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ABSTRACT  

Sustainable development of the transportation infrastructure is one of the most significant 

worldwide challenges in the future, particularly to ensure the safety and functionality of existing 

highway bridges as they have been for centuries, as the higher traffic volume continues to 

combine with environmental changes. Using overpass bridges investigation on Hilla–Kish 

Expressway, a vital regional highway in Iraq, as a case study, this research investigates the 

health of such bridges. In this study, it selected a combined field static loading test and 

structural monitoring analysis numerical simulation method. Field data were gathered wherein 

the deflections and strains at selected critical locations on the bridge girders were determined 

under well-controlled loading conditions. Simultaneously, a full-fidelity 3D finite element 

model was developed in CSIBridge, driven by the same loading to replicate structural response. 

It shows that the agreement between both the experimental and the numerical results is 

excellent, which demonstrates the reliability of this FEM model for future forecasting.  This 

study enables the extension of the service life of bridges by reducing the environmental and 

economic costs associated with the premature replacement of such infrastructure through the 

accurate determination of the live-load distribution and stiffness of the bridge components, i.e., 

the superstructure and substructure. These results will feed into the Engineering Research" axis 

of the conference by showing that accurate structural assessment can serve as a fundamental 

building block of sustainable, globally distributed infrastructure management and climate-

adapted engineering. 

Keywords:  Static Load Testing, Finite Element, AASHTO LRFD Standards, Stress Analysis, 

Deflection Analysis  
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1. Introduction 

Highway bridges are vital parts of the transportation infrastructure network that promote social 

and economic development. But, these structures are usually damaged by environmental 

actions and loadings, resulting in large danger and a short service life. Evaluating the general 

state of these bridges is important for the purposes of maintenance and safety management 

(Singh & Maru, 2023; Tu et al., 2023;  A. L. I. F. Naser & Zonglin, 2011;  Structures, 2015; 

Brinissat et al., 2024; Terranova et al., 2012). 

Prompt detection of different kinds of damage (concrete carbonation, reinforcement corrosion, 

and cracks). The foremost means by which we identify these defects and the need for either 

repair or strengthening, to ensure a bridge remains in service and is safe, is field damage 

inspection (A. F. Naser & Wang, 2011; Ahmed et al., 2020; Hasani Hamed & Francesco Freddi, 

2023; Mlv, 2020; Chavel, 2012; Zhang et al., 2022; Ritter, 1990; Boldrin et al., 2024). 

Highway networks have modern construction methods that often use complex bridge 

geometries like skewed bridges or horizontally curved box girder bridges. Such structures 

show characteristic structural responses, including complex stress distributions and coupled 

bending-torsion effects that must be accurately assessed under static and dynamic loads 

(Landge et al., 2018; Kolhe & Shiyekar, 2023). 

Static load test is a fast, high-precision and economical method to measure the effective bearing 

capacity and stiffness of the bridge. Finite Element Method (FEM) analysis software is used to 

validate these field results. Structural assessment by parameter testing is generally represented 

by comparing measured site data with theoretical numerical results and commonly expressed 

via 'verification coefficient' (Sun et al., 2019; Spencer et al., 2019; Cai et al., 2012; Xu et al., 

2025; Freddi, 2023; You et al., 2025a). 

The internal forces(e.g. the bending moment & shear force of pier, etc.) and stability of bridge 

is heavily dependent on the geometric properties of the bridge, e.g. pier height, super-elevation 

rate, & etc. Mathematical modeling is a necessary tool to enable understanding of these effects 

for appropriate structural assessments (A. F. Naser et al., 2021; NASER, 2021; M. Kumar et 

al., 2018; Iacovino et al., 2022; Komarizadehasl et al., 2022; Panigati et al., 2025). 

Static load testing is a simple, high precision, and cost-effective procedure to measure the 

actual bearing capacity and stiffness of the entire bridge FEM Analysis is performed using 

software to validate these field results. This includes the comparison of measured field data and 

theoretical numerical results, usually expressed in terms of the so-called verification 

coefficient is a standard for structural evaluation (A. F. Naser & Wang, 2011; Mohammed & 

Naser, 2020; Boldrin et al., 2024; Kee et al., 2012; Nowotarski et al., 2017). 

