. The maximum
deflection limit function indicates that the maximum sensitivity is related to the
variation of the modulus of elasticity of the vault and the lateral walls, and the
minimum sensitivity is related to the modulus of elasticity of the infilled
masonry and the bridge deck. For the limit function of maximum tensile stress,
the maximum sensitivity is related to the variable of a specific mass of the
infilled masonry and the deck materials and the minimum sensitivity is related to
the modulus of elasticity of the infilled masonry and the deck materials. For the
limit function of minimum compressive stress, the maximum sensitivity is
related to the variable of the specific mass of the infilled masonry and the deck
materials and the minimum sensitivity is related to the specific mass of the vault
and the lateral walls. For all the cases in bar-charts, the negative values on the
chart indicate the reverse effects of variables on the output parameters. For
instance, by increasing the modulus of elasticity of the vault and the lateral
walls, leads to decreasing the value of maximum deflection of the bridge.
Similarly increasing the elasticity modulus of the infilled masonry and the deck
materials leads to decreasing the maximum value of the bridge deflection. The
correlation coefficient of the input variables with the output parameters checked
in software results. It is obvious that there is not a specific correlation between
the input variables, also between the output parameters of the bridge

(SlAllow > S3Allow > DAIlow ) :
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Fig. 15. Sensitivity analysis of the output parameters
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6. CONCLUSION

In this research, the safety assessment of the masonry arch bridges with
historical worth is evaluated with the case study of Bistoon arch bridge. Safety
assessment solely performed under the serviceability of the bridge. The FEM has
been conducted in the ANSYS software environment, where the capability of the
parametric analysis is provided. As the structures of the cultural heritages are
impressively worthy, thus they need to be analyzed precisely and accurately for
their safety assessment. By assigning the variables of the modulus of elasticity,
specific mass of the materials of bricks and infilled masonry materials, as
random variable input parameters with uncertainties, the output parameters of
the case of study will be evaluated. The output parameters include the maximum
deflection of the bridge, the maximum tensile stress and the minimum
compressive stress of the bridge. The output parameters are generated by the
assumption of normal distribution and the coefficient of variation 10 percent and
by 5000 loops. The Monte-Carlo method for the simulation and the Hypercube-
Latin method for sampling has been utilized. Moreover, the sensitivity analysis
to determine the sensitivity of the output parameters with respect to the variation
of the input variables has been studied. It is concluded that the sensitivity of the
rise of the bridge strongly depends on the variation of the infilled specific mass
and modulus of elasticity of the masonry brick’s material. Regarding the
probability of failure with respect to the serviceability loads for the maximum-
tensile stress limit state, it was determined that the bridge is prone to failure and
unsafe, and the system failure probability is p f”“"”” =1.55%x1073, where the

equivalent safety index is B’ =2.96; whilst the safety-index is lesser than the

T arget

target safety index, i.e. [ =4.2. The required safety for the bridge has not

been met and the bridge is at the risk of failure.
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