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Abstract: This paper presents the assessment of the time-dependent behavior and the 

prediction of the long-term deflection of concrete beams prestressed with internal 

unbonded carbon fiber reinforced polymer (CFRP) tendons. A numerical model for 

the time-dependent analysis of concrete beams prestressed with unbonded tendons is 

calibrated against experimental results. Parametric numerical simulations are then 

conducted on simply supported unbonded prestressed concrete beams subjected to 

long-term sustained loads to investigate the effect of using CFRP tendons instead of 

low-relaxation steel ones, the magnitude of the initial prestress, the loading conditions, 

and the quantity of the compressive reinforcing steel. The results show that the long-

term prestress loss of beams with CFRP tendons is considerably higher than that of 

beams with steel tendons. Moreover, it is shown that increasing the quantity of 

compressive reinforcing steel leads to a substantial decrease in long-term downward 

deflection. A modification of the ACI 318-14 equation is proposed to predict the time-

dependent deflection of prestressed concrete beams with unbonded FRP or steel 

tendons.

Keywords: Carbon fiber; Time-dependent behavior; Unbonded tendons; Beams

* Corresponding author.
E-mail address: T.Lou@soton.ac.uk (T. Lou), T.Karavasilis@soton.ac.uk (T.L. Karavasilis).



2

1. Introduction

Unbonded tendons have been extensively used for the design or retrofit of 

concrete members, such as beams and slabs, due to their fast installation and easy 

replacement. Fiber reinforced polymer (FRP) tendons are recognized as a promising 

alternative to traditional steel tendons [1]. Glass fibers are generally not recommended 

for prestressing applications because of creep rupture at a low sustained stress. 

Aramid and carbon fiber reinforced polymers (AFRP and CFRP) can sustain high 

stresses, and thus, they are both recommended for prestressing tendons [1]. The effect 

of bond between FRP tendons and concrete on the flexural behavior of FRP 

prestressed concrete beams was found to be rather important [2]. Bonded FRP 

tendons may lead to rupture failure of the beams [3,4], while the use of unbonded 

tendons is an effective and economical solution to prevent FRP rupture [5]. Extensive 

studies have been conducted to assess the short-term behavior of concrete beams with 

internal [5-8] or external [9-13] unbonded FRP tendons.

The mechanical properties of prestressed concrete beams degrade with time as a 

consequence of time-dependent effects, especially when FRP tendons are used since 

their relaxation is rather pronounced [14,15]. Therefore, a rigorous time-dependent 

evaluation of FRP tendon systems would be of practical importance. While a great 

number of works have been conducted to evaluate the long-term behavior of 

prestressed concrete beams with steel tendons [16-20], there are relatively few studies 

on the time-dependent assessment of prestressed concrete beams with FRP tendons. 

Pisani [21,22] proposed both general and simplified approaches for the time-
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dependent analysis of concrete beams with bonded AFRP tendons. Lou et al. [23] 

examined the long-term behavior of concrete beams with bonded AFRP tendons using 

the finite element method. The latter work also compared the long-term performance 

when either AFRP or steel tendons were used. Youakim and Karbhari [24] performed 

a comparative study on the time-dependent behavior of prestressed concrete beams 

using either FRP or steel tendons. However, the relaxation of CFRP tendons was 

neglected in their study. All the previously mentioned studies were focused on bonded 

AFRP tendons. Therefore, there is an apparent need for the assessment of the long-

term behavior and the quantification of the prestress loss of concrete beams with 

unbonded CFRP tendons.

The deflection control at long-term sustained loads is an important task for 

designers so as to meet the serviceability requirement. It is necessary to develop a 

simplified equation for calculating the long-term deflection of prestressed concrete 

beams with unbonded FRP tendons for design purposes. ACI 318-14 [25] 

recommends an equation which adopts the compressive reinforcement ratio as a key 

parameter for predicting the long-term deflection of conventional concrete beams. 

This equation, however, may not be applied to prestressed concrete beams with FRP 

or steel tendons as it neglects the prestress-related parameters which may have notable 

impact on the long-term deflection.

