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Abstract: 

 This paper presents an experimental investigation on mechanical and associated properties of 

seawater and sea sand concrete (SWSSC) filled glass fibre reinforced polymer (GFRP) and 

stainless steel (SS) circular tubes. A proper SWSSC mix was developed to achieve the target 

strength and desirable workability. A total of 24 stub columns, including hollow sections and 

SWSSC fully filled tubes or double-skin tubes, were tested under axial compression with the load 

applied to concrete and tubes simultaneously. The stress-strain curves of the core concrete indicate 

that concrete strength and ductility is enhanced due to the confinement effect. Discussion focuses 

on the influence of tube diameter-to-thickness ratio, outer tube types and inner tube types on 

concrete confinement. Capacity formulae are proposed to estimate the load carrying capacity of 

SWSSC fully filled SS or GFRP tubes, and that of double skin tubes with four combinations of 

inner and outer tubes, i.e. SS and SS, SS and GFRP, GFRP and GFRP and GFRP and SS.  
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Symbols 

Ac Cross-section area of concrete 

Acn Nominal concrete area 

Ai Cross-section area of inner tube 

Ao Cross-section area of outer tube 

As Cross-section area of steel tube 

Di Diameter of inner tube 

Do Diameter of outer tube 

Eh Elastic modulus of GFRP in hoop direction 

El Elastic modulus of GFRP in longitudinal direction 

Eo Initial elastic modulus of stainless steel 

fav,i Average stress for the inner tube  

f0.2 0.2% proof stress 

fc' Concrete strength 

fcc' Confined concrete strength 

fck Characteristic strength of concrete 

fl Confining stress 

fscy Nominal yielding strength of composite sections 

fun Nominal ultimate strength 

fy Yield strength (= f.0.2 for SS) 

fyi Yield strength of inner tube 

fyo Yield strength of outer tube 

L Specimen length 

Np Predicted capacity 

Nt Test capacity 

ti Thickness of inner tube 

to Thickness of outer tube 

Δ Axial end shortening 

εco Ultimate strain of concrete 

εcu Ultimate strain of confined concrete 

εuh Ultimate strain of GFRP in hoop direction 

εul Ultimate strain of GFRP in longitudinal direction 

χ Void ratio 

ν Poisson’s ratio 

ξ Confinement factor 

σres Residual stress of GFRP tube 

σu Ultimate strength of GFRP tube 

 

  



1 Introduction 

 Concrete-filled tubes (CFTs), which are composed of core concrete and encasing tubes, have 

been widely used in civil engineering, such as for high-rise buildings and bridge piers. CFTs 

exhibit large load-carrying capacity and good seismic performance mainly due to the confinement 

effect on core concrete provided by the encasing tube. Past researches (as summarised in [1]) have 

indicated that the circular tubes can provide substantial strength enhancement and ductility in 

comparison to the square or rectangular tubes. The confinement effect of circular CFT is 

considered in most of the current design codes. Based on the cross-section configuration, 

concrete-filled tubes can be divided into fully concrete filled tubes and concrete-filled double-skin 

tubes. 

  The increase in global population [2] has led to an increasing demand for resources (e.g. 

fresh water) and infrastructure (e.g. buildings, bridges). The huge demand of concrete, which is the 

most commonly used material for building infrastructure, is exacerbating the resource shortages 

(e.g. fresh water, river sand) and causing serious environmental impact (e.g. emission of CO2 

during the production of Portland cement). One solution to these problems is to utilize seawater, 

sea sand, and geo-polymers (e.g. slag, fly ash) to replace fresh water, river sand and ordinary 

Portland cement (OPC) respectively. Another benefit of using geo-polymers is that the expansion 

caused by alkali silica reaction (ASR), which potentially causes concrete cracking, is considerably 

less in geopolymer-based concrete than in OPC-based concrete [3]. The mechanical properties of 

alkali-activated seawater and sea sand concrete (SWSSC) are generally similar to those of 

conventional Portland concrete [4]. However, conventional carbon steel tubes are not suitable to 

provide confinement to SWSSC because of the highly corrosive condition caused by chloride ions 

of seawater in SWSSC itself [5]. Therefore, the stainless steel (SS) and fibre reinforced polymer 



(FRP) are adopted in this research due to their greater corrosion resistance.  