Internal forces (bending moments; shear forces) and the stability of bridges are significantly 

affected by geometric factors including pier height and super-elevation rates. Mathematical 

modelling is necessary to realise these effects for structural assessment (Cai et al., 2012; Ni et 

al., 2023; Aliyari et al., 2021; Bougard et al., 2008; Liu, 2026; Gatesi et al., 2020). 

Durability of highway bridges is significantly affected by environmental factors and the 

increasingly high loading due to traffic. Concrete deterioration and the corrosion of structural 

steel reinforcement occur and their accumulation over time causes the ensuing gradual rate of 

gradual loss of structural stiffness. Such assessment of varying modes of transport and loading 

combinations in contentions with bending moments and vertical displacement is important for 

estimating the residual lifespan of the infrastructure(Lantsoght, 2023; Wang et al., 2024; 

Vardanega et al., 2024; M. H. Kumar, 2018; Döring et al., 2011). 
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Features of professional bridge aspects, like the bridge deck, expansion joints, and piers, 

significantly influence the general fitness of its system. Problems like water dropping through 

joints or freezing of concrete surfaces lead to the fast rate of decay of the substructure. 

Advanced sensing technologies and optical survey equipment (utilized during load tests) 

allows for accurate quantification of load transfer and distribution between these 

components(Ryan et al., 2022; Chavel, 2012; Alampalli & Jalinoos, 2009; Garnica et al., 2021). 

In this context, the traditional approaches to bridge evaluation are generally based on 

information provided as a single deterministic value (usually the verification coefficient from a 

load test). Nevertheless, the application of reliability theory is emerging to assess the 

behaviours of bridge. Tools help engineers to compare the actual structural reliability to the 

design requirements, and they provide a stronger foundation for making decisions related to 

bridge maintenance and rehabilitation (You et al., 2025b; A. F. Naser, 2018; Abad et al., 2021). 

Static load test is one of sustainable detection way needed for the highway bridge real stiffness 

& bearing capacity, which is used to assess the operating state and safety of the bridge. They 

include setting heavy vehicles (e.g., HB-AH1 or regular trucks) in order to simulate design load 

effects and measure important properties (i.e., vertical deflection and strain) using high-

accuracy sensors and optical survey equipment. These results directly evaluate the elasticity of 

the bridge, for example, the verification coefficient, which is the measured value divided by the 

theoretical value, should be less than a certain limit in order to be in service safely. In addition, 

this testing is essential for defect identification of individual elements such as bridge decks and 

box girder segments. (Khudair et al., 2025). 

 Recently, the Finite Element Method (FEM) numerical modelling has established itself as a 

powerful tool for bridge assessment by enabling unprecedented details in both static and 

dynamic simulations while offering versatility in loading conditions simulation. This is 

processed using high-level software where bridges are divided into solid elements, enabling a 

good process of stress distribution. This approach becomes indispensable in realizing some of 

the detailed geometric features such as the effect of the pier height on the bending moments or 

vehicle-pier interaction between the moving vehicles and the PC-I-girder spans. In addition, the 

model allows one typology to be compared against another, such as slab-versus box girder, in 

terms of stiffness and vertical displacement. These numerical models are then validated by field 

data to produce results for structural maintenance and strengthening that are reasonable for 

decision making.(A. F. Naser & Zonglin, 2010; Yalin, n.d; Wala et al., 2025; Zahid et al., 2020; 

Rao & Meena, 2017; Adler, 2007). 

When the capacity of a bridge is reduced due to any reason, such as ageing, damage, or 

increased traffic requirements, strengthening is made necessary. One well-established 

technique is external post-tensioning, in which high-strength steel tendons are inserted outside 

of the concrete cross-section to create active forces opposing the dead and live loads. 

Rehabilitation also entails utilizing epoxy concrete to repair weathered surfaces, with the 

replacement of essential components like the expansion joints and deck pavements. In the case 

of early design structures such as T-shaped cantilevers or arch bridges, you can upgrade 

stiffness by external reinforcement or the use of CFRP and still have a proper structural 

integrity and a significantly increased service life.) (A. F. Naser & Zonglin, 2010; Yalin, n.d.; 

Wala et al., 2025). 

