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Abstract 
This investigation deals with the serviceability analysis and increased axle load performance of Bridge No. 541 of UNESCO recognised Kalka Shimla 
Mountain Railways, which is a multi-storey arch gallery stone masonry bridge situated in the state of Himachal Pradesh, India.  For this purpose, a 
finite element (FE) model was developed based on the drawings and reports available in Shimla Division, Northern Railways, India. Further, the results 
obtained from ambient vibration test (AVT) and operational modal analysis (OMA) is utilized to model update the initial FE model by modifying the 
mechanical properties of stone masonry. The serviceability against present-day axle loading (H Class Loading, Indian Railways) and present speed of 
the train is assessed.  At last, a parametric study is conducted to understand the feasibility to attain higher speeds (up to 40 kmph) of the present axle 
load and higher axle load with different speeds of the train over the bridge to check the serviceability conditions advised in the Indian Railways code 
and also International codes. Finally, the study concluded that Bridge No. 541 of Kalka Shimla Mountain Railways can sustain speeds up to 40 kmph 
for current axle loading satisfying serviceability conditions. 

 
Keywords: masonry arch bridge, heritage structure, moving load analysis, serviceability, ambient vibration test. 

 

Introduction 
 
India is a nation rich in cultural heritage, as evidenced by its tourism industry. Presently, Travel & Tourism 
Competitiveness Report 2019 (Lauren Uppink Calderwood Maksim Soshkin, 2019) gave 34th rank to India out of 136 
countries overall for the Travel & Tourism Competitiveness Index which led to an increase in transport capacity demand. 
To meet the necessity of tourism, the transportation capacity of the railways should also be increased either in terms 
of axle load capacity or, in terms of the frequency of the trains with increased speeds. Indian railway is one of the largest 
railway networks in the World. There are about 1,27,768 bridges available in India out of which 19,647 are masonry 
arch bridges (IRICEN, 2009). Further, many of these bridges were constructed pre-independence era which is still in 
service. Table 1 shows some important bridges present in India. 
 

Table 1. Important bridges in Indian railways. (Self-Elaboration).  

Sl. Nº. Name of the Bridge Special Feature Location 

1 Bridge No. 13 on Tundla Agra 
Section 

Largest span of masonry arch 
about 27.43m 

Agra railway section 

2 Bridge No. 208 on Howrah 
Burdhawan mainline 

Longest arch bridge about 
954.9m 

Howrah railway section 

3 Bridge No. 541 on Kalka Shimla 
Mountain railway line 

Arch gallery 4 storied bridge Kalka-Shimla railway line 

 
These bridges were designed and constructed for olden day wheel axle loads adopting empirical formulas. However, 
the serviceability analyses need to be performed against increased axle loads and various train speeds to check the 
safety and performance of these bridges towards future services and preservation. Fanning and Boothby (2001) 
developed  a finite element (FE) model based on modal analysis and field study. They recommended that model mesh 
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and material properties are important parameters for the development of reliable FE model. Brencich and Sabia (2008) 
investigated an 18-span arch bridge by dynamic tests and a reliable FE model was prepared. The study revealed that the 
developed FE model can give accurate bridge response under service load conditions. Bayraktar et al. (2010) developed 
a Frequency domain operational modal analysis (OMA) procedure to estimate the natural frequency, mode shape and 
damping ratio for masonry arch bridges. Banerji and Chikermane (2012) developed a sustainable FE model updating 
procedures for 75-year-old masonry arch bridge and validated the developed procedures which can be utilized for any 
existing masonry arch bridges for assessment.  
 
Kishen et al. (2013) conducted a field study and developed a numerical model under static loads. Moreover, the 
numerical simulations were performed to understand the response of the bridge for increased axle loads. De Santis and 
De Felice (2014) investigated the load-carrying capacity and safety factor for masonry arch bridge utilizing fiber beam 
based model approach. The study showed that the approach is reliable for understanding the limited parameters of the 
masonry arch bridge. Ataei et al. (2016) investigated the safety of an old railway masonry arch bridge, by conducting 
visual inspection and dynamic loading testing, and studied the possibility of increasing axle load of the bridge. The study 
concluded that the bridge can sustain higher axle loads. Ataei et al.  (2017) investigated experimental and analytical 
natural frequencies for model verification of a masonry arch bridge. Using the calibrated model, the bridge was assessed 
for safety in serviceability and ultimate limit states due to the application of higher axle loads.  
 
