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1. Introduction 
 

Concrete has much lower tensile strength compared to 

its compressive strength. In order to overcome this 

limitation, steel reinforcing bars have been used as tensile 

reinforcement in concrete structures. In addition, 

prestressing tendons were introduced to improve the 

performance of concrete as they tend to prestress the 

concrete structure and control the excessive tensile stress in 

long span concrete beams (Billington 2004). Recently, 

prestressed concrete (PSC) has been developed to reduce 

the depth and increase the span of concrete girders 

especially in tall buildings or bridge structures. PSC beams 

can be achieved by either of the following construction 

processes: pre-tension or post-tension of steel tendons at 

curing time.  

Post-tensioned beams offer much longer span than pre-

tensioned beams owing to their minimal deflection 

properties. On the other hand, pre-tensioned beams are fast 

and easy to construct which allow the mass production of 

large quantities of prefabricated PSC components that can 

be delivered to the construction site in a short time.  
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However, prestressing requires the transportation and 

installation of an entire long span component in one piece 

without intermediate splices and casting at the construction 

site. New prestressing technologies were proposed 

(AASHTO LRFD 1998) to address these limitations using 

new techniques to construct long span structures, such as 

cable stayed members or extensible cantilever spans. 

However, these methods involve complicated design and 

analysis that require skilled labor and high cost to construct. 

Accordingly, the concrete prestressing method is improved 

to increase the span by combining both the pre-tensioning 

and post-tensioning processes. 

Post-tensioned beams were fabricated in several pieces 

per span and subsequently post-tensioned together to obtain 

long span girders (Seguirant 1998). However, the quality 

control of post-tension tendons is difficult due to the 

complexity of the anchorage zone reinforcement. Various 

scenarios were attempted to combine pre-tensioned and 

post-tensioned strands for assembling both types of beams 

(Abdei-Karim and Tadros 1992). Furthermore, Han et al. 

(2003) used both theoretical and experimental observations 

to examine the performance of multistage prestressing at 

different loading stages, as this technology was introduced 

to reduce the depth or increase the span of concrete girders 

(Han et al. 2003). Recently, long-span pre-tensioned 

prestressed beams were introduced in the US. This 

technique uses post-tensioning processes to connect the end 

of girder to the continuous construction of the bridge girder 

(Aktan and Attanayake 2013). In addition, a double 

prestress system was developed, using tension from the 

tendons and compression from the bars, simultaneously 
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(Kim et al. 2013a). Although these improved PSC methods 

involve additional construction operations and devices, they 

allow obtaining longer span and lower depth of the 

prestressed girders constructed on site.  

Rebar assembly and concrete pouring are performed on 

the construction site and are followed by prestressing after 

the concrete hardens. Tendons have parabolic profiles to 

maximize eccentricity at the center while minimizing it at 

both ends of the span. The number of tendon units, which 

consist of strands, sheath, and anchorages, is determined by 

the span length, the web width, and the anchorage zone 

area. As the span increases, more tendon units are required. 

This can result in complex reinforcement at the anchorage 

zone and duct installation areas. The complication at the 

anchorage zone could worsen quality control and 

asymmetry of ducts along the span could induce unexpected 

lateral displacement of beam. Instead, constructing long 

span post-tensioned beams is achievable because most of 

the work is carried out at the jobsite. To overcome these 

limitation, high-strength concrete and PS strand were 

developed, and the experimental and numerical studies 

using 2400 MPa PS strand has been reported to investigate 

its applicability (Kim et al. 2016, Yang et al. 2016, Kwon et 

al. 2016). 

In general, the span of such prestressed railway-bridge 

girder does not exceed 25 m due to its self-weight 

limitations. If the span increased, the girder depth can reach 

2.8 m and more. Hence, this study proposed a hybrid 

prestressed segment bridge girder (HPS girder) for a 

railway-bridge. Total length of proposed HPS girder is 35 

m, and there have been no reports on the effect of hybrid 

concept using high-performance construction materials. The 

proposed girder is composed of three segments combination 

with a pre-tensioned mid-segment and post-tension applied 

to all combined segments. For this purpose, 60 MPa high-

strength concrete and 2400 MPa high-strength strands were 

used. Full-scale HPS girder was fabricated in accordance 

with the assembling process that proposed based on the 

predicted prestressing deflection to avoid the risk of 

manufacturing failure. Fatigue and static loading tests were 

conducted for the proposed HPS girder including crack 

width measurements. In addition, displacement by static 

loading over 2800 kN was compared with the results of 

simulation analysis, and the feasibility and applicability of 

the proposed HPS girder was assessed based on the 

acceptable displacement specifications for railway bridges. 

