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Synopsis: In this study, a prestressed concrete girder bridge without plans and with severe levels of deterioration, 10 

located in Cali, Colombia, was load-tested to quantify, experimentally, its live-load behavior. The bridge consists of 11 

seven prestressed I-girders covered with a reinforced concrete deck, and four diaphragm beams. A geometric survey 12 

was performed to obtain the dimensions for a shell-based linear finite-element model (FEM) representing the bridge 13 

superstructure. In this survey, it was observed that the diaphragm beams in the span are geometrically inadequate to 14 

contribute to the structural system. Based on the experimental modal properties and the design regulations enforced 15 

at the time of bridge design and construction, a first update was made. Modifying the effective stiffness of selected 16 

elements to model girder deterioration, a second update was performed based on strain-gauge data from three load 17 

tests and visual inspection (VI) of the elements. The three models (basic, modal updated, and load-test/VI updated) 18 

were compared with the load distribution factor (DF) obtained from the load test and AASHTO distribution factor 19 

estimations. Visual inspection, dynamic characterization, and load testing response of this structure indicated severe 20 

deterioration of the girders and the absence of the effect of the diaphragms in the overall structural behavior. The 21 

results show that the AASHTO recommendations overestimate the LDF in comparison with the FEM without girder 22 

deterioration. When girder deterioration is included in the model, the LDFs change drastically, showing that AASHTO 23 

estimations are not in line with the experimental results. As such, for cases of bridges with severe levels of 24 

deterioration, it is recommended to use field data to estimate the distribution factors. 25 

 26 
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INTRODUCTION 56 

 57 

The decision-making on maintenance, repair, reconstruction, or replacement of a structure such as a bridge must be 58 

based on the evaluation of its safety and load capacity using reliable criteria such as geometric details, material 59 

properties, reinforcement configurations, inspection reports and even prior load rating files1. The assessment process 60 

(structural performance or load capacity quantification) starts from an analytical inference based on the structural 61 

design of the bridge to predict the behavior of the in-service structure. However, for bridges in operation, information 62 

like the design or as-built plans may be limited or non-existent2. Besides, the analytical inference of the load effect 63 

(load distribution and load paths) and the structural capacity of the in-service structure can be affected because of 64 

deterioration and the level of damage on the structural elements, which generates and increases the uncertainty on the 65 

behavior evaluation and load rating quantification of the bridge3,4. 66 

 67 

For the design of a new bridge or evaluation of an existing one, distribution factors for transverse distribution of live 68 

loads can be used. This phenomenon is typically defined using prescriptive formulas that simplify the complex 69 

behavior into simple factors. In the Americas, the common practice is to use the formulation proposed in AASTHO 70 

standards5,6, whereas in Europe the Guyon-Massonet method is more commonly used7.  In recent decades, several 71 

methods such as finite element modeling (FEM) and load testing have become accepted methods for determining live 72 

load distribution8. Some investigations show that distribution factors calculated using AASHTO standards give more 73 

conservative and even poor estimations when compared with distribution factors generated with the FEM and 74 

experimental approaches9,10,11.  75 

 76 

Load testing of bridges is a method that allows the assessment of bridge performance, especially when analytical 77 

methods do not provide accurate answers about the bridge’s behavior12. Information about bridge load testing and 78 

experimental live load distribution factor determination can be found in the literature. The ACI 342R-16 Report8 79 

provides basic guidance on the methods and tools available for determining flexural live load distribution behavior of 80 

in-service concrete bridges. Studies such as those carried out by Lantsoght et al.4 and Halicka et al.13 show the 81 

development of load tests during the last two decades, where the following is highlighted: (1) the existing types of 82 

load tests according to the load to be applied or the objective of the test, (2) the criteria for the application of the test, 83 

such as the maximum load to be applied or the objective test load and the criteria to stop the test in progress, (3) the 84 

protocols established in international standards for the application of load tests on bridges, and (4) the existing codes 85 

and guides for the execution of load tests on concrete bridges. Recent research, such as the studies conducted by 86 

Ohanian et al.9, Torres et al.10, Dong et al.11 and show the procedures applied to determine, experimentally, the live 87 

load distribution factors through load testing, including finite element model calibration based on experimental results 88 

and comparison with code specifications. The first work shows the benefits of performing an in-place load test creating 89 

calibrated models for two study cases, the results show that standard moment distribution factors calculated by 90 

AASHTO are, at least, two times higher than those predicted by a calibrated model. Finally, from the updated models, 91 

live load distribution factors can be used to calculate a more realistic load rating. The second study highlights a poor 92 

agreement between AASHTO LRFD Girder Distribution Factor (GDF) equations and FEM-estimated GDF for double 93 

tee bridges and proposes new equations based on a multivariable linear regression using a shell-based updated model. 94 

The last work shows that for a pre-stressed girder bridge the distribution factors of live load calculated by AASHTO 95 

standards gives more conservative results when compared with the experimental and FEM approaches. Thus, the load-96 

rating factor (RF) of live load calculated by AASHTO standards gives more conservative results as well. 97 

 98 

In this paper, a prestressed girder bridge without plans and severe levels of deterioration, located in Cali, Colombia, 99 

was load-tested to quantify, experimentally, its live-load behavior. The selection of this type of bridge (one span and 100 

its type of superstructure and construction materials) is based on an inventory of the bridges in the city from 2015. 101 

