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Abstract

Masonry bridges are among the main structures built along the road and railway routes. These structures are generally old and have
historical value. Considering the increased axial load and passing speed from these bridges, an in-depth study of these structures
and their potential is of paramount importance. In the present study, an old masonry arch bridge located in 475 km of Western
Iranian railway is investigated. For the detailed modeling of this structure, a three-dimensional finite element method (3DFEM) was
implemented to take into account the details of the bridge and the train passing over it. The developed model was calibrated and
validated using the dynamic field test results. The obtained results showed that the increase in the axial load and train speed over the
bridge must be done carefully because exceeding the travel speed of 90 km/h and increasing the axial load from 20 to 30 ton makes

serious problems in the bridge and interrupts its performance. Furthermore, it was found that the adequacy factor of the bridge under

the standard load of LM71 is over 2.
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1 Introduction

The railway transportation system is subjected to an
ever-increasing demand for axial load and operation
speed. To meet such demands, the railway infrastructures
also must meet the new conditions. In this regard, the con-
structed bridges play a key role such that any defect in
the performance of the bridges interrupts the performance
of the whole route. One of the common types of bridges
constructed over the railways is masonry bridges. These
structures are generally old and their serviceability period
is about to end. Besides, their maintenance is a critical
issue considering their historical values. Hence, for a safe
and nonstop travel, re-evaluation of these structures under
new conditions seems necessary. UIC778-3 code [1] pro-
poses several methods for evaluating the masonry bridges,
for different geometries and applications. One of these
methods is the one proposed by Pippard [1], i.e., MEXE,
which allows estimation of the allowable operating load.
Also, methods such as limit analysis equilibrium and
limit analysis mechanism, two-dimensional and three-
dimensional finite element, discrete element analysis, and

elastic and elasto-plastic analyses can be applied depending
on the purpose of the analysis and geometrical conditions
of the model.

In the second half of the 19th century, elasticity the-
ory received the attention of many scientists. Fanning and
Boothby [2], in a study on three masonry bridges, obtained
a good agreement between the FEM results and field test
results. According to their work, nonlinear FEM is a suit-
able method for the analysis of masonry bridges. In another
study, Fryba and Pirner [3] extracted impact dynamic
coefficients and natural frequencies of a railway bridge
through the field tests. Moreover, using the stress monitor-
ing of the bridge, they estimated fatigue and deterioration
of the bridge and its maintenance intervals. Brencich and
Sabia [4] investigated the 18-span Tanaro Bridge through
several tests on the bridge body and materials and utilized
the obtained results in FE modeling of the masonry bridges.
The results of this study revealed that the modal analysis of
the bridge needs monitoring several parts of it. Moreover,
FE modeling provided valuable results on the behavior of

Cite this article as: Sotoudeh, S., Jahangiri, M., Ranjbarnia, M., Zakeri, J.-A. “Three-dimensional Modeling of an Old Masonry Bridge and Assessing Its
Current Capacity”, Periodica Polytechnica Civil Engineering, 64(2), pp. 460-473, 2020. https://doi.org/10.3311/PPci.14942


