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Abstract 4 

This study presents a numerical investigation of the flexural performance of precast segmental 5 

concrete beams (PSBs) with unbonded internal steel tendons. Numerical models developed in this 6 

study using Abaqus software capture well the responses of the PSBs reported in previous studies. 7 

This is the first time a three-dimensional numerical model is built and successfully validated 8 

against experimental results of PSBs in literature. Based on the verified numerical model, intensive 9 

simulations of performances of segmental beams with different parameters and various conditions, 10 

i.e. tension-controlled, compression-controlled and balanced sections, are carried out. Based on11 

the numerical results, the flexural behaviour of PSBs under four-point loading is extensively 12 

discussed regarding the failure modes, joint opening, stress increment in the tendon and the stress 13 

transfer mechanism. A parametric study is also conducted and the results show that the effective 14 

prestress, prestressing steel reinforcement ratio, and span length-to-tendon depth ratio strongly 15 

affect the load-carrying capacity, ductility, tendon stress increment, joint opening and failure 16 

modes of PSBs with unbonded tendons, while the loading type, concrete strength and the number 17 

of joints show insignificant effects on the flexural performance of the structure.  18 
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1 Introduction 21 

Precast segmental prestressed concrete beams (PSBs) have been increasingly used in many bridge 22 

construction projects around the world as this type of structure provides shorter construction time 23 

and better quality control. The use of unbonded tendons and dry joints are preferred for new 24 

segmental concrete bridge constructions since they enable fast installation and easy replacement 25 

in cases of deterioration. Since the analysis and design of structures with unbonded tendons are 26 

more complex due to the lack of bonding between the tendons and surrounding concrete, the 27 

current methods for prediction of deflection and the stress increment in the prestressing steel at the 28 

ultimate stage of PSBs with unbonded tendons are questionable [1-3]. Therefore, more 29 

comprehensive investigations are required for better understanding the performance of PSBs, and 30 

developing more reliable analysis, and design of such structures.  31 

This study presents a numerical approach to simulate the flexural behaviour of PSBs with 32 

unbonded steel tendons using ABAQUS CAE [4] commercial software. To the authors’ best 33 

knowledge, this is the first time a three-dimensional numerical model is successfully developed 34 

and validated against experimental results of PSBs in the literature. The validated model is used 35 

to conduct intensive simulations of PSBs with different parameters. Based on the numerical 36 

results, influences of effective prestress, reinforcement ratio, span-to-depth ratio, concrete 37 

strength, joint number and load type on the performance of PSBs are thoroughly discussed.  38 

2 Literature review 39 

Even though this study focuses on the behaviour of PSBs, the effects of the investigated parameters 40 

on the performance of monolithic beams are also reviewed and discussed. In the following 41 

sections, the influences of various parameters on the structural behaviour of monolithic beams are 42 

presented first. 43 

2.1 Effect of the span-to-depth ratios on the performance of PSBs 44 

The effects of the span-to-depth ratios of monolithic beams, L/dps, were studied by several 45 
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researchers. Harajli [5] theoretically investigated the influence of span-to-depth ratio on the stress 46 

increment of beams with unbonded internal tendons. A wide range of L/dps was studied ranging 47 

from 5 to 50. It was found that increasing L/dps significantly decreased the stress increment at the 48 

ultimate stage, where the stress increment is the change in the tendon stress under the applied load, 49 

fps = fps – fpe. In addition, the reduction in the stress increment with the increase in L/dps is directly 50 

related to the length of a plastic region in the member. As such, beams loaded with three-point 51 

loading encountered a higher reduction in fps with increasing L/dps as compared to beams loaded 52 

with four-point loading because the first one had a shorter plastic region than the second one. It is 53 

noted that the plastic hinge herein refers to the compressive concrete regions at and close to the 54 

loading points. On the other hand, Harajli and Kanj [6] conducted an experimental investigation 55 

on beams with the range of L/dps between 8 and 20 and found that the load type (third-point or 56 

four-point loadings) and the L/dps ratio did not have significant effects on the stress increment at 57 

the ultimate stage, which contradicted earlier analytical studies by Harajli [5]. However, no 58 

explanations for this contradictory observation were provided by the authors.  Tanchan [7] 59 

conducted a numerical investigation and found that L/dps ratio greatly affected the ultimate moment 60 

capacity of the member while only a slight effect was observed for the change in fps. For instance, 61 

the ultimate moment capacity decreased by 50% for both four-point and three-point loadings when 62 

L/dps increased from 10 to 45. Meanwhile, fps slightly decreased by 9% for four-point loading 63 

and by 1% for three-point loading as the L/dps ratio increased from 10 to 35. Those values were 64 

18% and 2% for the case of four-point loading and three-point loading respectively when the L/dps 65 

ratio increased from 35 to 45. 66 

Meanwhile, there have been no studies on the effect of L/dps on the structural behaviour of 67 

segmental beams. Instead, the effect of shear span-to-depth ratio, a/h, on the shear resistance 68 

capacity of the structures has been studied by several researchers. Li et al. [8] conducted an 69 

experimental study on segmental simply-supported beams prestressed with external tendons under 70 

combined shear and bending forces and found that for the beams with the same type of joints, the 71 
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shear resistance of joint decreased as a/h increased. When a/h changed from 1.5 to 3.5, the shear 72 

force in the joint plane at the ultimate stage reduced respectively by 45.4% and 42.8% for epoxied 73 

and dry joints although the ultimate moment capacity increased by 22.9% and 28.8%, respectively. 74 

Similar results were observed in the tests by Li et al. [9] on segmental concrete continuous beams 75 

with external tendons as the shear span ratio is inversely proportional to the shear resistance of the 76 

structure. The shear span ratio also showed an influence on the failure mode of the specimens. For 77 

the beams with epoxied joints which failed by compression shear, the larger is the shear span ratio, 78 

the less number and sparse distribution of the shear compressive cracks are.   79 

As can be seen from the above review that the effect of a/h on the shear behaviour of segmental 80 

beams has been reported in the literature while the effect of L/dps on the flexural behaviour of 81 

segmental beams has not been addressed yet. The understandings of this parameter on the failure 82 

mode, stress increment in the tendons, and joint opening are necessary to attain better predictions 83 

of the performance of segmental beams under flexural loading.  84 

2.2 Influence of effective prestress on the performance of PSBs 85 

The effective prestress in the tendons, fpe, is one of the main factors that strongly affects the 86 

performance of prestressed concrete beams. In the case of monolithic beams with unbonded 87 

tendons, fpe was found to affect the failure modes, crack patterns and plastic rotation capacity of 88 

the structure [10-12]. The beams with high fpe behaved rather like a beam with bonded tendons, 89 

and formed a deep compression zone with considerable concrete distress, together with a number 90 

of cracks in the tension zone. On the other hand, the beams with low fpe showed a quite shallow 91 

compression zone but exhibited a much greater capacity for plastic rotation before failure. The 92 

beams with low fpe developed two or three widely spaced cracks and only one of which continued 93 

to widen under the applied loads. Tanchan [7] conducted a numerical analysis on beams with 94 

unbonded tendons with span-to-depth ratios L/dps varying from 10-18.5 and observed that fpe 95 

slightly affected the ultimate moment capacity Mu, but significantly affected the stress increment 96 

in the tendons, fps. As fpe increased from 827 MPa to 1241 MPa, the ultimate moment capacity 97 
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increased by 10% for both four-point loading and three-point loading while fps decreased 98 

considerably by 35%.  99 

The effects of fpe on the behavior of PSBs were investigated in several studies [13-15]. The main 100 

conclusions can be summarized as follows: (1) fpe directly impacts the joint opening load, at which 101 

the lower the fpe, the lower the joint opening load; (2) fpe shows no influence on the stiffness of the 102 

structure while joints are closed, but strongly affects the stiffness of the structure once the joints 103 

open, i.e. the higher the fpe, the stiffer the structure; (3) the maximum deflection at failure is also 104 

affected by the prestressing force - the higher fpe, the larger the deflection at failure; and (4) the 105 

increase in fpe leads to the increases in the load-carrying capacity of the structure. Turmo et al. [13] 106 

also noted that a minor decrease in the prestressing level can lead to a rapid loss of safety of the 107 

structure.  108 

It is seen from the above review that studies have been conducted to investigate the effects of fpe 109 

on the segmental beams’ stiffness, joint opening, strength and deflection capacity of the structure. 110 