2. Description of the bridge structure 

The bridges investigated in this work are prestressed concrete overpass girder bridges located 

along the Hilla–Kish Expressway in Iraq and assessed in service. They have four spans for a 
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total length of about 66.5 m and a total width of 9.4 m, including a 7.0 m carriageway and 1.2 

m sidewalks on both sides of each bridge. The deck system comprises a reinforced concrete 

slab cast over precast girders to provide a continuous riding surface, finished with an asphalt 

wearing course. The superstructure is supported by prestressed U-girders (internal long girders 

and external short girders), typically arranged as four internal and four external girders per span, 

with representative girder lengths of about 23.0 m and 10.25 m, respectively. Elastomeric 

bearings are used at the supports to transfer vertical loads and accommodate rotations. The 

substructure consists of multi-column reinforced concrete bents (about four columns per bent), 

with a clear height of 6.75 m from the foundation level to the underside of the superstructure. 

In addition, reinforced concrete abutments with wing walls retain the approach embankments. 

The foundation system is formed by reinforced concrete pile caps supported on piles with a 

diameter of 1.2 m. FIGURE 1 shows the longitudinal section of the bridge. 

 
FIGURE 1. Longitudinal section of the bridge. 

3. Feld static load testing 

A static load test was conducted to evaluate the in-service elastic behavior and serviceability of 

the investigated prestressed concrete (PSC) girder bridges under a controlled loading condition. 

It consisted of measuring the vertical quasi-static response at strategic locations on the bridge, 

and the recorded field signals were what enabled the derivation of measurable parameters for 

practical purposes and structural assessment. The response of the bridge was monitored using 

high-precision gyroscopic (IMU-based) sensors during the test. The testing program comprised 

three steps. Firstly, the bridge was measured under dry, unloaded condition, where dummy 

readings were taken as a reference. Secondly, a known static load was applied by placing two 

fitted trucks of total weight of about 80 tons at the mid span; it produced a critical flexural 

demand. Thirdly, the trucks were kept stuck during 20 minutes to stabilize the response taking 

into account short term time-dependent effects; readings were taken continuously during the 

loading and truck stabilization. The short term time-dependent effect was isolated by 

substraction of loaded readings from the reference readings, and processing of the data revealed 

key structural indicators. They were bending moments, flexural stresses in the tension and 

compression reinforcement, vertical displacements, and shear forces. The third step was 

followed by comparison of the field test results with the calculated plate finite element model 

output, and served as testing the model for accuracy with reference to an in-service 

performance. A photograph of the second step measuring is presented in FIGURE 2. 
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FIGURE 2. The static load test configuration. 

4. Experimental static load testing results 

The static load test measurements were processed to obtain the maximum response indicators 

(bending moment, vertical shear, deflection, and flexural stresses) for the three investigated 

bridges under the combination load case. The following results outcomes as reported in TABLE 

1. 

Response parameter Unit Bridge 1 Bridge 2 Bridge 3 

Bending moment +M (positive) kN·m 947 1045 984 

Bending moment -M (negative) kN·m -2974 -3306 -3057 

Vertical shear (Upward) kN 2094 2272 2160 

Vertical shear (Downward) kN -1856 -2157 -1948 

Vertical deflection (Upward) mm 9.20 10.24 9.47 

Vertical deflection (Downward) mm 0 0 0 

Top tensile stress (+) N/mm² 1.25 1.29 1.17 

Top compressive stress (-) N/mm² -0.35 -0.38 -0.35 

Bottom tensile stress (+) N/mm² 0 0 0 

Bottom compressive stress (-) N/mm² -3.38 -3.72 -3.52 

TABLE 1. Experimental static load testing results 

5. Numerical static load modeling 

The numerical static load model was developed using CSI Bridge v26 to represent the bridge 

system through a three-dimensional finite-element representation which is subjected to service-

type static action to simulate the global structural response of the structure. This included an 

imitation of the real load-transfer system of the superstructure which included the deck and the 

prestressed girders, and the supporting bearings of restraints. Accordingly, the bridge was 