 

 

2. The concept of hybrid prestressed segment 
bridge girder 
 

Design and construction of railway bridge should be 

considered about dynamic resistance and fatigue loading, 

and constructed railway bridge is hard to secure a detour 

when railway bridge has a structural defect. The bridge 

design should consider the dynamic resistance and fatigue 

loading.  High-speed trains require railway bridges with 

relatively high load-carrying capacities than highway 

bridges. The precast PSC I-type girder has been widely used 

for railway bridges with the bridge decks erected on site. In  

 

Fig. 1 Schematic of HPS girder segments combination and 

loading process 

 

 

precast PSC girders, the forces on PS strands are transferred 

to the concrete via the bonding force. However, the 

prestressing force might be reduced after release due to 

long-term creep or shrinkage of the concrete. The proposed 

HPS girder has minimum prestressing force loss in the pre-

tensioned mid-segment because the hardening and 

shrinkage have almost been converged before the segments 

are transferred to the site. Additionally, a long span girder 

can be achieved with the minimized post-tensioning at the 

end segments of the girder where prestressing is less 

required or unnecessary due to the small bending moment. 

The concept of HPS girders is based on the following 

assumptions:  

(1) The HPS girder is composed of three segments for a 

simple beam, where the precast mid-segment is pre-

tensioned and all segments are post-tensioned on site. 

(2) The total girder span is 35 m (l), where girder height 

and web thickness is 2.4 m and 180 mm, respectively. 

(3) The pre-tensioned mid-segment is 15 m long, where 

PS strand is located on 100 mm from the bottom of 

segment.  

(4) The other two-outside segments are 10 m long each. 

(5) A uniform distributed dead load (w) acts throughout 

the length of the girder. 

(6) A concentrated live load (P) is acting on the center of 

HPS girder. 

(7) The magnitude ratio of dead load and live load is 7:3 

(wl:P=7:3). 

Based on these assumptions, the maximum moment by 

the dead load is wl2/8 and by the live load is Pl/4 at the 

center of HPS girder. Considering the combination of both 

external loads, the total moment is calculated as 18.96P, 

and the moment at the joints between the outside-segment  
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Fig. 2 Flow chart of loading steps for HPS girder 

 

Table 1 Loading steps for prestressing HPS girders 

Step Prestressing force Sectional properties Moment by loading 

Pre-tensioning in mid-

segment 

𝑃1(1 + 𝑅)

2
 Ag, Zg, Ig Md1 

Connecting girder by  

post-tensioning 

(𝑃1 + 𝑃2)(1 + 𝑅)

2
 - Md2 

Placing of concrete slab - - Md2+ Md3 

Additional dead load 

after combining the 

girder and slab 

- Ac, Zc, Ic Md2+ Md3+ Md4 

Remaining prestressing 

loss 
R(P1+P2) - Md2+ Md3+ Md4+ M(l+i) 

*P1: Pre-tension force 

P2: Post-tension force 

R: Effective ratio of prestress after loss 

Ag: Sectional area of girder 

Zg: Section modulus of girder 

Ig: Moment of inertia of girder 

Ac: Area of composite section of girder and slab 

Zc: Section modulus of composite section 

Ic: Moment of inertia of composite section 

Md1 : Moment by dead load of pre-tensioned segment 

Md2 : Moment by dead load of full length girder 

Md3 : Moment by dead load of slab 

Md4 : Moment by additional dead load 

M(l+i): Moment by live load 

 

 

and mid-segment is 13.33P. If the pre-tensioned mid-

segment can support 30% of total moment (18.96P), the 

amount of post-tension at the outside-segments will be 

reduced by about 30%. This means that 17% of the post-

tension is reduced in the combined HPS girder. In addition, 

the required internal structures for the PSC girder, such as 

sheath, anchorage, and anchorage zone reinforcement, are 

also decreased in HPS girder.  

