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ABSTRACT 
 
 Bridges are prone to bearing deterioration due to aging, environmental causes and/or traffic 

overloading and, as a result, a bridge originally designed as simply supported may be 

behaving differently due to changes in support conditions. The latter can lead to damage, not 

only to the bearings, but also to the rest of the structure due to unforeseen variations in the 

distribution of internal forces. In this paper, static load testing is used to evaluate the true 

behavior of the boundary conditions of an existing bridge and how they affect the overall 

structural response. The subject of investigation is a 16 m span concrete bridge subjected to 

the forces applied by a truck loaded with quarry aggregate. Static measurements are obtained 

for four positions of the truck and used to tune a mathematical model of the bridge until 

achieving an accurate resemblance with the experimental data. Boundary conditions are 

idealized with linear rotationary springs, which allow considering all possible degrees of 

rotational restraint at both end supports. It is shown how those values of the spring constants 

that best fit the measurements for a single loading case can be misleading and differ 

significantly from the optimal solution found combining all loading cases together. 

 

 

Introduction 

 

Many structures are currently in need to assess their health and to detect possible damage 

caused by aging, environmental or loading factors (different or greater loads that the ones 

contemplated on the original design, fatigue, etc.). In the case of bridges, bearings are one of 

the most sensitive elements due to load concentration at that point and exposure to leakage 

and weather conditions, amongst other causes. Additionally, bearings are typically designed 

for a smaller return period than the bridge structure, which can cause early problems with 

respect to other bridge components, leading to their replacement or repair in an often costly 

intervention. The problems associated to bearings explain the increase in popularity of 

integral frame bridges (where bearings are omitted), over other structural forms. However, a 

considerable percentage of the bridge stock is supported on bearings and should receive 

periodic attention [1-5]. 

 

 In this context, a static test is conducted in a structure located in Carbajal de la 

Legua, a small town near the city of León (Spain), in August 2013. Previously, in July 2013, 

a visit was made to the site to plan the tests and take preliminary measurements. Original 

designs of the construction were also consulted; although the available info was very limited 
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due to the age of the bridge (built in 1933). The structure is a four-span straight bridge (Fig. 

1) which is currently used only by pedestrians and, occasionally, by some cars and tractors. 

The reason for this situation is that the road has been re-routed through a new bridge that has 

been built just beside the one under investigation. 

 

 

 

Figure 1.    General view from the North side of the bridge 
 

 Static tests are performed on the third span from the left (Fig. 1) by means of a five-

axle truck. Data from these tests is collected using surveying techniques (electronic 

tachymeter) and processed so that a mathematical model of the structure can be calibrated. A 

variety of models is tested allowing for boundary conditions to be modelled as pinned, fixed 

and linear rotationary springs. Varying the value of spring constants makes possible to 

consider a number of situations ranging from simply supported to fixed. Finally, the 

combination that best fits the measurements is considered to be representative of the 

structural response and bearing behavior. 

 

Description of the Site 

 

In this section, the different elements of the test are described, beginning by basic features of 

the geometry of the structure. Then, surveying devices used are enumerated and, finally, the 

different loading conditions are listed. 

 

Geometry of the Bridge 

 

Figs. 2 and 3 show the elevation and two cross-sections of the bridge respectively.  

 

 
 

Figure 2.    Elevation (all dimensions in m)  

 



 
 

Figure 3.    Cross-section (all dimensions in m)  

 

 The bridge has a total length of approximately 64.5 m (16.42 m – 16.22 m – 15.96 m 

– 15.95 m from East to West) and tests are focused on the third span (L = 15.96 m), where 

signs of deterioration can be visualized at the East support of the South beam (Fig. 4(a)). The 

cross-section (Fig. 3) can be described as an in-situ double T section, composed of a 

horizontal top slab resting on two rectangular beams (similar for all spans). Both beams are 

placed with an eccentricity of 0.8 m with respect to the symmetry axis of the section, which 

leaves 0.95 m cantilevers at both sides. The width and depth of the top slab are 3.8 m and 

