
ABSTRACT: Continuous advances in bridge engineering often result in design of elegant, long-span and lightweight structural 
forms that fully exploit complementary mechanical properties of steel and concrete materials. These composite steel-concrete 
structures often possess large span-to-depth ratio that might lead to increased sensitivity to dynamic actions, such as wind and 
human-induced excitation. To ensure satisfactory performance of these structures against dynamic loading, reliable modes are 
required. In addition, due to creep and shrinkage of concrete, a reliable evaluation of time-dependent deformation development 
under long-term static loading is required. 

This paper describes an analysis of static and dynamic performance of a slender steel-concrete composite bridge situated in 
the Structures Laboratory at the University of Warwick. The 19.9m long bridge has a high slenderness ratio of 45, and a 
fundamental vibration mode having natural frequency of 2.5Hz. The static and dynamic behaviour of the bridge has been 
monitored for a year. Key experimental data are presented in this paper. A number of finite element models are developed in 
Abaqus software and evaluated against the test data. It was found that detailed modelling of the boundary conditions is crucial 
for successful prediction of the dynamic properties. Creep and shrinkage effects caused large deformation which could not be 
captured by the model developed. Therefore, a more sophisticated modelling approach and further studies are necessary to 
improve modelling of long-term static effects. Subjective vibration assessment concluded that the bridge is serviceable for short 
vibration exposure, while long exposure in walking posture resulted in increased vibration levels and probability of complaints.   
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1 INTRODUCTION 

Advancements in bridge engineering have resulted in design 
of elegant, long-span and lightweight structural forms that 
fully exploit complementary mechanical properties of steel 
and concrete materials. These steel-concrete composite 
structures have capability to bridge larger spans than the 
equivalent steel or concrete structures, and they are often 
characterized by large span to depth ratio. Due to their 
inherent slenderness, these structures might be sensitive to 
dynamic actions. In addition, the time dependent behaviour of 
the structures caused by creep and shrinkage of concrete 
might make their performance evaluation challenging. 

This paper aims to improve our understanding of static and 
dynamic behaviour of slender steel-concrete composite 
bridges by examining static and dynamic performance of a 
bridge situated in the Structures Laboratory at the University 
of Warwick, UK. The Warwick Bridge (WB) has been 
monitored for a year. The collected data provide a good basis 
for evaluation of bridge performance and critical evaluation of 
assumptions used in the design. Understanding behaviour of 
the bridge is crucial for predicting its response to a range of 
unseen loading actions. 

The paper starts with description of the composite structure 
under study. Then the modal testing and key data related to 
the monitoring of the static deflection are presented. This is 
followed by description of the FE modelling of the WB and 
model updating to match the experimentally determined 
dynamic performance of the structure. After this step, 
capability of the FE model to represent the static behaviour of 

the structure is evaluated. Finally, experimental assessment of 
vibration serviceability of the bridge has been performed, 
followed by main conclusions. 

2 DESCRIPTION OF WARWICK BRIDGE 

The WB is a steel-concrete composite bridge built in March 
2012 for studying interaction between pedestrians and wobbly 
structures. The 150mm thick reinforced concrete deck (design 
class C40/50) is 2m wide and 19.9m long, with a camber of 
246mm. The deck is supported by two steel girders (UC 
203x203x52, steel grade S355), as shown in Figure 1. The 
composite action was achieved using 83 shear studs (diameter 
19mm, length 75mm) welded to the steel girders (Figure 1). 
The bridge has mass of about 16,500kg and it spans 16.2m. 
More detailed information about the bridge is available in [1]. 

