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Abstract 

Conventional reinforced concrete structures exposed to aggressive environments show a risky tendency toward 

performance degradation due to concrete deterioration and reinforcement corrosion. Consequently, the use of fiber-

reinforced polymer (FRP) materials in concrete structures as one of the alternative potential materials for mitigating serious 

durability issues in structural applications has gained increasing acceptance. The study aims to evaluate the performance 

and durability of GFRP-reinforced concrete-filled GFRP tube columns under accelerated aging. Three different column 

specimens, 1) GFRC-F-GFT, 2) GFRC, and 3) C-F-GFT, were immersed under water at 80°C for 12 hrs (wet phase), 

followed by specimen placement above water at ambient room temperature for 12 hrs (dry phase) in each aging cycle. The 

behavior and performance of the specimens were experimentally investigated through uniaxial compressive loading. The 

experimental results were evaluated to develop a strength capacity model that incorporated the environmental exposure 

effect through the strength reduction factors (C0, 1, and 2). To establish the correlation between accelerated and natural 

aging, field investigation data under the tropical marine environment and the simplified time-invariant model were utilized 

to predict structural performance. Based on this study, the GFRC-F-GFT specimen degradation under accelerated wet-dry 

aging at 290 cycles can reduce axial column capacity up to 50%, which is equivalent to the predicted degradation under a 

natural tropical marine environment over 50 years. 
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1. Introduction 

The deterioration of conventional reinforced concrete structures is one of the most deleterious problems in 

infrastructure and various other fields of construction. The corrosion of conventional steel reinforcement can initiate 

excessive cracks and deflection, which eventually lead to diminished structural performance, serviceability, and 

durability. At present, fiber-reinforced polymer (FRP) composites, such as FRP rebars, wrapping systems, and FRP 

sections, have been progressively implemented and have gained widespread acceptance as effective alternatives. In 

particular, the use of glass fiber-reinforced polymer composites for both longitudinal and lateral reinforcement in 

compression structural members has been widely carried out and presented in many recent works [1-7]. However, using 
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only internal GFRP reinforcement as the main reinforcement in concrete compression members has not been permitted 

in practice under most of the widely recognized guidelines and standard codes of practice. To mitigate reinforcement 

corrosion issues and improve structural performance under compression, the use of combined internal and external 

reinforcement of concrete members, such as concrete-filled FRP sections, has been developed and implemented for 

applications such as bridge piers, piles, etc., in marine environments [8-10]. 

Over the past decade, applications of concrete-filled FRP tubes have gained the attention of numerous researchers 

and professional engineers. More recent research has focused on traditional concrete-filled FRP tubes, investigating 

experimental behavior and analytical models, while also exploring manufacturing techniques for FRP tubes [11]. The 

behavior of concrete-filled FRP tubes (CFFTs) has been extensively studied and reported in the literature, with a focus 

on compressive strength, confinement, and ductility in short-term responses [8-9, 12-16]. The axial load capacity model 

based on the superposition principle of the reinforced concrete-filled GFRP pultruded tubular column (RCFGPT) with 

internal steel spiral stirrup was proposed and validated through experimental results [17]. The hybrid structure systems 

of seawater sea sand concrete (SWSSC)-filled FRP tubes have been experimentally investigated for the durability issue 

under artificial seawater environments for 6 months [18]. The impact of tube thickness on the residual compressive 

strength of innovative SWSSC-filled hybrid carbon-glass FRP tubes was examined under accelerated alkaline and 

seawater conditions. Based on the developed predictive model, the knockdown factors of about 0.6-0.8 and 0.7-0.8 were 

recommended for cross-ply and hoop tubes, respectively [19]. Saadeh & Irshidat [20] studied the compression behavior 

of concrete-filled filament-wound FRP tubes. The results showed that the performance of concrete-filled FRP tubes was 

significantly affected by the FRP thickness [20]. Elkafrawy et al. [21] mentioned that current design codes and standards 

underestimate the contribution of GFRP rebars to compressive column capacity. New predictive models and design 

provisions that accurately represent the compressive strength contribution of GFRP reinforcement are needed. In 

addition, advanced studies on the long-term durability of GFRP-reinforced structures under various environmental 

conditions are still lacking [21]. As mentioned earlier, nearly all previous studies have been published on the 

performance and behavior of concrete-filled FRP tubes (CFFTs) over short-term periods. Durability studies on concrete-

filled FRP tubes (CFFTs) are rather lacking compared to other FRP composites [22]. 