0.39 m respectively, constant along the structure. Beam height varies from 1.1 m at the 

supports (Section A-A’ in Fig. 3) to 1 m (Section B-B’ in Fig. 3) after a distance of 

approximately 1.09 m from the edge of the bearing (Fig. 2), remaining with a constant height 

in the rest of the span. At that transition point, a bevel on the exterior face of the beams 

appears and it continues over their remaining length with dimensions of 5 cm (horizontal) 

and 12 cm (vertical) (Section B-B’ in Fig. 3). The connection of the top slab to the beams is 

made over a depth of approximately 0.26 m. Therefore, the total depth of the deck ranges 

from 1.65 m to 1.75 m at the supports, which corresponds to a depth-span ratio of 0.103 and 

0.109 respectively (depth  L/10 in both cases). 

 

 At the supports, a trapezoidal concrete platform serves to level the bearings, which 

consist of a metal layer. A photo of the bearing detail is provided in Fig. 4(b). Dimensions of 

the leveling platforms are 24 cm for the top base, 47 cm for the bottom base and 8.5 cm for 

its height. As for the bearing, it is 24 cm long and 1.3 cm high; on the transversal direction 

both elements have the same width as the beams (30 cm). Initially, it is assumed that spans 

are independent since four bearings can be found at all piers (two adjacent spans and two 

beams per span). Nevertheless, presence of dirt and soil at the supports encourage taking 

these assumptions and the afore-mentioned dimensions with caution. Finally, concrete 

diaphragms between beams can be noticed at all supports. 

 



 

(a) 

 

(b) 

 

Figure 4.    Supports: (a) Signs of deterioration at the support, (b) Detail of the bearing 
 

Measurement Devices 

 

First of all, the overall dimensions of the structure are taken using a laser distance meter and 

a tape measure. The distance meter is a model Leica DISTO D8 with 0.5 mm uncertainty [6] 

while the tape measure has an accuracy of 1 mm. These instruments are also used to take the 

measurements needed to place the surveying targets on the structure.  

 

 Surveying measurements are taken using an electronic tachymeter (total station) 

Leica TCRP1201 in conjunction with sticker black and white targets. Specifications for this 

device are the following: 1 mm + 1.5 ppm in distance and 1’’ in horizontal and vertical 

angles [7].Targets are placed on the exterior face of the beams and their location is symmetric 

with respect to mid-span. They are located in a quasi-horizontal line that was marked using 

the print left by the formwork. Targets are distanced 0.5 m in the central part of the beams 

and 1 m near the supports. 
 

Loading Conditions 

 

The vehicle used is a five-axle truck (Fig. 5), with two wheels per axle, except for the second 

one that has four wheels. Distances between wheels (center to center) for each axle are as 

follows: 2122 mm (1
st
 axle), 350 mm - 1711 mm - 350 mm (2

nd
 axle), 2040 mm (3

rd
 axle), 

2040 mm (4
th

 axle), 2040 mm (5
th

 axle); and distances between axles are: 3.6 m (1
st
 to 2

nd
), 

2.7 m (2
nd

 to 3
rd

 axle), 1.31 m (3
rd

 to 4
th

 axle) and 1.31 m (4
th

 to 5
th

 axle). The footprint of the 

tires on the deck surface measures approximately 25 cm by 16-22 cm. The truck is loaded 

using aggregate from a nearby quarry, adding up to a total gross vehicle weight of 40.29 t. 

The individual axle weights of the 1
st
, 2

nd
, 3

rd
, 4

th
 and 5

th
 axles are 7.26 t, 9.06 t, 8.02 t, 8.17 t 

and 7.78 t respectively.  

 



  

 

Figure 5.    Testing Vehicle.  
 

 Table 1 summarizes the four testing scenarios defined by the position of the second 

axle of the truck along the span and the orientation of the truck. In all cases, the truck is 

applied centered with respect to the symmetry axis of the bridge cross-section (i.e., it can be 

assumed that the truck load will be equally distributed to the left and right of the symmetry 

axis in Fig. 3). 

