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Abstract 
 

This study presented an experimental and numerical investigation focused on pier segments of segmental bridge types. The 
pier segments were constructed to represent Lak Si Overpass Highway Route No. 304, Thailand. The experimental program 
included five pier segments with similar reinforcement details but varying concrete strengths. The numerical work validated 
the finite element model (FEM) using experimental results and conducted a parametric study to assess the impact of steel 
reinforcement variation and concrete compressive strength on the bursting capacity of pier segments. Key findings included 
a consistent failure pattern characterized by a prominent vertical crack and concrete crushing at the bottom, particularly in 
specimens with lower concrete strength. The bursting loads exhibited a decrease corresponding to a reduction in compressive 
strength, with up to a 20% decrease observed when strength was reduced by 20%. The finite element analysis (FEA) results 
slightly surpassed experimental findings, yet the marginal discrepancies confirmed the accuracy of the advanced tool for 
engineering nonlinear analysis (ATENA) computer program in predicting bursting forces. The parametric study highlighted a 
substantial increase in bursting loads with variations in concrete strength and the number of steel reinforcement layers, with 
a non-proportional relationship between bursting load and concrete strength.  
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1. Introduction 

Precast, pre-stressed concrete box girders find extensive 

application in short- and medium-span bridges globally.[1] The 

prevalent configuration for box girder bridges involves the 

combination of individual box sections.[2] Since their inception 

in the 1950s, adjacent precast box girder bridges have 

consistently demonstrated robust performance.[3] The 

development, global adoption, and straightforward principles 

of segmental construction in the domain of post-tensioned 

concrete segmental bridges stand as one of the most 

captivating accomplishments in the field of bridge 

engineering.[4–6] Moreover, conventional box girder systems 

present an aesthetically pleasing and structurally viable 

solution for bridging infrastructures in expansive urban 

environments.[7–9] A precast, pre-stressed concrete box girder 

bridge consists of end segments, typical segments, deviator 

segments, tendons, anchors, and joints. Construction begins 

with placing the end segments on pier columns, followed by 

installing the typical and deviator segments using different 

methods.[10,11]  

Significant research has focused on the performance of 

precast, pre-stressed concrete box girder bridges. Yuan et al. 

studied segmental concrete box beams with internal and 

external tendons under bending. Their experiments on three 

scaled specimens with varying tendon ratios revealed 

important effects on load-carrying capacity, ductility, and 

failure mode.[12] Jiang et al.[13] conducted an analysis on the 

flexural behavior of precast concrete segmental beams 
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incorporating hybrid tendons and dry joints. Tests showed that 

these beams exhibited satisfactory flexural capacity and 

enhanced ductility. Investigating shear behavior in precast 

concrete segmental box girder bridges, Ahmed et al.[14] tested 

single-cell specimens with dry and epoxied joints under direct 

shear loading. Results revealed that epoxy minimizes joint 

imperfections, ensuring uniform shear stress distribution. 

Fully post-tensioned epoxied joints exhibited perfect closure 

and shear transfer upon immediate application. Chai et al.[15] 

examined the long-term performance of precast concrete 

segmental box girders with dry joints through an extensive 

one-year laboratory study. They found that factors such as 

shorter concrete age at loading, lower concrete strength, fewer 

segments, smaller reinforcement ratio, more shear keys, 

higher initial pre-stress, and greater external load led to 

significant structural deterioration, including pre-stress loss 

and increased deflection.  

Zhou et al.[16] conducted a transverse analysis on full-scale 

precast segmental box girder segments with corrugated steel 

webs. The results showed that bending failure of the top 

concrete flange occurred before shear buckling of the 

corrugated steel webs. The performance of an unbounded 

post-tensioned concrete pier segment can be influenced by 

factors including concrete strength, tendon reinforcement ratio, 

and the applied post-tensioning force.[17–19] Wu et al.[20] 

conducted nonlinear finite element analysis (FEA) on bridge 

pier segments, studying concrete strengths ranging from 30 

MPa to 75 MPa. They found that while changes in concrete 

strength did not affect the failure mode, the extent of damage 

decreased as the concrete strength increased. Zhang and Alam 

performed FEA on bridge segment piers and varied the tendon 

force and concrete strength.[21] The yielding base shear was 

found to increase with the increase in compressive strength. A 

higher concrete strength enhanced the pier's compressive 

resistance and stiffness, leading to a delayed reduction in post-

elastic stiffness. He et al.[22] introduced a crack-based 

methodology for evaluating the serviceability performance of 

cracked box-girders. Their investigation revealed a correlation 

between crack width and crack spacing, which, in turn, was 

associated with the compressive strength of the concrete.  

To date, experimental studies on the performance of box 

girder pier segments have been limited in their examination of 

varying concrete strength and longitudinal reinforcement ratio. 