Fig. 1 is a schematic that illustrates the segmental 

combination and loading process of a HPS girder. It has 

been reported that a prestress loss of about 50% can be 

observed during the first four weeks after prestressing. 

Thus, other assumptions for combining the three segments 

should be considered including that (1) the section of HPS 

is uniform along the girder length (2) about 50% pre-

tension loss of the mid-segment occurs before post-

tensioning (3) about 50% post-tension loss of HPS occurs 

before the slab combination (4) about 50% of the HPS pre-

tension and post-tension occur after the slab combination, 

which means that the total prestress loss occurs in three 

sequential phases during the combining process. Hence, the 

prestressing force, the sectional properties, and the moment 

by loading of HPS girder are determined by the five loading 

steps listed in Table 1. The first step is the pre-tensioning in 

the mid-segment that involves 50% pre-tension loss. The 

moment by dead load occurs through the mid-segment, and 

the prestressing force is determined by the pre-tension force 

(P1) and the effective ratio of prestress after loss (R). The 

second step is connecting the girder by post-tensioning with 

50% of post-tension loss. The bending moment by dead 

load occurs throughout the full length of the girder, and the 

prestressing force is determined by the pre-tension force 

and post-tension force (P2) in addition to the effective ratio 

of prestress after loss. The third and fourth steps involve 

placing and combining the slab on the girder. The moment 

from the additional dead load by the slab occurs, and the 

sectional properties change to consider the composite 

section of the girder and slab. The final step involves the 

remaining prestressing loss (1+R)(P1+P2)/2. The 

prestressing force is determined by the total prestress loss, 

and the moment by live load occurs throughout the full 

length of the girder.  

 

 
3. Fabrication of full-scale hybrid prestressed 
segment bridge girder 

 
In order to experimentally verify the proposed HPS 

girder, a full-scale PSC I-type beam was fabricated using 

high strength concrete and 2400 MPa high strength strands. 

The Railway Design Code (MLIT 2015) was implemented 

as structural design standard, which is equivalent to 

AASHTO Standard Specifications for Highway Bridges 

(AASHTO 2002). The transfer length of 2400 MPa PS 

strands was based on the results of the study by Yang et al. 

(2016). The concrete was prepared with design compressive 

strength of 60 MPa for the girder and 27 MPa for the slab. 

Type 1 Portland cement (specific gravity of 3.15) and fine 

aggregate river sand (specific gravity of 2.67 in a surface-

dry saturated condition) were used. Crushed gravel (specific 

gravity of 2.71 in a surface-dry saturated condition) was 

used as the coarse aggregate with a maximum size of 25 

mm. About 10% of the mixed binder was replaced by blast 

furnace slag. In addition, air-entraining admixture was 

added to the concrete, accounting for about 0.75% of the 

binder weight. The mix-proportions for concrete girder is 

described in Table 2. 
The recently developed 2400 MPa PS strand used in this 

experiment has a diameter of 15.2 mm and nominal tensile 
strength of 2400 MPa or 333 kN. The field application for 
this newly developed strand was examined by several 
researchers in the field (Kim et al. 2013b, Kim et al. 2016, 
Yang et al. 2016). The minimum elongation and maximum 
relaxation values of the strands were reported as 3.5% and 
2.5%, respectively. The obtained load behavior is almost 
similar to that of the 1860 MPa PS strand excluding the 
tensile strength, where previous proposed the double 
prestress system using PS bar and PS tendon of 2400 MPa 
strength (Kim et al. 2013b). Table 3 shows the specific 
material properties of the used PS strand. Using the 2400  
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Table 2 Mix proportion of concrete (kg/m3) 

Water Cement Slag Fine aggregate Coarse aggregate AE admixture 

163 559 62 653 909 4.66 

 

Table 3 Material properties of PS strand 

Tensile 

strength 

(MPa) 

Diameter 

(mm) 

Yield 

load (kN) 

Tensile 

load (kN) 
Elongation (%) 

Modulus of 

elasticity (GPa) 

Relaxation  

(%) 

2400 15.2 283 333 3.5 185–205 2.5 

 

 

MPa PS strand can reduce the construction cost because 
less material will be required for post-tension such as the 
number of tendons, sheath, and anchorage devices. This can 
also reduce the girder section and decrease the dead load by 
self-weights which can allow building long span bridge 
girders.  