 

Table 1.    Static loading cases. 

 

Scenario Truck Orientation  

(5
th

 axle - 1
st
 axle)  

Truck 2
nd

 axle 

position  

Min. distance between 

wheel footprint and 

edges of top slab (Fig. 3)  

(North / South in cm) * 

I West-East mid-span 60 / 79 

II West-East (right Fig. 5) 3L/4 72 / 69 

III East-West mid-span 75 / 67 

IV East-West L/4 72 / 69 

 

 *Distance measured from the exterior face of the wheel to the edge of the deck. 

 

Field Measurements 

 

In this section, steps followed during field work are first described and then, the measured 

data is presented. Before beginning with surveying measurements, it is necessary to choose 

the points where the tachymeter will be stationed and calculate their coordinates. For this 

purpose, a surveying method known as “traverse” [8] is implemented. After selecting two 

station points, one at each side of the bridge, a third one is chosen so to close the itinerary. 

Then, random coordinates are assigned to one of the points and, starting from that same 

point, observations of angles (horizontal and vertical) as well as distances are consecutively 

taken from each point to the other two. Finally, a new set of measurements is taken from the 

starting point. Using all these data, unknown coordinates for the two station points are 

calculated. 

 

 Measurements are taken using another surveying method known as “radiation” that 

consists on stationing the device on a point of known coordinates and measuring angles (with 

respect to a fixed origin) and distances to the target points. Coordinates for those points can 

be determined using the acquired data. Measurement sequence is the following: i) unloaded 



bridge measured from measurement location to the North of the bridge, ii) loaded bridge 

measured from North measurement location, iii) loaded bridge measured from measurement 

location to the South of the bridge and iv) unloaded bridge measured from South 

measurement location. Between steps i) and ii) truck is put into position and between iii) and 

iv) it leaves the bridge. For each target, coordinates are calculated three times and then 

averaged in order to minimize accidental errors inherent to the measurement process. Finally, 

displacements are calculated using surveying techniques for static scenarios (I-IV). 

 

 The deflections measured for the scenarios in Table 1 are presented in Fig.6. 

 

 
 (a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 6.    Measured profiles: (a) I, (b) II, (c) III, and (d) IV  

 

Model Calibration and Testing 

 

In the analysis of the measured deflections, one-dimensional mathematical models are used to 

model the response of each half of the bridge section in Fig. 3, which is basically a T-beam. It 

is assumed that the truck load is equally shared by the two T-beams composing the section. 

Boundary conditions at the supports and flexural stiffness EI (modulus of elasticity 

multiplied by inertia) of each beam are the unknowns in these models. For simplification 

purposes, EI is assumed to be constant all along the beam. Values for the parameters of the 

models are estimated by minimizing the objective function which can be described as the root 

mean square error (RMSE) between measured displacements (Fig. 6) and those predicted by 

the model. Regarding flexural stiffness, it is necessary to say that based on a gross inertia of 

0.228 m
4
 (estimated from section B-B’ in Fig. 3) and a typical modulus of elasticity of 

reinforced concrete of 30 GPa, an EI value of 6840 MN·m
2
 can be derived for each beam. 

However, the original strength of the concrete and the amount of reinforcement employed in 

the section is unknown, the loss of properties due to age deterioration is uncertain and the 

inertia is not constant along the beam. Therefore, the solution is expected to lie somewhere 

between 4560 and 9120 MN·m
2
. 

 

 Typical pinned-pinned, pinned-fixed, fixed-pinned and fixed-fixed support 

conditions are tested first. Here, the sole unknown parameter of the model is EI given that 

boundary conditions are imposed. In the labeling of these boundary conditions (pinned-fixed, 

fixed-pinned, etc.), the first and second words refer to West and East respectively. Results for 



both beams and scenarios I to IV are presented in Table 2.  