3 MODAL TESTING 

Modal testing of the WB was performed to identify the 
vibration modes up to 25Hz. A measurement grid of 42 test 
points (TPs), shown in Figure 2: top-left, was utilised. An 
APS400 electrodynamic shaker placed at TP6 was used as a 
source of random excitation. A QA750 force balanced 
accelerometer attached to the shaker inertia frame was used to 
indirectly measure the force generated, while three QA750 
accelerometers were used to measure vibration response of the 
WB in the vertical direction. The measurements were repeated 
until the full grid of 42 points was covered. The nominal 
sensitivity of the accelerometers was 1300mV/g, while the 
sampling frequency was 64Hz. 
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A four channel Data Physics SignalCalc Quattro dynamic 
signal analyser was used to acquire the time domain 
acceleration data and process them leading to a set of 
frequency response functions (FRFs). The FRFs were 
calculated using 40 frames of data (with 75% overlap), each 
frame lasting 64s. A Hanning window was applied to each 
frame of raw data. 

Each peak in the measured FRF functions was fitted by a 
SDOF model using ME’scopeVES software [2] assuming 
linear behaviour of the structure.  

Seven vibration modes were identified in the frequency 
range up to 25Hz: four vertical bending modes and three 
torsional modes. Natural frequencies and damping ratio for 
each mode are shown in Table 1. Apart from the sixth mode, 
all other modes have extremely low modal damping ratio of 
up to 0.6%. The measured mode shapes are shown in Figure 
2. It can be seen that there are two vertical modes at 7.8Hz 
and 9.2Hz which have almost identical shape. Similar shape 
of the two torsional modes at 20.6Hz and 23.9Hz is also 
found. Most likely reason for appearance of these unexpected 
pairs of mode shapes is flexibility of boundary conditions. 
Namely, the steel girders are resting on plywood sheets at four 
points. These sheets are, in turn, supported by steel frames. 
The plywood sheets do not provide ideal representation of 
either pinned or roller support.  

 

 

Figure 1. Warwick Bridge: elevation and cross section. 

 

Table 1. Measured vibration modes (V stands for a vertical, T 
for a torsional mode). 

Mode # Type Frequency 
[Hz] 

Damping 
ratio [%] 

1 V1 2.5 0.5 
2 V2 7.8 0.5 
3 V3 9.2 0.5 
4 T1 11.3 0.6 
5 V4 18.2 0.3 
6 T2 20.6 1.8 
7 T3 23.9 0.6 

4 MONITORING DEFLECTION OF THE BRIDGE 

The initial camber of the bridge was 246mm [1]. The 
deflection of the bridge due to self-weight was monitored over 
365 days. Both downward deflection at the midspan and 
upward deflection at either end of the bridge were measured. 
The mean value of the upward deflection at the ends was 
added to the downward deflection at the midspan to calculate 
the reduction in the camber size compared with the initial 
value. The development of this parameter over time is shown 
in Figure 3. It can be seen that the instant reduction after 
activation of the self-weight was 92mm, increasing to 209mm 
after one year. 
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fn1=2.5Hz, 1=0.5% 

 
fn2=7.8Hz, 2=0.5% 

 
fn3=9.2Hz, 3=0.5% 

 
fn4=11.3Hz, 4=0.6%  

fn5=18.2Hz, 5=0.3% 

 
fn6=20.6Hz, 6=1.8% 

 
fn7=23.9Hz, 7=0.6% 

Figure 2. Measurement grid and measured vibration modes. 

 

 

Figure 3. Measured camber reduction during first 365 days. 
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5 MODELLING DYNAMIC PERFORMANCE 

This section describes development of the finite element (FE) 
model of the bridge. The modelling was performed in Abaqus 
FE analysis software [3], with the aim to develop a reliable 
numerical model that can be used for studying structural 
response under different types of dynamic excitation. Based 
on an achieved cube strength of 60MPa (at 30 days) [1], the 
static modulus of elasticity of concrete is taken as 37GPa [4]. 
The dynamic modulus of elasticity is adopted to be 45GPa, 
based on a frequently used assumption that the dynamic 
modulus is about 20% larger than the static modulus. Modulus 
of elasticity of steel beams is taken as 210GPa. 

5.1 2D model 

A two dimensional model was developed first. The 
expectation was that the vertical vibration modes can be well 
reproduced using this simple model.  