That study showed that 76% of the total vehicular bridges are one span and 42% of the total vehicular bridges are 102 

constructed of prestressed concrete beams. Since the bridge does not have plans or design information, and some 103 

construction flaws and severely deteriorated girders (bottom flanges and webs) were detected, different field data were 104 

collected. Data on the state and performance of the bridge was collected by means of a geometric survey with a visual 105 

inspection, acceleration records for dynamic characterization, static load testing with strain measurements. The goals 106 

of this research are as follows: (i) estimate the design live load of the super-structure, (ii) infer which elements 107 

contribute to the stiffness of the structural system, (iii) obtain the live load distribution of the bridge girders and explore 108 

if the behavior under live loads relates to the cracked cross-section, (iv) determine how different levels of experimental 109 

information contribute to improving the estimation of the bridge response, and (v) investigate if the observed damage 110 

is caused by live loads. 111 
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RESEARCH SIGNIFICANCE 112 

 113 

The presented research combines field testing and finite model updating to represent the actual behavior of a planless, 114 

deteriorated prestressed concrete girder bridge. Being a structure without as-built or design plans and some level of 115 

deterioration, the steps described herein can be valuable to improve the current practice of service evaluation of this 116 

type of bridges and to contribute to the field of assessment of existing infrastructure assisted by field data. The research 117 

also shows that the AASHTO live load distribution factors cannot be used for the assessment of existing prestressed 118 

concrete girder bridges in which cracking is present. 119 

 120 

BACKGROUND 121 

 122 

In Colombia, the American Association of State Highway and Transportation Officials (AASHTO) specifications 123 

were used for bridge design until 1994. In 1995, the 1st Edition of the Colombian Bridge Seismic Design Code CCP-124 

9514 was published for the Colombian national institute of roads - INVIAS. This code was based on the AASTHO 125 

Standard Specification for Highway Bridges - 199215. In 2013, the INVIAS and the Colombian Association of Seismic 126 

Engineering - AIS published a new edition of the Colombian Bridge Design Code called CCP-1416. The CCP-14 is 127 

based on AASHTO LRFD Bridge Design Specifications (6th and 7th editions)17,18.  128 
 129 
Wheel factors and live load distribution factors 130 

The CCP-9514 (AASTHO Standard-1992) specification states: as an approximate method of analysis, the 131 

determination of the bending moments due to live load on the longitudinal girders in the superstructure should be done 132 

based on the wheel load and the wheel factors (WF). For a concrete deck on prestressed girders, the wheel factors for 133 

interior girders are shown in Eqn. 1 for a bridge designed with one traffic lane loaded and Eqn. 2 for a bridge designed 134 

with two or more traffic lanes loaded. 135 

 136 

𝑊𝐹 = 𝑆/2.1 for 𝑆 ≤ 3.0 (1) 137 

 138 

𝑊𝐹 = 𝑆/1.7 for 𝑆 ≤ 4.0 (2) 139 

 140 

where S is the distance in meters between adjacent girders. For the exterior beams, the code indicates that the live load 141 

distribution factor for bending moment shall be determined as the reaction of the wheel load obtained when assuming 142 

that the deck slab acts as a simple span between beams (lever rule). These distribution factors (CCP-95, AASTHO 143 

Standard 1992, 1996 and 2002) were based on a wheel line concept—or half of a truck load8. 144 

 145 

The CCP-1416 is the current bridge design code in Colombia (AASHTO LRFD Specifications 6th and 7th). The live 146 

load distribution factors for bending moment are based on a lanes concept (whole truck load) and not a wheel line 147 

concept (half of a truck load). The load distribution factor equations in the AASHTO LRFD Specifications are 148 

empirical and differ greatly from the S-over method prescribed in the AASTHO Standard. The load distribution factor 149 

equations are grouped by bridge type and are generally functions of girder spacing (S), span length (L), slab thickness 150 

(ts) and beam stiffness (Kg)8. For a concrete deck on a prestressed girder superstructure, the live load distribution factor 151 

(g) equations for interior girders for bridges designed for one traffic lane loaded or for two or more lanes loaded are 152 

shown in Eqn. 3 and Eqn. 4, respectively. 153 

  154 

𝑔 = 0.06 + (
𝑆

4300
)

0.4

(
𝑆

𝐿
)

0.3

(
𝐾𝑔

𝐿𝑡𝑠
3)

0.1

  (3) 155 

 156 

𝑔 = 0.075 + (
𝑆

2900
)

0.6

(
𝑆

𝐿
)

0.2

(
𝐾𝑔

𝐿𝑡𝑠
3)

0.1

  (4) 157 

 158 

and  159 

 160 

𝐾𝑔 =  
𝐸𝐵

𝐸𝐷
(𝐼 + 𝐴𝑒𝑔

2) (5) 161 

 162 

where S, L and ts are in mm, and Kg is mm4. EB is the modulus of elasticity of the beam material in MPa, ED is the 163 

modulus of elasticity of the deck material in MPa, I is the moment of inertia of the noncomposite beam in mm4, A is 164 

the area of the noncomposite girder in mm2 and eg is the distance between the centers of gravity of the basic beam and 165 
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deck in mm. The equations above have application ranges for the variables S, L, ts and Kg
16,18. S must be in the range 166 

of 1100 mm (43.34 in.) and 4900 mm (193.06 in.), L between 6000 mm (19.7 ft) and 73000 mm (239.68 ft), ts between 167 

110 mm (4.33 in.) and 300 mm (11.82), and Kg between 4.1623x109 mm4 (1.00x104 in4.) and 2.9136x1012 (7.02x106 168 

in4.).  169 

 170 

For exterior girders, the live load distribution factors (g) can be calculated using the lever rule when one traffic lane 171 

is loaded. For two or more lanes loaded, g can be obtained by multiplying the interior girder load distribution factor 172 