 

Table 2.     Estimation of Stiffness for Beam Model with Pinned or Fixed Support Conditions   

 

Stiffness (MN·m
2
) 

NORTH BEAM SOUTH BEAM 

Pin-

pin 

Pin-fix  Fix-

pin 

Fix-fix Pin-

pin 

Pin-fix Fix-

pin 

Fix-fix 

Scenario I 4960 2194 1811 959 6077 2689 2209 1169 

Scenario II 6830 2642 3022 1430 5922 2324 2611 1255 

Scenario III 4879 1770 2165 939 3579 1302 1592 694 

Scenario IV 4400 1929 1729 929 3770 1669 1474 801 

Mean 5267 2134 2182 1064 4837 1996 1972 980 

Standard dev. 1071 381 591 244 1346 626 534 274 

COV 0.20 0.18 0.27 0.23 0.28 0.31 0.27 0.28 

RMSE (mm) 1.32 1.59 1.95 1.53 1.51 2.10 2.11 1.99 

 

 Table 2 shows EI estimates for each loading case and mathematical model. Mean, 

standard deviation and coefficient of variation (COV = standard deviation / mean) are 

provided to evaluate the consistency of results throughout the four tests. The last row of 

Table 2 corresponds to the root mean square error in mm, added for all four scenarios.  It can 

be noticed that for both North and South beams, the more realistic EI values are obtained for 

the case of the simply supported beam. For the rest of the support conditions, the resulting EI 

values lie significantly below the range deemed to be reasonable (4560 to 9210). Similarly, 

minimum RMSE corresponds to the pinned-pinned so it is concluded that a simply supported 

beam is closer to the measurements than any other model in Table 2. However, COV is still 

significant (i.e., relative large variation in EI depending on the loading case under 

consideration) and it is decided to introduce rotationary springs at the supports in an attempt 

to further improve both COV and RMSE.  

 

 As a result, the beam model has now three unknowns: EI, West spring constant 

(KWest) and East spring constant (KEast). Thus, the goal is to find the combination of values of 

these three parameters that provides the minimum RMSE. There is a wide range of values of 

spring constants, therefore, those values in range with power 0 are deemed to basically 

correspond to the pinned-pinned case (no significant differences in the displacement 

response) and those values in excess of power to the 6 agree with the fixed-fixed case (for 

higher values of the spring constant, differences in the profile with the fixed-fixed case are 

negligible). As a consequence, spring constants are considered to vary from 10
0
 MN·m/rad to 

10
6
 MN·m/rad. Optimal sets of values that minimize RMSE are obtained for the parameters 

and each load scenario. Fig. 7 shows two contour plots corresponding to the beams North and 

South, considering one of the parameters constant and equal to the value that provides the 

minimum RMSE. 

 



 (a) 

 
(b) 

 

Figure 7.    RMSE versus KWest and EI: (a) North beam, (b) South beam 

 

 It is difficult to appreciate a minimum in Fig. 7, given that is located in a flat valley 

region for both beams. Nevertheless, combination of parameters that gives the minimum 

value of RMSE is marked with a single black dot. Fig. 7(a) corresponds to the North beam, 

for load scenario I, with KEast constant and equal to its optimum value. Similarly, Fig. 7 (b) 

represents the variation of the objective function for the South beam and same conditions as 

Fig. 7 (a). Table 3 summarizes the combinations of parameters (EI, KWest and KEast) that 

provide minimum RMSE values for each load case: 

 

Table 3.    Estimation of Section Stiffness and Spring Constants at the Supports  

 

 

NORTH BEAM SOUTH BEAM 

Stiffness 
(MN·m

2
) 

KWest 

(MN·m/rad) 
KEast 

(MN·m/rad) 
Stiffness 
(MN·m

2
) 

KWest 

(MN·m/rad) 
KEast 

(MN·m/rad) 

Scenario I 4310 10
0.25

 10
2.375

 2110 10
2,8125

 10
2,5

 