However, it is noted that these studies were conducted on segmental beams with external tendons, 111 

no studies on segmental beams with unbonded internal tendons have been reported. Furthermore, 112 

the effects of fpe on the flexural performance of segmental beams regarding failure modes, stress 113 

increment in the tendons, ultimate strength and deflection capacity for different failure modes such 114 

as tension-controlled or compression-controlled sections have not yet been reported in the previous 115 

studies, which will be addressed in this study. 116 

2.3 Effect of amount of prestressing steel on the performance of PSBs 117 

Amount of prestressing steel, Aps, is another factor strongly affecting the strength and deflection 118 

capacity of the beams with unbonded tendons. In case of monolithic beams with unbonded 119 

tendons, it was found that as the area of prestressing steel increased, the ultimate strength capacity 120 

of the structure increased, but the deflection capacity decreased. In other words, the beam is less 121 

ductile with the increase of the area of the prestressing steel [7, 16-18]. All the beams tested by 122 
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Tao and Du [16] with low values of combined reinforcement ratio were very ductile as they 123 

underwent large deflections of 90 to 120 mm (1/47 to 1/35 of the effective span) at failure while 124 

that for beams with higher values of combined reinforcement ratio was about 40 to 50 mm (1/105 125 

to 1/93 of effective span). Moreover, the increment of stress in the tendons was also affected by 126 

Aps. When Aps increased from 161 mm2 to 742 mm2, fps considerably reduced by 35% as observed 127 

in the study by Tanchan [7]. Lou et al. [17, 18] conducted a numerical study on beams prestressed 128 

with unbonded fibre-reinforced polymer (FRP) tendons and observed that the ultimate deflection 129 

decreased consistently with the increase of prestressing reinforcement ratio. Lou et al. [19] 130 

examined the tendon stress increment with the variation of prestressing reinforcement ratio and 131 

found that the tendon stress increment at the ultimate stage decreased almost linearly as the 132 

reinforcement ratio increased.  133 

In the case of segmental beams, to the authors’ best knowledge the effect of Aps on the flexural 134 

performance of PSBs with unbonded tendons have not been reported yet. Instead, the effects of 135 

the use of hybrid tendons were investigated by several researchers. Yuan et al. [20] experimentally 136 

investigated the behaviour of PSBs with combined external and internal tendons under bending, 137 

in which the internal tendons were bonded to concrete. The authors concluded that the tendon ratio 138 

between the internal and external tendons had a significant effect on the strength capacity and 139 

ductility of the structure. The more internal tendons were used, the higher load-carrying capacity 140 

and better ductility the beams achieved. This phenomenon is attributed to the fact that the bonding 141 

effect helps the beams with bonded tendons better mobilize the tendon strain and the use of internal 142 

tendons discarded the second-order effect occurring in the external tendons. These effects allowed 143 

the beams with more internal bonded tendons to achieve higher load-carrying capacity and 144 

deflection capacity. Therefore, the ratio between internal and external tendon not less than 1:1 was 145 

recommended by Yuan et al. [20]. This effect of tendon ratio is also valid for the case of segmental 146 

continuous concrete beams. Li et al. [9] conducted tests on segmental continuous beams and 147 

observed that the ultimate stresses in the external tendons in beams also having internal tendons 148 
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were higher than those in beams having only external tendons. Jiang et al. [21] studied simply 149 

supported segmental beams with hybrid tendons and also found that the use of hybrid tendons 150 

improved both the strength and ductility compared to beams with sole external tendons. 151 

2.4 Effect of concrete strength on the performance of PSBs 152 

The concrete strength, f’c, considerably affects the ultimate strength capacity and ductility of 153 

monolithic concrete beams with unbonded tendons. Tao and Du [16] tested monolithic beams with 154 

unbonded internal tendons and found that increasing f’c led to increasing the tendon stress 155 

increment, strength, and deflection capacity of the beams. Similar results were observed in the 156 

study by Tanchan [7]. Furthermore, when  f’c increased, beams loaded under four-point loading 157 

exhibited greater increases in the ultimate moment capacity and stress increment in the tendons 158 

compared to the beams under three-point loading. When f’c increased from 41 MPa to 82 MPa, the 159 

ultimate moment capacity was respectively increased by 10% for three-point loading and 15% for 160 

four-point loading, and fps was respectively increased by 20% for three-point loading and 40% 161 

for four-point loading [7]. To the authors’ best knowledge, no studies on the effects of f’c on the 162 

flexural behaviour of segmental concrete beams with unbonded tendons have been reported in the 163 

literature. 164 

2.5 Effect of joint’s type, number, and location on the performance of PSBs 165 

Joint type 166 

The effect of joint type on the behaviour of segmental concrete beams has been well documented 167 

in the literature. It was found that segmental beams with epoxied joints obtained higher cracking 168 

load than beams with dry joints due to the additional tensile strength of concrete [22, 23]. Loads 169 

at the first joint opening for the dry-joined specimen were about 27% less than those of the epoxy-170 

joined specimens [23]. Saibabu et al. [23] also found that, in terms of the flexural strength, the 171 

maximum load and failure load of dry-joined specimens were 8.6% and 16.7% less than that of 172 

the epoxy-joined specimen, respectively. In terms of the shear strength, MacGregor [22] found 173 



8 

that the joint type had no effect on the shear strength of the segmental beams.  Jiang et al. [24], 174 

however, found that dry-joined specimens exhibited a lower shear strength capacity than the 175 

epoxied-joined specimens.  176 

Regarding the rotation capacity and ductility, MacGregor [22] found that the epoxy-joined beams 177 

showed a less rotation capacity than dry-joined beams. In the epoxy-joined beams, only a single 178 

joint or crack opened resulting in large rotations to be concentrated at a single location while 179 

several midspan joints opened causing rotations being distributed over several joints in the dry-180 

joined beams. This redistribution of the rotations helped the dry-joined beams withstand larger 181 

cumulative rotations than epoxy-joined beams. This observation was also supported by 182 

experimental results presented in other studies [2, 3, 25]. MacGregor [22] also found that the use 183 

of epoxied joints did not provide any increase in the ductility of the segmental beams compared to 184 

the use of dry joints. This conclusion, however, is contrary to the results presented in recent studies 185 

on both simply-supported and continuous segmental beams [8, 9], where beams with epoxied 186 

joints showed greater ductility compared to beams with dry joints. 187 

Previous studies have observed that epoxied and dry joints exhibit different failure modes [1-3, 8]. 188 

The failure of epoxied joints developed in the concrete adjacent to the segment interface. In 189 

contrast, the failure of dry joints took place at the interfaces [1, 8]. Similar observations were found 190 

in the previous studies [2, 3] when testing segmental concrete beams with either dry and epoxied 191 

joints and prestressed with CFRP tendons. The response of epoxied joints was brittle and failed in 192 

a sudden manner when the applied load reached its cracking/opening load. However, after the 193 

epoxied joints opened, i.e. cracked, it exhibited similar behaviour to the dry joints under the applied 194 

load. Both the beams with dry and cracked epoxied joints underwent various load cycles until they 195 

reached the ultimate stage [2, 3]. 196 

 Joint number and joint location 197 

The effect of the number of joints on the performance of segmental beams was examined in a 198 

limited number of studies. Jiang et al. [21] found that the beam with two joints showed smaller 199 
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flexural strength than the beam with seven joints. As observed in the tests, the flexural strength of 200 

the two-joint segmental beam with hybrid tendons was 12.8% less than that of the seven-segmental 201 

beam. This is due to a high concentration of rotation and deflection at individual joints in the two-202 

segmental beams as explained by the authors. In addition, the two-joint segmental beams exhibited 203 

less deflection than the seven-joint segmented beam. Jiang et al. [24] investigated the shear 204 

behaviour of PSBs with external tendons and found that with the increase in the number of joints, 205 

the shear strength and deflection of PSBs with external tendons increased. They observed that the 206 

stiffness of the segmental beams decreased when the number of joints increased, which caused the 207 

beam with a higher joint number to undergo larger deformation. In terms of joint’s location, Li et 208 

al. [8] tested segmental beams with external tendons and found that the joint location had a 209 

significant influence on the joint bearing capacity, particularly when the load was applied to the 210 

immediate vicinity of the joints. For beams with the same joint types, the joint resistance reduced 211 

when the joint locates at or near the midspan. 212 

It can be summarized from the above review that joint type was found to have a significant effect 213 

on the flexural and shear capacity of the segmental beam, i.e. epoxied joints increased the cracking 214 

load, ultimate flexural and shear strength of the segmental beam but limited the beam’s rotation 215 

capacity. However, there is a controversy regarding the ductility as several researchers observed 216 

an increase in the beam’s ductility while others did not. In terms of the number of joints, 217 

researchers found that reducing the number of joints led to a lower flexural and shear strength 218 

capacity of the segmental beam, but increasing the number of joints led to the decrease in the 219 

beam’s stiffness as concluded in the study by Jiang et al. [24]. In terms of joint’s location, Li et al. 220 