This paper presents a numerical study on the time-dependent performance of 

concrete beams internally prestressed with unbonded CFRP tendons. A previously 

developed model [26] for time-dependent analysis of concrete beams with unbonded 
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steel tendons is extended to capture the time-dependent behavior when CFRP tendons 

are used. The study focuses on the assessment of different parameters including the 

tendon type, the magnitude of the initial prestress, the load conditions, and the 

quantity of compressive reinforcing steel. A modification of the ACI 318-14 equation 

is proposed for calculating the time-dependent deflection of prestressed concrete 

beams with unbonded FRP or steel tendons.

2. Beam element

The proposed beam element is developed on the basis of specific assumptions, 

namely, a complete bond between reinforcing steel and concrete is assumed and beam 

shear deformations are neglected. Consider the local coordinate system (x, y) of a 

plane beam element defined by two end nodes, as shown in Fig. 1. The element nodal 

displacements can be conveniently written as re = {uT, vT, θT}T, in which u = {ui, uj}T, 

v = {vi, vj}T and θ = {θi, θj}T represent nodal axial displacements, transverse 

displacements, and rotations, respectively. By assuming a linear variation of the axial 

displacement u and a cubic variation of the transverse displacement v along the beam 

longitudinal axis, both displacements can be mathematically expressed as u = N1u and 

v = N2{vT, θT}T, in which N1 = [1–p, p] and N2 = [1–3p2+2p3, 3p2–2p3, l(p–2p2+p3), 

l(–p2+p3)]. In the latter expression, p is equal to x/l, where l is the length of the 

element.

By assuming that the nonmechanical strain in concrete consists of creep and 

shrinkage strains, the increase in concrete stress  within a time interval can be c
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expressed as , in which Ec is the tangential ( )m cr sh
c c c c c c cE E            

modulus of concrete; and , ,  and  are the increases in total, c m
c cr

c sh
c

mechanical, creep and shrinkage strains in concrete, respectively. At service condition, 

the creep strain of concrete at time t may be evaluated by
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in which  is the initial stress at age t0;  is the stress at age τ; and m, 0( )c t ( )c 

 and  are coefficients. The Dirichlet series creep function, proposed by ( )k  kr

Zienkiewicz and Watson [27] and represented by Eq. (2), has been widely adopted by 

investigators [20,28,29] for the creep analysis of concrete structures due to its 

effectiveness in simulating the stress history. On the other hand, the shrinkage strain 

of concrete may be calculated as [30]:  where  is the 0( ) / (35 )sh
c cst t t   0cs

notional total drying shrinkage.

By applying the principle of virtual work, the following time-dependent 

incremental governing equations for an element can be established [26]:
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o g       R R R K K r
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in which ΔRe are the equivalent nodal load increments due to external loads and 
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unbonded prestressing; (ΔRe)cr and (ΔRe)sh are the equivalent nodal load increments 

due to concrete creep and shrinkage, respectively; Δre are the nodal displacement 

increments; σ is the stress; V1 is the concrete volume of each element; and V is the 

element volume that consists of concrete and its reinforcing steel. The integration 

described by Eqs. (4) and (5) is carried out by applying a layered technique. The 

governing equations for the structure are assembled in the global coordinate system (X, 

Y) and solved by the incremental-iterative method [26].

As shown in Fig. 1, the tendon segment is considered to be straight and its length 

is calculated from

 (7)2 2( ) ( )p pj pi pj pil X X Y Y   

where , ,  and  are the global coordinates of the two end joints of piX piY pjX pjY

the tendon segment. The latter are determined by using the following equations:

,  (8)0 0cospi pi i i iX X u e    0 0sinpi pi i i iY Y v e   

,  (9)0 0cospj pj j j jX X u e     0 0sinpj pj j j jY Y v e    

in which , ,  and  are the original global coordinates of the two 0piX 0piY 0pjX 0pjY

end joints;  and  are the eccentricities of the unbonded tendon at the two end ie je

nodes;  is the original angle between the global and local coordinate axes; and , 0 iu

, , ,  and  are the displacements and rotations at two end nodes with iv i ju jv j

respect to the global X-Y coordinate system shown in Fig. 1.

The increase in strain in the unbonded tendon can be expressed as: 

, where lp0 is the original segment length. The tendon 0 0( ) /p p p pl l l    

strain is then obtained from , where  is the initial tendon strain. 0p p p     0p
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The FRP tendon is linearly elastic until rupture, while the steel tendon at service 

conditions can be considered to be within its elastic range. Therefore, when the 

tendon relaxation  is considered, at service conditions the stress in the FRP or pr

steel tendons can be calculated as , where Ep is the tendon modulus p p p prE   

of elasticity. The equivalent loads due to unbonded prestressing are then easily 

computed following the procedure in [26].