(ginterior) by a correction factor (e), which is calculated using Eqn. 6. 173 

  174 

𝑒 = 0.77 +
𝑑𝑒

2800
  (6) 175 

 176 

where de is the horizontal distance in mm from the centerline of the exterior web of the exterior girder at the deck level 177 

to the interior edge of the curb or traffic barrier16,18. 178 

 179 

Distribution factors calculated using experimental data and FEM results 180 

The bridge load distribution can be obtained using the response across the bridge cross-section (displacements or 181 

strains). Based on displacement data, the girders distribution factor is obtained by dividing each girder displacement 182 

by the summation of all girders displacements11. Just as for the approach based on displacements, the strain-based 183 

method uses the ratio of the measured strain in an individual girder divided by the summation of the strains in all 184 

girders to determine the distribution factor (DF) as shown in Eqn. 78,19,20. 185 

 186 

𝐷𝐹𝑖 =
𝑛∙𝜀𝑖

∑ 𝜀𝑗∙𝑤𝑗
𝑘
𝑗=1

 (7) 187 

 188 

where εi is the strain at the i-th girder; wi is the ratio of the section modulus of the i-th girder to the section modulus 189 

of a typical interior girder; n is the number of wheel lines of applied loading; and k is the number of girders. 190 

 191 

BRIDGE DESCRIPTION 192 

 193 

The bridge over the Lili River was constructed in the 2000s in the neighborhood Ciudad Jardin, south of Cali, 194 

Colombia. It consists of two lanes with the same traffic direction as shown in Fig. 1(a), a bike lane on the left side, 195 

and a pedestrian platform on the right side. This structure is a prestressed straight girder bridge with a 19 m (62 ft) 196 

span, a 12.2 m (40 ft) width, and with no intermediate supports. The concrete deck sits on seven prestressed I-beams 197 

and there are also four diaphragms, two near the supports and two positioned at one-third points of the span as shown 198 

in Fig. 1(b). The bridge was designed and constructed in the early 2000s when the 1st Edition of the Colombian Bridge 199 

Code CCP-9514 was in effect (based on the AASTHO Standard Specification for Highway Bridges - 1992). The 200 

construction plans for the bridge were not obtainable; thus, information regarding wearing surface and deck thickness, 201 

design materials properties, bearings characteristics, passive and active reinforcement configuration, and element 202 

dimensions were not available. 203 

 204 

  205 
Fig. 1—Overview of bridge tested: (a) traffic flow view; (b) bottom view. 206 

 207 

A basic procedure to obtain the required information was developed. First, a geometry survey was completed to obtain 208 

the dimensions of the girders, diaphragms, and separations between them. Also, the lengths of the cantilevers where 209 

(a) (b)
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the bike lane and the pedestrian platform are located were determined. The thickness of the deck and wearing surface 210 

together was obtained indirectly using the interior and exterior heights of the curb. Second, information regarding 211 

material properties (concrete and prestressing steel) and bearing elements was assumed from the Colombian bridge 212 

specification14 enforced at the time of bridge design and construction. These properties were corroborated using 213 

construction plans from other bridges with similar characteristics that were designed and constructed at the same time 214 

as the bridge under study. Third, the prestressing force and eccentricity were estimated using Magnel diagrams19; the 215 

truck loadings and distribution factors (wheel factor) were based on the serviceability criteria established by the CCP-216 

95 at that time. Finally, a visual inspection was performed at the same time as the geometric survey to observe the 217 

level of deterioration of the principal elements.  218 

 219 

Geometric survey and visual inspection of the girders 220 

The results of the geometric survey are shown in Fig. 2. The seven girders are 872 mm (34.3 in.) deep and have a 221 

bottom flange width of 454 mm (17.9 in.). The separation between adjacent beam is 1500 mm (59 in.) and the 222 

combined thickness of the wearing surface and concrete deck is 200 mm (7.9 in.). Based on CCP-95 recommendations, 223 

a minimum thickness of 160 mm (6.3 in.) for the concrete deck was assumed since it is conservative. Thus, the deck 224 

and wearing surface thickness are assumed as 160 mm (6.3 in.) and 40 mm (1.6 in.), respectively.  225 

 226 

A visual inspection was performed to determine the level of deterioration of the girders. In this activity, the length, 227 

width, and location of the cracks at the girder surfaces were acquired. Fig. 3 shows the deterioration level in two 228 

elements, girders 1 and 2. In Fig. 3, the approximate length and measured width of a crack are presented in square and 229 

round brackets, respectively. Girder 2 is the most deteriorated element and girder 4 has a similar crack pattern to girder 230 

2 (quantity and thickness). The other girders have a level of damage less than girder 1.  231 

 232 

 233 
Fig. 2—Bridge geometry survey: (a) plan view; (b) beam detail; (c) cross-section view (section A-A’). 234 

Dimensions in mm [1 mm = 0.0394 in.] 235 

 236 
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 237 
Fig. 3—Cracking determined through visual inspection for girders 1 (top) and 2 (bottom). Dimensions in mm 238 

[1 mm = 0.0394 in.] 239 

 240 

ESTIMATE OF PRESTRESSING FORCE 241 

 242 

Before load testing, the prestressing force and eccentricity were estimated using Magnel diagrams for the two design 243 

trucks from CCP-9514. Based on the serviceability criteria (i.e., allowable stresses) for compression and tension at 244 

transfer and service, the Magnel equations establish the range of solutions that satisfy the serviceability criteria at the 245 

beam midspan based on the bottom compressive stress at transfer (σci), top tensile stress at transfer (σti), bottom tensile 246 

stress at service (σt), and top compressive stress at service (σc). The Magnel diagram is constructed by plotting four 247 

lines based on four inequations21; two inequations that correspond to the beam stresses at transfer are not affected by 248 

the truck loading, the other inequations that satisfy the serviceability criteria are affected by the truck loading2. The 249 

area enclosed by the four lines, and the straight lines with the geometry limits based on the actual size of the girder, 250 

represents the possible combinations of the initial prestressing force (Fo) and eccentricity (e) satisfying the allowable 251 

stresses at transfer and service. For systems like the girder-slab bridges, it is important to verify if the allowable 252 

stresses in service are satisfied by the simple beam section or composite beam and deck cross-section. 253 

