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Abstract 

One of the solutions to improve the flexural behavior of Glass fiber reinforced polymer (GFRP) reinforced concrete (RC) 

beams is the addition of tensile longitudinal steel reinforcement. The numerous studies to date on hybrid GFRP/steel RC 

elements have mainly focused on the static and short-term responses, very little work has been done regarding the long-

term performance. This paper presents experimental results of time-dependent deflections of cracked GFRP and hybrid 

GFRP/steel RC beams during a 330-day-period in natural climate conditions. Three hybrid GFRP/steel and one GFRP 

RC beams with dimensions 100×200×2000 mm were tested in four-point bending. Different steel reinforcement ratios 

were used to evaluate the effect of the steel reinforcement on the long-term behavior of the beams. Experimental results 

show that the immediate deflections are inversely proportional to the additional steel reinforcement. With the same initial 

instantaneous deflection, the total deflection increases when increasing the steel reinforcement ratio. Also, temperature 

(T) and relative humidity (RH) significantly affect the long-term deflection of the tested beams. The measured long-term 

deflections were found to be in good agreement with the theoretical values calculated from the proposed method. 

However, there was an overestimation when using ACI 440.1R-15 or CSA-S806-12 procedures. 

Keywords: GFRP; Hybrid; Concrete Beam; Long-term; Time-dependent; Sustained Load; Deflection. 

 

1. Introduction 

With many outstanding advantages, traditional steel reinforcement is widely used for RC structures. However, in 

cases where non-conductive, nonmagnetic and corrosion-resistant structures are required, steel reinforcement cannot 

be used. In these cases, fiber reinforced polymer (FRP) can meet the requirements. Commonly used FRPs include 

Glass (GFRP), Carbon (CFRP), Aramid (AFRP) and Basalt (BFRP). However, the high cost of FRP limits their 

applications in practice. Compared with CFRP, BFRP and AFRP bars, GFRP bars are cheaper and more widely used, 

especially for bending elements. Although GFRP bar has high strength, the low modulus of elasticity causes large 

deflection and cracks [1-4]. Therefore, in order to meet the second limit state requirements, GFRP RC beams are often 

designed over-reinforced, which increases material and labor cost [5, 6]. Many researchers tried to implement 

additional steel bars to the tensile zone of GFRP RC beams to increase bending stiffness, thereby reducing deflection, 

crack width of beams. In this case, the steel reinforcement is located deep inside the section with a large concrete 

cover to avoid corrosion from the outside environment. As a result, the hybrid GFRP/steel RC beam is formed. In 

addition, hybrid FRP/steel RC concrete structures can be found in the form of RC structures strengthened with FRP.  
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 Up  to  now,  many  studies  focus  on  the  short-term  behavior  of  hybrid  FRP/steel  RC  beams  under  static  load. 

Concerning concrete beams reinforced with FRP, many studies on time-dependent deflections of FRP RC beams were 

carried out. These researches focused on factors affecting long-term deflections such as environmental condition, level 

and duration of the sustained loading, strength of concrete, types of FRP bars, reinforcement ratio, etc. Gross et al. [7] 

investigated  the  time-dependent  behavior  of  six  normal  and  six  high  strength  concrete  beams  with  a  dimension  of 

121×235 mm reinforced with GFRP for 180 days. The authors reported that the behavior under sustained loading was 

similar to that of steel RC beams and the effect of additional flexural cracking over time was found to be important. 

Miàs et al. [8, 9] investigated the long-term deflections of eight GFRP RC beams under sustained load over 150 days. 

The results exhibited that the influence of the applied level of the sustained load was not significant. This finding was 

confirmed by  Walkup et al. in [10]. In another study,  Mias et al. [11] examined the effect of  material properties on 

long-term deflections of GFRP RC beams  for a period of between 250 and 700 days and revealed that the  material 

properties  significantly  affected  long-term  deflections  of  tested  beams.  The  test  results  indicated  that  the  higher  the 

reinforcement ratio and the lower the compressive strength were, the higher the total-to-instantaneous deflection ratio 

was. The comparisons of the theoretical and experimental long-term deflections indicate that ACI 440.1R-06 or CSA- 