In this study, the intrinsic relaxation for CFRP tendons is evaluated by the 

equation recommended by Saadatmanesh and Tannous [14]:

 (10)0 0

0 0

/ [ log( )]
/

pr p pu

p p pu

a b t   
  

  
 

where (τ – t0) is the relaxation time in hours;  is the initial tendon stress for 0p

relaxation;  is the tendon ultimate tensile strength; and a and b are coefficients. pu

For Leadline tendons in air at temperature of 25°C, a is equal to 0.3846 and b is equal 

to 0.0046 at 40% initial prestress level, while a is equal to 0.5546 and b is equal to 

0.0063 at 60% initial prestress level [14].

The intrinsic relaxation for low-relaxation steel tendons is evaluated by [31]

 (11)00

0

log( ) ( 0.55)
30

pr p

p py

t
f

 



  

in which fpy is the steel tendon yield stress.

3. Comparison of numerical predictions with experimental data

Breckenridge and Bugg [32] performed detailed long-term tests on simply 

supported prestressed concrete beams under sustained loading of 8 years. Their 
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specimens include several prestressed concrete beam specimens with unbonded steel 

tendons. Two of these specimens are identical apart from their loading conditions, i.e. 

one beam sustained its self-weight load only, while the other one sustained its self-

weight and two point loads. The point loads are both equal to 67.6 kN and are applied 

at distance from the end support equal to one quarter of the beam span as shown in 

Fig. 2. The material properties for the prestressing steel are Ep = 169 GPa, fpy = 896 

MPa, and σp0 = 683.8 MPa; for the reinforcing steel Es = 200 GPa, where Es is the 

elastic modulus of reinforcing steel; and for the concrete Ec = 24.1 GPa at 22 days. 

The value of  is equal to 366 × 106.0cs

Zhu [33] proposed the following creep data for preliminary design of large 

concrete dams: m = 2, , r1 = 0.3, β1 = 0.23, 0.45
1 1 0( ) (1 9.2 ) / E     

, r2 = 0.005, β2 = 0.52. E0 is associated with the time-0.45
2 2 0( ) (1 1.7 ) / E     

dependent modulus of elasticity, i.e. . In the present study, the 
0.340.4

0( ) (1 )cE E e   

creep data proposed by Zhu [33] are modified, i.e. r1 = 0.1, β1 = 0.46 and β2 = 1.04, in 

order to capture the time-dependent behavior of the prestresssed concrete beam 

specimens tested by Breckenridge and Bugg [32]. Using these creep data, the beam 

element discussed in Section 2 is used to numerically predict the long-term behavior 

of the prestressed concrete beam specimens. Fig. 2 compares the predicted time-

dependent deflections (using the original [33] and the modified creep data) with the 

experimental ones for a period of 7 years. When the creep data proposed by Zhu [33] 

are used, the analysis considerably underestimates the long-term deflections. On the 

other hand, when the modified Zhu data is used in the analysis, the calculated and 
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experimental values are shown to be in satisfactory agreement. Therefore, the 

proposed beam element along with the modified concrete creep data is used to 

conduct the numerical study described in the following sections.

4. Evaluation of long-term behavior

4.1. Beams

A numerical study is conducted to investigate the long-term behavior of concrete 

beams internally prestressed with unbonded CFRP tendons. The beams have a 

rectangular cross section (300×600 mm) and are simply supported over a span of 12 

m, as shown in Fig. 3(a). The profile of unbonded tendons is assumed to be parabolic. 

The tendon eccentricities over the end support (e0) and midspan (e1) are equal to 0 

mm and 200 mm, respectively. The area of the prestressing tendons, Ap, is equal to 10 

cm2, of the tensile reinforcing steel, As, is equal to 7.2 cm2, and of the compressive 

reinforcing steel, , is equal to 3.6 cm2. Two load conditions are considered, i.e. '
sA

self-weight and P = 0 kN (i.e. beams without external loads) or self-weight and P = 

100 kN (i.e. beams with service external loads), where P are the third point loads 

acting on the beams.