mailto:m_%20jahangiri%40rail.iusc.ac.ir?subject=

the masonry bridges under operating loading and dynamic
parameters. Ng and Fairfield [5] modified the parameters
governing the behavior of a masonry bridge and performed
arisk analysis on it based on a combination of Monte Carlo
simulation and mechanism method. The method proposed
in this research allows a realistic analysis of the bridge and
improves the engineering judgment for enhancing the axial
load of the masonry bridges with poor conditions. Marefat
et al. [6], by conducting some force experiments and anal-
ysis of a bridge, found that the structure works as a mul-
tilayer system and show high strength, despite the cracks
in its body and its carbon content. According to these
authors, the accurate analysis of these cracks and incor-
porating the soil effects are two essential factors in con-
vergence and simulation accuracy. Caglayan et al. [7] per-
formed some field tests in order to characterize a large old
masonry bridge in a seismically active area and calibrated
the model using the FEM results. Their results demonstrate
the stability of the bridge against the increased axial load.
Carr et al. [8] investigated the Cernadela masonry bridge
using the elastic analysis. Then, incorporating the stiffness
and geometry of the bridge, they calculated the capacity
of this bridge (~ 14.5 ton) through forming the first hinge.
Bayraktar et al. [9], claiming that the numerical study
of masonry bridges cannot be accurate enough by itself,
installed some resonance-sensitive accelerometer and
conducted some field tests. They selected eight masonry
bridges made of stone and mortar with different ages and
locations and calculated their dynamic properties using the
modal analysis. They determined the frequency, damp-
ing ratio, and shape coefficients of the selected bridges
through frequency zone analysis and semi-spatial statis-
tics and compared them for all eight bridges. The output of
this study is a new formula for the first frequency, a value
for damping ration, and different shape coefficients for old
masonry arch bridges. Ataei et al. [10] conducted some field
dynamic tests on a stone bridge, calibrated their FE model,
and analyzed the bridge under different conditions through
dynamic analyses. The results revealed the complete safety
of the bridge under operating load and inefficiency of the
bridge under the standard LM71 loading. Reccia et al. [11]
conducted a three-dimensional nonlinear FEM analysis
on a masonry bridge using cubic solid elements and inte-
grating two coding and software methods. They carried
out nonlinear static and limit analyses on a three-dimen-
sional complicated structure, loaded the bridge up to the
standard LM71 load, and analyzed its collapse mechanism
due to the effects of foundation settlement. Ataei et al. [12]
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performed a feasibility study on masonry arch bridges and
carried out a three-dimensional FE modeling under mov-
ing loads. However, using a moving train instead of moving
loads would give a more accurate estimation of the bridge's
behaviors. After validation of the FE model using the field
test results, four-hinge plastic mechanism and serviceabil-
ity limit state applied. They concluded that the bridge can
resist an increase in the axial load from 20 to 25 ton under
a travel speed of 5-60 km. Elsewhere, Ataei et al. [13] per-
formed a feasibility study on the axial load increment on an
S-shape masonry bridge with a span length of 36 m. They
performed material strength tests on the cores extracted
from the bridge and carried out dynamic field tests in order
to calibrate the responses of a masonry bridge. Their results
showed the resistance of the load against the increased axial
load. They finally determined the ultimate strength coeffi-
cient of the bridge. Jahangiri and Zakeri [14, 15] investi-
gated the effects of train speed on a train-bridge system for
a concrete box bridge using FE modeling of the bridge and
train for one-way and two-way routes under the velocity
range of 120-350 km/h. The proximity of the natural fre-
quencies of the bridge and loading frequencies of the train
significantly affected their results in some velocities.

Based on the mentioned points, there are two common
points in the majority of these studies:

* Modeling based on a moving load; however, model-
ing with a moving train can provide a more accurate
behavior of the bridge.

» Comparing the field results and outputs of the numer-
ical modeling; according to these studies, compar-
ing the results of software modeling with field test is
necessary for validating the modeling results.

Safety analysis of masonry bridges is done using sev-
eral methods. One of the common methods in this regard
is extracting their ultimate capacity [16, 17]. This process
is done by incorporating details such as materials degra-
dation and allows plastic analysis until the failure point.
However, the behavior of the structure cannot be predicted
during the analysis. One approach to reach this goal is to
apply FE modeling, which not only allows relatively accu-
rate analysis of the complicated structures but also pro-
vides valuable information on the structure's behavior
during the analysis. Considering the needs of the railway
transportation system, the feasibility study of axial load
and speed travel increase seems an essential issue. Thus,
the present study was conducted on the single-line 475
masonry bridge built upon the Western Iranian Railway
(Azerbaijan).
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Considering the complexity involved in the behaviors of
the masonry structures, to confirm the accuracy of the FEM
results, the model was validated using the field test results.
The objectives followed in the present study are as follows:

» Investigating the interaction of masonry bridge-train

system,

» Investigating the current situation of the bridge

based on the common passing loads,

» Feasibility study of axial load increase,

» Feasibility study of passing speed increase,

e Determining the ultimate bearing capacity of the

studied bridge.

2 Research methodology
To achieve the objectives of this research, a 3D FE model
was developed for both the bridge and train. In the follow-
ing, the results and sensitivity analyses performed under
different conditions are presented. The assumptions of this
work are as follows:
* Modeling of the bridge and train was done through
FEM technique.
» Each of four-axis vehicles and six-axis vehicles was
modeled with 27 and 33 degrees of freedom.
e The bridge was modeled as a single-line masonry

e The train passes over the bridge under different
speeds.
* The train passes over the bridge under different axle
loads.
Based on these assumptions, the steps shown in Fig. 1
were carried out.