S806-02  procedures  give  some  differences  in  prediction.  The  authors  introduced  a  simplified  (rational)  method  to 

obtain  time-dependent  curvatures  and  deflections  of  concrete  members  reinforced  with  FRP  bars.  The  method  has 

been  deduced  from  general  principles  based  on  the  Effective  Modulus  Method  [12] and  Eurocode  2  [13].  The 

influence  of  variations  in  environmental  conditions  and  the  mechanical  properties  of  the  materials  are  taken  into 

account by creep coefficient kcreep and shrinkage coefficient ksh. Hall and Ghali [14] experimentally investigated long- 

term deflections of GFRP RC beams and compared with those of steel RC beams. The test results indicated that under 

similar test conditions and the same reinforcement ratio, the GFRP-reinforced beams had long-term deflections, due to 

creep and shrinkage, 1.7 times greater than those of the steel-reinforced beams. 

 Currently,  the  long-term  behavior  of  RC  beams  strengthened  with  FRP  received  great  attention  of  researchers. 

Pelvris and Triantafillou [15] studied the time-dependent behavior of RC beams strengthened with FRP laminates and 

proposed  an  analytical  model  to  predict  the  long-term  deflections.  They  reported  that  increasing  the  CFRP  area 

decreased both the immediate and the creep deflections. Similarly, experimental results by Chami et al. [16], El-Sayed 

et  al.  [17],  Hong  [18],  Sobuz  et  al.  [19] proved  that  the  presence  of  externally  bonded  FRP  plates  reduced  the 

immediate deflections and was very useful to control the deflection of RC beams subjected to long term service loads. 

However, research data on the long-term behavior of new-built hybrid GFRP/steel hybrid beams is very limited. This 

paper aims to partially cover this gap. 

 The objective of the investigation described in this paper is to clarify the influence of the steel reinforcement ratio 

and  the  initial  deflection  on  the  long-term  deflection  of  GFRP/steel  RC  beams  under  service-load  conditions.  The 

effect  of  T  and  RH  on  the  long-term  deflection  of  GFRP/steel  hybrid  beams  is  also  assessed.  Based  on  the 

experimental  results,  the  compatibility  of  ACI  440.2R-17  [20] and  CAN/CSA  S806-12  [21] for  hybrid  GFRP/steel 

beams is verified and a methodology for determining the time-dependent deflections of such beams is proposed. 

 This  article  is  presented  in  the  following  structure:  Section  2  describes  the  experimental  program  on  the  hybrid 

GFRP/steel and GFRP beams under sustained loading over time; Section 3 presents test results and discussion of long- 

term  deflections  of  tested  beams  and  an  analysis  of  the  influence  of  the  natural  climate  condition,  longitudinal 

reinforcements on the development of long-term deflections. Section 4 illustrates a  model to estimate  the long-term 

deflections of hybrid RC beams; and the conclusions are given in the final section. The research flow chart is shown in 

Figure 1.

  

Figure 1. Flow chart of the study 
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2. Experimental Study 

2.1. Specimen Details 

The beams were designed as simply supported beams with a rectangular cross-section 100 mm × 200 mm. The 

total length (l) of the beam was 2000 mm, in which the testing span (l0) was 1800 mm (Figure 2). The dimension of 

testing beams was chosen so that they are suitable for the condition and capacity of the available testing facility in the 

laboratory. The concrete beams reinforced with GFRP and hybrid GFRP/steel reinforcements were designed with 

reference to ACI 440.1R-15 [6]. All testing beams were designed so that the failure begins by crushing of concrete at 

the compression side, which is recommended for GFRP RC beam. With the purpose to evaluate the effect of 

longitudinal steel reinforcements on the time-dependent behavior, the tensile GFRP reinforcement ratio ρf of testing 

beams was fixed while the tensile steel reinforcement ratio ρs varied. In testing hybrid GFRP/steel RC beams, the 

GFRP bar was located lower near the surface with the cover thickness Cf of 15 mm, the steel rebar was located deeper 

with the cover Cs of 40 mm. Single legged stirrups made from plain steel bar Ø6 were used for testing beams. The tie 

spacing was taken 100 mm in shear span to avoid shear failure and a 200 mm spacing in midspan. One steel bar Ø6 

was used in the compression zone with a concrete cover thickness of 20 mm. Details of testing beams are illustrated in 

Table 1. The deformed steel bars with diameters of 10 mm, 12 mm, 14 mm and the GFRP bar with a diameter of 14 

mm were used as tensile reinforcements. According to the tensile test, the average tensile strength ff and tensile 

modulus of elasticity Ef of GFRP bars are 970 MPa and 44300 MPa respectively [22] and the stress-strain diagram is 

linear until rupture (Figure 3a) [22-24]. The deformed steel bars for tensile reinforcement have average yield strength 

fy=412 MPa, ultimate tensile strength fu=577 MPa and modulus of elasticity Es=200 GPa and the stress-strain diagrams 

are shown in Figure 3b. 