conceptualized as a slab-on-girder multi-span system, with both the deck and girders 

performing as a unit structure for gravity and live load demands. Data. The first stage of model 

development was geometric definition, which included span configuration, deck parameters, 

girder spacing, and member section properties of prestressed members. Concrete members were 

defined with material characteristics that were consistent with the intended configuration of the 
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structure to accurately represent the stiffness distribution of the superstructure. Composite 

action between the deck and girders was included to account for the effective flexural 

participation of the deck in the longitudinal system and thereby providing a sound basis for 

assessing internal actions and deformations in static loading. Support conditions were defined 

to reflect the functional behavior of bridge bearings, typically by combining restrained and 

partially released degrees of freedom to represent hinge and roller-type responses. This 

idealization allows to transfer longitudinal forces and rotations in a physically meaningful sense 

while avoiding arbitrary fixity to prevent bending and shear distributions to be incorrectly 

influenced. The boundary conditions utilized were applied at the ends of the girders and/or at 

bearing lines based on the span configuration so that the prescribed static response is still 

realistic. 

Static loading was implemented through a structured set of load cases representing permanent 

and transient effects. Permanent actions included the self-weight of structural components (dead 

load) and superimposed dead loads such as wearing surfaces. Prestressing actions were modeled 

as equivalent tendon effects to represent the induced axial force and eccentricity contribution 

to section response. Live load was applied as a truck-type representation positioned to generate 

critical effects along the spans. Load combinations were, then, defined identifying all static 

effects that act simultaneously at the service level, allowing to assess the response quantities of 

interest under combined action. The static model is trained to predict the numerical outputs that 

are fundamental response measures that need to be assessed in the structural domain: Reaction 

forces, longitudinal bending moments (sagging/hogging), vertical shear forces, stress demands 

at critical fibers of each local prestressed girder section, and vertical deflection profiles across 

the length of the bridge. These response measures yield a systematic depiction of global static 

action redistribution and resistance by the bridge system, and serve as the analytical foundation 

for further interpretation of structural performance in a serviceability focused context. 

 
 FIGURE 3. 3D view of the bridge. 

5.1 Stress analysis : 

A. Under the truck (live) load case: 

When subjected to moving vehicle loads, the prestressed concrete girders develop a service-

level stress condition that is characterized by spans dominated by positive bending, as shown 

in the contoured stress distribution. The upper fibre stresses are comparatively low, with peak 

tensile stress of about +0.77 and peak compressive stress of about −0.81 MPa. The response is 

tensile dominated with an ultimate tensile stress of around +2.00 MPa at the base fibers but the 

ultimate compressive stress is relatively low at −0.36 MPa. Such a pattern would be expected 

for girder bridges under live loading as tensile demand tends to develop in the bottom fibers at 

mid-span locations.In accordance with AASHTO LRFD Bridge Design Specifications, 

serviceability verification for the investigated bridge (with 𝑓𝑐
′ = 45MPa and maximum span 
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length 𝐿 = 23m) is performed by comparing computed stresses against prescribed allowable 

limits. The allowable tensile stress under service conditions is: 

𝑓𝑡 ≤ 0.5√𝑓𝑐′ = 3.35 MPa                                                                                                                      

(1) 

 

which is intended to control cracking and maintain tensile demands within acceptable bounds. 

The computed maximum tensile stress under the truck load case (2.00 MPa) is therefore below 

the allowable tensile limit (3.35 MPa), confirming satisfactory crack-control performance under 

live loading. Similarly, the allowable compressive stress is restricted to: 

𝑓𝑐 ≤ 0.45𝑓𝑐
′ = 20.35 MPa               

 (2) 

 

to prevent excessive compression that could lead to crushing or long-term deterioration under 

sustained loading. The computed compressive stresses under truck loading—approximately 

0.81 MPa at the top fibers and 0.36 MPa at the bottom fibers in magnitude—are far below the 

allowable compressive limit (20.35 MPa), indicating an adequate margin of safety against 

compression-related serviceability concerns. 