Boothby  (2001)  investigated the serviceability behaviour of the masonry arch bridge through quasi distributed sensing 
techniques to quantify the dynamic response of the bridge through the measurement of strains and displacement. 
Dhanasekar et al. (2019) performed a serviceability assessment of the masonry arch bridge utilizing digital image 
correlation techniques and developed a reliable numerical model.  The study concluded that the predicted strains from 
a numerical model had good correlation with the field measurements. Tubaldi et al. (2020) performed a parametric 
study on the masonry arch bridges to find variation in stiffness and ultimate load-carrying capacity using a mesoscale 
numerical model. The study provided useful information regarding risk assessment and important parameters which 
are affecting the behaviour of the bridge. Further, a comprehensive review on assessment procedures for masonry arch 
bridge can be seen in the literature (Consuegra & Santos, 2015; Sarhosis, De Santis, & de Felice, 2016; Shimpi, 
Sivasubramanian, & Singh, 2019). 
 
The present study assesses Bridge No. 541 of Kalka Shimla Mountain Railways for its serviceability for present-day 
loading as well as check the performance of the bridge for increased axle loads and increased speeds of the trains. For 
this purpose, a reliable FE model is developed and updated with the field results obtained from ambient vibration test 
(AVT) and operational modal analysis (OMA) of the bridge. The FE model update is performed by modifying the 
mechanical parameters of the stone masonry so that the dynamic response of the FE model can match with the field 
results in terms of natural frequency and mode shapes. At first, the developed model is utilized to study the 
serviceability of the bridge for present H Class Loading from a speed range of 10 kmph to 40 kmph. Further, the 
performance of the bridge is analysed for modified meter gauge loading for speeds between 10 kmph to 40 kmph. The 
results are compared with the indian railways codes and International codes for the safety limits in terms of deflection 
and acceleration values, respectively. Finally, conclusions are made regarding serviceability and performance of the 
bridge for increased axle loads as well as the critical speeds of the train on the bridge. 
 

Description of the problem 
 
Description of the bridge 
 
The Kalka Shimla mountain railway was commissioned in the year 1903 for public traffic. It is a hill passenger railway 
connecting Kalka station and Shimla station having the length of about 96.6 km at an altitude more than 2000 m from 
mean sea level on the Himalayas located in the state of Himachal Pradesh, India.  Also, the rail network holds the 
Guinness Book of World Records for its 800 bridges & 103 tunnels in the mountain region (Mathur, 2008). In the year 
2008, it was listed in “Mountain Railways of India” and recognized as world heritage site by UNESCO (ICOMOS, 2008). 
The main features of the Kalka Shimla mountain railway line are stone masonry bridges with the absence of  girders. 
There are a total of 42 major bridges which are constructed as multi-arched galleries like ancient Roman Aqueducts. 
Bridge No. 493 and Bridge No. 541 are the most spectacular and complex bridges of this railway line. 
 
Bridge No. 541 is located near Kanoh railway station at an altitude of 1650 m from mean sea level. This bridge is the 
tallest bridge amongst all the bridges in Kalka Shimla mountain railways, having a total height of 23.8 m. The total length 
of the bridge is 52 m and situated at the reverse curve of 48º. The bridge is constructed as ashlar masonry of the 
limestone blocks joined with the lime mortar. The geometric details of Bridge No. 541 are given in Figure 1.  
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A comprehensive visual survey is carried out to investigate the present-day condition of the bridge.  At first, it is 
observed that some of the bridge elements are suffering from environmental, chemical and physical actions. It was 
observed that the stone blocks in the bridge have efflorescence, vegetation and water flowing. In some areas, mortar 
patches are observed to fill the joints. In the bottom of the bridge and near the abutments, landfills are observed.  
Further, minor patch works on the piers are spotted during the survey which depicts the presence of minor cracks in 
the stone masonry. It is observed that the bottom of the piers are resting on very hard rocky strata. Figure 2 shows 
images of the bridge for present-day condition.  
 