Modular ratio of 4.667 was used to convert the composite 
section into equivalent steel section, with the second moment 
of area equal to 5.95108mm4, and the cross section area of 
1.1105mm2. The initial camber was included in the model.  

Assuming that the support at one end can be modelled as 
pinned, and as a roller at the other end, the four vertical mode 
shapes, as expected for a simple beam model, were obtained 
in the frequency range up to 25Hz (Figure 4). It can be seen 
that the calculated natural frequency of the first mode 
underestimated the measured value, while the opposite was 
true for higher modes. This model is named Model 1-PR, with 
‘P’ and ‘R’ referring to pin and roller supports, respectively. 

 

 
fn1=2.2Hz 

 
fn2=8.0Hz 

 
fn3=15.7Hz 

 
fn4=22.7Hz 

Figure 4. Model 1-PR: Vibration modes up to 25Hz. 

In the next step, both supports were modelled as pinned 
(Model 1-PP). This increase in the stiffness of the supports led 
to an increase in the natural frequency of the first mode. All 
calculated frequencies now overestimated the measured 
values (Table 2).   

Table 2. Model 1 versus experimental model. 

Natural frequency in different models 
Mode # Model 1-PR Model 1-PP Experiment 

1 2.2 4.3 2.5 
2 8.0 8.0 7.8 
3 15.7 15.8 9.2 
4 22.7 22.7 11.3 

 
The results presented suggest that the stiffness of the 

support conditions need to be better modelled to develop an 

FE model that reflects the experimental data. To achieve this, 
a 3D model of the structure has been developed. The 3D 
model was pursued to be able to utilize torsional modes in the 
model verification process. 

5.2 3D model 

Eight node brick elements with reduced integration were used 
to model concrete slab and steel beams [3]. As before, the 
camber was included in the model. Steel reinforcement bars 
were modelled as embedded rebar elements with modulus of 
elasticity of 200GPa. A tie constraint between top flange of 
the steel girders and the bottom surface of the concrete deck 
was used to simulate the full interaction assumed to be 
provided by the welded shear studs.  

The same modelling approach as in case of 2D model was 
implemented with respect to the boundary conditions. First, a 
model with pin-roller support was developed. This model is 
named Model 2-PR. Eight vibration modes were identified in 
the frequency range up to about 25Hz, and these are shown in 
Figure 5. The steel frame is shown only, since it is directly 
equivalent to the grid of the measurement points used in the 
modal testing.  

 

 
fn1=2.2Hz 

 
fn2=8.2Hz 

 
fn3=11.2Hz 

 
fn4=13.2Hz 

 
fn5=16.9Hz 

 
fn6=20.8Hz 

 
fn7=25.6Hz 

 
fn8=25.8Hz 

Figure 5. Model 2-PR: Vibration modes up to 26Hz. 
 
Comparison of the calculated mode shapes with those 

measured (Figure 2) reveals that Model 2-PR underestimates 
the natural frequency of V1 and V4 (Table 1). The model also 
could only produce a single mode having the shape seen in 
modes V2 and V3. On the contrary, the model produced two 
torsional modes in place of the measured mode T1, while both 
T2 and T3 appeared in the model, albeit with less successful 
frequency match in the latter case. When the supports at both 
ends were modelled as pins (Model 2-PP), the model became 
too stiff, overestimating the measured natural frequencies. 
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Capability of Model 2 to predict measured natural 
frequencies for seven vibration modes shown in Figure 2 is 
investigated through comparison presented in Table 3. The 
comparison include Model 2-PR, Model 2-PP and the 
experimental model. Only frequencies for equivalent mode 
shapes are reported in the table. 

While Model 2-PP is overestimating natural frequencies 
consistently (with overestimate of more than 100% for Mode 
1 due to the arch effect), Model 2-PR shows a better 
agreement. The model could not predict existence of the two 
vertical models of similar shape, namely V2 and V3. To 
improve the modelling, flexible supports are to be introduced 
in the next section. 