In general, the structural conditions of infrastructure would demand a high degree of performance with acceptable 

long-term durability. However, there is currently limited research and data on durability aspects, particularly over long 

periods under natural and accelerated conditions. This study aims to evaluate the structural performance and the behavior 

of GFRP-reinforced concrete-filled FRP tubes (CFFTs) under an accelerated wet-dry aging process. The correlation 

between accelerated and natural tropical marine exposure environments was evaluated using field investigation data and 

the predicted performance model. Three different concrete column specimens subjected to accelerated aging conditions 

were experimentally investigated under uniaxial compression. Based on the experimental results, the predicted strength 

model was proposed herein. Using field-collected data (natural aging under a tropical marine environment), the long-

term structural performance was evaluated through the simplified time-invariant model. Finally, the correlation between 

accelerated and natural aging was developed using analytical results. The methodology used in this study is summarized 

and illustrated in Figure 1. The findings are expected to partially bridge this knowledge gap, contributing to the 

understanding of proposed design recommendations, structural behavior, and performance through the experimental 

investigation herein. 

 

Figure 1. Summary of the research methodology 
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2. Experimental Program for Accelerated Aging 

As shown in Figure 1, the predicted structural performance under natural tropical marine conditions, along with the 

correlation between accelerated and natural aging, is evaluated based on a simplified time-invariant model and field 

investigation data, which will be discussed in Section 6 later. To evaluate structural behavior and performance when 

exposed to the accelerated aging condition, the GFRP reinforced concrete-filled GFRP tube columns (GFRC-F-GFT) 

were experimentally examined under axial compression loading in this study. The details of specimen series, materials, 

and aging schemes are discussed below. 

2.1. Column Specimens 

A total of 27 circular column specimens were prepared and cast with a diameter of ~125 mm. The nominal specimen 

length was 500 mm for all columns, resulting in a height to diameter ratio of about 4.0. All test specimens were wet 

cured at room temperature for 28 days before undergoing the process and subsequent aging testing. The column 

specimens were classified into three categories: 1) GFRP reinforced concrete-filled GFRP tube column (GFRC-F-GFT), 

2) GFRP reinforced concrete without FRP tube column (GFRC), and 3) Concrete-filled GFRP tube column without 

internal GFRP rebars (C-F-GFT), as shown in Figure 2. For all FRP reinforced concrete specimens (GFRC-F-GFT and 

GFRC), the specimens were internally reinforced with four 10 mm-diameter GFRP rebars without lateral reinforcement. 

The longitudinal reinforcement ratio (frp) was equal to 2.5%. However, the additional lateral reinforcement (6 mm-

diameter steel circular ties) was tied at specific spacing along one-fifth of the specimen length from both specimen ends 

to avoid and prevent premature failure in the end zones. The characteristics of all specimens are summarized in Table 

1. 

 

Figure 2. Details of column specimens 

Table 1. Characteristics of the test specimens 

Group 

No. 
Sample label Tube 

Column 

Reinforcement 
frp 

(%) 

f’c 

(MPa) Length 

(mm) 

Diameter 

(mm) 

C-1 GFRC-F-GFT GFRP 500 125 GFRP rebar 2.48 41.8 

C-2 GFRC - 500 125 GFRP rebar 2.48 41.7 

C-3 C-F-GFT GFRP 500 125 - - 42.1 

For concrete used, the average cylindrical compressive strength (f’c) at 28 days of age was evaluated to be 41.7 MPa 

for GFRC-F-GFT and GFRC specimens, and 42.1 MPa for C-F-GFT specimens. At both end zones of all test specimens, 

6 mm-diameter steel round rebars (grade SR24 – yield strength of 240 MPa) were used for column circular ties with a 

spacing of 50 mm. Glass fiber-reinforced polymer (GFRP) rebars, 10 mm in diameter, were provided as the main 

longitudinal reinforcement for the GFRC-F-GFT and GFRC specimens. According to supplier data, the tensile strength 

of the GFRP rebars was 735 MPa. However, previous research studies conducted on the compressive responses of FRP 

rebars have been limited and therefore the data are not widely available [23]. Based on previous studies, the compressive 

strength of FRP rebars is significantly lower than the tensile strength with reductions varying from 50% to 70% [24-26]. 

