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A B S T R A C T   

Precast Concrete Segmental Bridges are nowadays a well-established alternative for bridge construction that 
presents significative advantages related to the construction process. Numerous bridges have been built using 
this technology in the past decades and extensive research has been conducted, including the development of 
different numerical models to study their behaviour. This paper proposes a new Finite Element model for Precast 
Concrete Segmental Bridge decks capable of reproducing the main characteristics of their behaviour at a reduced 
computational cost. 

The model proposed has shown very good agreement with experimental results existing in the literature. After 
calibration, the influence of different modelling choices has been analysed. The results point out to a high impact 
of the modelling strategy adopted for the joints in the compression areas, requiring an adequate estimation of the 
point of contact between the segments. Additionally, consideration of friction of external tendons at the deviators 
showed limited relevance in the global behaviour of the model but was important for the correct estimation of 
stress increments in the tendons. Finally, considering or not the presence of epoxy at the joints did not seem to 
influence significantly the behaviour of the models. The use of shell elements combined with the modelling 
strategy adopted for the joints offers better accuracy than existing models with a significantly lower computa
tional time.   

1. Introduction 

Precast Concrete Segmental Bridges (PCSBs) constitute an efficient 
and fast alternative for bridge construction that has been widely used in 
the past decades [1,2]. The structural behaviour of the deck in this type 
of bridges is conditioned by the presence of joints between the segments 
where the steel reinforcement is interrupted [3]. Additionally, PCSBs 
have been intimately linked to the use of external prestressing since its 
first developments [4]. Durability problems associated with internal 
prestressing, which resulted in a ban of its use in the UK [5], favoured 
external prestressing. However, the current trend in the construction of 
these bridges is to include both external and internal bonded tendons 
[6]. Extensive research has been conducted to study the influence of the 
joints and the prestressing on the behaviour of PCSBs and numerous 
analytical and numerical models have been proposed to aid in their 
design. 

Ramos and Aparicio [7] developed a numerical model for PCSBs with 
fibre beam elements. They used unreinforced concrete elements 

between the segments whose cracking simulated the opening of the 
joints. More recently, Yan et al. [8] updated this model to include the 
effects of shear-lag and improved the joint model by dissociating its 
behaviour from the length of the plain concrete element. The resulting 
model combines efficiency, due to all the elements being one- 
dimensional; and accuracy, shown in the good agreement obtained 
with experimental results. 

Veletzos and Restrepo [9] studied PCSBs with bonded tendons sub
jected to earthquake loads using Finite Element (FE) models with one- 
dimensional elements. They modelled the joints with multiple truss el
ements in the thickness of the web and flanges. Additionally, they 
conducted tests to examine the behaviour of bonded tendons through 
the joints and proposed including an equivalent unbonded length for 
internal tendons at the joints [10]. 

Turmo et al. [11] created two-dimensional FE models of precast 
segmental beams with dry joints and validated them with experimental 
tests. Turmo et al. studied the influence of including the shear keys at the 
joints in the model. They also analysed the impact of considering the 
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diagonal cracking observed in the tests. They found that modelling the 
joints with flat surfaces only generated small differences with respect to 
a model where the detailed profile of the joint was considered. Addi
tionally, Turmo et al. stated that modelling the diagonal cracking 
observed in the experiments allowed to better reproduce the behaviour 
and stiffness of PCSBs but did not seem to affect their flexural strength 
[12]. 

Although the previous models have been shown to provide good 
estimations of the behaviour of PCSBs while remaining computationally 
efficient, more complex models are required to reproduce their full 
spatial behaviour. In this context, Specker and Rombach [13] developed 
3D FE models using shell elements for PCSBs with dry joints to study 
their behaviour under shear and torsion. To validate their models they 
compared their results to those of the experiment conducted by Take
bayashi et al. [14] on a test span of the Second Stage Expressway System 
(SES) in Bangkok. 

Specker and Rombach [13] compared models that used solid ele
ments to reproduce accurately the profile of the joints including the 
shear keys, and simpler models in which the contact at the joints 
happened between flat shell edges. Using these models, they found that 
the contribution of the shear keys in transferring shear through the joints 
is small when the joints open at midspan, whereas it becomes more 
relevant at the joints close to the supports in continuous bridges. 