Table 1. Details of testing beams 

Beam IDa 

Dimensions 

 

Longitudinal reinforcements 

b×h, 

mm 

Cf, 

mm 

Cs, 

mm 

d0f, 

mm 

d0s, 

mm 

GFRP reinforcement  Steel reinforcement  Total 

Bar Af, mm2 ρf, %  Bar As, mm2 ρs, %  ρt, % 

B1.G14-S0 100×200 15 - 178 - 

 

1G14 127.6 0.72  - - 0  0.72 

B2.G14-S10 100×200 15 40 178 155 1G14 127.6 0.72  1S10 78.50 0.51  1.23 

B3.G14-S12 100×200 15 40 178 154 1G14 127.6 0.72  1S12 113.1 0.73  1.45 

B4.G14-S14 100×200 15 40 178 153 1G14 127.6 0.72  1S14 153.9 1.01  1.73 

Note: The beam ID is identified by the longitudinal reinforcements, the first symbol shows the sequence number of beams, the second symbol indicates the diameter of 

the GFRP bar and the third symbol points the diameter of the steel bar, the letter G stands for GFRP and the letter S stands for steel; d0f and d0s – the distances from the 

centroid of GFRP and steel bars to the outermost compressive concrete fiber, respectively; As and Af – the area of steel reinforcement and GFRP reinforcement, 

respectively; ρf=Af/(b×d0f) - GFRP reinforcement ratio; ρs=As/(b×d0s) - steel reinforcement ratio; ρt=ρs+ρf  - total tensile reinforcement ratio. 

 

Figure 2. Beam design and loading scheme (unit: mm) 

  

Figure 3. Stress-strain diagram for GFRP bar [22] and steel bar 
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All beams were prepared from one set of concrete mixture and were removed from the form 24 hours after casting. 

After that, the beams were cured in water for 7 days and then stored at natural temperatures. The composition for 1m3 

of concrete is showed in Table 2. The cubic strength of concretes fcu was determined by testing six cubes of 150 

mm×150 mm×150 mm, which were made simultaneously with testing beams. Cylinder strength fc’ and modulus of 

elasticity Eb of concrete are determined empirically through the cubic strength: fc’=0.8fcu, MPa and Eb=55000fcu/(27+ 

fcu), MPa [25, 26]. 

Table 2. Concrete mix proportion for 1m3  

Cement, kg 
Sand,  

m3 (kg) 

Gravel,  

m3 (kg) 

Water, 

lit 

Slump,  

mm 

Cube compressive 

strength fcu, MPa 

Cylinder compressive 

strength fc’, MPa 

Modulus of elasticity 

Ec, MPa 

293 0.466 (676) 0.847 (1355) 195 70 mm 40.2 32 32840 

2.2. Test Setup and Instrumentation 

To reduce the influence of shrinkage, the beam specimens were loaded after 60 days from the end of the curing 

time. The beams were tested in 4-point bending, in which the loading points were located at 1/3 testing span. First, 

static loading was performed on the beams to the expected value of deflection. Beams were loaded with dry sandbags 

and concrete blocks (Figure 4). To avoid the influence of the environmental conditions to the load values, the sand was 

dried and packed in nylon bags and burlap bags. To assess the effect of the steel reinforcements and the initial 

immediate deflection on the long-term deflections of the testing beams, the initial deflection of the beams was 

assumed to be the same. The initial deflection value was chosen on the basis that the corresponding loads cause cracks 

in the tension zone as well as the steel reinforcement has not yielded yet. The theoretical cracking load (Pcrc) of GFRP 

RC beams B1.G14-S0 is equal to 3.3 kN. The sustained load for this beam was chosen PB1=1.1Pcrc and the 

corresponding immediate deflections δ0=1.9 mm. This deflection was chosen for all hybrid GFRP/steel RC beams, the 

corresponding theoretical load values of beams B2.G14-S10, B3.G14-S12 and B4.G14-S14 are PB2=1.6Pcrc, 

PB3=1.8Pcrc and PB4=2.1Pcrc. 