The axial compressive load contribution by the longitudinal GFRP rebars varied between 5 and 10 percent of the 

maximum axial compression capacity. Thus, the axial compressive capacity contributed by longitudinal GFRP 

reinforcement can be considered negligible for compression members design purposes [3]. In recent research, the 

compressive strength contribution of FRP rebars based on the previous research data of 269 specimens was proposed 

4-GFRP  10 mm

GFRC-F-GFT C-F-GFTGFRC

100 mm

100 mm

500 mm

4-GFRP  10 mm

GFT  125 mm GFT  125 mmNo - GFT  125 mm

No - GFRP  10 mm
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for 2 percent of their tensile strength [16]. In addition, GFRP circular tubes for the column specimens (GFRC-F-GFT 

and C-F-GFT) were produced by a filament winding process using E-glass fiber and epoxy as reinforcement and matrix, 

respectively. The fiber orientation was laid at  45 relative to the longitudinal direction of the GFRP circular tubes. The 

circumferential and compressive strengths of the GFRP circular tube were 255 MPa and 85 MPa, respectively. 

2.2. Aging Scheme 

The column specimens were aged under the accelerated wet/dry process for 80 and 160 cycles before undergoing 

uniaxial compressive testing. The experimental results of the aged columns were evaluated and compared to the 

experimental results of the unaged column (control specimens). Each accelerated wet/dry cycle consisted of the 

following steps as follows: 1) The column specimens were immersed in water at 80 ± 5 ºC for 10 hours. 2) A transition 

period of 2 hours followed before the dry phase. During this transition, the column specimens remained inside the 

temperature bath, with the water entirely drained out. 3) For the dry phase, the column specimens were exposed to the 

ambient environment for 10 hours. 4) This was followed by water immersion at 80 ± 5 ºC during 2 hours of the transition 

period before the next cycle. The water temperature during the wet phase was maintained at a constant level throughout 

the immersion period. A summary of the accelerated aging process is illustrated in Figure 3. 

 

Figure 3. Accelerated aging scheme (wet-dry cycles) 

3. Experimental Test Set-Ups  

All column specimens were experimentally tested under uniaxial compression loading. To investigate their structural 

responses and performances, sensors were used. Linear variable differential transducers (LVDTs) with 150 mm gauge 

length were placed on the rigid steel floor of a universal testing machine to monitor the axial deformation of the column 

specimens. Strain gauges were attached at three different positions on the outer surface of each column specimen, while 

two strain gauges were mounted on the GFRP rebars for the GFRC-F-GFT and GFRC specimens. For experimental 

preparation, the column specimen was arranged on an adjustable steel ball support positioned between the top and 

bottom rigid steel floors of the universal testing machine. To conduct the monotonic compressive test, a uniaxial 

compressive load was applied through a rigid steel plate over the adjustable ball support, ensuring the even distribution 

of the compression load across the tested specimen. The applied loads, deformations and strain responses were 

monitored and recorded through attached sensors connected to a data acquisition system. The test set-up is schematically 

illustrated in Figure 4. 

 

Figure 4. Test set-ups and instruments 
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4. Experimental Results 

The experimental investigation into the performance and durability of GFRP reinforced concrete-filled GFRP tube 

columns was conducted through uniaxial compression load testing as described in Section 2. The experimental results 

along with aging duration, maximum compressive strength, the ratio of confined column strength (f’cc) to unconfined 

and unaged concrete strength (f’c), and the column axial strain are presented in Table 2. In general, the normalized 

confined concrete strength (f’cc/f’c) of unaged test specimens was higher than that of test specimens subjected to 

accelerated wet-dry aging cycles. As expected, the average ratio (f’cc/f’c) values gradually decrease with an increasing 

number of aging cycles. During aging, the degradation of the GFRP tube and internal GFRP reinforcement (rebars) was 

influenced by material damage due to the coupled thermal-hydro-mechanical cyclic effect (expansion-contraction). 

Eventually, the significant loss in GFRP tube stiffness led to a specific deterioration in strength, falling considerably 

below its material strength. The average strength losses of aged column GFRC-F-GFT specimens were determined to 

be 15% and 22% compared to unconditioned column strength for 80 and 160 wet-dry cycles, respectively. The 

percentage difference in strength loss varied between 9% and 17% for column specimens without the GFRP tube 

(GFRC) exposed to aging conditions during 80 to 160 cycles. However, it was found that the average strength loss in 

aged GFRC column specimens remained approximately 16% after 80 cycles of accelerated wet-dry aging. 