Yuen et al. [15] also developed a 3D FE model of the test span studied 
by Takebayashi et al. [14] using solid elements. This model reproduced 
the detailed geometry of the shear keys and included the effect of fric
tion of the external tendons at the deviators using springs. Yuen et al. 
used this model to evaluate the influence of the initial prestressing force. 
Halder et al. [16] used the same model to investigate the effects of the 
deck slenderness and proposed expressions to obtain the stress in
crements in external tendons. Halder et al. described three types of 

behaviour at failure depending on the initial prestressing force. 
Several other proposals to model the behaviour of PCSBs can be 

found in the literature [17–24]. With very few exceptions [15,17], most 
of the existing models for PCSBs do not reproduce the friction-slip 
behaviour of the external tendons at the deviators, which has a rele
vant impact on the stresses measured in these tendons. This topic, 
however, has been studied in depth by other researchers for monolithic 
girders [25,26]. 

The simplest models for PCSBs [8,9,11] provide good estimations at 
a low computational cost, but do not capture the spatial characteristics 
of PCSBs. On the other hand, the most complex models using 3D solid 
elements [15,20,22,24] can provide excellent precision for most aspects 
of the behaviour of PCSBs but at a very high computational cost. This, 
with the computational resources commonly available, prohibits their 
use for computationally demanding simulations such as dynamic ana
lyses of large models. 

Thus, there is a need for a model that is capable of reproducing the 
3D behaviour of PCSBs, accounting for the behaviour of joints and the 
prestressing, and at a reasonable computational cost that allows for its 
use in large and demanding analyses. An efficient model with these 
characteristics would allow opening new lines of research for PCSBs 
where dynamic effects govern the behaviour such as in railway bridges 
or footbridges. 

Three-dimensional models using shell elements, as those proposed in 
[13,18,19,23], can provide a good balance between accuracy and 
computational cost. However, it should be possible to further improve 
the accuracy of this type of models, bringing it closer to the most com
plex models using 3D solid elements. To achieve this, improved models 
for the joints are needed, and the effect of friction of the external tendons 
at the deviators should be incorporated in the models. Moreover, the 
scope of the models available in the literature can be extended if the 

Fig. 1. Longitudinal (top) and cross (bottom) sections of the test span of the SES Bangkok.  
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effects of combining external unbonded tendons and internal bonded 
tendons and the influence of the presence of epoxy at the joints are 
considered. 

The rest of this paper is dedicated to describing a proposal for a 
model that incorporates all these aspects, presenting first the modelling 
approaches used for its development, followed by the validation of the 
proposed model through comparison with experimental results in the 
literature. Finally, the calibrated model is used to analyse the influence 
of certain relevant parameters on the behaviour of PCSBs. 

2. Proposed model 

The model described hereafter reproduces the test span of the SES in 

Bangkok [14]. This is one of the very few full-scale experimental models 
of PCSBs tested until failure under static loads. Additionally, other re
searches have also used this test span to validate their models 
[8,13,15,19,23], which would allow for comparison of the performance 
of the model. 

The deck was a box girder 44.25 m long, spanning 43.25 m, and was 
divided in 14 segments. Fig. 1 shows a longitudinal section of the test 
span indicating the position of the segments, joints and tendons, and the 

Fig. 2. Real and modelled thickness of the top and bottom flanges and webs for the test span. Model overlaps and gaps due to the modelling are also represented.  

Fig. 3. Strain-stress laws for reinforcement steel (left), prestressing steel (centre) and concrete (right).  

GAP elements
length = 0 m

Rigid 
Elements

Top slab shells

Fig. 4. Modelling strategy for the joints at the top slab with rigid elements 
connecting to eccentric contact elements (GAP) with null length above and 
below the slab. 

Fig. 5. Comparison of the deflection of the test span obtained from the 
experimental results [14], the proposed FE model, a simpler model with a single 
contact element at top slab at the joints, and a model with no joints between 
the segments. 
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cross section over the supports and at the central deviator. The joints 
between the segments were dry joints with shear keys. It used external 
post-tensioning with 6 pairs of tendons. All of them were protected by 
high density polyethylene (HDPE) sheaths and cement grout. The ducts 
were continuous through the deviators, with the HDPE sheath being in 
direct contact with the concrete [27]. 