Overall, the live-load stress envelope demonstrates that the prestressed girders satisfy the 

AASHTO LRFD service stress criteria, with tensile stresses remaining within the permissible 

cracking-control threshold and compressive stresses remaining well within the allowable 

compression limit across the span. FIGURE 4 illustrates the tensile and compressive stress 

distributions at the top and bottom fibers of the girders due to the truck (live) load case. 

 
FIGURE 4. Stresses due to the truck (live) load case. 

B. Under the combination load case: 

The numerical stress distribution shows the super position of gravity action with its counter 

effect of the prestressing leading to a favorable service-level response along the prestressed 

concrete girders. However, the peak-fiber stresses are still quite low, the peak tensile stress is 

less than 1.30 MPa and peak compressive stress is less than −0.40 MPa. The result of the 

response at the bottom fibers is that tensile stress is virtually zero along the girder and maximum 

compressive stress of around −4.0 MPa. This verifies that the effects of prestressing fully 

compensate the tensile stresses due to gravity loads, keeping the highly stressed bottom region 

in compression within the critical service combination. The calculated tensile and compressive 
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stresses under interaction loading remain below service stress limits described earlier, ensuring 

proper cracking control and adequate over-compression margin when compared against 

adopted limits.Overall, the combination-load stress envelope demonstrates stable service 

performance of the girders, with tension demands minimized and compression levels remaining 

moderate across the span. FIGURE 5 presents the tensile and compressive stress distributions 

at the top and bottom fibers of the girders due to the combination load case. 

 
FIGURE 5. Stresses due to the combination load case. 

5.2 Vertical deflection analysis: 

A. Under the truck (live) load case: 

The numerical model shows that the downward deflection (the primary load) caused by gravity 

of the bridge vertical displacement under the truck (live) load followed the expected deflected 

shape of a multi-span girder system. In this way, the maximum vertical displacements happen 

in the span regions whereas the displacement at the support lines is purposely restrained by the 

bearing conditions. Such a deformation profile is consistent with that of a typical live-load 

response in which maximum deflections concentrate at the critical loading positions along the 

spans. To comply with AASHTO LRFD serviceability verification, the deflection under live 

loading is checked against the limit for maximum vertical displacement.. For the investigated 

bridge with a maximum span length of 𝐿 = 23m, the allowable maximum deflection under live 

load is: 

𝛥𝑚𝑎𝑥(live load) ≤
𝐿

800
= 28.75 mm                 (3) 

 

Accordingly, the computed live-load deflection is evaluated relative to this limit to confirm 

acceptable ride quality and service performance. The numerical results demonstrate that the 

bridge satisfies the serviceability requirement for vertical displacement under truck loading. 

FIGURE 6 illustrates the vertical deflection values across the bridge spans, while  FIGURE 7 

presents the overall view of vertical deflection throughout the bridge spans under the truck 

(live) load case. 
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FIGURE 6. The vertical deflection values due to the truck (live) load case 

 
FIGURE 7. Viewing of vertical deflection due to the truck (live) load case. 

B. Under the combination load case: 

 The numerical model shows that the bridge vertical displacement represents the net effect of 

gravity-induced downward deflection counteracted by the upward camber produced by 

prestressing. The resulting deflected shape remains consistent with the expected multi-span 

girder behavior, where maximum vertical displacements occur within the span regions while 

the displacement at the support lines is essentially restrained by the bearing conditions. 

The analysis indicates a maximum vertical deflection under the combination load of 

approximately 10.58 mm, occurring near x ≈ 44.5 m, with a close secondary peak of about 

10.44 mm near x ≈ 21.5 m. Minor upward displacements were also observed near the span ends 

(on the order of 1.38 mm at x ≈ 5.0 m and 0.69 mm at x ≈ 61.0 m), reflecting localized 

dominance of prestressing camber in those regions. Overall, the combination-load displacement 

profile confirms that prestressing substantially reduces the net downward deflection demand 

compared to gravity actions alone. 