 254 

Allowable stresses and design trucks from CCP-95 255 

The bridge was designed and constructed in the early 2000s when the 1st Edition of the Colombian Bridge Code CCP-256 

9514 was in effect. Based on these specifications, the beam concrete strengths were assumed to be 28 MPa (4061 psi) 257 

at transfer (f’ci) and 35 MPa (5076 psi) at service (f’c). The prestressing steel was assumed to be 12.7 mm (0.5 in.) 258 

diameter, Grade 270, stress-relieved strand, and the prestress losses were estimated as 15%. The allowable stresses in 259 

Table 1 were taken from the CCP-95.  260 

 261 

Table 1—Allowable stresses from CCP-95. 262 

Allowable stress Equation Units Value 

Bottom compressive stress at transfer (σci) σci = 0.55 f’ci MPa (psi) 15.40 (2234) 

Top tensile stress at transfer (σti) σti = 0.25 (f’ci)1/2 MPa (psi) 1.32 (192) 

Bottom tensile stress at service (σt) σt = 0.50 (f’c)1/2 MPa (psi) 2.96 (429) 

Top compressive stress at service (σc) σc = 0.40 f’c MPa (psi) 14.00 (2031) 

 263 

The design trucks specified in CCP-95 are named C40-95 and C32-95. The CCP-95 allows to use the lightest truck 264 

for the design of the bridge based on the function of the roadway where the bridge is located. Fig. 4 describes the axle 265 

weight of each truck. The Colombian specification states that, for bridges with spans less than 28.0 m (91.8 ft), the 266 
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design live load must be the truck load only (wheels lines concept – the axle weight divided by two) multiplied by the 267 

wheel factor (calculated with Eqn. 2) and the impact allowance (I) calculated with Eqn. 8: 268 

 269 

𝐼 =
16

𝐿𝑐+40
  (8) 270 

 271 

where Lc is the distance between bearings in meters. The live load impact and wheel factor for an interior girder were 272 

computed as 1.28 and 0.88, respectively. The dead load moment was computed from the beam, deck, and wearing 273 

surface self-weights. 274 

 275 

 276 
Fig. 4—Design trucks from CCP-95. Dimensions in mm [1 mm = 0.0394 in.] 277 

 278 

Prestressing force estimation 279 

Fig. 5 shows the Magnel diagram for the C32-95 design truck with the assumption of a composite section for the 280 

serviceability stage (Inequation III for top compressive stress at service (σc) and inequation IV for bottom tensile stress 281 

at service (σt)); at this stage, the simple section was discarded because it did not meet the allowable stress criteria 282 

presented in Table 1. Furthermore, the Magnel diagram using the C40-95 design truck doesn’t show an area enclosed 283 

by the four lines, which indicates that the section (simple or composite) is insufficient for this load. Table 2 summarizes 284 

the assumed eccentricity based on the supposed cover and actual geometry (eg), the high prestress (Fomax), low prestress 285 

(Fomin) and the effective force (Fe).  Fomax and Fomin were obtained from Magnel diagram as the inverse values in the 286 

intersections of the straight line (eg) with line (II) and line (IV), respectively. As conservative criterion, Fe was 287 

computed as kFomin with k equal to 0.85 (prestress losses of 15%), and the area of the prestressing strand (As) was 288 

obtained by dividing Fe by the initial strand stress at transfer (fso), which was assumed to be the minimum of 74% of 289 

the ultimate strand stress (fpu) or 82% of the yield strand stress (fpy) as specified in the CCP-95. Later, As and Fe were 290 

corrected with an integer number of strands as shown in Table 2. 291 

 292 

  293 
Fig. 5—Magnel diagram for C32-95 design truck. [1 kN = 0.2248 kip; 1 mm = 0.0394 in.] 294 
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Table 2—Estimate of prestressing force for the bridge. 295 

Parameter Units Value 

High prestress (Fomax) kN (kip) 1888.1 (424.4) 

Low prestress (Fomin) kN (kip) 1704.3 (383.1) 

Assumed eccentricity (eg) mm (in.) 305 (12) 

Corrected effective force (Fe) kN (kip) 1477 (332.0) 

74% of the ultimate strand stress (0.74fpu) MPa (ksi) 1404.7 (203.6) 

82% of the yield strand stress (0.82fpy) MPa (ksi) 1354.2 (196.4) 

Corrected area of the prestressing strand (As) mm2 (in2) 1283 (1.99) 

Number of strands - 13 

 296 

EXPERIMENTS 297 

 298 

Operational modal analysis 299 

An operational modal analysis (OMA) was performed to identify the dynamic properties of the bridge through ambient 300 

vibration tests. The ambient vibration records are produced by vehicles and pedestrians, the wind flow, and micro-301 

tremors in the area. The vibration tests were carried out during the normal operation of the bridge without interrupting 302 

traffic. The acceleration records were taken at 18 points in vertical and transverse directions: six on the curb, six on 303 

lane 1, and six on the pedestrian platform. The equipment used for this work was composed of six accelerometers, 304 

three of which were a REF-TEK model 130-SMA triaxial instrument and three of which were uniaxial REF-TEK 305 

model 131B-01/1 accelerometers. All accelerometers had an acceleration range of ± 4g. The obtained signals are 306 

converted from analog to digital with a 24-bit card incorporated in the equipment.  307 