Figure 1. Description of Bridge No. 541, Kalka Shimla mountain railways: a) bridge No. 541, Kalka Shimla montain railways; b)  Plan; c) Elevation. (Self-Elaboration).  

 
 

a)  

b) 

c) 

 
Figure 2. Present condition of Bridge No. 541, Kalka Shimla mountain railways: a) patches on the pier; b) bottom piers covered with the soil; c) efflorescense. (Self-

Elaboration).  

 

 
a) 

 
b) 

 
                                 c) 

 

Experimental method 
 
Experimental study on the bridge 
 
Ambient vibration test (AVT) is a field procedure adopted for the estimation of dynamic parameters of the structure. It 
is a non-destructive technique preferred for assessing the heritage structures for system identification (Shimpi et al., 
2019). Due to advances in electronic instrumentation AVT have become most reliable field testing method for assessing 
the heritage structures. AVT is utilized by many researchers for assessing the different parameters of the heritage 
structures. Gentile and Saisi (2011) investigated the present-day condition of Pederno iron arch bridge (located in Italy) 
by performing AVT. The study concluded that AVT is an effective tool for structural health monitoring of heritage bridge 
structure. Sevim et al. (2016) evaluated the effect of near fault and far fault ground motion on the historical arch bridge. 
The study performed AVT on the structure and updated the numerical model based on AVT results. Roselli et al. (2018) 
studied the Ponte delle torri bridge in Italy to understand the health condition of the bridge after the seismic sequences 
in Italy. Pedrosa et al. (2019) developed the strengthening strategy to repair the Portel road bridge in Coimbra.  
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The study utilizes AVT for identification of the element present strength and reliability according to standards.  There 
are  various application of the AVT are available in the literature (Altunişik, Genç, Günaydin, Okur, & Karahasan, 2018; 
Aytulun, Soyoz, & Karcioglu, 2019; Bautista-De Castro, Sánchez-Aparicio, Carrasco-García, Ramos, & González-Aguilera, 
2019; Di Lorenzo, Formisano, Krstevska, & Landolfo, 2019; Ozcelik, Yormaz, Amaddeo, Girgin, & Kahraman, 2019; Shimpi 
et al., 2019; Sun & Xu, 2020; Zonno, Aguilar, Boroschek, & Lourenço, 2019). In the presented study, the natural 
frequency and mode shape of Bridge No. 541, Kalka Shimla mountain railways was estimated. The field testing activities 
were performed to extract the modal parameters of the bridge and utilized for model update of the FE model developed 
in ABAQUS FE environment. 
 
Ambient vibration testing on the bridge 
 
An 8-channel OROS make OR35 portable data acquisition system with the 24-bit resolution was used for the field tests. 
Four uniaxial accelerometers Meggitt Endevco made 41A19 were placed on the bridge in different configurations to 
record the ambient dynamic response of the entire bridge under moving train excitation. In this study, the location for 
the accelerometer on the bridge is estimated by modal analysis of initial FE model developed on ABAQUS FE 
environment. The developed FE model is based on visual inspection, available drawings and data with Northern Railway 
and also using field measurements of the bridge. Because there were limited numbers of accelerometers and the cable 
lengths ranged from 10 to 30 m (the total length of the bridge is 52 m), AVT of the whole bridge had to be done in 
multiple test setups. A total of 38  accelerometer locations were selected on the deck of the bridge to perform AVT as 
shown in Figure 3.  
 
The green colour arrows showed the location of the roving accelerometer in the horizontal direction, blue colour square 
showed the position of the roving accelerometer in the vertically downward direction and red colour showed the 
position of the reference accelerometer which were kept stationary during the whole test. Further, each set comprises 
the two roving accelerometers and two reference accelerometers.  
 

Figure 3. Instrumentation adopted for AVT and location of accelerometers on the bridge deck. (Self-Elaboration).  