Previous investigations have not extensively addressed 

these factors and have predominantly relied on FEA to 

examine these effects.[15,16,20,23] Some other studies have 

reported the use of theoretical equations and FEA for concrete 

members.[24,25] This study endeavors to address this research 

gap through a comprehensive experimental campaign 

involving five pier segments, each characterized by distinct 

concrete strengths and variations in longitudinal 

reinforcement ratios. Additionally, finite element modeling, 

implemented through the advanced tool for engineering 

nonlinear analysis (ATENA) software,[26] was employed to 

replicate and augment the observed behavior of the pier 

segments. It is important to note that bridge pier end segments 

were utilized in this study by fabricating their scaled-down 

version. 

 

2. Experimental program 

2.1 Test matrix 

In this study, five reduced-scale pier segments were tested. 

The pier segments were constructed to represent the Lak Si 

Overpass Highway Route No. 304, Thailand. The highway 

route No. 304 is a national highway, which connects Bangkok 

to Nakhon Ratchasima in the country's Northeast. A 

constructed part of highway route No. 304 is shown in Fig. 

1(a). The pier segments were reduced to 1/4th scale, and 

specimens were distinguished by the strength of their concrete. 

Details of specimens are given in Table 1, which is listed in 

decreasing order of their compressive strengths. A two-part 

terminology was used to identify specimens. The first part, i.e., 

ES, designated the specimen type that is the end segment. 

Whereas the second part denoted the concrete strength in MPa. 

For instance, ES-30 denoted an end segment constructed with 

a 30 MPa concrete strength. The total height of the pier 

segment was 500 mm, whereas the top and bottom widths 

were 1200 mm and 1000 mm, respectively, as shown in Fig. 

1(a). An opening of 230 mm by 250 mm in height and width, 

respectively, was provided, as depicted in Fig. 1(c).  

 

2.2 Material properties 

Type-1 Portland cement constituted the primary binder in the 

concrete mix for all specimens. Fine aggregates sourced from 

locally available river sand were utilized. The coarse 

aggregates adhered to a maximum size constraint of 25 mm. 

The compressive strength of all segments was evaluated by 

casting cylinders as per the recommendations of ASTM 

C1314-23a.[27] The measured compressive strengths were 40 

MPa, 35 MPa, 30 MPa, 25 MPa, and 20 MPa for specimens 

ES-40, ES-35, ES-30, ES-25, and ES-20, respectively.  The 

longitudinal reinforcement consisted of 25 mm-diameter  
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Fig. 1: Typical specimen geometry (a) front elevation of tested segment, (b) side view, (c) opening details and (d) typical 

construction of highway route No. 304 (units in mm). 

 

deformed bars, whereas stirrups consisted of 16 mm deformed 

bars placed at 100 mm center to center. The mechanical 

properties of steel bars were obtained by following the 

protocols of ASTM E8/E8M-21.[28] The yield and ultimate 

strength of longitudinal bars were 500 MPa and 640 MPa, 

respectively. Whereas the yield and ultimate strength of 

transverse bars were 400 MPa and 450 MPa, respectively.  

Table 1: Details of specimens. 

Pier segment Mix type 
Concrete strength 

(MPa) 

ES-40 Type-1 40 

ES-35 Type-2 35 

ES-30 Type-3 30 

ES-25 Type-4 25 

ES-20 Type-5 20 

 

2.3 Construction process 

Wooden formwork molds were designed to match the required 

dimensions of segments. After placing the necessary 

reinforcement, concrete was mixed and poured into the molds, 

ensuring proper compaction. The steel cage was prepared 

outside of the mold. After placing spacers on all sides of molds, 

steel cages were inserted into the molds. It is noteworthy that 

the open spaces inside segments were incorporated by erecting 

wooden sheets in the necessitated shape and dimensions. A 

typical formwork before concrete pouring is shown in Fig. S1. 

After one day of casting, the formworks were removed and left 

for curing for a period of 28 days. A typical pier segment after 

curing period is shown in Fig. S2.  

 

2.4 Test setup and instrumentation 

To examine the bursting forces in the anchorage zone of 

precast lightweight concrete segments for segmental box 

girder bridges, individual end segments underwent pure axial 

 
Fig. 2: Test setup: (a) schematics and (b) actual setup (units in mm). 
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Fig. 3: Failure mode of specimen: (a) ES-40, (b) ES-35, (c) ES-30, (d) ES-25, and (e) ES-20. 

 

compression testing. The load was applied along the 

longitudinal axis of the end segments, which were rotated and 

positioned on a rigid surface. A specially designed loading 

frame was constructed to facilitate the testing of the proposed 

end segments. The typical test setup is displayed in Fig. 2. The 

load was imposed through a hydraulic jack affixed to the top 

beam of the frame, with the magnitude of the imposed load 

being estimated by a load cell positioned directly beneath the 

hydraulic jack.  