The mid and outside segments of the I-girder were 

fabricated with pre-tension and post-tension forcing. The 

depth of all segments was 2.4 m. Fig. 3 shows the 

fabrication procedure of HPS girder that can be described as 

follows: 

(1) The reinforcement (D13 and D16, SD400) was 

placed through the mid-segment. 

(2) A total of 6 strands of 2400 MPa were pre-tensioned 

before the concrete pouring in mid-segment. 

(3) Mid-segment concrete was placed and cured for 28 

days. 

(4) The PS strand was detensioned using cutting and 

sudden release when the compressive strength of concrete 

was over 70% of design strength. 

(5) Reinforcement and sheath (with a diameter of 110 

mm) were placed for the outside-segments. 

(6) After placing and curing the outside-segment 

concrete for 28 days, they were combined with the pre-

tensioned mid-segment using epoxy. 

(7) 2 post-tensioning tendons (38 strands) were used to 

prestress the combined segments. 

(8) The upper slab was reinforced and placed. 

The cross-section of the fabricated segments was 1000 

mm × 2400 mm, and the total girder length was 35 m. The 

pre-tensioned strands were placed at a height of 100 mm on 

the mid-segment. The post-tensioned strands had a 

parabolic drape and were arranged uniformly. The 

dimensions and geometrical specifications of the tested 

HPS girder are shown in Fig. 4 and Table 4. Han et al. 

(2003) proposed prestressed concrete girder with multistage 

prestressing concept. This study compared with the 

multistage prestressing girder that constructed in site. The 

compared results are described in Table 4. The geometric 

aspects of the HPS girder are improved owing to the use of 

advanced construction materials. The high-strength concrete 

(60 MPa) and PS strands (2400 MPa) were effectively used, 

thus the girder depth was decreased by about 200 mm. As 

only two tendons were used for post-tensioning, the web 

thickness of the combined segments was decreased by about 

20 mm. The results obtained by the proposed prestressed 

girders compared to the multistage prestressing girder are 

presented in Table 4. The design conditions for reinforced 

concrete slab are also described in Table 5. The 

displacement of mid-segment was measured during the  

Table 4 Design conditions of the tested HPS girder 

compared with 35 m long girder with multistage 

prestressing concept  

 HPS 
Multistage prestressing 

girder 

Compressive strength of concrete 

girder 
60 MPa 40 MPa 

Concrete stressing at prestressing 48 MPa 32 MPa 

Tensile Strength of PS strand 2400 MPa 1860 MPa 

Number of tendons and sheath for 

post-tension 
2 6 

Tendon units 
Pretension : 6 strands 

Post-tension : 19 Hⅹ2 sets 

1st post-tension : 12 Hⅹ4 sets 

2nd post-tension : 6 Hⅹ2 sets 

Total weight of PS 1800 kg 2530 kg 

Yield strength of rebar 400 MPa 400 MPa 

Length of mid-span 15 m - 

Length of outside-span 10 m - 

Total length of girder 35 m 35 m 

Girder height 2.4 m 2.6 m 

Web thickness 180 mm 200 mm 

Diameter of sheath 110 mm 80 mm (1st) ./ 75 mm (2nd) 

 

Table 5 Design conditions for reinforced concrete slab 

Compressive strength of concrete slab 27 MPa 

Yield strength of rebar 400 MPa 

Slab height 280 mm 

Slab length 35 m 

 

 

detensioning of the 6 strands. It was reported that the 

displacement at the center of mid-segment after release is 

0.68 mm in the vertical direction and 0.3 mm in the 

horizontal direction. Meanwhile, the final displacement at 

the center of combined girder after post-tensioning is 43.53 

mm in vertical direction and 17.05 mm in horizontal 

direction. The unexpected lateral displacement may be 

attributed to fabrication errors at the connections of 

segments, and theoretical lateral displacement should be 

zero. However, the reported lateral displacement is much 

lower than the standard requirement for precast beams (BS 

EN 1992), which is 0.3% of the girder length (105 mm for a 

35 m long girder). The symmetrical arrangement of tendons 

along the entire girder length should minimize the 

unexpected lateral displacement despite its reduced depth 

and slender cross section.  
 