  
 

 

 
Operational modal analysis 
 
The response signals from accelerometer were collected by the OR35 system was then converted from mechanical 
signals into digital signals and saved in computer device in the form of time history. OROS modal analysis software 
(OROS, 2018) was utilised for post-processing of the collected data. For the estimation of the modal parameters, OROS 
modal analysis software utilises frequency domain technique called Frequency Spatial Domain Decomposition (FSDD) 
(Zhang, Wang, & Tamura, 2010).  FSDD is the third generation of frequency-domain technique for modal parameter 
estimation. FSDD utilizes a unitary singular matrix to estimate the enhanced Power Spectral Density (PSD) through 
modal filtering. In this method mode shape can directly be obtained by singular vectors corresponding to maximum 
singular values located at the peaks of the mode indication function (MIF) plot which is derived based on spectrum 
decomposition of response PSD. 
 
The response signal of the bridge is then post-processed in OROS modal analysis software and the Singular Value MIF 
with identified modes is presented in Figure 4. Three mode shapes and associated natural frequency of the bridge were 
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determined through AVT and OMA. Figure 5 shows that first mode of the bridge is a transverse mode with natural 
frequency of 4.65 Hz, the second mode was also transverse mode have natural frequency of 11.88 Hz and the first 
vertical mode was estimated at frequency 23.85 Hz. 
 

Figure 4. MIF plot with the identified mode shape of the bridge. (Self-Elaboration).  

 

 
Figure 5. Experimental mode shapes estimated from AVT and OMA. (Self-Elaboration).  

 

Mode 1 at 4.65 Hz at ζ = 2.40% 

 

Mode 2 at 11.38Hz  at ζ = 2.97% 

 
 
 
 
 
 
 
 
 
 
 
 

Mode 3 at 23.85 Hz  at ζ = 4.90% 

 
Numerical modelling and updation  
 
The numerical model of Bridge No. 541 of Kalka Shimla mountain railways is developed in ABAQUS FE environment. The 
developed model is based on macro model strategy as suggested in the literature for large stone masonry structures 
(Milani, Casolo, Naliato, & Tralli, 2012). This modelling technique is adopted due to its advantage for fast computational 
time over micro modelling strategy. As this study aims at the global response of the bridge due to the axle load, the 
local stress distribution between stone and mortar joint is not modelled. A homogenized model of the stone masonry 
is adopted for the assigning the material properties instead of modelling the stone mortar interface.  The numerical 
model is developed based on the preliminary investigations conducted on the bridge. Firstly, visual inspection is 
performed on the bridge for locating damages. Then the measurements of the bridge are taken from the site for the 
different structural elements.  
 
Also, documentation available at Shimla division, northern railway is collected and studied. It is to be noted that the 
bridge is UNESCO recognised World Heritage Site, this is why any kind of material testing is not conducted on the 
structure. A 3D model of the bridge is developed incorporating geometry of the bridge as shown in Figure 1. Different 
structural elements like piers, arches, walls are identified in the bridge and modelled in ABAQUS. These elements are 
further connected using TIE constraints. The whole FE model of the bridge is presented in Figure 6. Due to the absence 
of any material testing on the structure, the initial value of Young’s modulus adopted for the stone masonry was 10,000 
MPa, density 2400 kg/m3 and Poisson's ratio was kept 0.2 which is adopted from the literature (Bertolesi, Milani, 
Lopane, & Acito, 2017; Fanning & Boothby, 2001; Milani & Lourenço, 2012). The bridge is located in a hilly region and it 
is assumed that the bridge is constructed on very hard and stiff strata. Hence, fixed boundary condition is chosen at the 
bottom and side of the bridge i.e. no translation and rotational displacements are allowed.  
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In this study, the arches, piers and walls are modelled using standard linear C3D8R (8-node linear brick) element. The 
mesh size of the element plays an important role for estimation of accurate results. The coarser mesh can provide 
inaccurate results. In this study, a mesh convergence analysis is performed to determine the optimum mesh size. For 
this purpose, modal analysis is performed adopting different mesh sizes of the elements from 0.5 m at first and then 
reduced up to 0.1 m. The results of the convergence analysis are presented in Figure 7, where change in the natural 
frequency of three modes is compared with the different mesh sizes.  The mesh convergence analysis showed that the 
mesh size of 0.3 m can be adopted for estimating the accurate results considering the changes in the frequency are 
insignificant for finer mesh sizes. Moreover, finer mesh size of 0.2 m is also adopted at some locations, due to difficulty 
in adopting mesh size of 0.3 m.  
 