 308 

With this modal information, a first update of the bridge finite element model was performed. Fig. 6(a) shows the 309 

acceleration time histories of one configuration over the deck at different points along girder 3 using the six-channel 310 

equipment as a typical register of operational vibration. Fig. 6(b) shows the power spectral density analysis (PSD) of 311 

acceleration at the same register to identify possible modal frequencies. Using all the collected vibration records, three 312 

operational modal analysis methods were employed to identify the modal frequencies, damping ratio and mode shapes, 313 

including: (1) peak-amplitude or peak-picking (PP) with transmissibility between outputs22, (2) the natural excitation 314 

technique with eigensystem realization algorithm (NExT-ERA)23, and (3) data-driven stochastic subspace 315 

identification (DD-SSI)24. For the NExT-ERA and DD-SSI methods, a stabilization process was performed for 316 

grouping similar frequencies and eliminating spurious modes25. Fig. 7 presents the estimation of the first six modal 317 

parameters (operational frequencies and modes shapes) obtained using the PP method after comparing the results from 318 

the three mentioned methods.  319 

 320 

 321 
Fig. 6—Signals in the (a) time and (b) frequency domains. 322 

 323 
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 324 
Fig. 7—Estimated modal parameters (operational frequencies and modes shapes) for modes 1 – 6. [1 mm = 325 

0.0394 in.] 326 

 327 

Preparation of load test 328 

In the load testing process (diagnostic load tests or proof load tests), three stages are identified: preparation, execution, 329 

and analysis of results. In this research, the preparation stage consisted of defining the critical truck location that 330 

produces the highest bending moment in the girders and proposing an instrumentation plan based on these positions 331 

of interest 26. Based on the visual inspection of the bridge (Fig. 3), shear was not an expected failure mechanism in the 332 

structure. 333 

 334 

The analysis of critical position was made using a single design truck from CCP-95 (Fig. 4) and an initial SAP2000 335 

finite element model. The decision to use a single truck in the simulation was because a single truck would be used in 336 

the load test due to budget restrictions and execution permits. Based on the SAP2000 model, influence areas (IA) of 337 

each girder were constructed to verify the critical position of the truck. For all simulated scenarios, the longitudinal 338 

stress in the middle of the section of the bottom flange of the girders was acquired. At these points, the greatest strains 339 

occur according to the analysis carried out with the initial model. The IAs were constructed by varying the transverse 340 

position (TP) of the truck on the bridge. Vehicle TP is defined as the distance from the curb to the outermost face of 341 

the left tire. A series of TPs from 0.7 m to 7.31 m were defined, with 18 equally spaced variations. In each TP, a 342 



Castellanos-Toro et al. 

10 

 

simulation was carried out with the C 40-95 design truck traveling at 1 m/s (2.24 mph) and the influence line per unit 343 

load was built. 344 

 345 

For illustrative purposes, the IAs for girders 1, 4 and 7 are shown in Fig. 8. One truck located in the middle of the span 346 

over girders 1, 4 and 7 generated the maximum bending moments in these girders. Thus, these positions were used 347 

during the load test. Finally, based on the results of the prestressing force estimate, visual inspection, and as a 348 

conservative criterion, a diagnostic load test was performed with a truck weighing less than the design truck. 349 

 350 

 351 
Fig. 8—Influence areas IA for girders 1, 4 and 7. Units in 1/N [1 kN = 0.2248 kip; 1 mm = 0.0394 in.] 352 

 353 

Fig. 9 shows the instrumentation plan. Ten strain gauge sensors were installed on the bridge. All strain gages were 354 

installed at midspan of the girders. The majority of the strain gauges were placed at the bottom of the cross-section 355 

(see Fig. 9), whereas on girders 2, 4, and 7, strain gauges were placed at different heights to derive the strain profile 356 

over the height. All strain gages were equipped with their respective compensation gauge. The strain gauges have a 357 

length of 90 mm (3.55 in.) and strain limit of 2% and are suitable for measurements on concrete where an 358 

inhomogeneous strain field is expected. An adequately averaged strain value is obtained when the length of measuring 359 

gauge is at least four times, or preferably five times, the largest aggregate core size27. Based on the CCP-95 360 

specifications, the maximum aggregate size of the concrete in the girders was assumed to be 19 mm (0.75 in.). 361 

 362 

Since a limited number of ten gauges could be installed given the available instrumentation equipment, the criteria for 363 

installation were as follows: (i) one interior girder and one exterior girder should have strain gauges distributed over 364 

the height, (ii) at least one interior girder should have three strain gauges for checking experimentally the presence of 365 

composite behavior, and (iii) the most deteriorated girder should have strain gauges distributed over its height too. 366 

Based on these criteria, one girder would be left without instrumentation. Beam 6 was not instrumented since there 367 

may be additional effects on the exterior girders that are not seen on the interior girders. 368 

 369 

 370 
Fig. 9—Strain gauge instrumentation plan. Dimensions in mm [1 mm = 0.0394 in.] 371 
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The truck loading test plan consisted of applying static load with one truck at three different positions as shown in 372 

Fig. 10. In the load test, the truck was stopped and remained at midspan of each run (Lane 1-L1: truck on Lane 1, right 373 

wheel line on girder 1; Lane 2-L2: truck on Lane 2, left wheel line on girder 6; Lanes 1 and 2 -L12: truck between 374 