[8] found that the joint resistance reduced when the joint approaches the beam’s midspan. This 221 

study will further investigate the effect of a number of joints on the flexural behaviour of the 222 

segmental beams with unbonded internal tendons. 223 

2.6 Effect of load type on the performance of PSBs 224 

Previous studies showed that type of load, i.e. three-point or four-point loadings, had an 225 
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insignificant effect on the flexural behaviour of monolithic beams with unbonded tendons [6, 7]. 226 

Harajli and Kanj [6] conducted an extensive test program on concrete monolithic beams 227 

prestressed or partially prestressed with unbonded tendons. The beams were tested under three-228 

point loading and four-point loading and the tested results showed that the type of load had an 229 

insignificant effect on the nominal flexural characteristics of the beams. Tanchan [7] carried out a 230 

numerical study on monolithic beams prestressed with unbonded internal tendons and the results 231 

revealed that the change in the type of load had a minor change in the bending moment of the 232 

beams at the ultimate stage. However, Harajli et al. [26] found that the beams under three-point 233 

loading tended to mobilize less deflection at the ultimate stage compared to beams under four-234 

point loading because it developed smaller equivalent plastic hinge length at failure. Yuan et al. 235 

[1] tested segmental beams with external tendons and observed that both the beams subjected to 236 

four-point loading and three-point loading had the same bending moments at the onset of joint 237 

opening but the latter beam exhibited a higher bending moment at the ultimate stage compared to 238 

the former one. No studies have been done to investigate the effect of loading types on the flexural 239 

behaviour of the segmental beams, except the previous study by Yuan et al. [1]. As such, further 240 

studies are necessary to obtain sufficient data in order to be able to quantitatively predict the 241 

behaviour of the segmental beams with unbonded tendons under different loading types. 242 

2.7 Contribution of conventional steel reinforcements 243 

For the segmental concrete beams, the longitudinal steel bars are cut-off at the joints’ locations. 244 

As such, there is theoretically no contribution of longitudinal reinforcement to the tension force of 245 

the section. This was confirmed by previous studies, which were conducted on segmental concrete 246 

beams with either steel or CFRP tendons with dry/epoxied joints [2, 3]. Similar conclusions were 247 

also reached by other studies [1, 21] and confirmed that the longitudinal reinforcement contributed 248 

little to the flexural capacity of the segmental beams. 249 

In terms of the contribution of the transverse steel reinforcement on the behaviour of PSBs, Turmo 250 

et al. [15] studied the shear behaviour of segmental beams with external tendons and found that 251 
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the shear reinforcement had a minor contribution to the shear strength of the structure. After joint 252 

opening, the shear was resisted solely by the concrete on the top fibre, which was in compression. 253 

As such, no need to provide hangover steels for the shear transfer as concluded by the authors. 254 

Similar conclusions were given in recent studies [2, 8, 21] in which it was found that stirrups 255 

contributed little to the shear capacity of the structure because it is governed by weaker sections 256 

at the joints. Meanwhile, in the case of continuous segmental beams, Li et al. [9] observed that the 257 

contribution of stirrups is large than that in simply-supported beams. The contribution of stirrups 258 

to the shear strength was 14-21% of the total shear capacity.   259 

3 Description of Finite Element Model 260 

This section describes the use of ABAQUS CAE [4] software to simulate the behaviour of 261 

segmental concrete beams internally prestressed with unbonded tendons. Two segmental concrete 262 

beams reported in the study of Le et al. [2] and one beam tested by Jiang et al. [21] are simulated 263 

to verify the accuracy of the numerical model. Both the two beams, BS1 and BC1 in Le et al. [2] 264 

had T-shaped section and were 400 mm in height and 3.9 m of overall length. Each beam consisted 265 

of four segments, which were made of reinforced concrete and had the length of 800 mm and 1150 266 

mm, respectively. Two steel/CFRP tendons, which were internally unbonded to the concrete were 267 

used to join these segments (Fig. 1.) Beam S-2 in Jiang et al. [21] had also T-shaped section of 268 

400 mm height and 3.5 m overall length. The beam consisted of two joints and was prestressed 269 

with one internal unbonded and two external steel tendons. More details of the beams’ dimensions, 270 

reinforcements, and material properties are found in Le et al. [2] and Jiang et al. [21].  271 

Three-dimensional solid finite elements are used to simulate the response of the different 272 

components of the finite element models. Eight-node linear brick, reduced integration hexahedral 273 

elements (C3D8R) are selected to model concrete elements, prestressing tendons, and 274 

supplementary elements including steel loading plates, anchor blocks and steel plates at the two 275 

ends of the beam. Two-node linear 3-D truss elements (T3D2) are selected to simulate the 276 

conventional steel reinforcements (Fig. 2). 277 
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3.1 Concrete material model 278 

Concrete damage plasticity (CDP) model incorporated in ABAQUS CAE [4] is used to model 279 

concrete elements. The CDP model is able to capture the elastic and plastic behaviours of concrete 280 

for damage characteristics in both compression and tension. It can be applied for concrete 281 

subjected to static and cyclic loadings. 282 

General parameters of the CDP model are given as follows [27]: dilation angle , flow potential 283 

eccentricity e, and viscosity parameter , are equal to 30, 0.1, and 0.001, respectively; the ratio 284 

of initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress, b0/c0 = 285 

1.16; and the ratio of the second stress invariant on the tensile meridian to the compressive 286 

meridian, Kc = 0.667. These material parameters are also summarized and listed in Table 1. 287 

The stress-strain curve proposed by Carreira and Chu [28] is adopted in this study for concrete 288 

under compression. The relationship is expressed as follows: 289 
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where f’c and ’c are the compressive concrete strength (MPa) and its corresponding strain; c and 291 

c are the stress and strain of concrete, respectively;  is a material parameter which depends on 292 

the shape of the stress-strain diagram. A detailed procedure to compute  is provided in Carreira 293 

and Chu [28]. It is noted that a linear stress-strain relationship is assumed up to 40% of the concrete 294 

maximum compressive strength in the ascending branch [29] as shown in Fig. 3. 295 

Inelastic strain 
in

c in Fig. 3(a) is assigned in CDP model for the compression behaviour, in el

c c oc   296 

, where Ec is the concrete modulus and oc
el is the concrete elastic strain in compression, el c

oc

cE



 . 297 

The compressive damage parameter dc is also assigned in the CDP model. Birtel and Mark [30] 298 

developed the following expression to compute dc: 299 
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c is the plastic strain, which is determined proportionally to the inelastic strain 
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constant factor bc, i.e., pl in

c c cb  . The constant factor bc is taken as 0.7 as proposed by Birtel and 302 

Mark [30]. 303 

The stress-strain relationship for concrete in tension is assumed to consist of a linear ascending 304 

part up to the cracking strength fct and a linear descending part to a total strain of approximately 305 

10 times the strain at the tensile cracking ct [29]. Similar to the concrete behaviour in compression, 306 

cracking strain ck

t and tensile damage parameter dt are used in the CDP model for the concrete 307 

in tension (Fig. 3b).  Cracking strain ck

t  is computed as ck el

t t ot    , in which  
el t
ot

cE



 ,  where 308 

el

ot  is the concrete elastic strain in tension. Tensile damage parameter dt is calculated as follows: 309 
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In Eq. 3, 
pl

t is the plastic tensile strain, pl ck

t t tb  and the parameter bt is taken as 0.1 [30].  311 

3.2 Reinforcement material model 312 

The stress–strain curve proposed by Devalapura and Tadros [31] is adopted in this study to model 313 

the prestressing steel as given in Eq. 4. For low-relaxation prestressing steel Grade 270, which was 314 

used in Le et al. [2] and in this study, the constants A, B, C, D are taken as 887, 27613, 112.4 and 315 