Finally, the total number of nodes and elements for bridge are 1,29,431 and 86,530, respectively. Furthermore, the 
program is run to estimate the dynamic properties of the bridges, for that modal analysis, is being run by Block Lancoz 
method as a method for modal extraction. After the analysis, modes found within a range of 4.10 Hz to 24 Hz for Bridge 
No. 541. The results of the modal analysis performed on the initial FE model is presented in Figure 8. 
 

Figure 6. FE model of Bridge No. 541, Kalka Shimla mountain railways. (Self-Elaboration).  

 
 

Figure 7. Convergence analysis. (Self-Elaboration).  

 

First mode 
 

Second mode 
 

Third mode 
 

Figure 8. Modal analysis results of initial FE model. (Self-Elaboration).  

 

Mode – 1 at 4.13 Hz 

 

Mode – 2 at 11.03 Hz 

 

Mode – 3 at 22.8 Hz 

 
FE model updating 
 
Finite element (FE) model updating is a procedure for calibrating the existing numerical model incorporating the results 
obtained from AVT and OMA. An existing FE model can account only the initial geometric and material properties. 
Perhaps in the case of a heritage structure, it becomes at most necessary to update the numerical model regularly for 
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present-day condition towards accurate analysis. In general, FE model updating can be achieved by adjusting the 
physical properties, mechanical properties, boundary conditions, masses, restrained properties, joint properties and 
geometry of the elements in the numerical model to match against the results obtained from AVT and OMA.  
 
In the primary investigation on the bridge, it is found that the bridges are fully intact. The boundary conditions opted 
for the numerical models are based on the observations made during primary survey of the bridges which is well 
discussed in section 2. Further, it is observed that the numerical mode shapes are in correlation with the experimental 
mode shapes. Thus, for calibration of numerical models, values of mechanical properties of stone masonry are modified 
for matching the natural frequency of FE models with the experimental results. The modified values of mechanical 
properties of stone masonry are presented in Table 2.  Further, a comparison of initial natural frequency and modified 
natural frequency of FE models are shown in Table 3. The updated model is further utilized for assessment of present-
day serviceability and performance for increased axle load analysis. 
 

Table 2. Comparison of initial material property and updated material property. (Self-Elaboration).  

Material Parameter Initial value Updated value 

Stone Masonry 
Young’s modulus (GPa) 10 9.6 

Density (kg/m
3
) 2,500 2,200 

 
Table 3. Comparison of the natural frequency of mode shape from the initial FE model, experimental values and updated FE model. (Self-Elaboration).  

Modes Natural Frequency (Hz) 

Experimental 
Results 

Initial FE 
model 

% error Updated FE 
model 

% error 

Mode-1 4.65 4.13 11.18 4.52 2.79 
Mode-2 11.38 11.03 7.15 12.01 1.09 
Mode-3 23.85 22.8 4.40 24.03 0.75 

 
Validation of updated FE model 
 
A field investigation is performed on the bridge for capturing the vertical acceleration response at arch A-6 on the bridge 
under moving train load. For this purpose, an accelerometer was placed in the middle of A-6 in vertical downward 
direction which present as a blue colour mark in Figure 9. Further, the acceleration in vertical direction at the middle of 
arch A-6 is recorded when a train with ZMD-3, B-B type locomotive (four axles with 8.90-ton axle load) with the seven 
bogies (4 axles) attached to it was allowed to move on bridge at a speed of 10 kmph. Figure 12 shows the recorded 
acceleration time history experienced at the middle of arch A-6. The RMS value of the acceleration estimated to 0.3 
m/s2 at the middle of arch A-6. 
 