Table 2. Experimental test results 

Sample 
Wet-dry 

cycles 
No. 

frp 

(%) 
Tube 

@ Maximum compressive 

f’cc/f’c 

Maximum 

axial strain 

Axial 

εl /εl0(avg) 

Hoop 

εh /εh0(avg) 

Strength 

(kN) 

Stress 

(MPa) 

(GFT) 

(mm/mm) 
(GFT) (GFT) 

GFRC-F-GFT - 

1 

2.48 GFRP 

640 50.4 1.21 1870   

2 635 50.0 1.20 1720 - - 

3 648 51.0 1.22 2185   

GFRC - 

1 

2.48 - 

447 37.6 0.90    

2 439 36.9 0.88 - - - 

3 448 37.6 0.90    

C-F-GFT - 

1 

- GFRP 

598 47.1 1.12 1780   

2 594 46.8 1.11 2256 - - 

3 608 47.9 1.14 2230   

GFRC-F-GFT 80 

1 

2.48 GFRP 

550 43.3 1.04 1710 0.888  

2 539 42.4 1.02 1680 0.873 0.973 

3 542 42.7 1.02 1625 0.844  

GFRC 80 

1 

2.48 - 

415 34.9 0.84    

2 389 32.7 0.78 - - - 

3 405 34.0 0.82    

C-F-GFT 80 

1 

- GFRP 

504 39.7 0.94 2310 1.106  

2 523 41.2 0.98 1820 0.871 0.899 

3 527 41.5 0.99 1785 0.854  

GFRC-F-GFT 160 

1 

2.48 GFRP 

502 39.5 0.95 1665 0.865  

2 492 38.7 0.93 2020 1.049 0.934 

3 510 40.2 0.96 1846 0.959  

GFRC 160 

1 

2.48 - 

376 31.6 0.76    

2 371 31.2 0.75 - - - 

3 364 30.6 0.73    

C-F-GFT 160 

1 

- GFRP 

497 39.1 0.93 1372 0.657  

2 489 38.5 0.91 1405 0.673 0.886 

3 487 38.3 0.91 1388 0.664  

The load and displacement relation of GFRC-F-GFT and C-F-GFT column specimens is different from that of GFRC 

column specimens due to the absence of external confinement (the GFRP tube). Typically, displacement increases 

significantly when increasing the applied load until reaching maximum load capacity in conventional reinforced concrete 

column and GFRC column specimens. However, the load-displacement slope (column stiffness) of GFRC-F-GFT and 

C-F-GFT column specimens was changed abruptly due to damage accumulation in the external confinement (GFRP 

tube). After this point, displacement gradually increases until internal longitudinal reinforcement (GFRP rebars) 
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buckled, followed by sudden concrete crushing and GFRP tube rupture (tearing out). The load-displacement relationship 

in an abrupt failure with the total loss of column capacity is shown in Figures 5 and 6. A bilinear load and displacement 

relationship was observed in most test specimens. For GFRC column specimens, it was found that the load-displacement 

behavior closely resembled that of GFRP reinforced concrete with lateral reinforcement [4]. In these specimens, the 

linear load-displacement relation was maintained until reaching maximum load capacity of column specimens. Upon 

GFRP rebars buckling and the crushing of concrete surrounding the rebars, longitudinal cracks rapidly widened, 

followed by sudden failure of the column specimen. After accelerated wet-dry aging, the load-displacement response 

remained consistent in the pre-aging manner. It was observed that the failure mode of all aged specimens did not 

significantly change. However, the GFRP tube and rebars exhibited rupture and buckling at a lower ultimate capacity 

due to material degradation. 

 

(a) Specimens: GFRC-F-GFT 

 

(b) Specimens: GFRC 

 

(c) Specimens: C-F-GFT 

Figure 5. Relationship between load and displacement  
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(a) Specimens: no aging 

 

(b) Specimens: 80 cycles of aging process 

 

(c) Specimens: 160 cycles of aging process 

Figure 6. Relationship between load and displacement 

The typical load and lateral strain (εh) relations of tested specimens are presented in Figure 7. Lateral strains were 

measured using stain gauges mounted on the GFRP tube, though GFRP tube surface damage from rupture and local 

bucking may have led to lower data accuracy. Similar to the load-displacement relation, the relationship of load and 

lateral strain followed an identical pattern. The lateral strength reduction in GFRC-F-GFT and C-F-GFT column 

specimens was consistent as mentioned in previous studies [27, 28]. Due to the lateral strength reduction, the ratio of 

average lateral strain (unaged to aged specimens) decreases slightly with increasing aging cycles. To characterize the 

post-elastic behavior of test specimens, the deformability factor is used to indicate the post-elastic behavior of FRP 

reinforced structural members. In general, it is defined as the ratio of energy absorption at the ultimate state to that at a 

specific deformation in the ascending portion of the load-deformation relation. Compared to the ductility factor, the 
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deformability factor provides a more appropriate characterization based on energy absorption [4]. In this study, the post-

elastic point defined as 85% of maximum load capacity in the descending portion was designated as the ultimate point. 