 

3. Experimental results 

3.1 Failure modes 

Notably, the failure of all specimens did not accompany 

several cracks. However, a major vertical crack was observed 

in all specimens, as shown in Fig. 3. This crack initiated at the 

bottom and traversed towards the top as the loading progressed. 

Concrete crushing at the bottom was also observed for 

specimens with low concrete strength, as presented in Fig. S3. 

 

3.2 Bursting loads 

The bursting forces of end segments in the form of ultimate 

load recorded at the load cell are summarized in Table 2. The 

bursting forces of end segments decreased as the concrete 

strength decreased. The bursting forces were reduced by 5%, 

8%, 14% and 20% for end segments ES-35, ES-30, ES-25, and 

ES-20, respectively. when compared with Specimen ES-40. 

Fig. 4 shows this variation in ultimate load and comparison 

with that of Specimen ES-40.  
 

Table 2: Bursting forces of all specimens and percentage 

reduction with concrete strength.  

Pier segment Ultimate load (kN) 
Reduction in 

ultimate load (%) 

ES-40 95.00 - 

ES-35 90.00 5 

ES-30 87.00 8 

ES-25 82.00 14 

ES-20 76.00 20 

 

3.3 Finite element modeling 

The structural behavior of the pier segment was assessed 

 
Fig. 4: Variation in ultimate load of segments and comparison with that of Specimen ES-40. 
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Fig. 5: Modeling details: (a) Uniaxial stress vs strain relation for concrete adopted by ATENA ,[26,30] (b) ATENA FEM modeling after 

mesh generation, and (c) Reinforcement details in FEM modeling. 

 

utilizing ATENA, a specialized software for concrete 

structures,[26,29] renowned for its user-friendly interface, 

integrated material models, and effective convergence 

solutions.[30,31] ATENA's capabilities extend to the realistic 

analysis of bridge structures.[26,27] 

 

3.4 Modeling details 

In this study, the pier segment was evaluated utilizing the 

material models for steel, concrete, and other relevant 

materials. In this model, 1D truss elements were employed to 

represent the reinforcement bars, and their material properties 

were defined by means of the CCReinforcement material 

model, also existing in ATENA. The multi-linear choice for 

steel was chosen to incorporate plastic hardening. ATENA 

works on the assumption of a perfect bond between steel and 

concrete. All reinforcement bars were assumed to have a 

perfect bond with the concrete elements. The stress-strain 

relationship for the reinforcement bars was modeled using a 

multi-linear plastic model. Constitutive law 

'CC3DNonLinCementitious2' was used to model concrete. 

The uniaxial stress (σ) vs. strain (Ɛ) relation of concrete 

adopted by ATENA is shown in Fig. 5(a). The mesh size was 

kept at 50 mm, making a total of 12463 elements in the domain. 

A typical element after mesh generation is revealed in Fig. 5(b). 

The reinforcement details are displayed in Fig. 5(c).  

3.5 Comparison of bursting loads 

The finite element analysis in terms of ultimate loads (bursting 

forces) of end segments is summarized in Table 3 along with 

experimental results. The finite element analysis results were 

slightly higher than the experimental results. However, the 

differences were small, and it can be concluded that the 

computer program ATENA is well capable of accurately 

predicting the bursting forces of the end segments. Moreover, 

the percentage difference between experimental and predicted 

loads was restricted below 7%, as shown in Table 3. 
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Table 3: Comparison of experimental and predicted bursting loads. 

Pier segment 
Ultimate Load (kN) 

Difference (%) 
FEM Experimental 

ES-40 101.00 95.00 6.32 

ES-35 96.00 90.00 6.66 

ES-30 93.00 87.00 6.89 

ES-25 87.00 82.00 6.10 

ES-20 80.00 76.00 5.26 

 

Table 4: Details of FEM models for parametric study. 

No. 
Concrete Strength 

(MPa) 

Spacing of Steel 

Bars (mm) 

Layers of Steel 

Bars 
Ultimate Load (kN) 

1 25 0 0 276 

2 25 200 1 359 

3 25 200 2 374 

4 25 100 1 413 

5 25 100 2 432 

6 50 0 0 382 

7 50 200 1 526.6 

8 50 200 2 534.5 

9 50 100 1 614.6 

10 50 100 2 622.9 

11 100 0 0 550.5 

12 100 200 1 691.9 

13 100 200 2 723.1 

14 100 100 1 873.3 

15 100 100 2 911.5 

 

3.6 Parametric study 

The FEM model was further extended to study the behavior of 

pier segment by modifying the steel reinforcement. The 

concrete strength was varied as 25 MPa, 50 MPa, and 100 MPa. 

For each concrete strength, five FEM models were prepared. 