The model has been created in ABAQUS 2018 [28]. The box girder is 
modelled using shell quadrilateral elements with reduced integration 
(S4R) [28] (Fig. 2). The average size of the elements is 0.25 m. It was 
chosen after a sensitivity analysis and allowed achieving good accuracy 
and convergence of the model at a reasonable computational cost. The 
diaphragms and deviators are also included in the model. 

The tendons are modelled using quadratic beam elements (B31) [28] 
running between anchorages and deviators. Their area depends on the 
number of strands in each tendon, 12 or 19, and the area of each K15 
strand: 140 mm2. At the deviators, only the movement along a line on 
the plane defined by the two segments of tendon arriving at the deviator 
is free. This line is perpendicular to the bisector of those segments. This 
is done using the SLOT connector [28]. The friction coefficient between 

the tendon elements and the elements representing the deviator in the 
direction of the free movement is 0.15. This was the value adopted for 
the prestress losses at the deviators in the design of the SES in Bangkok 
[27]. Takebayashi et al. [14] however, measured the slip between the 
HPDE sheath and the deviator, which may be associated with a different 
friction behaviour. There is scarce information in the literature about 
the friction coefficient when slip happens between the deviator and the 
tendons. In an experimental study, Fouré and Hoang [29] measured 
values in the range of 0.14 to 0.19 for the case of a tendon within a HPDE 
sheath passing through a galvanized duct in the deviator. The value of 
0.15 adopted is within this range, although when the HPDE sheath is in 
direct contact with concrete, a higher friction coefficient could be ex
pected. The impact of the variability of this parameter is addressed in the 
analysis in Section 4.1. 

Together with the weight of the bridge, the value of the prestressing 
force controls the global behaviour of the model [15], and more spe
cifically, the load level that provokes the opening of the joints. The value 
of the prestressing force was thus calibrated to match the experimental 
results, accounting for prestress losses in a simplified manner. The 

Fig. 6. Comparison of the deformed profile of the test span at different load levels obtained from the experimental results [14] and the proposed FE model.  

Fig. 7. Comparison of the joint opening of the critical joint (Joint 8) at different heights, left, and comparison of the distribution of joint openings at failure, right, for 
the experimental results [14] and the FE model. 
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original jacking stress of 1435 MPa [27] was reduced by 12 % to account 
for the losses observed by Takebayashi et al. [14] and obtain an average 
stress in the prestressing tendons of 1263 MPa before the start of the test. 
The prestress applied is 1325 MPa to account for the elastic shortening of 
the model under the effects of the prestress and the dead loads. 

The test load is introduced as a distributed surface load directed 
downwards applied on the areas of the top slab that were loaded in the 
original experiment [14]. Its magnitude is increased progressively until 
failure. 

The behaviour of the reinforcement and prestressing steel is included 
in the model through simplified elastic–plastic laws defined following 
Eurocode 2 [30] and shown in Fig. 3. The von Misses yield criterion is 
used for both types of steel. 

The mean strength of concrete and its Young’s modulus take values 
of 55 MPa and 43 GPa respectively [14]. The behaviour of concrete is 
modelled as elastic up to 40 % of its mean strength. This is followed by a 

plastic branch with hardening until the peak stress is reached, after 
which a softening branch is included (Fig. 3). 

This uniaxial behaviour law is used in the constitutive model for 
concrete available in ABAQUS 2018 [28]. The model defines a yield 
surface in compression and uses a smeared cracking approach for the 
concrete in tension accounting for tension stiffening. For this model to 
produce adequate results it is necessary to define the reinforcement 
carefully. To improve convergence of the model, cracking and failure in 
compression are only considered in the critical areas of the model, 
namely the top slab and the webs next to the joints. 

The reinforcement is defined for the whole model with layers of steel 
embedded in the concrete shell elements. These layers are located on the 
reference surface of the shell elements. 