In addition, it can be seen that while a 2D model can 
produce similar results for vertical modes as a 3D model (e.g. 
in the model with PR supports), its capability to be updated to 
achieve better agreement with the experimental data is limited 
due to its two dimensional nature.  

Table 3. Model 2 versus experimental model. 

Natural frequency in different models 
Exp. 

Mode # 
Model 2-PR Model 2-PP Experiment 

1 2.2 5.3 2.5 
2 8.2 8.2 7.8 
3 - - 9.2 
4 11.2 12.0 11.3 
5 16.9 21.4 18.2 
6 20.8 21.0 20.6 
7 25.8 26.4 23.9 

5.3 Updated 3D model 

The pin/roller supports were replaced by linear spring 
elements in the 3D FE model (Model 3). The vertical spring 
was introduced with the aim to represent elasticity of the 
plywood in the vertical direction. The springs in the two 
horizontal directions were used to account for likely activation 
of the friction between the steel girders and the supporting 
plywood. Therefore, each of the four supporting points have 
been modelled using three linear spring elements. The springs 
in the same direction were assumed to have the same stiffness. 
A manual parametric study, not reported here, was performed 
to identify those spring stiffnesses that provide best match of 
the calculated natural frequencies to the measured ones for the 
seven vibration modes identified experimentally.  

The best match between numerical and experimental data 
was found for the following stiffness of the spring elements: 
200000N/mm in the longitudinal direction, 4500N/mm in the 
lateral direction and 300000N/mm in the vertical direction.  

Eight calculated mode shapes are shown in Figure 6. This 
time all measured modes have also appeared in the FE model, 
with difference between natural frequencies being up to 4% 
only. The only exception was the torsional mode T1 at 
11.3Hz. This measured mode was split into two in the FE 
model with the first computed frequency underestimating the 
measured value by 11%, while the second computed value 
overestimated measured frequency by 14%. The developed 
numerical model is considered to be sufficiently accurate for 
simulating dynamic behavior of the structure. 

6 MODELLING STATIC PERFORMANCE 

To estimate deflection of the structure due to self-weight, the 
material properties have to be modelled reliably. For this 
purpose, an elastic-plastic compressive stress-strain 
relationship for the concrete material was assumed, as shown 
in Figure 7. The smeared cracking model available in Abaqus 
[3] was utilized. Concrete compression hardening and tension 
stiffening were both included. Bilinear stress-strain models 
were used for the reinforcement bars and steel girders, as 
shown in Figure 8. 

Time dependent effects of creep and shrinkage cannot be 
directly modelled in the FE software. Instead, the modulus of 
elasticity of concrete has been gradually reduced to estimate 
the camber reduction and compare it with the measured values 
shown in Figure 3. The plywood sheets are unlikely to be able 
to resist this long-term effect, which is the reason to choose 
Model 2-PR for calculation of the deflection. 

 

 
fn1=2.4Hz 

 
fn2=7.8Hz 

 
fn3=9.5Hz 

 
fn4=10.0Hz 

 
fn5=12.9Hz 

 
fn6=17.6Hz 

 
fn7=19.7Hz 

 
fn8=24.7Hz 

Figure 6. Model 3: Vibration modes up to 25Hz. 

 

Figure 7. Compressive stress-strain diagram for concrete. 
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Figure 8. Stress-strain relationship for steel. 

The reduction of the camber as a function of the modulus of 
elasticity of concrete E is shown in Figure 9. The initial 
deflection achieved upon activation of self-weight, was 
calculated to be 88mm (for E=37GPa) and therefore was close 
to the measured value of 92mm (Figure 3). However, the 
camber reduction of 209mm measured after one year proved 
to be quite difficult to simulate. To match the measured 
deflection, a modulus of elasticity as low as 3.3GPa is 
required. This corresponds to unrealistically high value of 
creep coefficient. It can be concluded that the creep and 
shrinkage effects are larger in this structure than it was 
initially expected. However, more detailed studies have to be 
performed before a definite conclusion about the appropriate 
model for incorporating creep and shrinkage into calculations 
can be drawn. 
 