For serviceability verification in accordance with AASHTO LRFD, deflection control is 

checked against the prescribed limit for combined service effects. For the investigated bridge 

with a maximum span length of 𝐿 = 23m, the allowable maximum vertical deflection under 

the combination load is: 

𝛥𝑚𝑎𝑥(comn.) ≤
𝐿

1200
= 19.16 mm              (4) 

 

Comparing the numerical result (10.58 mm) with the allowable value (19.16 mm) shows that 

the computed combination-load deflection is within the AASHTO service limit, providing a 

satisfactory margin. Therefore, the bridge satisfies the serviceability requirement for vertical 

displacement under the governing combination loading, supporting acceptable ride quality and 

structural performance during service conditions. Figure 5 illustrates the vertical deflection 
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values across the bridge spans. Figure 6 depicts the view of vertical deflection throughout the 

bridge spans. 

 
FIGURE 8. The vertical deflection values due to the combination load. 

 
FIGURE 9. Viewing of vertical deflection due to the combination load. 

Results 

The efficiency coefficient Ec was used to quantify the agreement between the experimental 

and numerical static-load responses, defined as: 

Ec="Experimental" /"Theoretical"                                   

    (5) 

Values near 1.0 indicate strong agreement of average experimental and numerical responses 

and values < 1.0 indicate that the measured response is less than that predicted. This is then 

usually interpreted to imply greater real world rigidity and performance during service. The 

results of the stress response (considered for the primary service load cases, which were 

generally the live load and the combination load condition) show that the top-fiber tensile 

efficiency coefficients ranged from 0.90 to 0.99 (Bridges 1–3: 0.96, 0.99, 0.90), showing that 

the measured tensile stresses were consistently (but only slightly) lower than the numerical 

estimates. A similar pattern was noted for top-fiber compressive stresses, further supporting 

that Ec remained less than unity (0.875–0.95) and confirming that the numerical model 

conservatively estimate top-fiber compression demand. The efficiency coefficient for tensile 

stress in the bottom fibers was zero; this was because both the theoretical tensile stress and the 

experimental tensile stress were zero, meaning the bottom fibers did not remain in tension under 

the service loads considered—like prestressed girders, in which the tensile force from gravity 

is balanced by the pre-stressing, reducing the risk for cracking. In the case of bottom-fiber 

compressive stresses, Ec again remained below unity (0.845–0.93), although the measured 

compressive stress values were reduced compared to those predicted, indicating a minor reserve 

in stiffness and load sharing relative to the numerical model. 
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The same trend was noticed for vertical deflection at the service load cases. The displacement 

efficiency coefficients were between 0.869 and 0.967 (Bridges 1–3: 0.869, 0.967, 0.895), 

indicating that the measured deflections (the live-load and combination-load displacement 

responses depending on the evaluated case) were always less than the theoretical values. This 

agreement lends support to the stress-based findings and suggest that the as-built bridge system 

is slightly stiffer than represented in the numerical model, which could be due to modeling 

idealizations in boundary conditions, composite action representation, and additional stiffness 

contributions from secondary components. 

Conclusion 

Field static load testing, in addition to three-dimensional FEM modeling, was used to conduct 

a structural health assessment of three prestressed concrete overpass bridges straddling the 

Hilla–Kish Expressway in Iraq. Due to prestressing offsets on the bridges, the tensile stresses 

that would be caused by gravity are effectively counteracted, leading to low vulnerability of 

cracking, thus maintaining good structural condition of the bridges. Everything from applied 

stresses to vertical displacements remained below AASHTO LRFD limits. Importantly, the 

greatest deflection of 10.58 mm was less than the 19.16 mm threshold, demonstrating 

appropriate stiffness and ride comfort. Efficiency coefficients between 0.84 and 0.99 indicate a 

good agreement between field measurements and numerical data, but also suggest that the 

structures built have some stiffness reserve in their real behavior with respect to the modeled 

theoretical structures. As such, high-precision IMU measurements coupled with FEM 

discretization are a cost-effective and sound approach for performing condition and load-

carrying capacity evaluation of complex highway infrastructure systems. 
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    f  c ′ = 45


  L = 23


    f  t ≤ 0 . 5    f  c ′ = 3 . 35  MPa


    f  c ≤ 0 . 45   f  c ′ = 20 . 35  MPa


  L = 23


    𝛥  m a x ⁡ ( live load ) ≤   L 800 = 28 . 75  mm


  L = 23


    𝛥  m a x ⁡ ( comn. ) ≤   L 1200 = 19 . 16  mm