Lanes 1 and 2, truck axis between girders 3 and 4). The position on girder 7 was discarded because the bike lane could 375 

not be invaded. The characteristics of the loaded dump truck used for the load test are shown in Table 3, where the 376 

total weight of the truck corresponds to 54% of the load of the design truck. This weight guarantees measurable strain 377 

responses in the girders12 and does not generate additional damage to these elements. 378 

 379 

 380 
Fig. 10—Static loading plan. Dimensions in mm [1 mm = 0.0394 in] 381 

 382 

Table 3—Weights and dimensions of the dump truck. 383 

Parameter Units Value 

Axle separation m (ft) 4.47 (14.7) 

Wheel line separation m (ft) 1.85 (6.1) 

Total weight  kN (kip) 173.9 (39) 

Front axle weight kN (kip) 40.2 (9) 

Rear axle weight kN (kip) 133.7 (30) 

 384 

Execution of load test 385 

The execution of the load test and results are shown in Fig. 11. The strain versus time plots show how the strain 386 

readings return back to their initial values after unloading the bridge. This behavior indicates that the structure remains 387 

in its original state (no additional damage was generated with the load tests). The results from the static load L1 show 388 

a higher level of strain on girder 1 as compared with the other elements. A first hypothesis for this outcome is that the 389 

level of deterioration in girder 2 resulted in a stiffness reduction, so that relatively more load is redistributed to girder 390 

1, which, in turn, results in the higher strain reading. Even in the load test L12, in which the truck was closer to girder 391 

2, the strain in girder 1 is higher than in girder 2. The peak in the strain data from girder 1 during static load test L1 392 

was due to a sudden movement of the truck (abrupt braking). This value is discarded for the analysis as well as the 393 

peaks outside the duration of test L12 due to normal traffic flow before and after testing. 394 

 395 

Fig. 12 summarizes the strain results for the three load tests. With this information, the finite element models were 396 

updated, and the experimental DFs were calculated. 397 

 398 



Castellanos-Toro et al. 

12 

 

 399 
Fig. 11—Load test execution and results: (a) truck location L1; (b) strain static load test L1; (c) truck location 400 

L2; (d) strain static load test L2; (e) truck location L12; (f) strain static load test L12. 401 

 402 

 403 
Fig. 12—Static test transverse strain profile. [1 m = 39.4 in.] 404 

 405 

(a)

(c)

(e)
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FINITE ELEMENT MODEL UPDATING 406 

 407 

The finite element model (FEM) of the bridge was constructed in SAP2000 v1828 as shown in Fig. 13; the girders, 408 

diaphragms and slab were modeled as 2D shell elements and analyzed with thin-plate (Kirchhoff) theory. Tendon 409 

elements were utilized to account for the effects of prestress in the analyses. The deck and girder (including 410 

diaphragms) concrete strengths were assumed to be 28 MPa (4061 psi) and 35 MPa (5076 psi), respectively. The 411 

resulting FEM has 5091 nodes and a maximum mesh size of 100 mm (3.94 in.).  412 

 413 

 414 
Fig. 13—Finite element model in SAP2000  415 

 416 

The model of the bridge was updated sequentially including more field data to improve the agreement with the 417 

experimental response as follows:  418 

• update with the OMA results, and  419 

• update with the load tests results. 420 

The initial model was updated with the experimental modal information. Based on the survey, it was observed that 421 

the diaphragms at third-span were geometrically inadequate to contribute to the structural system (Fig. 14).  Therefore, 422 

they were removed from the model and assigned as load (mass) only. Also, based on the OMA results, nonstructural 423 

elements, such as the curb and the pedestrian platform, contribute to the stiffness of the structure. By including these 424 

elements, the FEM changes drastically, and the frequencies and modal coordinates show a better agreement with their 425 

experimental pairs. Other properties, such as the vertical stiffness of the bearings, modulus of elasticity of the concrete 426 

in the girders and in the deck were updated (Table 4) in an automatic way by minimizing the following objective 427 

function (F) (Eqn. 9): 428 

 429 

𝐹 = ∑ |
𝑓𝑛𝑒𝑖−𝑓𝑛𝑎𝑖

𝑓𝑛𝑒𝑖
| + ∑ 1 −

(𝜑𝑎𝑖
𝑇 𝜑𝑒𝑖)

𝟐

𝜑𝑎𝑖
𝑇 𝜑𝑎𝑖𝜑𝑒𝑖

𝑇 𝜑𝑒𝑖

5
𝑖=1

5
𝑖=1   (9) 430 

 431 

where fnei and fnai are the i-th experimental and analytical frequency, respectively, and φei and φai are the i-th 432 

experimental and analytical modes, respectively, the superscript T indicates the transpose of the modal shape.  433 

 434 

Table 4—Initial and updated values for the OMA update. 435 
Variable Units Initial value Final value 

Elastic modulus of girders MPa (ksi) 28390.0 (4177.6) 30195.3 (4379.4) 

Elastic modulus of deck MPa (ksi) 21988.4 (3189.2) 23168.0 (3360.2) 

Vertical stiffness girder 1. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 133.1 (760.0) – 133.1 (760.0) 

Vertical stiffness girder 2. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1) – 133.1 (760.0) 

Vertical stiffness girder 3. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1) – 66.56 (380.1) 

Vertical stiffness girder 4. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1) – 66.56 (380.1) 

Vertical stiffness girder 5. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1) – 66.56 (380.1) 

Vertical stiffness girder 6. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1) – 66.56 (380.1) 

Vertical stiffness girder 7. North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 72.59 (414.5) – 66.56 (380.1) 