7.36, respectively.   316 
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For CFRP tendons, the isotropic elastic material model is chosen to model the tendons since CFRP 318 

tendons exhibit a linear stress-strain relationship up to the failure. The failure of the CFRP tendons 319 

is considered to occur when their nominal tensile strength fpu (2450 MPa) is reached or when the 320 

shear stress in the tendon obtained from the simulation exceeds its nominal shear resistance. The 321 

nominal shear strength of the CFRP tendons is 126 MPa as reported in the previous studies [2, 3].  322 

An elastoplastic stress-strain material model is used for conventional steel reinforcements in both 323 

tension and compression [32]. The longitudinal and transverse reinforcements are embedded into 324 

the concrete elements. Details of material properties are given in Table 1. 325 

3.3 Contact mechanism 326 

The surface-to-surface contact model incorporated in ABAQUS CAE [4] is chosen to formulate 327 

the contacts between joint surfaces of the two adjacent segments (key-key contact), and the 328 

unbonded tendons vs the surrounding concrete (unbonded tendon-concrete contact). For the key-329 

key contact, a friction coefficient of 0.7, which is based on previous experimental studies  [33, 34], 330 

is selected to define the tangential behaviour while hard contact type is used to define the normal 331 

behaviour. The hard contact type allows surfaces to develop compression behaviour when they are 332 

in contact without penetration into each other and to separate in case of tension without tensile 333 

stress transferring through the interfacial interaction. For the unbonded tendon-concrete contact, 334 

since the friction forces between the tendon and surrounding concrete are small [35-38], they are 335 

neglected in this study to simplify the analysis. As such, frictionless is assumed between the tendon 336 

and the surrounding concrete to define the tangential behaviour and hard contact type is used for 337 

the normal behaviour. Tie constraint contact type is used to model the contacts of steel loading 338 

plates to concrete, anchor blocks to steel end-plates, and steel end-plates to concrete.  339 

3.4 Modelling procedure 340 

The beam model is built symmetrically with regard to the beam’s longitudinal axis at the centroid 341 

of the cross-section (Fig. 2). For the concrete elements, the most critical areas occurred at joint 342 
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locations where the cracking happened as observed in the experiment  [2, 3]. A finer mesh with an 343 

element size of 20 mm, therefore, is applied for these areas compared to a courser mesh, with the 344 

element size of 40 mm for the other areas. The prestressing tendons and the conventional steel 345 

reinforcement are meshed with an element size of 20 mm. The remaining components including 346 

steel plates and anchors are meshed with an element size of 40 mm. It is noted that mesh 347 

convergence tests are carried out by halving the mesh size from 80 mm, 40 mm and 20 mm. The 348 

numerical results show that further reducing the mesh size under 40 mm does not considerably 349 

affect the results but requires a significantly high computation cost. Therefore, the mesh size of 20 350 

mm close to the joints and 40 mm for other regions are used in this study. In total, the numerical 351 

model consists of 38,620 nodes and 30,013 elements including 27,093 solid elements and 2,920 352 

truss elements. 353 

The prestressing effects in the model are specified using Predefined Fields function provided in 354 

Abaqus (2012). The effective prestress in the tendons fpe after post-tensioning is specified in the 355 

model to be equal to the values reported in the work by Le et al. [2] for the tested beams. In the 356 

experiment, the applied load was exerted by two vertical hydraulic jacks placed symmetrically at 357 

one-third span length. Numerically, this is simulated by creating two boundary conditions 358 

vertically moving downward, which are also placed symmetrically at the one-third span length of 359 

the beam as shown in Fig. 2. 360 

3.5 Model validation 361 

Experimental results are used to validate the numerical models in terms of the load-deflection 362 

responses and failure modes (Fig. 4). As observed in Fig. 4(a), the numerical models well capture 363 

the load-deflection responses of the tested beams by Le et al. [2]. For the case of Beams BS1 with 364 

steel tendons, the test was stopped for safety reason at a very high loading level. At that point, the 365 

applied load was 96 kN and its corresponding mid-span deflection was 89.4 mm. In the numerical 366 

model, the applied load corresponding to the deflection of 89.4 mm is 91 kN, which differs by 367 

approximately -5.7% as compared to the experimental result. In the case of Beam BC1 with CFRP 368 
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tendons, the numerical model also accurately predicts the applied load at the ultimate stage Pu. Pu 369 

obtained from the numerical model is approximately 115 kN, which is about 1.8% higher than the 370 

experimental result (113 kN). It is noted that the ultimate stage of Beam BC1 is taken at a step 371 

where the shear stress obtained in the tendon exceeds its nominal shear resistance. At this step, the 372 

longitudinal tensile stress in the tendon is 1925 MPa, which has not reached its nominal tensile 373 

strength yet. Similarly, the numerical model well captures the load-deflection curve of Beam S-2 374 

tested in the study of Jiang et al. [21], although it shows a slightly higher applied load at the 375 

ultimate stage (Fig. 4b). The ultimate load obtained from the numerical result is 234 kN, which is 376 

7.3% higher than the experimental result.  377 

Failure modes of the tested beams are also well captured by the numerical models. As observed in 378 

the test of Le et al. [2], both Beams BS1 and BC1 exhibited very similar concrete responses in the 379 

compression zone, i.e. concrete in the compression at the middle joint J2 crushed, whereas no 380 

damage was observed in the other joints (J1, J3). Numerical models capture the same failure modes 381 

as shown in Fig. 4(c). In Fig. 4(c), only a photo showing the failure mode of Beam BS1 is provided 382 

for brevity. In the numerical model, the concrete fails when it reaches the ultimate strain of 0.003 383 

under compression. Yielding of steel tendons is also observed in the numerical model, which takes 384 

place before the crushing of the concrete. After that, the beam continues to deform under the 385 

applied load leading to the crushing of concrete on the top fibre when it reaches its ultimate strain 386 

as observed in the experiment. For Beam BC1, the rupture of the CFRP tendons is observed in the 387 

numerical model as also seen in the experimental test. The rupture of the CFRP tendons, which 388 

happens at the middle joint location, is due to the shear stress in the tendons generated by the 389 

applied load exceeded its nominal shear resistance. It is worth noting that the rupture of the CFRP 390 

tendons was observed in the experiment but the causes, i.e. by tensile or shear stress, were not 391 

clear. This numerical simulation has revealed that shear stress primarily causes the rupture of the 392 

tendons.  393 

From the above discussions, it is evident that the numerical model developed in this study is 394 
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reliable and capable of simulating the behaviour of segmental concrete beams prestressed with 395 

unbonded internal tendons. In the next sections, intensive simulations are conducted using the 396 

validated model in this section to investigate the behaviour of PSBs with unbonded tendons under 397 

bending.  398 

4 Flexural behaviour of segmental beams 399 

4.1 Load-deflection curves: compression-controlled and tension controlled sections 400 

Based on the calibrated models, various numerical models are built to investigate the load-401 

deflection responses of PSBs with unbonded internal tendons. The beams’ cross-section and 402 

conventional steel reinforcement configuration are maintained the same as the beam shown in Fig. 403 

2. All the beams are built with dry joints while different effective prestressing stress fpe, amount of 404 

prestressing steel Aps, concrete strength f’c and span length to tendon depth ratio L/dps are 405 

investigated. All the beams are loaded under four-point loading as shown in Fig. 2. 406 

From the numerical results, there are two types of load-deflection responses for the PSBs with 407 

unbonded internal tendons (Fig. 5a). Only the load-deflection curves of two beams are presented 408 

herein for brevity for which the curve of Beam SD25-118-069 represents a typical load-deflection 409 

curve of a beam failing in tension while the one of Beam SD25-284-02 represents a typical curve 410 

for a beam failing in compression. It is noted that Beam SD25-118-069 has the ratio of L/dps of 25, 411 

is prestressed with two 11.8-mm diameter tendons at an effective prestress ratio fpe/fpu of 0.69. 412 

Beam SD25-284-02 has the same beam’s configuration and dimensions as of Beam SD25-118-413 