3 Bridge characteristics
475 Bridge is a structure with the serviceability age of
70 years and a length of 174 m. The bridge has four 25-m
and six 8-m spans and operates with an axial load of 20 ton
and a travel speed of 60 km [10].

Figs. 2 and 3 presents a view of 475 Bridge and its spans.
Also, Table 1 lists the geometrical specifications of the

bridge, obtained through detailed field surveys.

bridge. Fig. 2 A view of 475 Bridge
Dynamic interaction of train-masonry
arch bridge
L4 l
Field loading test Material properties WVisual inspection
Material strength tests Geometrical properties
FE modeling of the
masonry bridge
L Validation of the numencal model
Accuracy assessment of the Evaluating the Evaluating the Ultimate bearing Maxmum desizn
modeling using moving train and frain-masonry current situation of capacity of the speec than can be
moving load bridge interaction the masonry bridges masonry bridges assumed for the bndge

Fig. 1 Research methodology
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Fig. 3 Spans of the studied bridge

Table 1 Geometrical specifications of the masonry 475 Bridge

Spanno. Span length (m) Arch key thickness (m)  Seat width (m)

Deck width (m)  Pier height (m) Span height (m)  Pier thickness (m)

Cl1 3.5 0.50 0.78 4.00 57 1.8 4.35
C2 3.5 0.50 0.78 4.00 8.2 1.8 1.72
SP1 25 1.10 1.9 4.00 33 8 5.6
SP2 25 1.10 1.9 4.00 5.6 8 4.76
SP3 25 1.10 1.9 4.00 5.6 8 4.76
SP4 25 1.10 1.9 4.00 5.6 8 476
C3 8 0.75 1.2 4.40 8.2 4 2.47
C4 8 0.75 1.2 4.40 7.6 4 2.26
C5 8 0.75 1.2 4.40 57 4 2.1
Co6 8 0.75 1.2 4.40 5.8 4 2.1
5.8 4.4
4 N {,1,; Car bady A
dxdydz
Jx Jy,Jz A
Y, v l"-Rz
. _Z Rx .
- Cy. Ky
Bo-e Bo Bojie ¢ |
f cy Ky 3 Y R
CzKz CzKz
= i [ = i3
H Boye i Car body Bope
SRy g\RY yR oY b B
1 1 1
Z Z Z
———2b0——n = g L+ I ] 1
= 2b1 - ~—0q2 f 52 f s {

Fig. 4 Mechanical and geometrical specifications of the GT26 train

4 Train characteristics

The train used in this study is composed of a 6-axis Gt26
locomotive and a 4-axis wagon passing over the bridge
with axial loads of 19 and 20 ton, respectively. The geo-
metrical and mechanical specifications of the train are pre-
sented in Fig. 4 and Table 2, respectively.

5 Finite element modeling

To control and investigate the research objectives, the 3D
FE modeling was done using ABAQUS software [18].
Through the modal analyses in the mesh intervals of 100 to
20 cm, we observed frequency differences less than 0.15 %

between 20 and 30 cm meshes. Thus, #30 was selected as
the dominant mesh size in our analyses (Fig. 5).

To develop the model, a total of 144,038 cubic six-side
elements with an average element size of 30 cm were used.
All geometrical and structural features of the bridge, such
as expansion joints and fillings, were considered. Also, the
piers were considered as constant joints.

Based on the results of material strength test on 9 stone
core extracted from different parts of the bridge, the aver-
age compressive strength was determined to be 46 MPa
for the stone materials. Stone strength -classification
according to UIC778-3 [1] standard is as follows (Eq. (1))
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f» = Kf,, =0.365x46=16.79MPa , (1)
where f, is a stone strength property, K is the reduction
index, which is obtained through the tests, and f is aver-
age compressive stone strength. Since K is estimated to be
0.365 for the 9 extracted samples [1], the stone strength
(f,) was determined to be 16.79 MPa.

To set material properties of the model, the initial mod-
ulus of elasticity was extracted according to the equations
proposed by UIC778-3 [1]. So, for stone materials and
cement mortar, we have Eq. (2):

E =5000+300f,, @
where E is the equivalent modulus of elasticity. Based on the
determined stone strength, £ was estimated as 10.04 GPa.

To calibrate the FE model (Fig. 6), it was tried to mini-
mize the difference between the measured modal parame-
ter of the bridge and the one calculated with FEM through
manipulating the parameters such as mechanical properties
of the materials. Then, in order to verify the updated model,
the vertical displacement values at the bridge mid-span
from the field test and finite element model are compared.