The joints between the segments are modelled using node-to-node 
contact elements (GAP) [28] with null length and hard contact formu
lation. Friction at the joints follows a Coulombian friction model 

Fig. 8. Comparison of the stress increments in the tendons for the experimental results [14] and the FE model. Stresses in tendon 1 change significantly at both sides 
of the deviators (Section 1 between the left abutment and deviator 1, top left, and Section 2 between deviators 1 and 2, top right, see Fig. 1), whereas for tendons 5, 
bottom left, and 6, bottom right, stresses are considerably homogeneous for the whole length. 

Fig. 9. Elevation view and cross section of beams NM2 (left half of the span) and NM4 (right half of the span), and cross section.  
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enforced through the penalty method and with a friction coefficient of 
0.6, as adopted in previous research on numerical models for PCSBs 
[12,15,22]. For the bottom slab and the webs, the contact elements join 
directly the corresponding nodes of the meshes of the adjoining seg
ments. For the top flange, which is expected to work in compression 
under the failure mechanism, two contact elements are used in the 
thickness of the slab for each node of the mesh of the segments, as shown 
in Fig. 4, above and below the reference surface of the shells. The final 
position of the contact elements is chosen after a sensitivity analysis. 

3. Comparison with experimental results 

3.1. Bangkok second stage expressway system test span 

In general, the model shows very good agreement with the tests by 
Takebayashi et al. [14]. Fig. 5 compares the results from the test and the 
model in terms of deflection measured at the bottom of the left web at 
Joint 7 (Fig. 1) and applied moment during the load test. Fig. 6 compares 
the deformed profile from the test and the model under different load 
levels. The lack of symmetry of the deformed profile before failure is a 
result of the asymmetric location of the deviators with respect to the 
midspan section [14]. 

The model matches well the experimental stiffness both before and 
after the opening of the joints. The decompression load in the model 
(when the very first joint starts to open) corresponds to an applied 
moment of 37.7 MNm, which is close to the 36.5 MNm moment in the 
test (3.30 % difference). The external moment at failure measured in the 
test was 58.20 MNm while the model failed for a moment of 57.76 MNm 
at midspan (0.76 % difference). The displacement at failure was 0.325 m 
in the test and 0.302 m in the model (7.36 % difference). 

The FE model matches well the experimental results in terms of 
opening of the critical joint (Fig. 7, left). Due to lack of data in the 
original paper describing the experimental test, the height of the 
measuring points for the joint opening was taken from Yuen et al. [15]. 
The maximum opening in the model is 34.5 mm while it was 39.5 mm in 
the test. The openings are more concentrated at the critical joint in the 
model (Fig. 7, right). 

The FE model also matches well the stress increments in the tendons 
(Fig. 8), both when the effects of friction at the deviators are relevant 
and restrain slip, as is the case of tendon 1, and when slip prevails, such 
as in tendons 5 and 6. In general, the model follows well the test results 
in terms of slip at the deviators, although at some deviators it shows 
better agreement than at others, which could be attributed to differences 
in the friction behaviour at different deviators. 

Fig. 10. Comparison of the deflection of Beam NM2 (left) and Beam NM4 (right) obtained from the experimental results [17] and the FE model.  

J3 Seg.4 J4 Seg.5 J5 Seg.6 J6
C
B
A 0.25

0.2
J3 Seg.4 J4 Seg.5 J5 Seg.6 J6

C
B
A 0.25

0.2

Fig. 11. Opening of the critical joint (Joint 4) at different heights for the experimental results [17] and the FE model for Beam NM2 (left) and Beam NM4 (right).  
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Failure of the test span happened by crushing of the concrete of the 
top slab over the critical joint [14]. Similarly, in the FE model, failure 
happens when it is no longer possible to converge to a solution for the 
plastic behaviour in compression of the concrete elements of the top slab 
over the joint. Additionally, the model also shows cracking of the web 
elements next to the central joints of the span, which was also observed 
during the experimental tests [14]. If not enough reinforcement is pro
vided in this area, the model fails prematurely before crushing of the top 
slab. In the model, cracking of the webs starts for an applied moment of 
44.6 MNm, very close to the 45 MNm at which it was first observed in 
the test. 