Loading on the beams was performed step by step until the deflection reached the expected value for long-term 

investigation e.g. δ0=1.9 mm. At each step of loading, the load values and corresponding immediate deflections were 

recorded. Figure 4 shows the test setup and instrumentation employed to investigate the long-term deflections of 

hybrid GFRP/steel and GFRP beams under sustained loads. Beam deflections were measured by Dial Indicator 

Mitutoyo with a resolution of 0.001 mm (Figure 4, 5). The indicator was fixed to the steel support bar (Figure 4, 6), 

which was welded to two steel supports at both ends of the beam with the purpose to eliminate the displacement of 

supports during the test. 

 
1- testing beam; 2- solid steel pipe Ø20 (supports); 3- steel cushion 20×400×20 mm; 4- digital 

displacement indicator; 5- steel bar for hanging indicator; 6- support from stone masonry; 7- 

wooden cushion 
 

Figure 4. Long-term test setup 

Temperature and relative humidity at the testing area were hourly recorded by Humidity meter PCE-HT 110 to 

evaluate the influence of environmental conditions on the long-term deflections of testing beams. The roof and walls 

were made to protect the testing zone from the impact of the environment around. 

3. Results and Discussion 

3.1. Short-term Deflection 

First, the static tests were performed on all beams until the deflections reached the expected value, δ0=1.9 mm. The 

actual load value P applied to each beam is shown in Table 3. The load versus immediate deflection curves of tested 

beams are shown in Figure 5. 
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Figure 5. Load versus short-term midspan deflection of 

testing beams 

Figure 6. Relationship between the steel reinforcement ratio 

and the applied load at deflection δ=1.9 mm  

Before concrete cracks, the role of reinforcements is negligible, therefore the load-deflection relationships of all 

GFRP and hybrid GFRP/steel beams are almost the same (Figure 5). After cracking of concrete, the development of 

deflections of tested beams is much different. The steel reinforcement is effective in increasing the stiffness of beams, 

hence at the same value of load the immediate deflections of hybrid GFRP/steel reduce when increasing the steel 

reinforcement ratio. Figure 6 shows that the relationship between the steel reinforcement ratio and the load 

corresponding to the initial short-term deflection of 1.9 mm is almost linear, i.e. the decrease in deflection of hybrid 

RC beams is inversely proportional to the increase in steel reinforcement ratio. 

3.2. Long-term Deflection 

After loading the beams to the deflection 1.9 mm, the loads were remained for long-term tests. The test was 

conducted in natural weather conditions in Tuyhoa city (Phuyen Province, Vietnam) and lasting over 330 days.  

In the first 2 days of loading, the deflections of the beams were recorded every half an hour, after that, they were 

recorded every 24h for two weeks, and then every three days. The T and RH were recorded automatically every hour. 

Figure 7 presents the long-term deflections of the tested beams, daily average temperature and relative humanity over 

a 330-day-period.  

 
Figure 7. Total deflections of beams with equal initial immediate deflections under sustained loads 
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As can be observed from Figure 7, the deflection development of GFRP and hybrid RC beams has the same 

tendency, the creep and shrinkage effects are higher in the initial period and tend to decrease over time. Within 330 

days the time-dependent deflection of tested beams could be divided into three periods. During the first some hours 

after loading (approximately 6 hours), the deflections increase rapidly. After that, the long-term deflections continue 

increasing, but the increasing rate decreases gradually to nearly 45 days. Beyond 45 days after loading, the long-term 

deflections increase more slowly and eventually become relatively stable.  

It is well known that the creep of concrete is a consequence of the presence of a gel phase in the cement stone, 

which has high plastic properties. At the initial stage, there is a lot of this gel phase, therefore, the creep of concrete is 

intensive. Gradually the gel phase becomes consolidated, so the creep deformation descends along with time and then 

completely stops. Generally, creep deformation of concrete has three stages: primary creep starts rapidly and slows 

down with time; secondary creep progresses at a relatively uniform rate and tertiary creep. So, in the first period of 

loading, due to primary creep, shrinkage and possible elongation of GFRP bars the deflections of tested beams rapidly 

increase. In the early age of loading on beams, the grains of coarse and fine aggregate, grains of cement stone are re-

compacted. Depending on the steel reinforcement ratio, the rate of increase in deflection during this period is different. 