Also, the deformation point at maximum load capacity in the ascending portion was selected to be the limiting 

deformation point. The average deformability factor was determined as 1.055 for both GFRC-F-GFT and C-F-GFT 

specimens, and 1.015 for GFRC specimens. 

 

(a) Specimens: GFRC-F-GFT 

 

(b) Specimens: GFRC 

Figure 7. Relationship between load and lateral strain on GFRP tubes 

5. Strength Model  

The maximum strength capacity of a short concrete column under axial loading is typically assessed based on the 

interactions between the concrete, longitudinal reinforcement, and confinement under specific environment conditions. 

For GFRP reinforced concrete columns (GFRC), various column strength models have been developed in previous 

studies [3, 16, 29, 30]. In addition, the prediction models by several standard codes were proposed and suggested as 

follows: 

ACI 318-08 [31]:    𝑃𝑛 = 0.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑠) + 𝑓𝑦𝐴𝑠 (1) 

ACI 318-11 [32]:    𝑃𝑛 = 0.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑠) (2) 

CSA S806-12 [33]:                𝑃𝑛 = 
1

𝑓𝑐
′(𝐴𝑔 − 𝐴𝑠) ;  

1
= 0.85 − 0.0015𝑓𝑐

′ ≥ 0.67 (3) 
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AS 3600 [34]:                  𝑃𝑛 = 0.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓𝑟𝑝) + 0.0025𝐸𝑓𝑟𝑝𝐴𝑓𝑟𝑝 (4) 

where, Ag and As are the cross-sectional area of the column and steel rebars, respectively. Afrp is the FRP cross-sectional 

area. Efrp is elastic modulus of FRP reinforcement. ffp is the tensile strength of FRP reinforcement. 

All the proposed strength models are given in the original form of short steel reinforced concrete columns under 

uniaxial loading. For the compressive strength of confined concrete, numerous prediction models were developed and 

proposed by the previous comprehensive reviews and studies over the last few decades [3, 16, 35-41]. The general form 

of the concrete confined strength (f’cc) model is presented as follows [41]: 

𝑓𝑐𝑐
′

𝑓𝑐𝑜
′ = 𝐶1 + 𝑘1

𝑓𝑙𝑢
′

𝑓𝑐𝑜
′   (5) 

where, C1 and k1 are calibration constants and strength enhancement coefficients for FRP confined concrete, 

respectively. f’lu is the lateral confining pressure by FRP confinement at ultimate. f’co is the maximum unconfined 

concrete stress. 

The lateral confining pressure at rupture of the FRP tube or jacket is simply defined by Lam & Teng [36]. 

𝑓𝑙𝑢
′ =

2𝐸𝑓𝑟𝑝𝑡𝑓𝑟𝑝𝜀𝑟𝑢𝑝

𝐷
  (6) 

where, Efrp and tfrp are the elastic modulus and thickness of FRP confinement, respectively.  rup is the hoop rupture strain 

of FRP confinement. D is the diameter of the concrete core. 

Raza et al. (2021) [16] proposed the suggested strength model with R2 and RMSE = 0.18. The strength model was 

evaluated through large experimental data of 500 specimens. 

𝑘1𝑓𝑙𝑢
′ =  5 𝑓𝑐𝑜

′ 0.27
[

𝐸𝑓𝑟𝑝𝑡𝑓𝑟𝑝𝜀𝑟𝑢𝑝

𝐷
]

0.73

  (7) 

where, f’lu is the lateral confining pressure by FRP confinement at ultimate. f’co is the maximum unconfined concrete 

stress. k1 is the strength enhancement coefficient for FRP confined concrete, and Efrp and tfrp are the elastic modulus and 

thickness of FRP confinement, respectively.  rup is the hoop rupture strain of FRP confinement. D is the diameter of the 

concrete core. 

In general, glass fiber-reinforced polymers are hydrophilic and sensitive to water, high alkalinity, and thermal 

exposure. Polymers could be plasticized and expanded due to moisture absorption. The plasticization of polymers affects 

several mechanical and chemical properties such as stiffness, strength, and transition temperature, etc. Additionally, the 

fiber surfaces are covered by an accumulation of cement hydration products, leading to hydroxylic attack on the fiber 

surfaces, eventually resulting in surface pitting and weight loss [42]. For FRP materials exposed to prolonged elevated 

temperatures, the energy contributed to reactions between the polymer matrix and free oxygen can result in cracking 

and degradation [43]. According to durability issues and deterioration, knock down factors for environmental exposures 

have been provided to account for the degradation effects on mechanical properties in FRP materials by standard codes 

such as ACI 440.2R.2017 [44] and CAN/CSA-S6-00.R2005 [45]. The factor is typically referred to as an environmental 

strength reduction (CE) as follows: 

𝑓𝑓𝑢 = 𝐶𝐸𝑓𝑓𝑢
∗    𝑎𝑛𝑑   𝑓𝑢 = 𝐶𝐸𝑓𝑢

∗   (8) 

where, ffu and fu are the tensile strength and strain of FRP materials under aging condition, respectively. f*
fu and *

fu are 

the tensile strength and strain of unaged FRP. CE is the reduction factor due to the environment.  