 436 

The indicators of the result of the update are presented in Table 5, where the Modal Assurance Criterion (MAC) is 437 

used for statistical data analysis as a quality indicator of the experimentally found mode shapes (last quotient in Eqn. 438 

9). MAC is limited between zero when the mode shapes are completely unrelated and one, when they are completely 439 

correlated measuring the degree of consistency or linearity of the mode shapes29. 440 

 441 
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  442 
Fig. 14— Diaphragms at first third-span: (a) general view; (b) diaphragms between girders 1 and 4. 443 

 444 

Table 5—Indicators of the OMA update. 445 

Mode 
Frequency 

difference [%] 
MAC 

1 4.7 0.97 

2 1.2 0.86 

3 1.8 0.92 

4 1.1 0.84 

5 18.0 0.89 

Mean 5.4 0.89 

 446 

The OMA updated model was manually calibrated by using an objective error function to assess the closeness of the 447 

strain responses in the model to the bridge sensors measurements during the static load test. The mean absolute percent 448 

error (ME) was used as objective function8 (Eqn. 10): 449 

 450 

𝑀𝐸 =  
1

𝑛
∑

|𝑀𝑖−𝑃𝑖|

|𝑀𝑖|

𝑛
𝑖=1   (10) 451 

 452 

where Mi is the measured value from testing for sensor i; Pi is the predicted value from the FEM at sensor i’s location; 453 

and n is the number of sensors. The parameter for variation was the effective stiffness in the locations of the cracks 454 

for each girder, most located in the middle third of the span. To obtain the effective stiffness values from the FEM, 455 

different moment-curvature diagrams (Fig. 14) were constructed based on the simple and composite section, the 456 

calculated effective prestress force Fe, and the material properties from the Colombian specifications.  457 

 458 

Results in Fig. 15 indicate that the simple section exceeds its linear behavior for the total design load (MT = Mg + Mad 459 

+ Mtruck load where Mg is self-weight moment of girder, Mad is the moment from superimposed dead load and Mtruck load 460 

is the live load moment due to the C32-95 or C40-95 design truck), while the composite section remains within its 461 

linear range for the full design load, including the C40-95 truck. This indicates that the loss in prestress force could 462 

be larger than originally estimated (15%). Thus, the effective stiffness was changed as a percentage of the gross section 463 

until a minimum value of ME = 0.33 was reached. For each girder, a cracking section was modeled at crack positions 464 

obtained from the visual inspection. the moment of inertia at these locations was changed manually from 100% to 465 

30% of the gross moment of inertia of the composite section (Fig. 16). The calibration with the static load test data 466 

was performed only for the L12 test. The other results were compared with the updated model to validate the 467 

calibration. 468 

 469 

Fig. 17 summarizes the cross-sectional strain profile results for the load tests (LT) and different updated models: basic 470 

model without calibration (SAP/BASIC), the model with OMA calibration (SAP/OMA), and the model with the OMA 471 

update and the load test results calibration (SAP/OMA+LT). The results show that the basic model (SAP/BASIC) does 472 

not represent a good approximation of the experimental results. The first approximation is based on material 473 

assumptions and the geometric survey results, without including boundary conditions that simulate neoprene bearings 474 

and without excluding diaphragm stiffness. The updated model (SAP/OMA) contains the changes showed in Table 4 475 

and the exclusion of the stiffness of the diaphragms. Although this model captures the overall behavior of the structure, 476 

(a) (b)
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it does not show a good approximation with the experimental strain data. The last updating (SAP/OMA+LT) includes 477 

the damage at the element level, this input in the FEM has the largest effect on the model outcome to have it more in 478 

line with the experimental results of the load tests. 479 

 480 

 481 
Fig. 15—Moment-curvature diagrams. [1 kN = 0.2248 kip; 1 kN-m = 0.06852 kip-ft] 482 

 483 

 484 
Fig. 16—Girder gross and effective sections [1 m = 39.4 in.] 485 

 486 

 487 
Fig. 17—Strain profiles of updated models: (a) Test L1; (b) Test L2; (c) Test L12. [1 m = 39.4 in.] 488 

 489 

LOAD DISTRIBUTION FACTORS 490 

 491 

Load distribution factors were calculated with Eqn. 7 using the strain results from the updated models. The LDFs were 492 

compared to the load distribution factors calculated using the Colombian (AASHTO) specifications.  Fig. 17 shows 493 

the LDF for the different levels of calibration and those obtained from AASHTO Standard specification (AASHTO 494 

1992, 1996, 2002 and CCP-95) and AASHTO LRFD Specifications (AASHTO 2014, 2020 and CCP-14). Results in 495 

Fig. 18 indicate that the LDFs do not change significantly if the modal information is used to update the basic model, 496 

no matter the truck position. However, when the girder deterioration is included in the SAP/OMA+LT model, the LDFs 497 
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change drastically, and the position of the truck becomes important. AASHTO estimations were not in line with initial 498 

FEM results; they even overestimated the values obtained from basic FEM (SAP-BASIC) and updated FEM with OMA 499 

results (SAP/OMA). Fig. 18 (a) and Fig. 18 (b) show that the LDFs of girder 1 and girder 6 are higher than the 500 

AASTHO values when the FEM is updated with load test data (SAP/OMA+LT). Note that girder 6 was not 501 

instrumented and that the FEM calibration with the static load test data was performed only for the L12 test. 502 