During this period, the total increased in deflections of beams B1.G14-S0, B2.G14-S10, B3.G14-S12 and B4.G14-S14 

are (9, 23, 29 and 34)×10-2 mm and account for approximately 11.0, 26.2, 29.0 and 29.0% of the total increase (for 

330 day period) respectively. At the end of the first period, the total-to-immediate deflections of four beams B1, B2, 

B3 and B4 is 1.05, 1.12, 1.15 and 1.18, respectively (Table 3). 

Table 3. Deflections of beams at different periods 

Beams ID 
P, 

kN 

Total deflections of beams (δi×100 mm) at different times ti 

t0, 

day 
δ0 

t1, 

hour 
δ1 δ1-δ0 δ1/δ0 

t2, 

day 
δ2 δ2-δ0 δ2/δ0 t3, day δ3 δ3-δ0 δ3/δ0 

B1.G14-S0 3.6 0 190 6.0 199 9 1.05 45 265 75 1.40 330 272 82 1.43 

B2.G14-S10 5.2 0 190 6.0 213 23 1.12 45 274 84 1.44 330 278 88 1.46 

B3.G14-S12 6.0 0 190 6.0 219 29 1.15 45 288 98 1.52 330 290 100 1.53 

B4.G14-S14 6.9 0 190 6.0 224 34 1.18 45 298 108 1.57 330 307 117 1.62 

The second period lasts for about 45 days from the end of the first period. At the end of the first period, the creep 

of concrete progresses at a relatively constant rate and the long-term deflections of the tested beams mainly depend on 

creep, shrinkage and environmental conditions. In comparison with the first period, the deflections in the second 

period develop more slowly. In this period, the development tendency of the deflections of the tested beams is the 

same pattern. At the 45th day, the deflections due to creep and shrinkage of tested beams (B1…B4) account for 91.5%, 

95.8, 98.1 and 92.2% of the total increase observed at the 330th day and the total-to-immediate deflection ratios are 

1.40, 1.44, 1.52 and 1.57 respectively (Table 3). Considering the absolute increase (δ2-δ1), the midspan deflections of 

beams B1, B2, B3 and B4 increase by (70; 68; 77 and 77)×10-2 mm respectively. Thereby, it can be concluded that the 

effectiveness of steel reinforcement to reduce long-term deflection n in this period is insignificant.  

Third period (from the 45th day to the 330th day): with time, the effect of creep and shrinkage of concrete gradually 

reduces. Therefore, the midspan deflections develop slowly in comparison with the previous periods. During this time, 

the increase in deflections of B1, B2, B3 and B4 beam accounted for 8.5, 4.2, 1.9 and 7.8% of the total increase in 330 

days respectively.  

Totally, after 330 days the total deflections of testing beams B1.G14-S0, B2.G14-S10, B3.G14-S12 and B4.G14-

S14 increase 43.2, 46.2, 52.6 and 61.7% in comparison with the initial immediate deflection. It is known that the total 

deflection of the tested beam includes elastic, shrinkage and creep deflections. The increase in the percentage of 

tension steel reinforcement reduces the shrinkage deflection and increases the creep deflection. In particular, the 

contribution of the creep deflection to the total deflection is larger than the shrinkage deflection [27]. It should be 

mentioned that, with the same initial immediate deflection the corresponding sustained loads on testing beams 

B2.G14-S10, B3.G14-S12 and B4.G14-S14 are 44.4, 66.7 and 91.7% of that of the beam B1.G14-S0. As a 

consequence, the total deflections of testing beams increase with the increase of steel reinforcement. This finding is 

consistent with the experimental results by Al Chami et al. (2009) (Beams F5-1-2M10 and F7-1-1M10) [16]. Also, 

Tan and Saha (2006) [28] carried out a long-term test on RC beams strengthened with FRP and the results showed that 

the higher the FRP reinforcement ratio, the larger is the long-term deflection under a specific sustained load ratio.  