Typically, the strength models of short column members are conventionally adopted in a combination of strengths 

provided by different materials. For GFRP reinforced concrete-filled GFRP tube columns (GFRC-F-GFT), the column 

strength is contributed by three different parts as 1) concrete core, 2) main internal FRP rebars, and 3) external FRP tube 

as follows: 

𝑃𝑛 = 0.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓𝑟𝑝) + 

1
𝑓𝑓𝑟𝑝𝐴𝑓𝑟𝑝 + (

2
𝑘1𝑓𝑙𝑢

′ )𝐴𝑔  (9) 

where, 1 and 2 are the reduction factors for axial column strength due to longitudinal FRP rebars and the FRP tube, 

respectively. k1 is the strength enhancement coefficient for FRP confined concrete. f’lu is the lateral confining pressure 

by FRP confinement at ultimate. Ag is the cross-sectional area of the column. Afrp is the FRP cross-sectional area. 

The strength reduction factors due to environmental exposure are provided as multipliers in Equation 8. Accordingly, 

the strength model under aging conditions can be expressed in the following typical form: 

𝑃𝑛 = 𝐶1[0.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓𝑟𝑝) + 

1
𝑓𝑓𝑟𝑝𝐴𝑓𝑟𝑝] + 𝐶2(

2
𝑘1𝑓𝑙𝑢

′ )𝐴𝑔  (10) 
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where, C1 and C2 are the reduction factors due to the environment exposures for GFRC (GFRP rebar reinforced concrete 

column) and the FRP tube, respectively. k1 is the strength enhancement coefficient for FRP confined concrete. f’lu is the 

lateral confining pressure by FRP confinement at ultimate. Ag is the cross-sectional area of the column. Afrp is the FRP 

cross-sectional area. 

To assess strength reductions over aging periods, the reduction factors due to the environment exposure, longitudinal 

FRP rebars, and the FRP tube are incorporated and given in the general form of the strength model as shown below: 

𝑃𝑛 = 𝐶00.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓𝑟𝑝) + 

1
𝑓𝑓𝑟𝑝𝐴𝑓𝑟𝑝 + 

2
𝑓𝑙𝑢

′ 𝐴𝑔  (11) 

where, C0 is the strength reduction factor due to the aging condition for the concrete column, 1 and 2 are the strength 

reduction factors due to the aging condition for longitudinal FRP rebars and the FRP tube, respectively. f’lu is the lateral 

confining pressure by FRP confinement at ultimate. Ag is the cross-sectional area of the column. Afrp is the FRP cross-

sectional area. ffp is the tensile strength of FRP reinforcement. 

From the experimental results in Table 2, the relations between the ratio (f’cc/f’c) and aging cycles for both GFRC-

F-GFT and C-F-GFT column specimens were fitted using exponential regression analysis as shown in Figures 8 and 9. 

To evaluate the reduction coefficient 2 for the strength model in Equation 11, the confinement effectiveness due to 

GFRP tubes can be determined by subtracting the unconfined strength ratio of C-F-GFT column specimens from the 

maximum confined strength ratio of GFRC-F-GFT column specimens. Similarly, the reduction coefficient 1 was 

calculated from the difference between the maximum confined strength ratio of GFRC-F-GFT column specimens and 

the maximum confined strength ratio of GFRC column specimens. 

 

Figure 8. Confinement effectiveness (subtraction the f’cc/f’c ratio between GFRC-F-GFT specimens and C-F-GFT 

specimens) 

 

Figure 9. Longitudinal reinforcement effectiveness (subtraction the f’cc/f’c ratio between GFRC-F-GFT specimens and 

GFRC specimens) 

y = 1.19073e-0.00154x

R² = 0.95529

y = 0.89313e-0.00114x

R² = 0.94576

y = 0.2989e-0.003x

R² = 0.9996

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0 20 40 60 80 100 120 140 160

f’
cc
/f
’ c

Aging cycles

GFRC-F-GFT 

C-F-GFT 

(GFRC-F-GFT) – (C-F-GFT)  

y = 1.19073e-0.00154x

R² = 0.95529

y = 1.10474e-0.00125x

R² = 0.91472

y = 0.0911e-0.007x

R² = 0.9887

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0 20 40 60 80 100 120 140 160

f’
cc
/f
’ c

Aging cycles

GFRC-F-GFT 

GFRC

(GFRC-F-GFT) – (GFRC)