 

4. Loading test of hybrid prestressed segment 
bridge girder 
 

Fatigue loading and static loading tests were performed 

using the full-scale HPS girder described above. A force 

control test protocol of up to 817 kN was performed using 

two million bending cyclic loads with frequency of 0.6 Hz 

applied at the center of mid-segment to evaluate the fatigue 

performance and stiffness of the tested HPS girder. The 

applied load followed the service load standards of the 

railway design code (MLIT 2015). No visual cracks were 

observed during the cyclic loading test, not even around the 

segments joints. Fig. 5 illustrates the plotted hysteresis  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Fig. 3 Fabrication procedure of HPS: (a) reinforcement 

placed for mid-segment; (b) pre-tension of PS strands 

before concrete placing; (c) concrete placing and curing of 

mid-segment; (d) detensioning of mid-segment via sudden 

release; (e) placing the reinforcement and sheath for 

outside-segment; (f) combining pretensioned mid-segment 

and cured outside-segments using epoxy; (g) post-tension 

through all segments; (h) placing of concrete slab with 

reinforcement 

 

 
curves of the measured load-displacement. As shown in Fig. 

5, the load-displacement curve is horizontally shifted within 

14 mm range of the increased displacement; however, the 

slope of load-displacement curve corresponds to the 

increase of cyclic loading. The shifted curve seems to be 

due to the movement at the support point of the girder or 

caused by the stabilizing of the heterogeneous concrete 

material. The identical slope can also indicate that the 

stiffness of HPS girder has been maintained without critical 

damage during service loading.  

Next, a three-point flexural loading method was used to 

perform the static loading test of HPS girder under the 

simple support condition. The loading force was increased  

 
(a) 

 
(b) 

Fig. 4 Geometry of HPS girder (unit: mm): (a) front view 

and top view and (b) cross-section at the end and center of 

girder 

 

 

Fig. 5 Load-displacement hysteresis curve of fatigue 

loading at the center of HPS girder 

 

 

 

Fig. 6 Experimental loading test and measurement of 

displacement at the center of girder 

 

 

up to 2830 kN under quasi-static load. The displacement in 

the vertical direction was measured during the test at the  
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Fig. 7 Load-displacement curve by static loading test of 

HPS girder 

 

Table 6 Measured crack width of HPS girder reported 

during the loading test 

Load (kN) Crack width (mm) 

0 0.00 

500 0.02 

1000 0.04 

1500 0.06 

2000 0.09 

2500 0.13 

2830 0.19 

 

 

center of girder and at the joints between mid-segment and 

outside-segments. The displacement transducer (CDP-50, 

Tokyo Sokki Kenkyujo) was used for these measurements, 

as shown in Fig. 6. The obtained load-displacement curves 

were plotted in Fig. 7. An initial cracking was observed at 

center of girder when the loading force was increased to 

approximately 2000 kN. From that point on, the crack 

propagation was monitored using a crack measurement 

sensor (PI-5-50, Tokyo Sokki Kenkyujo) for the loading 

forces of 2000 kN, 2300 kN, 2500 kN, and 2830 kN. The 

crack width was measured at different loading forces up to 

the maximum load of 2830 kN, as listed in Table 6. The 

obtained crack patterns are also illustrated in Fig. 8. These 

results indicate that despite the different materials and 

structural system, the performance of the tested hybrid 

segment bridge girder with 2400 MPa PS strands is similar 

to the conventional cast-in-place 1860 MPa monolithic 

post-tensioned prestressed concrete girder.  
 