Table 2 Mechanical and geometrical specifications of the GT26 train

Description Name Unit Power car Passenger cars
Body dimensions sl; s2; ql; q2; hl m 6.25;6.25;4.3;4.3,0.7 4.93;4.93;2.6;2.6;0.7
Body mass Mc ton 68 59
Inertia moment Ix; Jy; Iz ton.m? 180;3500;3500 85;2900;2870
Bogie mass Mb ton 34 3
Bogie inertia moment Ix; Jy; Iz ton.m? 1.76;2.5;5 1.55;2.4;4.6
Stiffness of the secondary suspension system Kz; Ky KN/m 220;1040 105;810
Damping of the secondary suspension system Cz; Cy KNS/m 95;120 40:45
Dimensions of the secondary suspension system b2; h2 m 0.95;0.4 0.8;0.4
Stiffness of the primary suspension system Kz; Ky KN/m 2890;1683 2350;970
Damping of the primary suspension system Cz; Cy KNS/m 80;35 62;25
Mass of axle-wheel Mw ton 1.8 1.8
Inertial moment of axle-wheel Ix; Jy; Jz ton.m? 2.1;2.1;0.043 2.1;2.1;0.043
Primary suspension system and wheel b0; bl; h3; t; rw m 0.75;0.9;1;1.7&1;0.5 0.75;0.9;1;1.7;0.5
10% _
=
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Fig. 5 The convergence of the first six modes based on mesh dimensions

Fig. 6 The 3D FE model developed in ABAQUS environment for 475 Bridge and GT26 Train



In all spans, £ was used as the calibration parameter for
minimizing the difference of deformation responses and
natural frequencies between the FEM and field test results.
Moreover, as shown in Table 3, by estimating £ for each
span, it is possible to estimate compressive strength using
the equation proposed by Euro-code [19] Standard (Eq. (3)).

E
Sx K, 3

Table 4, Figs. 7 and 8 present natural frequency and
modal shapes of the bridge computed through the updated
masonry Young's modulus and calibrated numerical
model. It is worth mentioning that the free resonances of
the accelerometers (Table 4) were used for this purpose.

Considering the importance of initial modes and accu-
mulation of >90 % of the modal mass in modes 1 and 2,
UIC778-3 [1] have issued a code by which the frequency
differences between modes 1 and 2 obtained through the

Table 3 Initial and calibrated elasticity modulus and compressive
strength of the modeled material ( is set to 1000)
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Fig. 8 Modal frequency

field test and FE model can be 15 % and 25 %, respec-
tively. Based on Table 4, the natural frequency difference
obtained from field test and FE model in shape modes 1
and 2 is less than 13.5 %.

All elements existing in nature are deformable. Indeed,
there is not absolute solid material in the universe. However,
with respect to the deformability level, some substances
can be considered as solid relative to others. In the pres-
ent study, train modeling was done using the discrete rigid
elements and some springs and dampers in the horizontal
and vertical directions were considered as the connection

Elasticity Modules Compressive Strength

Span No. GPa) (MPa)
(GPa a Table 4 Comparison of natural frequencies obtained through field

Initial Calibrated Initial Calibrated test [10] and the FE
Ist 10.04 7.82 10.04 7.82 Mode  Dynamic  Finite Allowable Variance Variance
2nd 10.04 7.34 10.04 734 No. Test Element (According to UIC)
3rd 10.04 7.24 10.04 7.24 1 2.73 3.10 %15 %I13.5
4th 10.04 775 10.04 775 2 3.51 3.36 %25 %4.27
Other spans 10.04 7.70 10.04 7.70 3 3.97 3.79 - %4.53

1% mode 2md mode 31 mode

4% mode 5t mode 6% mode

Fig. 7 Modal shapes of the 475 Bridge
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elements of the trains (Figs. 9 and 10). Moreover, based on
the Hertz Theory, Hertzian springs were used to simulate
the wheels (Fig. 10). To estimate the equivalent stiffness
of the Hertzian spring, the relations proposed by Bhaskar
et al. [20] were used, where £, is the equivalent stiffness of
Hertzian spring, G is shear modulus, P, is contact force, 8 is
Poisson's ratio, and R is equivalent wheel radius (Eq. (4)).