3.2. Tests at the Centre d’Études du Bâtiment et des Travaux Publiques 

The numerical model developed herein for the SES test span has been 
adapted to reproduce the results of the experimental tests developed by 
Fouré et al. [17] on precast concrete segmental beams at the Centre 
d’Études du Bâtiment et des Travaux Publiques (CEBTP). 

Fouré et al. [17] conducted a series of tests on a total of 11 beams, 5 
of which were segmental beams with dry joints and 6 monolithic, with 
different types of prestressing: internal, external or both, and different 
reinforcement ratios. The beams were tested until failure measuring 
data on their global behaviour, opening of the joints, cracking and 
failure modes, and obtaining some information about the tension in the 
prestressing tendons. Only two of those 11 specimens have been studied 
in this work, the segmental beams named NM2 and NM4. The beam 
NM2 has only external draped tendons, while beam NM4 combines both 
external draped tendons and straight internal tendons (Fig. 9). 

The segmental beams are 6.75 m long, spanning 6 m and composed 
of 9 segments of 0.75 m each [17]. The two end diaphragms cover the 
whole section and are 0.6 m thick. 

The external tendons of both beams have a draped profile with the 
central section between deviators parallel to the bottom surface of the 
top slab at a theoretical distance of 0.12 m. Additionally, beam NM4 has 
two pairs of straight internal tendons. All the external tendons are 
placed in corrugated metallic sheaths injected with cement. The sheaths 
are continuous through the deviators passing by steel tubes. The internal 
tendons are placed in steel tubes with smooth surface and injected in 
cement. Fouré et al. [17] provide the value of the measured force in the 
prestressing tendons at the beginning of the load test. The beams are 

loaded symmetrically with two point loads applied on top of the inter
mediate deviators. 

The numerical model for beam NM2 follows the same strategies as 
those for the SES test span. The only significant difference affects the 
stress–strain relationship used for the prestressing steel. In this case, 
since the stresses in the tendons exceeded the yielding point during the 
tests, the behaviour of the prestressing steel is taken linear up to 80 % of 
the breaking strength of the tendon and then follows the “Power For
mula” as proposed by Mattock [31]. The average strength of concrete is 
taken as 45.7 MPa and its Young’s modulus is 36.2 GPa. The yield 
strength of the reinforcement steel is 475 MPa. 

For the numerical model of beam NM4, the internal tendons are 
modelled with beam elements (B31) [28]. They are joined to the mesh 
representing the concrete section at every node and constrained to have 
the same displacements. However, the tendons are not linked to the 
concrete for a certain length in the vicinity of the joints to reproduce the 
effect of debonding of the tendons at the joints. This distance has been 
taken equal to the tendon equivalent unbonded length (Lu) as defined by 
Veletzos and Restrepo [10]. 

The results from the model have been compared with the data ob
tained by Fouré et al. [17]. Fig. 10 compares the deflection history from 
the FE model with the experimental test. 

The results in terms of opening of the critical joint (Joints 4 and 5) 
from the FE model also show good agreement with the experimental test 
(Fig. 11), although the opening at failure load is slightly overestimated, 
which is related to the overestimation of the ultimate displacements in 
the model. 

Fouré et al. [17] do not report the stress increment in the internal 
tendons. It is only mentioned that, considering that the external tendons 
suffer smaller stress increments in the case of beam NM4, internal ten
dons are probably concentrating the increment of stress. Fig. 12 shows 
very important differences between sections located at the joints and 
those within the segments. At the joint section, the stresses in the ten
dons increase rapidly after opening of the joints. Therefore, it is para
mount to set up a model that includes the joints when modelling PCSBs 
to have an accurate estimation of the forces in the internal tendons. 