Figure 9. Accelerometer location of the bridge deck for the field investigation. (Self-Elaboration).  

 

 
To validate the updated FE model, dynamic implicit analysis is performed for a moving load on the whole bridge. In the 
analysis, B-B H Class Loading prescribed by the Indian Railway Code (RDSO, 2008) (see Figure 10) is applied, to simulate 
the present field condition. The effect of each axle load on a node is also carefully incorporated in the present analysis 
as described by Kaliyaperumal et al. (2011) based on the speed of the moving load (as shown Figure 11). Further, the 
structural damping of 4.90% is utilized in simulation which is based on the first vertical modal frequency of the bridge. 
Figure 12 presents the acceleration response at the middle of the arch A-6 for both experimental as well as dynamic 
analysis. The numerical RMS acceleration value at the middle of the arch A-6 for dynamic analysis is found to be 0.29 
m/s2 which is in close agreement with the field measurement value i.e. 0.30 m/s2. Hence, the developed FE numerical 
model is found to be reliable for further investigations.  

 
 
 
 
 
 

Accelerometer 
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Figure 10. B-B H Class Loading as per Bridge Rule (RDSO, 2008). 
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Figure 11. Effect of each axle load on the node (Kaliyaperumal et al., 2011). 
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Figure 12. Comparison of acceleration response of field study and dynamic analysis. (Self-Elaboration).  

0 5 10 15 20

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
RMS Acceleration value 

for field measurment0.29

A
cc

el
er

at
io

n
 (

m
/s

2
)

Time (sec)

 Field Measurment  Dynamic Analysis

0.30

RMS Acceleration value 

for dynamic analysis

 
 

Serviceability and increased axle load analysis 
 
Using the validated FE model, the present investigation made an attempt in understanding the serviceability and 
performance of the bridge against increased axle load with varying the speeds of the train.  For this purpose, two types 
of axle load patterns 1) 15.9-ton BO-BO Modified Meter Gauge (MMG) Loading and 2) 15.9-ton CO-CO Modified Meter 
Gauge Loading prescribed in Bridge Rule, Indian Railways (RDSO, 2008) (shown in Figure 13) are considered for the 
analysis. Furthermore, a parametric study is also conducted for estimating the critical speed of the trains on the bridge. 
For this purpose, three locomotive load patterns as mentioned are moved on the bridge from one end to other end with 
the speed of 10 kmph, 20 kmph, 30 kmph and 40 kmph. 
 

Figure 13. Axle Loading pattern as per Bridge Rule (RDSO, 2008): a) BO-BO MMG loading; b) CO-CO MMG loading. (Self-Elaboration).  
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Results 
 
Deflection of the bridge arches 
 
Figure 14 shows the deflection at the crown of the different arches of the bridge for different loadings and speeds of 
the train. The deflection plot shows that the deflection at the crown of A-6 is higher than that of other arches for all 
types of load pattern. Further, it can be noticed that the deflection at the speed of 20 kmph is slightly higher than that 
of for other speeds. According to the Indian Code (RDSO, 1962) the criteria for the safe load is:  
 

Deflection𝑑 <  0.75 +
(𝐿−1)(1.25−0.75)

3.75
 for span more than 1 m  to span less than 4.5 m.  

  
here, L is the span length of the arch which is equal to 3.5m in the case of A-6.  
 
According to Indian code, the permissible limit of the deflection at the crown is 1.08 mm for the A-6 arch. Figure 15 
shows the maximum deflection at the crown of A-6, which is 0.79 mm at a speed of 20 kmph for BO-BO MMG Loading. 
Hence, the bridge is safe for all three loading patterns. The defection due to present loading that is B-B H Class Loading 
is very less as compared to other two loadings. Further, American Railway Engineering and Maintenance-of-Way 
Association (AREMA, 2008)  recommends that the maximum deflection of the bridge from the live load should not 
exceed the value of L/640. For the studied bridge maximum deflection limit value calculated is 5.4 mm which is much 
greater than 0.79 mm. Hence, the bridge also met the requirement of deflection as per AREMA code. 
 