 503 
Fig. 18—LDF factors: (a) Truck location L1, (b) Truck Location L2, (c) Truck location L12 and  504 

(d) Maximum values for each girder from (a) to (c). [1 m = 39.4 in.] 505 

 506 

DISCUSSION 507 

 508 

The modeling and experimental analysis of the bridge over the Lili River revealed valuable information regarding the 509 

use of field testing and finite model updating to represent the actual behavior of a prestressed concrete girder bridge 510 

with deterioration.  511 

 512 

The dynamic information obtained through experimental acceleration records is often used to validate the assumptions 513 

in finite element models such as boundary conditions, material properties, and the additional stiffness of elements that 514 

are not considered in the design11. In this research, the modal information is used to adjust the assumed modulus of 515 

elasticity and the stiffness of beams bearings. The initial values of elastic modules of the girders and the deck increased 516 

6.4% and 5.4%, respectively. The initial value of the stiffness of beams bearings was modified in a range of 72% and 517 

144%. The OMA results also show the need to add the stiffness provided by the curb and the sidewalk. This addition 518 

of nonstructural elements is in line with the work by Barker et al30 where elements like curbs and railings contribute 519 

additional system stiffness. It is recommended to use modal information as complementary information and not as 520 

unique experimental information. It is evident that with the results presented from the static tests in this research that 521 

the modal information is not sufficient to represent the behavior of the structure. 522 

 523 

The simple and composite section assumptions, together with the estimation of the prestressing force, gave an 524 

additional estimate of the behavior of the bridge, these steps were necessary because the bridge’s plans were missing. 525 
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The results showed that the structure is not designed for the heaviest design truck (C40-95), since the regulations at 526 

that time allowed the use of the lighter truck (C32-95) based on the function of the roadway where the bridge is 527 

located. Based on the level of bridge deterioration, the analysis was complemented with moment-curvature diagrams 528 

of the simple and composite girder section. The estimated force, including losses, and the behavior as a composite 529 

section indicated that damage in the girders is not expected under service loads since the allowed design tensile stress 530 

at service (Table 1) is lower than the theoretical value of concrete tensile cracking stress. However, the visual 531 

inspections shows that the girders have severe levels of deterioration. The damage found during the visual inspection 532 

was in the middle third of the span and the cracks are vertical and parallel to each other, which indicates flexural 533 

distress. The possible reasons are: (i) that the losses in the prestressing forces could be greater than those estimated; 534 

(ii) the poor execution of the diaphragms so that the effect of internal supports that these elements provide is removed 535 

and the girder is loaded over its full span or, (iii) truck overloads. Estimating the working prestressing in the girders 536 

would require additional testing, such as microcore drilling or even testing to induce cracking 31. Although rating the 537 

bridge was not part of the objectives of the research, determining the load rating and possible posting limits is 538 

important given the deterioration of the primary load-carrying elements. These elements should not have suffered 539 

structural damage. 540 

 541 

The instrumentation used in this research was limited compared to other investigations2,10,11. However, the strain 542 

readings were valuable and sufficient to obtain the actual distribution of live loads in the bridge. The lack of 543 

instrumentation on girder 6 may be considered a gap in the experimental information. Nevertheless, the use of a FEM 544 

that includes the deterioration of the existing elements helps to predict the strains of this element. Moreover, the 545 

number of trucks used during the load tests was less than what is commonly used (2 or more), this was due to budget 546 

constraints. Although more trucks could have been useful (i.e., to find the effect of having multiple lanes loaded at the 547 

same time) the load tests were designed to cause measurable structural responses on the bridge girders except for 548 

girder 7 as driving the dump truck on the bike lane was not possible. 549 

 550 

The distribution factors determined based on the experimental strain profiles and the updated model give an indication 551 

of the actual behavior of the bridge including its deterioration level. A better rating of the bridge can be calculated by 552 

using the LDFs obtained from the updated model using all the experimental information. Besides, the AASHTO LDFs 553 

are not in line with FEM results (basic or updated models). In the case of girders B1 and B6, the distribution factors 554 

of the deteriorated bridge exceed the values determined by the AASHTO specifications.  555 

 556 

In the updated models, the effect of the modulus of elasticity and the vertical stiffness of the bearings was important 557 

in adjusting the overall behavior of the structure but did not have much influence on the local behavior of the elements. 558 

On the contrary, the modification of the stiffness of the elements by changing the effective inertia in the cracked areas 559 

of the beams was very influential. This change allowed the FEM to reach an approach to the experimental strains 560 

obtained during the load tests. 561 

 562 

CONCLUSIONS 563 

 564 

The results of the modeling and analysis of a prestressed girder bridge before and after a diagnostic load test led to the 565 

following conclusions: 566 

• The results based on the properties of materials and composite behavior of the typical section, and Magnel 567 

diagrams indicate that the structure was designed for the light truck from the Colombia Code (C32-95).  568 

• Since there are no construction plans or design details, information like the geometric survey with the visual 569 

inspection, the experimental modal properties based on acceleration records, and the experimental strains 570 

from the diagnostic load test allowed know the state of the bridge and its actual performance. This is very 571 

important for future analysis of the structure to prioritize maintenance, repair, or reinforcement plans.   572 

• The modal information obtained from OMA and used to update the finite element model was insufficient to 573 

represent the experimental strains in the load tests. For the finite element model to better correspond with the 574 

field measurements, it was necessary to include the deterioration observed in the visual inspection. This was 575 

achieved by modifying the effective stiffness of the most deteriorated girders and comparing the behavior 576 

with data from one of the static tests to obtain representative results. 577 

• The results show that the AASHTO recommendations overestimate the LDF when compared to those from 578 

the FEM that did not include girder deterioration. Inclusion of girder deterioration in the model changed the 579 

LDFs, and AASHTO estimations were not in line with the experimental results. As such, for cases of bridges 580 

with severe levels of deterioration, it is recommended to use field data to estimate the distribution factors. 581 
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