The effect of T and RH on the long-term deflection of RC beams is a complex issue. During the long-term test, the 

RH varies from 40 to 100 % (average RH is 80 %) and the temperature varies from 150C to 340C (Figure 7). The 

influence of T and RH on the long-term deflections of tested beams is presented by the fluctuation of deflection 

development curves over time (Figure 7). The influence of these factors is evident in the third period, where the 

deflections due to the influence of T and RH are remarkable in comparison with the deflections due to creep and 
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shrinkage. This result is also consistent with the previous research [29]. Specifically, in the high RH period, the 

increasing rate of long-term deflection decreases, whereas, in the low RH period, the long-term deflection grows 

rapidly. It can be seen in Figure 7, in the period from 130th to 160th day, the T and RH sharply varied in a wide range, 

so the deflections considerably grew in comparison with the time intervals before and after this period. It is worth 

noting that in the monitoring period, the temperature varies in a small range, so the effect of temperature on long-term 

deflection, in this case, is not clear.  

4. Methodology for Predicting Long-term Deflection of Hybrid GFRP/steel RC Beam  

4.1. ACI 440.1R-15 

ACI 440.1R-15 [6] introduces a simplified equation to predict the long-term deflection of FRP RC beams due to 

creep and shrinkage. This method is based on the equation for traditional steel RC beams with modifications to take 

into account the differences in the axial stiffness of the reinforcement for FRP RC beams as compared with steel RC 

beams. Total deflection (including the creep and shrinkage) of FRP concrete members under bending is computed by 

equations: 

𝛿𝑡(𝐴𝐶𝐼) = (1 + 0.6𝜆)𝛿0 (1) 

𝜆 =
𝜉

1 + 50𝜌′
 (2) 

Where: δt(ACI) – the total deflection at time t, δ0 – the immediate deflection caused by the sustained load; ρ'=As’/(bd) - 

the compression reinforcement ratio; ξ - the time-dependent factor for sustained loads, which includes the effects of 

creep and shrinkage and equals 1.0, 1.2 and 1.4 for 3, 6 and 12 months, respectively. For 5 years or more: ξ=2 [25].  

4.2. CSA-S806-12 (R2017) 

According to CAN/CSA-S806-12 guidelines [30], the total of immediate and long-time deflection for flexural 

members reinforced with FRP should be obtained by multiplying the immediate deflections caused by the sustained 

load: 

𝛿𝑡(𝐶𝑆𝐴) = (1 + 𝑆)𝛿0 (3) 

Where: S - the time-dependent factor equals 1.0, 1.2 and 1.4 for 3, 6 and 12 months, respectively. For 5 years or more: 

S=2. 

4.3. Proposed Methodology  

Experimental data and total deflection predictions according to both ACI 440.1R-15 [6] and CSA-S806-12 [26] are 

compared in Figure 8. As can be observed in these figures, ACI and CSA overestimate the total deflections. This 

overestimation is probably due to the time-dependent factor which is calibrated directly for steel FRP RC members. It 

should be noted that both ACI 440.1R-15 and CSA-S806-12 were developed for beams reinforced with FRP bars only.  

The studies carried out by several authors [11, 31] proposed a straightforward methodology to predict long-term 

deflections of GFRP RC beams based on rational multiplicative coefficients deduced from the principles of the 

Effective Modulus Method (Eurocode 2). For a simply supported beam, the total deflection can be obtained from the 

immediate deflection and the multiplicative coefficients kcreep and ksh: 

𝛿𝑡(𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑) = 𝛿0(1 + 𝑘𝑐𝑟𝑒𝑒𝑝) +
𝜀𝑠ℎ(𝑡, 𝑡0)𝑙2

8𝑑
𝑘𝑠ℎ (4) 

Where d is the effective depth; εsh(t,t0) is the free shrinkage strain at age of concrete t (days), measured from the start 

of loading at t0 (days), ie, the shrinkage strain from the end of curing time (tc) to the time of start of loading is not 

taken into account. According to ACI 209R-92 [32], the free shrinkage strain εsh(t,tc) at age of concrete t (days), 

measured from the start of drying at tc (days), can be calculated by Equation 5: 

𝜀𝑠ℎ(𝑡, 𝑡𝑐) =
(𝑡 − 𝑡𝑐)𝛼

𝑓 + (𝑡 − 𝑡𝑐)𝛼
𝜀𝑠ℎ𝑢   (5) 

Where f (days) and α are considered constants for a given member shape and size that define the time-ratio part; εshu is 

the ultimate shrinkage [32]. 