The unbonded tendons are made of either CFRP composites or low-relaxation 

prestressing steel to allow a meaningful comparison to be made. CFRP tendons are 

assumed to be the same as the Leadline tendon specimens tested by Saadatmanesh 

and Tannous [14]. The mechanical properties for CFRP and steel tendons are given in 

Table 1, where εpu is the tendon ultimate strain. Two initial prestress values are 
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considered, i.e. 800 MPa and 1200 MPa. The yield strength and elastic modulus of the 

reinforcing steel are equal to 450 MPa and 200 GPa, respectively. The cylinder 

compressive strength and elastic modulus of concrete at day 28 (assumed to be the 

day of prestress transfer and loading) are equal to 35 MPa and 34 GPa, respectively. 

The finite element model of the beam is illustrated in Fig. 3(b).

4.2. Results and discussion

4.2.1. Long-term behavior due to concrete creep and concrete shrinkage

A numerical analysis neglecting the relaxation of prestressing tendons is 

conducted first in order to isolate the contribution of concrete creep and shrinkage to 

the time-dependent behavior. Fig. 4 shows the long-term prestress loss in CFRP and 

steel tendons caused by concrete creep and shrinkage for unbonded beams with 

different initial prestress levels and load conditions. Figs. 4(a) and (b) show that the 

prestress loss initially increases quickly and then slows down with time. For a given 

tendon type and load condition, a higher initial prestress leads to a significantly higher 

prestress loss. For a given tendon type and initial prestress, the beam with service 

external loads experiences a lower prestress loss than that without external loads. 

Because the elastic modulus of CFRP tendons (149.6 GPa) is lower than that of steel 

ones (195 GPa), CFRP tendons exhibit considerably lower prestress loss than steel 

ones when tendon relaxation is ignored in the numerical analysis. The ratio of the 

long-term prestress loss in CFRP tendons to that in steel ones ( ) is around /CFRP steel
loss loss 

0.8 over time, independently of the initial prestress and load condition, as displayed in 

Fig. 4(c).
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The long-term deflection and stress in bottom reinforcing steel at midspan caused 

by concrete creep and shrinkage are shown in Fig. 5. It is seen that at zero external 

loads, as a result of the lower prestress loss, CFRP tendons result in higher long-term 

camber and higher compressive stress in the bottom reinforcing steel compared to 

steel ones. Under service loading (P = 100 kN), CFRP tendons lead to lower 

downward deflection than steel ones, particularly for the case of initial prestress of 

800 MPa. Just after the application of external loads, the bottom reinforcing steel is in 

tension for an initial prestress of 800 MPa, while it is in compression for an initial 

prestress of 1200 MPa. Due to the effects of concrete creep and shrinkage, the tensile 

stress (if any) gradually disappears and compressive stress develops. The long-term 

compressive stress in the bottom reinforcing steel of beams with CFRP tendons is 

higher than that of beams with steel tendons. The latter observation is more 

pronounced for the initial prestress of 1200 MPa.

4.2.2. Long-term behavior due to concrete creep, concrete shrinkage and tendon 

relaxation

Stress relaxation of CFRP tendons is significantly higher than that of steel ones. 

Fig. 6 shows the long-term prestress loss in CFRP and steel tendons caused by 

concrete creep, concrete shrinkage and tendon relaxation for beams with different 

initial prestress levels and load conditions. In particular, as can be observed in Fig. 6(a) 

and (b), CFRP tendons exhibit much higher prestress loss due to concrete creep, 

shrinkage and tendon relaxation despite the smaller modulus of elasticity of CFRP 

composites when compared to steel tendons. It is seen in Fig. 6(c) that the 
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 ratio decreases quickly as time passes and tends to stabilize several /CFRP steel
loss loss 

months later. The initial prestress does not affect the  ratio in the case of /CFRP steel
loss loss 

without external loads, while in the case of external loads of 100 kN, a higher 

prestress level results in lower  ratio. At a given prestress level, /CFRP steel
loss loss 

unbonded prestressed concrete beams without external loads exhibit a substantially 

lower  ratio compared to those with external loads, especially for the /CFRP steel
loss loss 

initial prestress of 800 MPa.

Fig. 7 shows the long-term deflection and stress in bottom reinforcing steel at 

midspan caused by concrete creep, shrinkage and tendon relaxation for beams with 

different initial prestress levels and load conditions. After a long period of time, due 

to higher prestress loss, CFRP tendons exhibit a lower camber (for P = 0 kN) and a 

higher downward deflection (for P = 100 kN) compared to steel ones. The 

development of long-term compressive stress in bottom reinforcing steel of beams 

with CFRP tendons is slower than that of beams with steel tendons.