Civil Engineering Journal         Vol. 12, No. 02, February, 2026 

648 

 

For the strength reduction C0, the value was directly determined using Equation 11 and Table 2. A linear regression 

analysis was performed to evaluate the concrete column strength over aging duration as shown in Figure 10. Then, the 

strength reduction corresponding to FRP parts (1 and 2) as shown in Figures 8 and 9 was subsequently transformed 

into retention form. The reduction coefficients 1 and 2 were obtained from curve fitting of the retention values over 

aging duration. Thus, the proposed strength reduction factors incorporating degradation effects from accelerated wet-

dry cycles can be represented as follows (see Figure 11): 

𝐶0 = 1 − 0.0006𝑁  (12.1) 


1

= 1 − 0.0045𝑁  (12.2) 


2

= 1 − 0.0024𝑁  (12.3) 

where, N is the number of accelerated wet-dry cycles. 

 

Figure 10. Reduction of concrete strength by varying aging duration 

 

Figure 11. Strength reduction factors varying by aging duration (C0, 1 and 2) 
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6. Correlation with Field Investigation Data  

The correlations for the relationship between aging duration and strength reduction are commonly used for aging 

analysis. In this study, the structural performance at a specific strength retention under an accelerated wet-dry 

process was correlated through the predicted results based on field investigation data at other strength retention 

values. The field investigation data of a total of 80 concrete bridges exposed to the tropical marine environment on 

rural road highways along the eastern and western coasts of southern Thailand were collected as part of a research 

program initiated by the Department of Rural Roads (DDR) in early 2014 to study important issues influencing 

bridge performance [46]. In the tropical climate of southern Thailand, the average summer temperature varies from 

35-38C during the daytime to 27-33C at nighttime. For the rainy season, the average temperature remains 

relatively constant at 27-29 C. The humidity is typically 40-50% during the daytime period and 80-90% at 

nighttime. 

The predicted performance results of concrete bridge piers under the tropical marine environment were determined 

using field investigation data and the modified time invariant model [46]. For concrete strength, the proposed time 

variant concrete strength [47] and field data using core testing of the inspected bridges were adopted in the predicted 

performance model. From the chloride penetration model based on field data, the reference diffusion coefficient and 

time reduction index were estimated at 100 mm2/year and 0.325, respectively. Then, the chloride penetration depth 

ranged from 55 mm to 70 mm over aging periods of 22 to 50 years. From chloride content (0.3 -1.0% weight of cement) 

with the half-cell potential results ranging from -350 mV to -200 mV, the corrosion rate of steel reinforcement in 

structural members is estimated to be about 2 mm2 /year. By using this estimated value, the corrosion rate is incorporated 

into the modified time invariant model. 

The modified time invariant model based on the original residual capacity model [48] is given in Equation 13. 

𝑓𝑦(𝑡) = (1 − 100 (
𝛼

1−0.01𝑄𝑐𝑜𝑟𝑟
) (

𝐴𝑜−𝑅(𝑡−𝑇𝑖)

𝐴0
)) 𝑓𝑦𝑜  (13) 

where, fy is the yield strength of the corroded steel rebar, fyo is the yield strength of the non-corroded steel rebar, and  

is a force factor that represents the effects of local attack penetration to force, respectively. Qcorr is the amount of the 

reinforcement corrosion (as a percentage). A0 is the cross-section area of non-corroded reinforcement. Based on field 

measuring data, the time to corrosion initiation (Ti) is found to be 5.91 years. 

To determine structural performance under tropical marine conditions, the predicted interaction relationship between 

axial load (P) and bending moment (M) was evaluated for aging durations between 5 and 75 years using the proposed 

modified time invariant model as follows: 

 𝑀(𝑡) = 𝑘1(𝑡)𝑘3𝑓𝑐
′(𝑡)𝑏 (

ℎ

2
− 𝑘2𝑐) + ∑ 𝐹𝑠𝑖(𝑡)𝑛

𝑖=1 (
ℎ

2
− 𝑑𝑖) (14.1) 

𝑃(𝑡) = 𝑘3𝑓𝑐
′(𝑡)(𝐴𝑔 − 𝐴𝑠(𝑡)) + 𝑓𝑦(𝑡)𝐴𝑠(𝑡)  (14.2) 