069 except for the reinforcement ratio and effective prestress for which Beam SD25-284-02 414 

comprises two 28.4-mm diameter tendons of fpe/fpu of 0.20. The load-deflection curves of these 415 

two beams are also generalized in Fig. 5(b). 416 

In the case of a tension-controlled section, the load-deflection curve of Beam SD25-118-069 is 417 

divided into two stages distinguished by a transition zone. In the first stage from Points 1 to 3, the 418 

beam exhibits a linear relationship between the applied load and deflection. Then, the middle joint 419 
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starts to open at Point 3 creating a transition zone as observed in Fig. 5(b). After that, the beam 420 

behaves nonlinearly up to failure in the second stage. The failure is due to the yielding of steel 421 

tendons starting at Point 6, which occurs before the crushing of concrete in compression zone 422 

(Point 7).  423 

In the case of a compression-controlled section, Beam SD25-284-02 also exhibits two stages in 424 

the load-deflection curve with one inflection point. However, the failure of the beam is due to the 425 

crushing of concrete in compression (Point 7), which takes place before the yielding of tendons 426 

(Point 6) as observed in the figure. After the crushing of concrete, the beam does not show 427 

sufficient ductility but fails in a brittle manner, which is not desirable for structures from a ductility 428 

and safety viewpoint. 429 

4.2 Joint opening and tendon stress increment 430 

Fig. 6 shows the opening of joints under the applied load. As can be seen from Fig. 6(a) that for 431 

the beams investigated in this study all the joints open under the applied load at different opening 432 

rates. The opening concentrates in the middle joint J2 at midspan while the other joints show a 433 

much smaller magnitude of opening. The opening of joints J1 (J3) of Beam SD25-118-069 434 

(tension-controlled beam) remains constant after the tendon yields. This phenomenon is also 435 

observed in the experimental tests by Le et al. [2] in which the two side joints J1 and J3 of Beams 436 

BS1 and BC1 almost remained at the same opening level after the tendons yielded. These two 437 

beams were under-reinforced as reported by the authors. Meanwhile, that for joint J1 (J3) of Beam 438 

SD25-284-02 gradually reduces when the concrete in the compression zone reaches its elastic limit 439 

as defined in Fig. 3(a). It can be stated at this stage that the opening level of side joints (other than 440 

middle joint) depends on the level of the prestressing reinforcement ratio. However, to draw a final 441 

conclusion on the level of opening of the side joints and how they behave under the applied loads, 442 

it requires further studies in which the effects of parameters including the number of joints, joints’ 443 

locations, joint types and the location of loading points need to be investigated. The total opening 444 

of all the joints under the applied load for the two beams is shown in Fig. 6(b). As seen from the 445 



19 

figure the shape of the applied load-opening curves are similar to the applied load-deflection 446 

curves shown in Fig. 5. The load causing joints to open in Beam SD25-118-069 is about 53% of 447 

the ultimate load and that value is about 48% for the case of Beam SD25-284-020. 448 

The opening of the joints leads to a dramatic increase in the tendon stress as observed in Fig. 7(a). 449 

Beam SD25-118-069 shows an almost constant stress increment rate until the yielding of the 450 

tendon. In contrast, the tendon in Beam SD25-284-020 shows a higher rate in the stress increment 451 

after the concrete elastic limit is reached until the ultimate stage. It is worth mentioning that the 452 

tendon stress starts to increase at the beginning of the applied load, but with a low rate. In Beam 453 

SD25-118-069, the stress in the tendon only increases by approximately 1.3% of the effective 454 

stress fpe at the onset of the joint opening, while that for the tendon in Beam SD25-284-020 is 455 

approximately 9.8%. Therefore, it can be deduced from this observation that the change in the 456 

tendon stress at the opening of the joints is significantly influenced by the amount of the 457 

prestressing steel which classifies the beam’s behaviour as compression control or tension control. 458 

In other words, the contribution of steel tendons at the onset of joint opening depends on the 459 

reinforcement ratio, which draws attention during the analysis and design of this type of structure. 460 

The results from the present study revealed that for the PSBs under four-point loading the ratio 461 

fpsYP/ fpe shows an almost linear relationship with the reinforcement ratio, where fpsYP is the stress 462 

in the tendons at the yield point as defined in Fig. 5b.    463 

The relationship between the stress increment and the joint opening is plotted in Fig. 7(b). For the 464 

case of the tension-controlled beam, the stress increment shows an approximately linear 465 

relationship with joint opening up to the yielding of tendons. Meanwhile, in the case of the 466 

compression-controlled beam, this linear relationship is maintained to the point where the concrete 467 

reaches its elastic limit. After that, a highly non-linear relationship is observed between the stress 468 

increment and joint opening up to the ultimate stage. Similar behaviours are observed for the 469 

relationship between the stress increment and midspan deflection as shown in Fig. 8(b). 470 

Meanwhile, the joint opening shows an almost perfectly linear relationship to the midspan 471 
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deflection up to the ultimate stage as observed in Fig. 8(a). This linear relationship is valid for both 472 

the two beams investigated.  473 

4.3 Principle stresses contours in the beam 474 

Fig. 9 presents the principal compressive stresses contours in Beam SD25-118-069. Only 475 

compressive stresses of absolute values higher than 1.60 MPa are shown in the figure for a better 476 

visual examination. In the initial state (Fig. 9a), most of the section’s height is in compression due 477 

to the effect of prestressing, except for the top fibre which is in tension as a result of the eccentricity 478 

of the prestressing force. The inclination of the principal compressive stresses shows how the shear 479 

stresses are transferred across the web in the beam, which is clearly displayed in Fig. 9(d) for the 480 

anchorage zones. Similar observations are observed for Beam SD25-284-020 as shown in Fig. 10 481 

(a and d). After joints open there is a shift in the neutral axis as the top fibre of the section is in 482 

compression. As can be seen clearly in Fig. 9(b) that the shear and bending moment are resisted 483 

by an arch, which is formed starting at the prestressing anchorages and developing towards the top 484 

compression zone at the midspan. Similar observations were obtained in the work of Turmo et al. 485 

[13] on segmental concrete beams prestressed with external tendons as the authors found that the 486 

compression force is resisted by a concrete arch formed across all segments. In addition, it can be 487 

seen from Fig. 9 and Fig. 10 that the portion of the arch between the two loading points is narrower 488 

than the other portions and also the arch is narrower at the joint locations. Therefore, it can be 489 

deduced that the joint reduces the depth of the neutral axis. Fig. 9(c) shows the field of principal 490 

compressive stresses at the ultimate stage, where the tendon yields in the case of Beam SD25-118-491 

069. By comparing Fig. 9(b) and Fig. 9(c), it can be observed that the height of the compression 492 

zone of the section reduces. It means that the depth of the neutral axis reduces under the applied 493 

load as the neutral axis moves towards the top fibre. The change in the depth of the neutral axis 494 

from yield point to the ultimate stage is more significant in the case of Beam SD25-284-020 495 

compared to that of Beam SD25-118-069 and at the ultimate stage, the neutral axis depth of Beam 496 

SD25-284-020 is greater than that of Beam SD25-118-069. 497 
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5 Parametric study 498 

Various numerical models are built to investigate the effects of a number of parameters on the 499 

flexural performance of PSBs with dry joints and prestressed with unbonded internal steel tendons. 500 

All the beams have the same T-shape cross-section, the configuration of conventional 501 

reinforcement as shown in Fig. 1 and a ratio of L/dps of 25 except the beams in Section 5.3, where 502 

different values of L/dps are used. More details of the material properties defined in the models and 503 

beams’ configuration for the parametric study are given in Tables 1-2. 504 

5.1 Influence of effective prestress, fpe 505 

In this section, three beams with different effective prestress levels are built to investigate the 506 

effect of fpe (Table 2).  It is found that fpe strongly affects the flexural performance of PSBs with 507 

unbonded tendons as the fpe affects not only the load-carrying capacity and ductility of the 508 

segmental beams but also the failure modes of the structure. It is seen from Fig. 11(a) that 509 

increasing fpe leads to increases in the opening load and maximum load of the beam. As the ratio 510 

fpe/fpu increases from 0.60 to 0.74 and 0.81, the opening load increases respectively by 511 

approximately 27% and 34% while the maximum load increases by 20% and 22%, respectively. 512 

It is noted that the increase in the opening load is linearly proportional to the increase in fpe but this 513 

correlation does not exist for the ultimate load. This is because the failure mode of Beam SD25-514 