4. Parametric studies 

4.1. Influence of friction at the deviators 

Choosing a different friction coefficient within the range of practical 
values only affects slightly the global behaviour of the models. The 
stiffness of the girder after the opening of the joints changes, increasing 
or decreasing in parallel with the friction coefficient (Fig. 13 top). Even 
if friction is completely ignored at the deviators, allowing for free slip of 
the tendons, the global behaviour (deflections and joint openings) does 
not change excessively. However, allowing free slip at the deviators has 
a strong impact on the stress increase in the different segments of the 
tendons (Fig. 13 bottom). The changes in behaviour are more relevant 
for those tendons with higher deviation angles such as Tendon 1 of the 
SES test span, as also observed by Takebayashi et al. [14], for which the 
normal and friction forces that appear at the deviator are bigger. Hence, 
it would be necessary to take into account friction to obtain appropriate 
estimates of the stress levels in the tendons. If full fixity of the tendons at 
the deviators is considered, the behaviour changes significantly. The 
stiffness of the girder after opening of the joints is much higher and so is 
the applied moment at failure. No redistribution of stresses happens in 
this case between the different segments of the tendons. The variation in 
the friction coefficient also affects the load level for which slip happens 
at the deviators. For lower values of the friction coefficient, slip starts 
earlier. 

4.2. Influence of the joint model 

The joints in the models do not include the shear keys, following the 

Lu Lu

Fig. 12. Stress in the internal tendons of Beam NM4 under the action of the test 
load obtained from the FE model. In red, stresses of the tendons at the critical 
joint sections and in black, stresses at the mid-section of Segment 5. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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conclusions of the previous works by Turmo et al. [11] and Specker and 
Rombach [13]. Since minimal sliding is observed, neglecting the 
contribution of the shear keys should not have a strong impact on the 
results. Moreover, changing the friction coefficient between the joint 
surfaces does not significantly affect the results of the models for values 
as low as 0.2, as shown in Fig. 14. 

The modelling approach for the top slab has a strong influence on the 
behaviour of the model after opening of the joints. If the joints between 
the segments are modelled with a single layer of contact elements at the 
top flange, when the opening of the critical joint reaches the top slab the 

girder starts rotating around the joint, which behaves as a hinge 
(Fig. 15). Moreover, it is not possible to transfer bending moments acting 
at the top flange across the joint in the top slab, which affects the dis
tribution of stresses. With two contact elements, it is possible to transfer 
the moments acting at the shell elements of the top slab across the joints, 
and the sudden formation of a hinge at the joint is prevented. The height 
of the elements above the reference surface affects the stiffness after the 
opening of the joints, since it determines the depth between the pre
stressed tendons and the concrete in the top slab. Additionally, when the 
position of the contact element is higher the rotation radius increases 

Fig. 13. Comparison of the deflection of the SES test span (top) and the stress increments in the tendons (bottom) obtained from the experimental results [14] and 
the FE model with a friction coefficient of 0.30, 0.15, 0.10, free slip or no slip allowed at the deviators. 

J. Cañada Pérez-Sala and A.M. Ruiz-Teran                                                                                                                                                                                              



Engineering Structures 275 (2023) 115277

9

and the opening of the joint is smaller. 
Estimating a priori the position of the top contact element is difficult 

due to the absence of deformation compatibility at the joint. A possible 
estimation could be given by the height of the resultant of compression 
forces through the joint at the top slab. Similarly to the proposal for 
estimating the stress increment in unbonded tendons by MacGregor 
et al. [3], both the tendons and the concrete may be assumed to attain 
their respective yield stresses. With this assumption, and neglecting the 
effects of shear lag, the point of application of the compressive resultant 
in concrete would be at 4.6 cm from the surface of the top slab. This 
value is close to the 4 cm that was found to be the position of the top 
contact element best matching the experimental results (Fig. 15). 
Therefore, this simple approach can be used to determine the location of 
the top contact element in other cases. 

The results from the model with two contact elements at the top slab 
were compared with a model where the top slab is modelled with solid 

elements (Fig. 16). Both models show good agreement with the exper
imental results and very similar global behaviour of the test span. 

Some differences exist in the stress distribution between the two 
models. In the model with solid elements in the top slab, the elements 
located in the bottom face of the top slab are not in contact when the 
joint opens and thus do not transfer any normal stress. In the model with 
shell elements however, even if the contact elements located below the 
reference surface of the top slab are not in contact, the whole shell 
element reacts to the forces transmitted through the top contact 
element. Hence, compression stresses appear on the top face of the 
element and tension stresses at the bottom face, unless prevented by the 
cracking of concrete. Fig. 17 compares the longitudinal stresses at the 
top and bottom fibres of the top slab over the critical joint (Joint 8). The 
models with shell elements accounting for cracking of concrete and with 
solid elements at the top slab show similar behaviour, while the model 
with shell elements and plastic behaviour provides different results 
mainly due to the tension stresses appearing at the bottom fibre. It must 
be noted that the use of the model with shell elements instead of solid 
elements in the top slab reduces the computation time by a factor of 17. 