 

Figure 9. Reduction of camber size as a function of modulus 
of elasticity of concrete. 

7 VIBRATION SERVICEABIILITY ASSESSMENT 

Differently from sitting and standing postures, there is a lack 
of experimental data on subjective assessment of whole body 
vibrations by people walking. This motivated us to conduct an 
experimental programme on the bridge to evaluate vibration 
perception in walking posture. The programme, which was 
approved by the Biomedical and Scientific Research Ethics 
Committee at the University of Warwick, consisted of two 
parts. 

In Part I eleven test subjects crossed the bridge, three times 
each, while walking at a normal pacing rate (Figure 10). The 

acceleration was recorded at the midspan. Maximum 
acceleration of 0.28m/s2 was generated by Test Subject 5 
(TS5). The peak acceleration for majority of the recorded 
responses was below 0.2m/s2 (Figure 11). The response was 
dominated by Mode 1, with occasionally strong component in 
Mode 5 at 18.2Hz. None of the TSs considered vibrations 
worth mentioning. This was expected given that each crossing 
of the bridge was very short (10-15s), and the exposure to 
highest vibration level at the midspan lasted a few seconds 
only. 

In Part II, a treadmill was placed at the midspan of the 
bridge (Figure 12). Three TSs were asked to walk on the 
treadmill until they completed at least 400 steps. The tests 
were conducted at nine different treadmill speeds, so to 
generate a range of response conditions, including resonance. 
Some tests were conducted with an electrodynamic shaker 
pre-inducing vibration of the bridge. The tests ranged from 
shaker-generated response at the midspan being 0m/s2 (shaker 
switched off), then 0.5m/s2, 0.85m/s2 and finally 1.2m/s2.  

 
Figure 10. Part I: A test subject crossing the bridge. 

 

 
Figure 11. Peak acceleration generated by 11 test subjects. 
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Figure 12. Part II: Test subject walking on a treadmill in the 

midspan. 
 

After completing a test at a particular walking speed, the 
test subjects were asked to classify vibrations between the 
following four categories: Level 1 – imperceptible, Level 2 – 
acceptable, Level 3 – occasionally affecting walking, and 
Level 4 – uncomfortable and affecting walking most of the 
time. The results in Figure 13 show that the maximum 
acceleration achieved was about 3.3m/s2. The scatter in 
vibration level for each vibration class is large, as expected 
when evaluating the vibrations subjectively. It is interesting to 
note that the results for Level 4, which is most likely to result 
in complaints if the bridge was a real-life structure, suggest 
that people in walking posture start being disturbed by 
vibrations when they exceed 0.5m/s2. This agrees well with 
recommendations by Setra guideline [5] that states that the 
bridges exhibiting vibrations up to 0.5m/s2 provide maximum 
comfort to pedestrian users.   

 

 
Figure 13. Vibration classification by three test subjects. 

 

8 CONCLUSIONS 

The following conclusions can be drawn based on the analysis 
presented in this paper: 

 Flexibility of the supports of the bridge has 
significant influence on the dynamic behavior. 
Consequently, a detailed modelling of the supporting 
conditions is crucial for successful updating of a 3D 
FE model.   

 The updated 3D FE model genuinely represents key 
dynamic features of the structure in the investigated 
frequency range (up to 25Hz). 

 To successfully represent static behavior of the 
structure, a separate model is required. The model is 
required to account for shrinkage and creep effects of 
the structure. The model developed in this study 
underestimated these effects significantly. Therefore 
a further study, including refined FE modelling and 
an additional set of experimental data, is required for 
reliable simulation of long-term static behaviour. 

 The experimental data acquired on the bridge support 
the “maximum comfort” acceleration limit of 0.5m/s2 
suggested in the Setra guideline.  
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