190-081 differs from the failure modes of Beam SD25-190-060 and Beam SD25-190-074. Beam 515 

SD25-190-081 with only 9% of allowable strain reserved in the tendons fails in tension while the 516 

other two beams, Beam SD25-190-060 and Beam SD25-190-074, fail in compression. This brings 517 

to another conclusion that the change in fpe results in the change in the failure modes of PSBs. 518 

Beam SD25-190-060 with a ratio fpe/fpu of 0.60 fails in compression, for which the concrete in the 519 

compression zone fails before the yielding of prestressing steel. The stress in the tendon is 1407 520 

MPa when the top concrete crushes as can be seen from Fig. 11(b). However, when fpe/fpu increases 521 

from 0.60 to 0.81, the failure mode shifts to tension-controlled as observed in Beam SD25-190-522 

081, for which the yielding of the tendon takes place before the crushing of concrete in the 523 
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compression zone (Fig. 11a). 524 

In addition, increasing fpe significantly reduces the beam’s deflection under the applied load. By 525 

comparing the load-deflection curves of Beam SD25-190-060 and SD25-190-074 (Fig. 11a), 526 

which have the same failure mode, it can be seen that under the same level of the applied load, 527 

Beam SD25-190-074 clearly exhibits less deflection than Beam SD25-190-060 after the opening 528 

of joints. This draws attention in the design of the structure regarding the deflection limits in the 529 

serviceability limit state. It is worth mentioning that Beam SD25-190-074 with higher fpe exhibits 530 

smaller deflection at the ultimate stage as compared to that of Beam SD25-190-060. This 531 

observation is contrary to the results from previous studies [13, 14] as they found that higher fpe 532 

led to larger maximum deflection at failure of the beam. An effort has been made to verify this 533 

contradiction, in which beams with different prestressing reinforcement ratios and effective 534 

prestresses are built. The results are plotted in Fig. 11(c) which clearly shows that increasing fpe 535 

significantly reduces the beams’ deflections at the ultimate stage. This decrease in the beams’ 536 

deflections at the ultimate stage is valid for both the beams failing in compression and tension. As 537 

can be seen in the figure, Beam SD25-284-01 which fails in compression deforms 132 mm at the 538 

ultimate stage, while those for Beams SD25-284-02 and SD25-284-03 are 102 mm and 86 mm, 539 

respectively. In the case of tension-controlled failures, Beam SD25-134-063 undergoes 160 mm 540 

deflection at the ultimate stage, i.e. when tendon yields while that for Beam SD25-134-083 is 47 541 

mm. The higher the fpe, the less the workable stress reserved in the tendon. This less stress 542 

reservation in the tendon explains the decrease in the beam’s deflection at the ultimate stage as 543 

observed in the beams showed in Fig. 11 (a and c). 544 

5.2 Effect of amount of prestressing steel, Aps 545 

Three beams with different prestressing reinforcement ratios are considered in this section in order 546 

to investigate the effect of Aps on the flexural behaviour of PSBs. All the beams have the same 547 

fpe/fpu ratio of 0.6 (Table 2). It is seen from Fig. 12(a) that the change in Aps leads to the change in 548 

the beam’s failure modes. Beam SD25-190-06 which is prestressed with two 190-mm diameter 549 
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tendons fails in a compression-controlled manner. However, the failure mode shifts to tension-550 

controlled when the beam is prestressed with two 134-mm tendons as observed in Beam SD25-551 

134-06.  552 

The change in Aps also affects the load-carrying capacity and stress increment in the tendons. As 553 

observed in Fig. 12, increasing Aps results in an increase in the opening load and maximum load-554 

carrying capacity of the beam but decreases the stress increment in the tendon at the ultimate stage. 555 

When the reinforcement ratio increases from 0.14% (Beam SD25-134-06) to 0.28% (Beam SD25-556 

190-06), the maximum load increases by 92% while the stress increment decreases by 44%. Since 557 

the stress increment in the tendon is generated by the deformation of the beam and it shows to be 558 

linearly related to the deflection of the beam as seen in Fig. 8(b), this reduction in the tendon stress 559 

increment explains the reduction in the deflection capacity of the beam when Aps increases. As 560 

observed in Fig. 12(a), Beam SD25-134-060 deforms approximately 160 mm at the ultimate stage 561 

while those for Beam SD25-152-060 and SD25-190-060 are 118 mm and 85 mm, respectively. 562 

Similar conclusions were made from previous studies on monolithic beams with internal unbonded 563 

tendons [7, 16] as the area of prestressing steel increased, the ultimate strength capacity of the 564 

structure increased, but the deflection capacity decreased.  565 

The prestressing reinforcement ratio also affects the stress increment at the opening of the joints. 566 

The yield point (as defined in Fig. 5b) is adopted in this study to represent the transition between 567 

the first stage of behaviour when the joints still close and the second stage when the joints open. 568 

Various numerical models with different values of fpe and Aps are built, in which fpe/fpu varies from 569 

0.1 to 0.81 and ps varies from 0.10% to 0.64%. The concrete compressive stresses in the bottom 570 

fibre at the midspan, c, due to fpe are measured, which are in between 5.49 MPa and 29.80 MPa 571 

(c/f’c = 0.12 to 0.68). The relationship between the stress in the tendon at the yield point, fpsYP and 572 

the prestressing reinforcement ratio, ps is plotted in Fig. 12(c). It is seen from the figure that there 573 

is an almost linear relationship between the ratio fpsYP/ fpe and the prestressing reinforcement ratio. 574 

In other words, increasing Aps leads to an increase in the tendon stress increment at the yield point. 575 
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As observed in Fig. 12(c), when the prestressing reinforcement ratio is 0.14%, the stress increment 576 

in the tendon at the yield point is only about 2%. But, when the prestressing reinforcement ratio 577 

increases to 0.64%, an increase of about 12% is observed in the tendon stress. This observation 578 

deserves attention during the analysis and design of the structure for the calculation of cracking 579 

load, which is required for the calculation of the beam’s deflection. Existing design codes [39-41] 580 

recommend the use of the effective prestress fpe for the calculation of the cracking load for the 581 

stress increment in the tendon at the cracking is small. However, it can be seen from this study that 582 

the stress increment in the tendon at cracking/opening is considerably larger than the effective 583 

prestress fpe and the increment is related to the prestressing reinforcement ratio as observed in Fig. 584 

12(c). Therefore, the increase in the tendon stress at the yield point should be taken into 585 

consideration during the calculation of the cracking/opening load in order to yield a better 586 

prediction of the beam’s deflection.  587 

5.3 Effect of span-to-depth ratio, L/dps 588 

Three beams with L/dps of 25, 35, and 45 are considered in this section to study the effect of L/dps 589 

on the flexural capacity of PSBs. These three beams have the same cross-section, effective depth 590 

of the tendons and materials’ properties except for the span length. More beams’ details are given 591 

in Table 2. It is seen from Fig. 13 that increasing L/dps ratio significantly reduces the load-carrying 592 

capacity of the beam at the yield point and at the ultimate stage. When L/dps increases from 25 to 593 

35 and 45, the yielding load decreases by 38% and 65% and the maximum load decreases by 36% 594 

and 63%, respectively.  595 

L/dps significantly affects the stress increment in the tendon. The tendon stress at the ultimate stage 596 

respectively decreases by 10% and 22% as L/dps increases from 25 to 35 and 45. This observation 597 

is similar to the findings by Harajli [5] on monolithic beams with internal unbonded tendons, 598 

however, it differs from the results obtained by Tanchan [7] and Harajli and Kanj [6]. Tanchan [7] 599 

and Harajli and Kanj [6] also conducted researches on monolithic beams with internal unbonded 600 

tendons and found that the change of L/dps did not lead to a significant change in the tendon stress 601 
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increment. This study also found that the tendon stress at the yield point shows an almost linear 602 

relationship with L/dps ratio as shown in Fig. 13(c). As L/dps ratio increases the tendon stress at the 603 

yield point decreases and the level of this decrease is greater for the beams with higher prestressing 604 

reinforcement ratios.   605 

5.4 Effect of load type 606 

Two beams are built to investigate the effect of load type on the flexural behavior of PSBs with 607 

unbonded tendons. The two beams have the ratio L/dps of 25, internally prestressed with two 28.4-608 

mm diameter tendons at the effective prestress of fpe/fpu of 0.3. One beam is loaded under there-609 

point loading at the midspan and the other under four-point loading placed symmetrically at one-610 

third of the span. Fig. 14 shows the deflection and stress increment in the tendon of the two beams 611 

under the applied load. It is seen from the figure that the type of load has a minor effect on the 612 

flexural behaviour of the beams investigated in this study. Although the beam under three-point 613 

loading exhibits lower deflection and the stress increment in the tendon at the yield point (when 614 

joints opened as defined in Fig. 5b), both the beams achieve almost the same bending moments, 615 

deflections and stress increments at the ultimate stage as shown in the figure. The bending moment, 616 

deflection and the tendon stress increment of Beam SD25-284-4P are respectively 278 kN.m, 86.6 617 

mm, and 252 MPa while those values of Beam SD25-284-3P are 276 kNm, 95.2 mm, and 264 618 