Coefficient kcreep is obtained as follows: 

𝑘𝑐𝑟𝑒𝑒𝑝 = 0.73𝜙(𝑡, 𝑡0)√𝑛𝑓𝜌𝑓 + 𝑛𝑠𝜌𝑠 (6) 
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Where: nf=Ef/Ec and ns=Es/Ec. ϕ(t,t0) is the time-dependent creep coefficient at concrete age t due to a load applied at 

the age t0, which can be determined according to ACI 209R-92 [32]: 

𝜙(𝑡, 𝑡0) =
(𝑡 − 𝑡0)𝜓

𝑓 + (𝑡 − 𝑡0)𝜓
𝜙𝑢  (7) 

Where: f (days) and ψ are considered constants for a given member shape and size that defined the time-ratio part, 

ACI 209R-92 recommends an average value of 10 and 0.6 for f and ψ respectively; ϕu is the ultimate creep coefficient 

[32]: 

𝜙𝑢 = 2.35𝛾𝑐   (8) 

Where γc represents the cumulative product of the applicable correction factors [32]. 

The coefficient ksh depends on the reinforcements and is suggested to determine according to the following 

equation: 

𝑘𝑠ℎ = 1 + √𝑛𝑓𝜌𝑓 + 𝑛𝑠𝜌𝑠 (9) 

It is worth mentioning that the Equations 4, 6 and 9 explicitly take into account the effect of environmental 

conditions and mechanical properties of the materials on the increase of deflection over time. Moreover, the 

contributions to long-term deflection of creep and shrinkage effects are considered separately. 

Figure 8 compares the experimental time-dependent deflections with theoretical time-dependent deflections of 

hybrid GFRP/steel RC beams obtained according to ACI 440.1R-15, CSA-S806-12 and the proposed method. In 

calculation by the proposed method, the following parameters are used: time of moist curing tc=7 days; age of loading 

t0=45 days; average temperature T=280C; ambient RH=80%; the air content α=6% (ACI 211.1-91); the ultimate 

shrinkage strain εshu=417×10-6.  

It can be seen in Figure 8, the development of the theoretical long-term deflections of hybrid RC beams according 

to ACI 440.1R-15, CSA-S806-12 and the proposed method has a similar tendency but different values. At the time of 

330 days, the difference between the experimental and theoretical results is less than 5 %. Meanwhile, CSA-S806-12 

and ACI 440.1R-15 overestimate with the average deviation of more than 13 and 54%, respectively in comparison 

with the experimental results. Besides, as can be seen on Figure 8, in the first period the theoretical and the 

experimental long-term deflections develop variously with a large difference. This difference may be caused by 

primary creep, the variation of weather conditions, the elongation of reinforcements, etc. 
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Figure 8. Experimental and theoretical total deflections of hybrid GFRP RC beams 

5. Conclusions 

This study examines the experimental long-term deflections of hybrid GFRP/steel during 330 days. The recorded 

results allow identifying three typical stages of development of long-term deflection. Besides, the effects of additional 

steel reinforcement and environmental conditions on the long-term deflection of the beams are considered. Based on 

the experimental results presented in this study, the following conclusions can be drawn: 

 The development of total deflections of GFRP RC beam and hybrid GFRP/steel beams during the observing time 

has the same tendency and is divided into three stages; 

 The tensile steel reinforcements in hybrid GFRP/steel RC beams significantly reduce the immediate deflections. 

However, under the same initial immediate deflections, the deflections due to creep and shrinkage of hybrid RC 

beams increase with the increase of steel reinforcements; 

 Using ACI 440.1R-15 and CSA-S806-12 methods for predicting the long-term deflection of hybrid GFRP/steel 

RC beam gives a remarkable error and too conservative.  

 The long-term deflections predicted by Equations 4 to 9 provided better results because these equations take into 

account the influence of steel and GFRP reinforcement ratio on the creep coefficient, kcreep.  

It should be noted that the above conclusions are based on the test results carried out on a limited number of 

specimens and natural climate conditions in Phuyen province, Vietnam. Further research is recommended for studying 

the effect of material properties, the sustained load levels, environmental conditions on long-term deflections of hybrid 

GFRP/steel RC beams for a longer duration. 
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