One model did not incorporate steel reinforcement. Two 

models incorporated steel reinforcement placed at 200 mm 

and 100 mm. For each spacing of steel reinforcement, one or 

two layers of steel reinforcement were considered. Table 4 

presents the details of FEM models considered in this 

parametric study.  

Fig. S4 depicts the cracking patterns and stress distribution 

in specimens with a concrete strength of 25 MPa, whereas 

cracking patterns for 50 MPa and 100 MPa concrete strength 

are given in Figs. S5 and S6, respectively. The control 

specimens experienced the greatest stresses in concrete 

because of the absence of steel reinforcement. This can be 

observed from the bottom views of control specimens as 

demonstrated by stresses in red color. Crack patterns, in 

general, were similar in all specimens, irrespective of the 

magnitude of the concrete strength or steel reinforcement. 

However, the bursting loads varied significantly with concrete 

strength and steel reinforcement. In particular, a significant 

increase in bursting loads was observed by changing the 

concrete strength or the number of layers of steel 

reinforcement. For instance, specimens 2, 7, and 12 were 

constructed with concrete strengths of 25 MPa, 50 MPa, and 

100 MPa, respectively, and contained a single layer of steel 

reinforcement at 200 mm spacing. The corresponding bursting 

loads were observed at 359 kN, 526.6 kN, and 691.9 kN, 

respectively. This corresponds to an increase of 46.6% and 

92.7% when the compressive strength was increased by 100% 

and 300%, respectively. This suggests that the increase in 

bursting load is not proportional to the concrete strength. 

Nonetheless, a significant increase in bursting load suggests a 

substantial dependence of the bursting load on the 

compressive strength of the segment pier.   

The load vs. deflection curves are shown in Figs. 6(a)-(c) 

for specimens with 25 MPa, 50 MPa, and 100 MPa concrete 

strength, respectively. It can be observed that steel 

reinforcement substantially improved the ductility. It is 

observed that increasing the layers does not significantly 

contribute to the bursting load. However, reducing the spacing 

of steel reinforcements from 200 mm to 100 mm enhanced the 

bursting capacity significantly. Another important observation 

is that doubling the layers of steel reinforcement can 

negatively affect the ductility of pier segments.  
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Fig. 6: Load vs. deflection curves of pier segments with concrete strength of: (a) 25 MPa, (b) 50 MPa, and (c) 100 MPa. 

 

4. Conclusion 

This study presented an experimental and numerical work on 

pier segments of segmental bridge types. The experimental 

program comprised five pier segments having similar 

reinforcement details but different concrete strengths. The 

numerical work first validated the FEM model from 

experimental results. Then, a parametric study on the validated 

model was conducted to determine the effect of the variation 

in steel reinforcement and compressive strength of concrete on 

the bursting capacity of pier segments. The following 
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conclusions were drawn from this work.  

Significantly, the failure of all specimens did not involve 

multiple cracks; rather, a prominent vertical crack was evident 

in each specimen. Additionally, concrete crushing at the 

bottom was observed in specimens with lower concrete 

strength. In general, the failure pattern did not vary 

significantly, which might be related to the fact that concrete 

strength did not vary significantly in experimental work. The 

bursting loads exhibited a decline as the compressive strength 

of the concrete decreased. A 20% reduction in compressive 

strength resulted in a corresponding drop in bursting load by 

up to 20%. The results of the finite element analysis were 

marginally higher than the experimental findings. Nonetheless, 

the discrepancies were minor, leading to the conclusion that 

the computer program ATENA is adept at accurately 

forecasting the bursting forces of the end segments. 

Furthermore, the percentage difference between experimental 

and predicted loads remained below 7%. 

The parametric study revealed a noteworthy increase in 

bursting loads with variations in concrete strength and the 

number of layers of steel reinforcement. For example, 

specimens 2, 7, and 12, constructed with concrete strengths of 

25 MPa, 50 MPa, and 100 MPa, respectively, and featuring a 

single layer of steel reinforcement at 200 mm spacing, 

exhibited bursting loads of 359 kN, 526.6 kN, and 691.9 kN, 

respectively. This signifies an increase of 46.6% and 92.7% 

when the compressive strength was elevated by 100% and 

300%, respectively. The findings suggest that the increase in 

bursting load is not directly proportional to the concrete 

strength. Nevertheless, the substantial rise in bursting load 

underscores a notable dependency on the compressive strength 

of the segment pier. 

Load vs. deflection curves obtained from the parametric 

study indicated a substantial enhancement in ductility with the 

inclusion of steel reinforcement. The analysis revealed that 

increasing the layers of reinforcement did not notably 

contribute to the bursting load. Conversely, a significant 

improvement in bursting capacity was observed when 

reducing the spacing of steel reinforcements from 200 mm to 

100 mm. Additionally, a noteworthy observation was that 

doubling the layers of steel reinforcement could have a 

detrimental impact on the ductility of pier segments. 
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