MPa, respectively. Yuan et al. [1] also observed a reduction in the deflection and stress increment 619 

of the beam loaded under three-point loading, however, this beam showed a bending moment at 620 

the ultimate stage about 17% greater than the beam under four-point loading. It is worth 621 

mentioning that changing the load type also affects the distance between the loading points to the 622 

nearest joints, which shows a significant influence on the beam performance. Therefore, the effect 623 

of load type in segmental beams is scenario-dependent and is associated with the influence of the 624 

distance between the loading point and the nearest joint. 625 
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5.5 Effect of concrete strength and number of joints 626 

Three beams with different compressive concrete strengths are considered in this section. All the 627 

beams are prestressed with two 28.4-mm diameter tendons at the prestressing level fpe/fpu of 0.2 628 

(Table 2). It is seen from Fig. 15 that the variation in the concrete strength does not lead to a 629 

considerable change in the beam’s strength and ductility. All the three beams fail by crushing of 630 

concrete in the compression zone in the top fibre. When fc
’ increases from 34 MPa to 54 MPa, the 631 

maximum load of the beam only increases by approximately 3%. Similarly, all the beams exhibit 632 

insignificant differences in the tendon stresses at the corresponding maximum load. This increment 633 

is small as compared to the results of the monolithic beams where the previous studies found that 634 

the maximum loads increased with the increase in the concrete strength [7]. Tanchan [7] used high-635 

strength concrete; when the concrete strength was doubled from 41 MPa to 82 MPa a 15% increase 636 

in the ultimate load of the beam under four-point loading was achieved. In this study, the ultimate 637 

load of the segmental beam increased by 3% when the concrete strength increased by 59%. In 638 

terms of beam’s stiffness, the beam with higher concrete strength exhibits slightly higher initial 639 

stiffness, which results in a slightly higher yield load. The applied load at yield point of Beam 640 

SD25-284-C54 is 42.7 kN, which is approximately 9% higher than that of Beam SD25-284-C34 641 

which is 39.1 kN. 642 

Beams with different numbers of joints, i.e. 3, 5 and 9 joints, are built to study the effect of the 643 

number of joints on the flexural performance of PSBs with unbonded tendons. All the specimens 644 

are loaded under four-point loading. As observed in Fig. 16, the number of joints has no effect on 645 

the behaviour of the structure under bending. All the specimens exhibit almost the same load-646 

deflection responses and the stress increment in the tendon under the applied loads. This is 647 

attributed to the fact that with the same type of load and L/dps ratio, the stiffness and the strength 648 

capacity of the beam depend only on the cross-section properties. This explains the same load-649 

carrying capacity and deflection capacity of the beams obtained from the numerical results. 650 

However, this finding differs from the experimental results in previous studies [21, 24] where the 651 
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increase in the number of joints led to the decrease in the structure’s stiffness, which in turn caused 652 

the beam to undergo larger deflections under the same level of the applied load. However, no 653 

explanations or figures to clarify this reduction in the beams’ stiffness were provided in their 654 

works. The contact between joint surfaces might be the reason for this difference. In the 655 

experimental work, it is nearly impossible to obtain a perfect contact condition between the joints’ 656 

surfaces. As such, the more joints the beam had, the larger contact errors accumulated in the beam. 657 

These imperfect contacts might lead to the reduction in the area of concrete of the cross-section in 658 

the compression zone, which resulted in the reduction in the beam’s stiffness. In contrast, perfect 659 

contact condition between the segment joints is obtained in the numerical models which, therefore, 660 

disregards the contact errors in the simulation. It, however, requires further experimental and 661 

numerical works to confirm this observation on the effect of the number of joints on the stiffness 662 

of the segmental concrete beams. 663 

6 Discussion on the accuracy of the analytical predictions 664 

The accuracy of existing models for predicting the ultimate stress in the unbonded tendons of PSBs 665 

is evaluated in this section. The examined models include equations for predicting fps 666 

recommended by AASHTO LRFD [40], ACI 318 [41] and Naaman and Alkhairi [42]. Various 667 

PSB models are considered. The effects of four main parameters on the strength capacity of PSBs 668 

under four-point bending are analysed. These include the ratio of span length to tendon depth L/dps, 669 

the effective prestressing stress fpe, the area of prestressing tendons Aps, and the concrete strength 670 

f’c. All the considered specimens have the same section geometry as shown in Fig. 1. Table 3 gives 671 

details of the beams’ configuration. 672 

6.1 Existing models for prediction of fps 673 

AASHTO LRFD [40] recommended the following equation to predict the stress in the unbonded 674 

tendons of PSBs: 675 
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where fpe is the effective tensile stress of the tendons, le = L/(1+[N/2]), in which L is the length of 677 

the tendon between anchorages, and N is the number of support hinges crossed by the tendon 678 

between anchorages. For a simply supported beam, le is equal to the span length L. 679 

ACI 318 [41] adopted the following expression for the computation of fps: 680 
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      (6) 681 

where ps is the prestressing reinforcement ratio. This equation is applicable to beams with L/dps 682 

 35 as recommended by the code. 683 

Naaman and Alkhairi [42] proposed the following equation to predict the stress in the unbonded 684 

tendons at the ultimate stage:  685 
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where Eps is the tendon modulus of elasticity, εcu is the ultimate concrete compression strain which 687 

is taken as 0.003; and u is a strain reduction coefficient. For conservative predictions, Naaman 688 

and Alkhairi [42] recommended u = 3.0/(L/dps) for uniform or four-point loading, where L is the 689 

span length.  690 

6.2 Comparisons with numerical results 691 

It can be seen from Fig. 17 (a and b) that the two examined codes yield relatively good predictions 692 

of tendon stress, fps at the ultimate stage. All the predicted results are conservative as they are 693 

smaller than the corresponding numerical results. However, AASHTO LRFD [40]’s equation 694 

yields better predictions than those of ACI 318 [41]. The mean value of the ratio of the predicted 695 

to simulated fps by AASHTO LRFD [40] is 0.82 with the corresponding SD of 0.14 while those 696 
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values for ACI 318 [41] are 0.71 with SD of 0.12, respectively. All the codes show consistent 697 

trends in the change of fps with respects to the change of the studied parameters, including L/dps, 698 

fpe, and f’c, but do not capture well fps when Aps varies. As a consequence, AASHTO LRFD [40]’s 699 

model gives more accurate predictions of Pu at the ultimate stage compared to ACI 318 [41]’s 700 

model  (Fig. 18a,b). The mean value of the predicted to simulated results of Pu is 0.84 with SD of 701 

0.13, while those values for ACI 318 [41] are 0.75 with SD of 0.08, respectively. All the two codes 702 

give conservative predictions of Pu for all the beams, except for the case of Beam SD11-284-03, 703 

where AASHTO LRFD [40]’s model slightly over-predicts Pu by about 7% compared to numerical 704 

results. It is noted that Specimen SD11-284-03 has the ratio of L/dps equal to 11, which is the 705 

shortest span length considered in this study. 706 

Meanwhile, Naaman and Alkhairi [42]’s model captures very well the changes of fps in respect to 707 

the  changes of all the investigated parameters (Fig. 17c). However, it overestimates fps at the 708 

ultimate stage. The mean value of the ratio between the predicted and simulated results of fps is 709 

1.04 with SD of 0.09 (Fig. 17c). As a result, the model over-estimates Pu at the ultimate stage as 710 

shown in Fig. 19(c). The mean value of the ratio between the predicted and simulated results of Pu 711 

is 1.06 with SD of 0.09. It is worth noting that the value of the strain reduction factor u = 712 