4.2.3. Influence of compressive reinforcing steel on long-term behavior

In a previous study by Lou et al. [23], the long-term behavior of simply supported 

bonded AFRP prestressed concrete beams having various tensile reinforcing bars has 

been analyzed. That study showed that the tensile reinforcing bars affect heavily the 

long-term behavior under zero external loads but their effect appears to be less 

pronounced at a certain level of sustained external loads. The latter conclusion holds 

true for the prestressed concrete beams with unbonded CFRP tendons investigated in 

this study; yet the results are not presented herein due to space and length limitations.
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In this study, the effect of compressive reinforcing steel ratio ( ) on the time-'
s

dependent behavior of simply supported prestressed concrete beams with internal 

unbonded CFRP tendons is explored. Fig. 8 shows the effect of compressive 

reinforcing steel ratio on the long-term deformations (i.e. midspan deflection, axial 

shortening, concrete strains in the bottom and top fibers of the midspan section) for 

beams without external loads, while the results produced for the case that P = 100 kN 

are illustrated in Fig. 9. Fig. 8 shows that for the case without external loads, the 

compressive reinforcing steel influences notably the long-term camber and concrete 

strain of the top fiber, whereas its influence on the long-term axial shortening and 

concrete strain in the bottom fiber is negligible. As the compressive reinforcing steel 

ratio increases, the long-term camber increases while the long-term concrete 

compressive strain in the top fiber decreases substantially. Moreover, increasing the 

quantity of compressive reinforcing steel leads to a slight decrease in long-term axial 

shortening and increase in long-term concrete compressive strain in the bottom fiber.

It has been stated that the presence of reinforcing steel would reduce substantially 

the long-term camber of prestressed concrete beams [34]. This statement, however, is 

not fully correct. When the tensile reinforcing steel is provided or its quantity is 

increased in prestressed concrete beams, the long-term camber is significantly 

reduced, as confirmed in a recent numerical work [23]. On the other hand, the 

presence or an increasing amount of compressive reinforcing steel leads to an increase 

in the long-term camber as mentioned above.

Fig. 9 shows that at sustained service loads (P = 100 kN), the quantity of 
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compressive reinforcing steel has significant influences on the time-dependent 

performance. The long-term downward deflection, axial shortening and concrete 

compressive strain in the top fiber are reduced substantially as the quantity of 

compressive reinforcing steel increases. At P = 100 kN, the concrete strain in the 

bottom fiber is in tension for the initial prestress of 800 MPa, while for the initial 

prestress of 1200 MPa is in compression. Increasing the quantity of compressive 

reinforcing steel leads to a considerable decrease in long-term concrete tensile strain 

or increase in long-term concrete compressive strain in the bottom fiber.

5. Proposed equation for calculating the long-term deflection

The effectiveness of adding compressive reinforcing steel in reducing the long-

term deflection of concrete members is taken into account in ACI 318-14 [25] through 

a reduction factor α, i.e.:

 (12)'

1
1 50 s







At service loads of 100 kN, a comparison between the α values predicted by ACI 

318-14 and numerical simulations for unbonded CFRP tendon beams (see Fig. 3) 

subjected to sustained loading of 12 months is illustrated in Fig. 10. Initial prestress 

values of 800 MPa (i.e. 40% of the ultimate tensile strength) and 1200 MPa (i.e. 60% 

of the ultimate tensile strength) are used for the investigation. The results of numerical 

simulations show that as the initial prestress level increases, the influence of the 

compressive reinforcing steel increases. It is also apparent that ACI 318-14 

underestimates the influence of compressive reinforcing steel on the long-term 
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deflection of prestressed concrete beams. This underestimation is particularly notable 

at a high initial prestress level.

In order to extend Eq. (12) to the case of prestressed concrete beams with FRP and 

steel tendons, the following modification is proposed:

 (13)'

1
1 50 e p s


  




where

 (14)s
e

p

E
E

 

and

 (15)

0

0 0

1.0     for 0.4

2.5    for >0.4 

p

pu
p

p p

pu pu





 
 




 



In the above equations,  represents the effect of the initial prestress level (ratio of p

initial prestress to ultimate strength of the tendon material); and  represents the e

effect of the tendon modulus of elasticity. For steel tendons, their elastic modulus can 

be considered equal to that of reinforcing steel, and therefore,  in that case is equal e

to 1.0. For FRP tendons, the value of  depends on the modulus of elasticity of the e

FRP material.