Scenario II 2630 10
2.6875

 10
2.75

 3360 10
3,3125

 10
0
 

Scenario III 2020 10
2.3125

 10
2.75

 3470 10
0
 10

1,5
 

Scenario IV 2560 10
0
 10

3.125
 3000 10

0
 10

2,5
 

Mean 2880 174 674 2985 676 166 

Standard dev. 992 230 466 617 968 174 

COV 0.34 1.32 0.69 0.21 1.43 1.04 

RMSE (mm) 1.22 1.45 

 

 Given the variability of the results and the unrealistically low values of EI shown in 

Table 3, in order to find a more reliable solution, it was decided to take an “L-curve” 

approach, which would allow minimizing not only the RMSE but also the COV of stiffness 

predictions for all load scenarios. This approach consists of testing a number of combinations 

of values for KEast and KWest; while computing the EI value that provides the minimum RMSE 

for each load scenario. Thus, for each pair of spring constants, four EI values have been 



obtained (one per loading case), which makes possible to determine their mean, standard 

deviation and COV.  Fig. 8 shows the COV in the x-axis and the total RMSE in the y-axis 

(each point of the graphic corresponds to a specific combination of values of spring 

constants). In order to decide which point represents the best combination of parameters for 

the beam models, Pareto criterion is applied. This criterion states that a solution (yi) 

dominates another (yj) if all vector components of yi are not greater than the corresponding 

components of yj and at least one component of yi is strictly smaller than the corresponding 

component of yj. All solutions that are not dominated by any other are said to be the optimal 

ones. Points that fulfill Pareto criterion are marked with full dots in Fig. 8. 

 

 

  

(a) 

 

 

 (b) 

 

 

Figure 8.    RMSE versus COV: (a) North beam, (b) South beam 

 

 Amongst all optimal solutions shown in Fig. 8, the ones chosen as final values for 

each beam model are those closer to the origin point, which would represent the perfect 

prediction (no variation coefficient and null RMSE). Due to noise in the measurements, 

selection of optimum point is not clear; even when applying Pareto criterion it could be 

possible that the points selected as dominant may be affected by noise. If points closer to the 

origin (avoiding isolated points) are selected, values of 10
0
 MN·m/rad for KWest, 10

0.5
 

MN·m/rad for KEast and 4927.5 MN·m
2
 for EI are obtained in the North beam (point P 

marked in Fig. 8(a)); and values of 10
0.375

 MN·m/rad for KWest, 10
0.25

 MN·m/rad for KEast and 

4582.5 MN·m
2
 for EI are obtained for the South beam (point P marked in Fig. 8(b)). EI for 

both beams fall within the lowest values of the theoretical range (4560 to 9210), which can be 

expected for such an old bridge, cast in-situ and the construction practise, materials and 

quality controls at the time. As for the COV and RMSE, compared to the values in Table 2, 

there is a trade-off between these two variables since COV decreases (0.09 in North beam 

and 0.23 in South beam) but RMSE increases slightly (1.5 mm in North beam and 1.6 mm 

South beam). The values of EI, KEast and KWest are relatively homogeneous for both beams, 

being the boundary conditions very similar to a simply supported beam. It is true that EI of 

the South beam is slightly smaller than that of the North beam, which appears to be in 

agreement with the preliminary visual inspection (i.e., damaged area in Fig. 4(a)), however, 

the impact on the structural response is not significant (displacements are small thanks to the 

large section and low values of spring constants, which resemble the response of simply 

supported beams, are obtained for both models).  

 



Conclusions 

 

The health of an old bridge located near León (Spain), in particular its stiffness and support 

conditions, have been assessed via surveying measurement of deflections due to static 

loading tests. The paper has shown that it is important to take into account the uncertainty 

associated to the measures when trying to resemble them with mathematical models of the 

bridge response. The use of only one static loading test can be misleading due to inaccuracies 

in measurements and models, and the reliability of the results can be improved by combining 

a number of loading cases.  
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