Figure 14. Deflection response at the mid of the arches A-5, A-6, A-8 and A-9 due to different moving loads at different speeds: a) deflection responde due to B-B-H class 

loading; b) deflection responde due to BO-BO MMG loading; c) deflection response due to CO-CO MMG loading. (Self-Elaboration).  
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Figure 15. Deflection response of A-6 due to different loading moving with different speed. (Self-Elaboration).  
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Dynamic amplification factor (DAF) 
 
Dynamic amplification factor (DAF) is considered a very important parameter to assess the serviceability of the bridge 
under dynamic loading. Generally, DAF is an estimate of the dynamic response of the bridge under moving loading.  DAF 
is calculated from the formula suggested by Kwark et al. (2004): 
 

DAF =  
Deflection of the crown due to dynamic loading

Deflection of the crown due to static loading
     (1) 
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For the estimation of DAF, the maximum deflection at the crown of different arches of the bridge was considered in the 
present study. The estimated DAF value for different loadings and varying speeds are presented in Figure 16. Further, 
the calculated DAF values for present-day loading are noticed to be lesser than that of values estimated by Eurocode 
(CEN, 2003) and AREMA (AREMA, 2006). It is also noticed that the BO-BO MMG Loading and CO-CO MMG Loading on 
A-6 arch with the speed of 20 kmph to 40 kmph are having DAF values more than that of estimated by Eurocode (CEN, 
2003) and AREMA (AREMA, 2006). Further, the DAF value for all three axle loadings is within the limit of Eurocode (CEN, 
2003) and AREMA (AREMA, 2006) for speed 10 kmph for all the arches. 
 

Figure 16. DAF value for different position in the bridge and different International codes: a) DAF for A-5 arch; b) DAF for A-6 arch; c) DAF for A-8 arch; d) DAF for A-9 
arch. (Self-Elaboration).  
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Conclusions 
 
The present study investigated the serviceability and performance of a 100-year-old multiple arch gallery bridge (Bridge 
No. 541 of Kalka Shimla Mountain Railway, India).  In the study, a FE model was developed and updated using the results 
obtained from AVT and OMA. Further, the updated model is utilized to study the serviceability and performance of the 
bridge for three-axle load patterns adopting different speeds between 10 kmph to 40 kmph. For this purpose, the 
deflection, DAF and acceleration response of different arches are the parameters utilized. Following are the conclusions 
drawn from the study: 
 

 The study showed that a reliable FE model can be developed by adopting AVT and OMA. The updated model 
showed the same acceleration response at arch A-6 as measured from the field measurement for the same 
axle load pattern which further confirms robustness of the updated FE model. 

 While studying the serviceability, it is found that the deflection at the crown of the arches A-5, A-6, A-8 and A-
9 for B-B H Class Loading (which is presently deployed) is well within the safe limit as prescribed by the Indian 
Railway Code (RDSO, 1962) for speed range of 10 kmph to 40 kmph. Further, the deflection limits for B-B H 
Class Loading were also checked against ARMA  Code (AREMA, 2008), and the values found to be satisfied. 
Hence, the bridge is safe for present-day loading as per deflection criteria. 
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 The estimated DAF values of the arches A-5, A-6, A-8 and A-9 for B-B H Class Loading (which is presently 
deployed) is well within the limits prescribed by the Eurocode (CEN, 2003) and AREMA (AREMA, 2006). 
Additionally, the estimated DAF values showed that the bridge is experiencing higher dynamic response at A-6 
arch for BO-BO MMG Loading and CO-CO MMG Loading between speed range of 20 kmph to 40 kmph which 
exceed the values prescribed by Eurocode (CEN, 2003) and AREMA (AREMA, 2006). Therefore, BOBO- MMG 
Loading and CO-CO MMG Loading may not be possible to deploy on the bridge with present strength. 
 

Finally, this investigation concludes that the bridge has the capacity against increased speeds of present-day loading 
and the increased axle loads can be adopted with the restriction of the speed limit up to 10 kmph. 
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