6G>PR, |’ @

ky = -
(1-9)

Fig. 11 illustrates the displacement results in the mid-
dle of SP4 subjected to the pass of two GT26 locomotives
extracted using both field test and FEM analysis, which
suggest the desired accuracy of the FE modeling.

Fig. 10 The suspension systems and Hertzian springs
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Fig. 11 The comparison of FEM and field test results for displacement
occurred in the middle part of SP4 for the case with two locomotives

traveling

Reducing the simplifications and a precise correspon-
dence of the model with reality enhance the accuracy
of the analyses. The majority of the previous studies in
this regard focus on a moving load on masonry bridges.
In comparison, a moving train was considered instead of
a moving load to increase the accuracy of the modeling
results. The results show that the modeling results for the
case of moving load are 10 % greater than the case of mov-
ing the train (Fig. 12).

6 Evaluation of the bridge-train interaction
Investigating the interaction of bridge-train system using
FE modeling provides valuable time history responses,
which allow studying the behavior of the structure during
the analyses. Figs. 13(a)—(c) present time-history results
for displacement, stress, and acceleration for two locomo-
tives passing at a speed of 36 Km/h in the middle of SP4.
Based on the displacement curve, it is seen that displace-
ment initially occurs by entering the first Bogie. Then,
after approaching Bogies 2 and 3, the displacement level
increases. Next, with a slight resonance in second 9, the
effects of Bogies 2 and 3 are separated. Finally, after exiting
Bogie 4 from the arch, the lateral piers show their effects.
In dynamic problems, analyses are done with an incre-
mental approach. In this situation, the applied loads and
train speeds increase proportionally to the increments.
It has to be noted that at the beginning of the analyses
the applied loads and train speeds are zero while along
with the analysis they linearly grow up to the assigned val-
ues. To analyze the conditions of the bridge, a train with
1 locomotive and 3 wagons was used. Fig. 14 presents the
train speed effects in the SP4 under axle load of 20 ton and
Fig. 15 presents the axle load effects under train speed of

60 km/h respectively.
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2
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Fig. 12 The comparison of the moving train, moving load, and field test
results for displacement occurred in the middle part of SP4 for the case
with two locomotives traveling
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7 Limit state assessment of serviceability stresses

The bridge was analyzed using the velocities of 0-160
km/h and axial loads of 20, 25, and 30 ton. An increase in
the axial load and passing speed resulted in an increase in
the bridge responses. However, as can be seen in Fig. 16,
the peak acceleration responses occur at a velocity of 120
Km/h, which is due to the closeness of loading frequency
and bridge natural frequency (Eq. (5)). This phenomenon
suggests that the dynamic impact coefficients proposed in
the regulations are not necessarily able to accurately pre-
dict the dynamic forces in all loading speeds.

f=_7 (5)

where f'is frequency, V is velocity and S is the distance
between loading points.
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According to BD-91/04 [21], the allowable compressive
stress under the serviceability limit state with the loading
pattern of D + 1.2L does not exceed 0.4f,. Considering the
7.82 MPa compressive strength of the studied stones of
SP1, the allowable compressive strength was calculated to
be 3.13 MPa. Fig. 17 shows compressive stress results for
SP1. The results suggest the adequacy of this parameter
for all speeds and axial loads. Also, Table 5 shows com-
pressive stress results for all arches under a passing speed
of 60 km/h and an axle load of 20 ton.

Standard BD-91/04 [21] limits the allowable eccen-
tricity of the compressive arch to, where % is the arch
thickness. The stone blocks in the arch are mainly under
compression and show considerable strength. However,
an increase in the axial loads caused by the pavement
enhances eccentricity (e = M/P), leading to tensile stresses
in the lower fiber and, consequently, separation and fail-
ure of stone blocks in the arch. As mentioned earlier,
BD-91/04 [21] recommends the allowable eccentricity as
e < 0.25h. Figs. 18 (SP1)-(C4) present eccentricity values
for 25-m and 8-m main spans in different speeds and axle
loads. As an instance, Table 5 presents the current situa-
tion of the bridge under the passing speed of 60 km/h and
axle load of 20 ton.
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Fig. 17 The maximum results of compressive stress (SP1 mid-span)

Results show that all applied compressive stresses are
in the allowable range but with an increase in the axial
load and travel speed, the eccentricity becomes a problem-
atic issue in the arch spans, which is more severe in 8-m
spans compared to the 25-m spans.