Fig. 11 illustrates a comparison between the α values predicted by ACI 318-14, 

the proposed Eq. (13) and numerical simulations for different periods of sustained 

loading (P = 100 kN) and initial prestress levels in unbonded CFRP tendons. Given an 

initial prestress level, the difference between the results of numerical simulations for 

different loading periods is not large, indicating that the reduction factor α is almost 
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time-independent. It is also seen that the results predicted by the proposed equation 

are in good agreement with those from numerical simulations. Therefore, the 

proposed modification of the ACI 318-14 equation by introducing the parameters  e

and  appears to be reasonable for calculating the reduction factor α.p

An empirical equation is recommended in ACI 318-14 to calculate the long-term 

deflection of concrete members:

 (16)'1 50 s


 



where  is the ratio of the time-dependent deflection to the immediate deflection, 

while  is a time-dependent factor, which is equal to 1.0, 1.2, 1.4 and 2.0 for 

loading periods of 3 months, 6 months, 12 months and 5 years, respectively. 

At service external loads of 100 kN, a comparison between the results predicted 

by ACI 318-14 and numerical simulations in terms of the variation of  with  
'
s

for different loading periods and initial prestress levels is illustrated in Figs. 12 and 13. 

Fig. 12 shows that for initial prestress of 800 MPa and sustained loading for a period 

equal to or less than 12 months, ACI 318-14 predicts well the time-dependent 

deflection of prestressed beams without compressive reinforcing steel. However, ACI 

318-14 generally overestimates the time-dependent deflection for prestressed beams 

with compressive reinforcing steel. For a 5-year duration of loading, ACI 318-14 

leads to a considerable overestimation, indicating that the  value of 2.0 specified is 

rather conservative. Fig. 13 shows that for an initial prestress of 1200 MPa, ACI 318-

14 substantially overestimates the time-dependent deflection regardless of the 

duration of loading. Therefore, an extension of Eq. (16) to the case of prestressed 
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concrete members is deemed necessary. The latter is achieved by using the modified 

reduction factor in Eq. (13) and by replacing  with , i.e.: p

 (17)'1 50
p

e p s




   


where

 (18)p
p






A comparison of the predictions obtained from ACI 318-14 Eq. (16), the proposed 

Eq. (17), and numerical simulations is presented in Figs. 12 and 13. Moreover, the 

correlation of the predictions of the simplified equations (ACI 318-14 and proposed) 

and the results from numerical simulations for  is presented in Fig. 14. A total of 

40 prestressed concrete beams with unbonded CFRP tendons are used to produce this 

correlation. It can be seen in Figs. 12-14 that the predictions of the proposed equation 

and the results of numerical simulations are generally in good agreement. Moreover, 

the proposed equation seems to be far more accurate than the ACI 318-14 equation in 

prediction of the time-dependent deflection of prestressed concrete beams with 

unbonded tendons.

6. Conclusions

The long-term performance of prestressed concrete beams with unbonded CFRP 

tendons is investigated by using a time-dependent finite element model. The proposed 

model is validated against long-tem tests on unbonded prestressed concrete specimens. 

It is shown that by modifying the creep data recommended by Zhu [33], the proposed 
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finite element model simulates well the experimental results. Time-dependent 

assessments are then performed to reveal the effect of using CFRP tendons instead of 

low-relaxation steel ones, the magnitude of the initial prestress, the loading conditions 

and the compressive reinforcing steel ratio. Moreover, the empirical equation 

recommended in ACI 318-14 for calculating the long-term deflection is evaluated, 

and a modified ACI 318-14 equation is proposed. On the basis of the results presented 

herein, the following conclusions are drawn:

 The long-term prestress loss due to concrete creep and shrinkage only (i.e. 

without considering tendon relaxation) in CFRP tendons is about 80% of that in 

steel tendons. CFRP tendons exhibit higher long-term prestress loss due to 

concrete creep, shrinkage and tendon relaxation than steel tendons, especially for 

beams under sustained external loads.