3.0/(L/dps) is used in this analysis, which was recommended by Naaman and Alkhairi [42] for code 713 

purposes for conservative predictions of fps. In fact, Naaman and Alkhairi [42] found that u = 714 

5.4/(L/dps) show the best correlation between the experimental and analytical results for the case 715 

of monolithic beams with unbonded tendons. Segmental beams with dry joints, however, are used 716 

in this study that explain the over-estimation of fps, hence Pu at the ultimate stage as observed. 717 

It is, therefore, suggested to use the numerical results to determine the value of u which will lead 718 

to a better correlation between the numerical results and predicted values of fps. Four main 719 

parameters are focused in this study and are presented in Table 3. These parameters are: (1) span 720 

length to tendon depth L/dps ratio which ranges from 11 to 45; (2) area of prestressing tendons Aps 721 

and (3) the effective prestress, in which they vary in a range to generate compressive concrete 722 
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stress in the section after prestressing between 0.16f’c and 0.54f’c; and (4) concrete strength f’c of 723 

34 MPa, 44 MPa, and 54 MPa. All the beams are subjected to four-point loading. The value u = 724 

2.4/(L/dps) leads to the best correlation between the numerical and analytical results for fps , fps , 725 

and Pu as shown in Fig. 19. All the mean values of the predicted to simulated results and their SD 726 

values are greatly improved as seen in the figure. 727 

7 Conclusion 728 

The numerical models developed in this study using Abaqus software capture well the responses 729 

of the segmental concrete beams reported in the literature. The verified numerical models are used 730 

to conduct intensive simulations of behaviour of segmental beams with different parameters for 731 

tension-controlled, compression-controlled and balanced sections. Flexural behaviour of PSBs 732 

with unbonded tendons in terms of failure modes, joint opening and stress increment in the 733 

prestressing tendons are discussed.  734 

It is found from the parametric study that effective prestress in the tendon strongly affects the load-735 

carrying capacity, deflection and failure modes of concrete segmental beams. Beams with higher 736 

effective prestress exhibit greater load-carrying capacity but less deflection at the ultimate stage. 737 

With the same prestressing amount, the change in effective prestress can lead to the change in the 738 

failure modes from compression- or tension-controlled failures. 739 

Increasing the prestressing reinforcement ratio leads to the increase in the load-carrying capacity 740 

of the segmental beams, but decreases the beam’s deflection. The stress increment in the tendon 741 

at the cracking/opening of the joint is found to be considerable in this study however it is not 742 

considered in the current design codes. 2% to 12% increase in the tendon stress at the 743 

cracking/opening is observed in this study and this stress increment is directly related to the area 744 

of prestressing steel. 745 

Increasing the span-to-depth ratio significantly reduces the load-carrying capacity of the beam and 746 

stress increment in the tendon, and the level of decrease in the tendon stress incensement is greater 747 
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in the beam with a higher reinforcement ratio.   748 

The load type has an insignificant effect on the flexural behaviour of the beam, although the beam 749 

loaded with three-point loading registers lower deflection and stress increment in the tendon at the 750 

yield point of the structure compared to the beam loaded under four-point loading. 751 

The concrete strength and number of joints show insignificant effects on the flexural performance 752 

of the segmental beams in terms of the load-carrying capacity, deflection and failure mode.  753 

Finally, the accuracy of existing predictive models is examined, it is found that Naaman and 754 

Alkhairi [42]’s model yields the most closest predictions of the strength of PSBs with unbonded 755 

steel tendons at the ultimate stage. The model captures very well the changes of fps with respects 756 

to the changes of all the studied parameters. However, it overestimates fps, hence Pu at the ultimate 757 

stage. Based on the numerical results, a new value of u was suggested for better predictions of 758 

strength of PSBs with unbonded steel tendons.  759 
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List of Tables 

Table 1  

Details material properties used in Le et al. [2] and in this study. 

Concrete  
CDP Parameters 

 30 

Compressive strength (MPa) 44 e 0.1 

Tensile strength (MPa) 2.65 b0/c0 1.16 

Elastic modulus Ec (GPa) 31.17 Kc 0.667 

Poisson’s ratio 0.18  0.001 

Steel Reinforcement 

  
12  10 

Steel 

tendons 

CFRP 

tendons 

Area (mm2) 113 78.5 78.5 126.7 

Elastic modulus Es (GPa) 200 200 195 145 

Yielding stress (MPa) 534 489 1674 - 

Ultimate stress (MPa) 587 538 1860 2450 

Poisson’s ratio 0.3 0.3 0.3 0.27 

Table 2  

Beams’ configuration for parametric study. 

Group Specimen 
fpe/ 

fpu 
ps L/dps f'c 

No. 

of 

joints 

Load type 

1 SD25-190-060 0.60           

(fpe) SD25-190-074 0.74 0.64% 25 44 3 four-point loading 

  SD25-190-081 0.81           

2 SD25-190-060   0.28%         

(Aps) SD25-152-060 0.6 0.18% 25 44 3 four-point loading 
 SD25-134-060   0.14%         

3 SD25-284-030   25    

(L/dps) SD35-284-030 0.3 0.64% 35 44 3 four-point loading 

  SD45-284-030     45       

4 SD25-284-C34    34   

(f'c) SD25-284-C44 0.2 0.64% 25 44 3 four-point loading 

  SD25-284-C54       54     

5 SD25-284-3J     3  

(No. of joints) SD25-284-5J 0.3 0.64% 25 44 5 four-point loading 
 SD25-284-9J     9  

6 SD25-284-4P 
0.3 0.64% 25 44 3 

four-point loading 

(Load type) SD25-284-3P three-point loading 
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Table 3 

Beams’ configuration for strength evaluation 

Group Specimen L/dps fpe/ fpu ps f'c 

1 SD11-284-03 11 

0.3 0.64% 44 

(L/dps) SD15-284-03 15 

 SD25-284-03 25 

 SD35-284-03 35 

  SD45-284-03 45 

2 SD25-284-01 

25 

0.1 

0.64% 44 (fpe) SD25-284-02 0.2 
 SD25-284-03 0.3 

3 SD25-284-03 

25 

 0.64% 

44 (Aps) SD25-190-03 0.3 0.28% 

  SD25-152-03  0.18% 

4 SD25-284-C34 

25 0.2 0.64% 

34 

(f'c) SD25-284-C44 44 

  SD25-284-C54 54 
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Fig. 6. Load vs joint opening curves (refer to Fig. 2 for joints’ locations)  
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Fig. 8. Relations between joint opening, deflection and stress increment 

  

-5 0 5 10 15 20 25
0

20

40

60

80

100

 SD25-118-069 (J2)

 SD25-118-069 (J1, J3)

Joint opened (3)

Top concrete 

  cracked (7)

 

 

A
p
p
li

ed
 l

o
ad

 (
k
N

)

Joint opening (mm)

 SD25-284-020 (J2)

 SD25-284-020 (J1, J3)
Joint opened (3)

Tendon yielded (6)

Concrete elastic 

limit (5)

 
(a) each joint 

0 5 10 15 20 25
0

20

40

60

80
Top concrete 

  cracked (7)

 

 

A
p
p
li

ed
 l

o
ad

 (
k
N

)

Joint opening (mm)

 SD25-118-069

 SD25-284-020

Joint opened (3)
Tendon yielded (6)

 
(b) total opening 



4 

 

 

(a) Initial state (effect of fpe) 
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Fig. 9. Beam SD25-118-069: principal compressive stress distributions 
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Fig. 10. Beam SD25-284-020: principal compressive stress distributions 
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Fig. 11. Effect of fpe 
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Fig. 12. Effect of Aps 
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Fig. 13. Effect of L/dps 
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Fig. 14. Effect of load type 
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Fig. 15. Effect of f’c 
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Fig. 16. Effect of number of joints 
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Fig. 17. Prediction of fps by: a) AASHTO LRFD [40]; (b) ACI 318 [41]; (c) Naaman and 

Alkhairi [42] 
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Fig. 18. Prediction of Pu by: a) AASHTO LRFD [40]; (b) ACI 318 [41]; (c) Naaman and 

Alkhairi [42] 
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Fig. 19. Performance of modified Naaman and Alkhairi [42]’s model for the prediction of:  

(a) fps; (b) fps; (c) Pu 
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