8 Ultimate load carrying capacity

Ultimate load carrying capacity is defined as the ratio of
collapse load to present live load. According to the sec-
ond revision of UIC 778-3 [1], the 4-hinges mechanism
is the most probable damage mode in a single-span arch.
Moreover, BD-91/04 [21] has proposed an equation for
the analysis of the ultimate load carrying capacity of the
masonry bridges (Eq. (6)).

P <0.4bf, (h-2e) ©6)

ent study, a 2D model — developed based on material test
results and in accordance with UIC 778-3 [1] regulation —
is proposed as the second step of the analyses. The advanced
3D model, which was calibrated and validated based on
field test results in the previous section (FE modeling),
is considered as the third step of the analyses. Moreover,
a 2D model presented for ultimate load bearing capacity of
masonry bridges was developed in Ring software.

The safety factor according to UIC 778-3 [1] for perma-
nent and live loads and materials properties are 1.35, 1.45,
and 2.25, respectively. In comparison, BD-91/04 [21] rec-
ommends safety factors of 1.65 and 1.35 for the live and
permanent loads, respectively.

The 2D model presented in Fig. 19 was developed in
ABAQUS based on material test results. As can be seen,
details such as joints and ballast were simplified in the
model. To develop this model, 4-node elements were used.
Moreover, a 3D FE model was calibrated and developed
based on field test results. The model incorporates all
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Table 5 Investigating the current situation of the bridge based on the common passing loads (1Dis+3loco) according to BD-91/04{[21]
) S (MPa)
Span Location h (mm) e (mm) elh BD91/04
Exerted Allowable (0.4 f))
Upper fiber -0.84 -3.13 1100 220.28 0.20 OK
Middle-Span
Pl Lower fiber 0.08 -3.13
Upper fiber -0.42 -3.13 1350 30.38 0.02 OK
Quarter-Span
Lower fiber -0.56 -3.13
Upper fiber -0.84 -2.94 1100 211.66 0.19 OK
Middle-Span
P2 Lower fiber 0.06 -2.94
Upper fiber -0.39 -2.94 1350 3491 0.03 OK
Quarter-Span
Lower fiber -0.53 -2.94
Upper fiber -0.71 -2.90 1100 184.43 0.17 OK
Middle-Span
3 Lower fiber 0.00 -2.90
Upper fiber -0.40 -2.90 1350 51.78 0.04 OK
Quarter-Span
Lower fiber -0.64 -2.90
Upper fiber -0.87 -3.10 1100 206.86 0.19 OK
Middle-Span
Spa Lower fiber 0.05 -3.10
Upper fiber -0.35 -3.10 1350 59.20 0.04 OK
Quarter-Span
Lower fiber -0.60 -3.10
. Upper fiber -0.26 -3.08 750 937.5 1.25 N.G
Middle-Span
ca Lower fiber 0.26 -3.08
Upper fiber -0.08 -3.08 800 17.44 0.02 OK
Quarter-Span
Lower fiber -0.06 -3.08
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Fig. 18 The effect of axial load and train speed on the eccentricity factor



470 Sotoudeh et al.
Period. Polytech. Civ. Eng., 64(2), pp. 460-473, 2020

Fig. 19 The simple 2D FM model of the 475 Bridge

structural details of the bridge. Nonlinear modeling of the
materials was completely considered in the 3D model such
that to nonlinearly investigate displacements in the plas-
tic joints. Fig. 20 presents the stress-strain diagram of the
masonry bridges [19].

The Ring software [22] is recommended by UIC 778-3 [1]
for extracting the ultimate bearing capacity of the masonry
bridge. This software homogenizes solid blocks using the
limit state method such that single-ring and multi-ring
arches are modeled as the structure in the plan and are
composed of solid assembled blocks. Using this software
allows determining the collapse load and mechanism.

Clearly, for any new position, the moving vehicle has
a specific load coefficient. When the standard LM71 [23]
load (Fig. 21) is applied to the middle and the quarter of
each arch, collapse load and mechanisms were determined.
The collapse mechanism for both 8-m and 25-m spans was
determined using the ABAQUS (Figs. 22 and 23) and Ring
software (Fig. 24). The adequacy factor of the bridge for
the state presented in Figs. 22-24 is shown in Table 6.
The table also presents the adequacy factor extracted from
the developed 2D and 3D models. Table 7 shows the ulti-
mate bearing capacity results of the bridge in accordance
with BD-91/04 [21], where P is the axial force and P, is
the axial bearing capacity of the section. In the worst case,
the difference between the results of these two standards is
less than 17 %.