 When only concrete creep and shrinkage are considered, CFRP tendons induce a 

higher long-term prestress camber, a lower long-term load deflection, and a 

higher rate of increase in long-term compressive stress in the bottom 

reinforcement compared to steel tendons. Opposite trends are seen when tendon 

relaxation is considered in numerical analysis.

 In the case of beams without external loads, increasing  leads to an increase '
s

in long-term camber, a slight decrease in long-term axial shortening, a slight 

increase in long-term concrete compressive strain in the top fiber, and a decrease 

in long-term concrete compressive strain in the bottom fiber.

 Under service external loads, increasing  reduces substantially the long-term '
s
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deflection, axial shortening and concrete compressive strain in the top fiber. A 

larger  leads to a lower long-term tensile strain (for σp0 = 800 MPa) or a '
s

higher long-term compressive strain (for σp0 = 1200 MPa) of concrete in the 

bottom fiber.

 ACI 318-14 underestimates the effect of compressive reinforcing steel on the 

long-term deflection of prestressed concrete beams with unbonded CFRP tendons, 

especially at a high initial prestress level. ACI 318-14 substantially overestimates 

the time-dependent deflection for the initial prestress level of 60%.

 A modification of the ACI 318-14 equation is proposed to calculate the long-term 

deflection of prestressed concrete beams with FRP or steel tendons. By 

introducing the prestress-related parameters ,  and , the proposed e p p

equation is shown to predict well the time-dependent deflection of prestressed 

concrete beams with unbonded CFRP tendons.
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Table 1 Mechanical properties of CFRP and steel tendons.

Tendon σpu (MPa) fpy (MPa) Ep (GPa) εpu (%)
CFRP 1999.2 - 149.6 1.34
Steel 1860 1674 195 > 3.5



25

Fig. 1. Beam element and tendon segment before and after deformation
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Fig. 2. Comparison of predicted long-term deflections with experimental data for 
unbonded prestessed concrete beam specimens.
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(a)

(b)

Fig. 3. Unbonded prestressed concrete beams for numerical investigation and the 
finite element model. (a) Beam details; (b) Finite element model.
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Fig. 4. Long-term prestress loss in unbonded CFRP and steel tendons caused by 
concrete creep and shrinkage. (a) Beams without external loads (P = 0 kN); (b) Beams 
with service external loads (P = 100 kN); (c) Ratio of prestress loss in CFRP tendons 

to that in steel ones.
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              (a)                                        (b)
Fig. 5. Long-term deflection and stress in bottom reinforcing steel caused by concrete 

creep and shrinkage. (a) Beams without external loads (P = 0 kN); (b) Beams with 
service external loads (P = 100 kN).
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Fig. 6. Long-term prestress loss in unbonded CFRP and steel tendons caused by 
concrete creep, shrinkage and tendon relaxation. (a) Beams without external loads (P 
= 0 kN); (b) Beams with service external loads (P = 100 kN); (c) Ratio of prestress 

loss in CFRP tendons to that in steel ones.
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(a)                                         (b)
Fig. 7. Long-term deflection and stress in bottom reinforcing steel caused by concrete 
creep, shrinkage and tendon relaxation. (a) Beams without external loads (P = 0 kN); 

(b) Beams with service external loads (P = 100 kN).
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Fig. 8. Effect of  on the long-term performance of unbonded CFRP tendon beams '
s

without external loads (P = 0 kN). (a) Camber; (b) Axial shortening; (c) Concrete 
strain in bottom fiber; (d) Concrete strain in top fiber.
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Fig. 9. Effect of  on the long-term performance of unbonded CFRP tendon beams '
s

with service external loads (P = 100 kN). (a) Deflection; (b) Axial shortening; (c) 
Concrete strain in bottom fiber; (d) Concrete strain in top fiber.
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Fig. 10. Variation of  with  according to ACI 318-14 and numerical  '
s

simulations for 12-month loading.
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Fig. 11. Variation of  with  according to ACI 318-14, the proposed equation  '
s

and numerical simulations for different durations of loading and levels of initial 
prestress.
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Fig. 12. Variation of  with  according to ACI 318-14, the proposed equation 
'
s

and numerical simulations for initial prestress of 800 MPa.
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Fig. 13. Variation of  with  according to ACI 318-14, the proposed equation 
'
s

and numerical simulations for initial prestress of 1200 MPa.
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Fig. 14. Correlation of  values predicted by simplified equations and numerical 

simulations.
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