 

5. Verification based on the simulation result 
 

A numerical analysis was conducted to verify that the 

hybrid prestressing of both pre-tension and post-tension at a 

section of 2400 MPa PS strand are compatible with the 

results obtained from the numerical analysis method. This 

was based on the sectional analysis using MATLAB at the 

mid-span under the assumption of strain compatibility and 

force equilibrium in the section. The result was extended to 

the full-length girder based on the assumed parabolic 

deformation curve. In order to consider the sequential 

fabrication, the pretensioned mid segment was separately  

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Crack patterns of HPS girder when static loading of 

(a) 2000 kN, (b) 2300 kN, and (c) 2500 kN were applied 

 

 

calculated and the results was applied as the initial 

condition for numerical analysis. Several more assumptions 

were taken such as: (1) tensile resistance of concrete is zero; 

(2) failure of the girder happens when any one of strains at 

concrete or tendon reaches their ultimate strains; (3) the 

cross-section along the span length is uniform because the 

effect of enlarged post-tensioning anchorage zone at both 

ends could be negligible in the overall flexural behavior of 

girder. Popovics’s concrete stress-strain model, which is 

appropriate for high strengths over 50 MPa and Ramberg-

Osgood’s model for high strength PS strand were used 

(Park et al. 2012, Park et al. 2017) for the numerical 

calculation. Fig. 9 compares the reported experimental 

results and the results obtained by the simulation analysis. It 

was found that the load-displacement curve obtained from 

static test of HPS girder was well matched with the 

numerical simulation results considering the cumulated 

stress in construction step.   

The vertical displacement obtained under the maximum 

loading state of 2830 kN by experimental loading test and 

simulation analysis at the center of the HPS girder were 

82.57 mm and 82.68 mm, respectively. However, the 

vertical displacement obtained under cracking loading state 

of 2000 kN by the experimental loading test and simulation 

analysis were 43.22 mm and 37.22 mm, respectively. 

Although both the obtained displacement values are slightly 

different at the cracking loading state, the load -

displacement curves are almost similar throughout the static 

loading test. This result proves that the simulation analysis 

can predict the behavior of HPS girder under various 

loading conditions. The specifications provided by the 

American Railway Engineering and Maintenance-of-Way 

Association indicate that the deflection of prestressed 

flexural members of bridge structures shall be designed 

within l/640 of the span under the service live load  

01M2M3M4M5M6M 1M 2M 3M 4M 5M 6M
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Fig. 9 Compared load-displacement curves of static loading 

test and simulation results at the center of HPS girder 

 

 

(AREMA 2007). Based on this specification, the 

displacement allowed for a 35 m long girder is 54.69 mm. 

According to the plotted load-displacement hysteresis curve 

of fatigue loading, the maximum measured displacement of 

about 18 mm obtained at center of HPS girder satisfies the 

railway specification. Furthermore, the load-displacement 

curve of HPS girder shows a displacement of 54.69 mm at 

the static loading of about 2300 kN. This means that 

proposed HPS girder fully meets the deflection standards to 

be used as railway structure under various loading 

conditions. 

The proposed HPS girders are subject to dynamic 

deformation that induced by the moving loads on railway 

bridges. Accordingly, a dynamic analysis based on an 

experimental approach is required to verify the dynamic 

performance of the proposed girders including the damping 

ratio, natural frequency, and vibration. The focus of future 

research should be on analyzing the dynamic behavior 

including long-term behavior by friction loss or anchorage 

loss based on the currently obtained experimental and 

simulated results. 

 

 

6. Conclusions 
 

This study proposed a hybrid prestressed segment girder 

using 60 MPa high-strength concrete and 2400 MPa PS 

strand.  A full-scale HPS girder was fabricated using a 

combined pre-tension and post-tension method. 

Experimental tests were performed under various loading 

conditions. In addition, the result of simulation analysis was 

compared with the obtained experimental results of the 

static loading tests. Based on the study findings, the 

following conclusions were drawn:  

• The hybrid segments system using high-strength PS 

strand of 2400 MPa allows the construction of longer and 

slender bridge girders using less material. 

• Fewer inserted tendons, less complex reinforcement, 

and reduced internal structures will be needed to fabricate 

the proposed HPS girder than those required for the 

conventional PSC girders. 

• According to the experimental loading test results, the 

HPS girders can highly control the occurrence of crack 

under lateral stability. 

• The measured load-displacement hysteresis curve 

under the fatigue loading condition indicates that the 

performance of HPS girder meets the service loading 

standards for railway bridges.  

• Based on the railway specification, the HPS girder can 

satisfy the deflection limitation standards up to 2300 kN of 

static loading.  

• The simulation analysis can predict the behavior of 

HPS girder under various loading conditions.  
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