The results show that among all models, the 3D FEM
is the most efficient one and provides a high accuracy;
thus, the other ones may overestimate or underestimate
the results. Table 8 gives the overestimated and underesti-
mated results of the 2D models and BD-91/04 [21], which
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Fig. 20 Stress-strain diagram of the stone materials [[19]
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Fig. 21 Standard LM71 loading according to UIC 776-1 [23] standard

(®)

Fig. 22 3D analyses in the Middle of the 25-m Spans in ABAQUS:

a) Loading and b) Results

@

(b)
Fig. 23 2D analyses in the Quarter of the 25-m Spans in ABAQUS:
a) Loading and b) Results
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(b)
Fig. 24 2D analyses in the (a) Middle-Span and (b) Quarter-Span of
the 25-m and 8-m spans in Ring

Table 6 Ultimate bearing capacity under the standard LM71 loading

Span length (m) Model Type Quarter-Span ~ Middle-Span
3D (FEM) 2.48 2.60
25 2D (FEM) 2.78 3.03
2D (Ring) 1.99 2.92
3D (FEM) 476 5.49
8 2D (FEM) 5.55 6.19
2D (Ring) 5.51 5.52

were compared to the 3D FE model. The results show that
the 2D model in the larger span gives larger overestima-
tion and underestimation differences. However, the 2D
models can be accurately applied in simple bridges with-
out secondary arches.

9 Conclusions

The safety and serviceability of an old masonry arch
bridge over 70 years old, which is still under service, was
explored in this study. For this purpose, a comprehensive
3DFEM is developed and calibrated using the results of
field dynamic load test results [10]. Then, after assess-
ment of the effects of the moving load against the moving
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Table 8 Comparison of ultimate bearing capacity between 2D and 3D

FE models

Span length (m) Model Type Quarter-Span ~ Middle-Span
3D (FEM) 1.00 1.00
2D (FEM) 1.12 1.16

> 2D (Ring) 0.80 1.12
BD-91/04 1.22 1.06
3D (FEM) 1.00 1.00
2D (FEM) 1.17 1.13

5 2D (Ring) 1.16 1.01
BD-91/04 0.84 0.72

train and the effects of train speed and axle load on bridge
responses, the current situation of the bridge in terms of
serviceability and ultimate state is determined.

Based on the result, it is clear that the results of moving
load are not equal with the results of the moving train. For
example, the arch mid-span deflection obtained using the
moving load show a 10 % overestimation while those of
the moving train are consistent with the field test results.

The results showed that the maximum value of vertical
deflection, acceleration, and stress occur at train speed of
120 km/h.

Based on serviceability limit state, the allowed speed
of the train is 80 km/hr for a 20 tons axle load. If the axle
load increases to 25 tons, the allowed speed is 70 km/h
and if the axle load increases to 30 tons, the allowed speed
should be 40 km/h.

To estimate the ultimate load carrying capacity of the
bridge, a 2D model was developed as the second step of
the analyses and a 3D model was developed as the third
step of the analyses. Moreover, a 2D model was developed
in Ring software and then the obtained results were com-
pared to the proposed method of BD-91/04 [21].

Considering the 3D model as the most accurate model,
it is possible to determine the over/under-estimation of the
other models relative to the 3D model. For an 8 m span,

Table 7 Ultimate bearing capacity under the standard LM71 loading and using BD-91/04 code [21]

Span length (m) Location M/P N.m and N h (mm) e (mm) P (ton) P (ton) Loading factors
M 436000
Middle-Span 1100 429 101.70 281 2.76
P 1017000
25
M 629000
Quarter-Span 1350 516 121.80 367 3.02
P 1218000
M 116700
Middle-Span 750 311 37.5 148 3.94
X P 375000
M 197600
Quarter-Span 800 278 71.11 284 3.98
P 711800
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FEM and Ring 2D models overestimated the adequacy fac-
tor of the bridge by 13 % and 1 % on the arch middle part
and 17 % and 16 % on the arch quarter part, respectively.
BD-91/04 method, on the other hand, underestimated the
adequacy factor of the bridge by 28 %. For a 25-m span,
FEM 2D model overestimated the adequacy factor by
16 %, the 2D model of Ring underestimated it by 20 %, and
BD-91/04 method overestimated it by 22 %. Since 3D mod-
eling is relatively time-consuming, and taking the fact that
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