4.3. Influence of the equivalent unbonded length 

The model of the beam NM4 tested at the CEBTP adopted the concept 
of equivalent unbonded length as proposed by Veletzos and Restrepo 
[10] to reproduce the behaviour of internal tendons at the joint sections. 
Their proposed formulation estimates the equivalent unbonded length 
proportional to the square root of the area of the tendons. 

The stresses in the internal tendons at the open joint increase 
significantly in comparison to the stresses in those tendons once the 
bonding is guaranteed. The smaller the unbonded length affected by the 
joint opening, the larger the stress increment (Fig. 18 right). 

As the equivalent unbonded length increases, the model loses stiff
ness faster after the opening of the joints (Fig. 18 left). The larger loss of 
stiffness for longer unbonded lengths is expected, since when this length 
increases the tendons become more deformable at the joints. Good re
sults are obtained using the formulation by Veletzos and Restrepo [10]. 

4.4. Influence of epoxy at the joints 

An adapted version of the model of beam NM4 has been employed to 
analyse the influence of introducing a layer of epoxy at the joints. In this 
new model of beam NM4, spring elements (Axial Connectors) [28] with 

Fig. 14. Comparison of the deflection of the test span obtained from the 
experimental results [14], and the proposed FE model with different values of 
the friction coefficient at the joints. 

Fig. 15. Deflection of the SES test span when the contact element above the 
reference surface is located at 4, 1 and 7 cm from the top surface of the top slab 
and with a single contact element at the reference surface. 

Fig. 16. Comparison of the deflection of the SES test span obtained from the 
experimental results [14] and the FE model with shell or solid elements at the 
top slab. 
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non-linear behaviour and zero initial length have been added between 
the nodes of the segments in contact (except in the top slab), in parallel 
with the contact elements, to model the effect of the epoxy layer. To 
consider cracking, damage behaviour is implemented for the springs, 
starting at the load corresponding to the tensile capacity of the adjacent 
concrete. 

In Fig. 19, it can be appreciated that the curves for the two models 
only differ slightly at the stiffness transition zone when the joints open. 
The model with epoxied joints shows a more sudden change in stiffness. 
This is related to the sudden release of energy when the concrete cracks 
next to the epoxy joints [32]. These results, showing very similar 
behaviour, and the higher complexity implied by considering epoxied 
joints in the model, may justify not considering the epoxy layer in future 
models of PCSBs. 

5. Conclusions 

A FE model has been presented reproducing the behaviour Precast 
Concrete Segmental Bridge decks. The model accounts for the opening of 
the joints, the friction of external tendons at the deviators, and the 
combination of internal and external tendons. Moreover, the effect of 
the epoxy layer at the joints has been analysed. 

The results from the model show good agreement with the experi
mental results, reproducing accurately the change of behaviour when 
the joints open, the evolution of the opening of the joints and the stress 
increase in the tendons until failure. 

The influence of some of the modelling choices such as the model for 
the joints has been studied. It was shown that the modelling strategy 
used for the top slab had a strong impact on the behaviour of the FE 
model. The use of shell elements at the top slab with two contact ele
ments at the joints showed improved accuracy, comparable with that 
obtained with a more complex model with solid elements at a much 

Fig. 17. Longitudinal stresses in the top slab of the SES test span at Joint 8 for an external applied moment of 56.5 MNm for a model with shell elements and 
considering cracking and failure of concrete in the top slab and the web next to the joints, for a model with shell elements and simplified plastic behaviour and for a 
model with solid elements at the top slab. Compression stresses are depicted positive and tension stresses negative. 