𝐹𝑠𝑖(𝑡) = [
(𝑓𝑠𝑖(𝑡) − 𝑘3𝑓𝑐

′(𝑡))𝐴𝑠𝑖(𝑡) ;  2𝑘2𝑐 < 𝑑𝑖

𝑓𝑠𝑖(𝑡)𝐴𝑠𝑖(𝑡) ;  2𝑘2𝑐 > 𝑑𝑖

]  (15.1) 

 𝑐 =
𝐴𝑠(𝑡)𝑓𝑠(𝑡)−𝐴𝑠

′ (𝑡)𝑓𝑠
′(𝑡)

𝑘1(𝑡)𝑘3𝑓𝑐
′(𝑡)𝑏

 (15.2) 

where, As and As = reinforcement area in the tension and compression zones, respectively. h = total depth, d = effective 

depth at each reinforcement level, b = width of cross-section, Ag = gross area of cross-section., k1 is the ratio of average 

compressive stress to maximum stress, k2 is the ratio of distance between the extreme compression fiber and the 

compression force resultant to the neutral axis depth measured from the extreme compression fiber, and k3 is the ratio 

of maximum compressive stress to concrete strength.  

The normalized interaction between axial load (P) and bending moment (M) predicted by the modified time variant 

model indicates that the axial compression and bending capacity are significantly lower than the respective values for 

the theoretical design model. The reduction is attributed to deterioration in concrete strength and early initiation of steel 

reinforcement corrosion as shown in Figure 12. 
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Figure 12. Normalized interaction relations based on the modified time variant model 

To determine the correlation between accelerated and natural aging, the predicted axial strength retention versus 

aging duration based on the proposed modified time invariant model were plotted and compared to outcomes with 

extrapolated aging cycles as shown in Figure 13. It is observed that the axial strength under the natural aging condition 

is reduced to 40% of the designed strength within the first five years. After the first five years, the strength reduction 

will continue gradually, reaching up to 50% over a 60-year period. As compared with the previous study, the predicted 

results from the modified time variant model are reasonably consistent with those of the research. Hota et al. [49] 

mentioned that the strength of composites will be degraded by at least 30% in the first three years of service in natural 

conditions, retaining only 30% of the original strength after 100 years of exposure. In addition, the environmental 

reduction coefficient of 0.3 has been recommended for incorporation into the design to account for the long-term 

performance (100-year service life) of GFRP composites under actual field conditions. From correlation in Figure 13, it 

was found that about 250 and 290 accelerated wet-dry cycles correspond to 0.57 and 0.52 in strength capacity obtained 

from the theoretical model without reinforcement corrosion, respectively. Therefore, 250 and 290 cycles of accelerated 

wet-dry aging are equivalent to 25 and 50 years under natural tropical marine conditions. Thus, the knock down factor 

for GFRP reinforced concrete-filled GFRP tubes (CFFTs) under tropical marine exposure is recommended to be 0.5 for 

a 50-year design service period. 

 

Figure 13. Correlation between accelerated and natural aging  
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7. Conclusions 

GFRP reinforced concrete-filled FRP tubes (CFFTs) under an accelerated wet-dry aging process were 

experimentally investigated under compression loading to assess structural behavior and performance. Based on 

experimental and analytical results, the following conclusions are drawn:  

• The load and displacement responses still perform in an identical pattern before and after the aging process. 

Additionally, the failure mode exhibits similar characteristics for column specimens under accelerated aging.  

• The average strength ratio (f’cc/f’c), average lateral strain ratio, and lateral strength decreased with increasing 

accelerated wet-dry aging duration. However, axial load capacity is minimally affected by the amount of GFRP 

longitudinal reinforcement. The average deformability factor was determined as 1.055 for both GFRC-F-GFT and 

C-F-GFT specimens, while GFRC specimens provided a slightly lower value of 1.015. 

• The proposed strength model for axial load column capacity incorporating the environmental exposures effect is 

developed based on the combined strength contribution of different materials. The strength reduction factors 

according to concrete (C0) and FRP parts (1 and 2) combined degradation under accelerated wet-dry cycles were 

proposed as given in Equations 12.1 to 12.3.  

Using field data and the modified time invariant model, the correlation between accelerated wet-dry aging and natural 

tropical marine environment was evaluated through the bridge inspection field data, experimental results and the 

modified time invariant model. The degradation of column specimens under 290 cycles of accelerated wet-dry aging 

can reduce axial column capacity up to 50%, equivalent to the degradation under the natural tropical marine 

environments over 50 years. The knock down factor for GFRP reinforced concrete filled GFRP tubes (CFFTs) under 

tropical marine exposure is recommended to be 0.5 for a 50-year design service period. 
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