Fig. 18. Comparison of the deflection (left) and the stress in the internal tendons (right) of Beam NM4 obtained from the experimental results [17] and the FE model 
considering an equivalent unbonded length for internal tendons at the joints of 0.05 m, the length defined by Veletzos and Restrepo (0.1 m), and 0.2 m. 
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lower computational cost (1/17th), and better than in models using shell 
elements with a single contact element at the top slab. With this 
modelling strategy for the joints, it was found that the stiffness after the 
joints had opened was determined mainly by the height of the top 
contact element at the top slab. The model with simplified plastic 
behaviour for concrete provided good results in terms of global de
flections and might be suitable for certain analysis, but it is not accurate 
enough to represent stresses in the section and failure. 

Additional modelling strategies have been adopted for the inclusion 
of internal bonded tendons in the model and for the consideration of the 
epoxy layer at the joints. This allows extending the range of application 
of the models to cover the typologies of PCSB decks most commonly 
employed in the construction industry. The results point out to a limited 
influence of the epoxy layer on the global structural behaviour of PCSB 
decks. 

The accuracy of the models presented in this paper to represent the 
geometric and mechanical characteristics and the static behaviour of the 
decks in PCSBs at a reasonable computational cost, makes them suitable 
candidates for more complex analyses and to study the dynamic 
behaviour of these type of bridges as part of a future research. 
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Behav. Extern. Prestress. Struct., Saint-Rémy-Lès-Chevreuse: Association Française 
Pour la Construction; 1993, p. 185–206. 

[26] Naaman AE, Alkhairi FM. Stress at ultimate in unbonded post-tensioning tendons. 
Part 2. Proposed methodology. ACI Struct J 1991;88:683–92. <https://doi.org/ 
10.14359/1288>. 

[27] Hewson NR. Use of external tendons for the Bangkok second stage expressway. 
Struct Eng 1993;71:412–35. 

[28] Dassault Systèmes. ABAQUS; 2018. 
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J. Cañada Pérez-Sala and A.M. Ruiz-Teran                                                                                                                                                                                              

http://refhub.elsevier.com/S0141-0296(22)01353-0/h0005
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0005
https://doi.org/10.1002/best.202100054
https://doi.org/10.1002/best.202100054
https://doi.org/10.1680/stco.2002.3.2.67
https://doi.org/10.1680/feng.13.00010
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000663
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000663
https://doi.org/10.1061/(ASCE)1084-0702(1996)1:1(10)
https://doi.org/10.1061/(ASCE)1084-0702(1996)1:1(10)
https://doi.org/10.1016/j.engstruct.2020.110733
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000112
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000112
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000502
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000502
https://doi.org/10.1016/j.engstruct.2006.03.028
https://doi.org/10.1016/j.engstruct.2006.03.028
https://doi.org/10.1016/j.engstruct.2005.04.011
https://doi.org/10.1016/j.engstruct.2005.04.011
https://doi.org/10.1002/best.200100840
https://doi.org/10.1002/best.200100840
https://doi.org/10.1680/istbu.1994.26780
https://doi.org/10.1680/istbu.1994.26780
https://doi.org/10.1016/j.istruc.2020.09.080
https://doi.org/10.1016/j.istruc.2020.09.080
https://doi.org/10.1016/j.engstruct.2021.112984
https://doi.org/10.1016/j.engstruct.2021.112984
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0085
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0085
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0085
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0100
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0100
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0100
https://doi.org/10.1080/15732480500256398
https://doi.org/10.1080/15732480500256398
https://doi.org/10.4028/www.scientific.net/AMR.639-640.460
https://doi.org/10.4028/www.scientific.net/AMR.639-640.460
https://doi.org/10.12989/cac.2017.20.3.319
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0135
http://refhub.elsevier.com/S0141-0296(22)01353-0/h0135


Engineering Structures 275 (2023) 115277

12

[30] CEN European Committee for Standardization. Eurocode 2: Design of concrete 
structures — Part 1-1: General rules and rules for buildings 2015:226. <https:// 
doi.org/10.7773/cm.v27i4.501>. 

[31] Mattock AH. Flexural strength of prestressed concrete sections by programmable 
calculator. PCI J 1979;24:32–54. https://doi.org/10.15554/pcij.01011979.32.54. 

[32] Ramírez AG. Behavior of Unbonded Post-Tensioning Segmental Beams with 
Multiple Shear Keys.pdf. University of Texas at Austin 1989. 
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