 Extensive studies have been conducted on concrete-filled carbon steel tubes (for fully filled 

tubes: e.g. [1, 6 to 9] ; for double-skin tubes: e.g. [10 to 13]). In recent years, there is an increasing 

interest in replacing carbon steel by stainless steel (SS) in marine environment due to its greater 

corrosion resistance. Several experimental investigations (e.g. [14 to 16]) have been conducted on 

fully concrete filled SS tubular columns, which indicate that the performance is quite good and 

current design codes are conservative for concrete-filled SS tubes. However, very little studies 

have been conducted on concrete-filled double-skin SS tubes [17].  

 As a promising material, fibre reinforced polymer (FRP) is now increasingly used in 

concrete-filled tubes. Several studies (e.g. [18, 19]) have been carried out on concrete-filled FRP 

wraps (with fibres exclusively oriented in hoop stress direction) and some stress-strain models 

have been proposed for the FRP wrap confined concrete [18, 20]. In recent years, some researchers 

(e.g. [21, 22]) also looked into fully concrete filled FRP tubes (with fibres oriented both in hoop 

and longitudinal directions) for the use of tubes as formwork. To the best of authors’ knowledge, 

only one experimental study [21] has been conducted on concrete-filled double-skin tubes (using 

specimens with FRP as both outer and inner tubes) but no study on concrete-filled double-skin 

tubes (FRP as outer and SS as inner tube) is reported. 

 This paper reports an overall experimental investigation on seawater and sea sand concrete 

(SWSSC) filled circular tubular columns, including SWSSC fully filled tubes and double-skin 

tubes with different combinations of tube materials (stainless steel (SS) or glass fibre reinforced 

polymer (GFRP)). Firstly, a proper SWSSC mix was developed to achieve the target strength and 

desirable workability. The material properties of stainless steel and GFRP were determined by 

standard tensile tests. Axial compressive test was conducted on a total of 24 stub columns, 



including SWSSC-filled SS tubes, SWSS-filled GFRP tubes and corresponding hollow section 

tubes. An understanding of comparative properties has been developed based on the existing 

theories and the test results of this study. Finally, new methods are proposed to estimate the 

strength of SWSSC-filled SS tubes and GFRP tubes. It is worthwhile to mention that this paper 

forms part of a large research program on hybrid SWSSC construction being carried out at Monash 

University in collaboration with The Hong Kong Polytechnic University and Southeast University, 

China. In the next stage, the SWSSC-filled tubes will be immersed in seawater for different 

durations to assess the influence of corrosive environment.   

2 Experimental investigation 

2.1 Specimens 

 A total of 24 circular stub columns, including 8 hollow tubes, 8 SWSSC fully filled tubes, and 

8 SWSSC-filled double-skin tubes, were prepared and tested in the present study. The specimens 

were made of seawater sea sand concrete (SWSSC), or stainless steel (SS) tube, and /or GFRP 

tubes. Four sizes of tubes (with nominal diameter of 50 mm, 101 mm, 114 mm, and 165 mm and 

with nominal thickness of 3 mm) were used for the specimens and the length of all the specimens 

was around 400 mm long which avoided the global buckling and the influence of end effect.  

 The dimensions of the test specimens are presented in Table 1, where the failure loads (Nt) are 

also given. The label of specimen consists of outer tube material (“S” for stainless steel and “F” for 

GFRP), outer tube nominal diameter (“50”, “101”, “114”, and “165”), inner tube material (only for 

double-skin tubes), inner tube nominal diameter (only for double-skin tubes), and cross-section 

type indicator (“H” for hollow section and “C” for concrete-filled section). For example, S114-C 

refers to fully SWSSC-filled stainless steel tube with Do of 114 mm, and S114-F50-C refers to 

SWSSC-filled double-skin tube with an outer stainless steel tube (Do of 114 mm) and an inner 



GFRP tube (Di of 50 mm). 

2.2 Material properties 

2.2.1 Seawater and sea sand concrete (SWSSC) 

 Alkali activated slag concrete with seawater and sea sand was used in this research. The 3% 

(percentage weight of slag) sodium meta-silicate activator, which is composed of 47% SiO2 and 36% 

Na2O, was pre-blended with slag in the dry form before mixing. The seawater and sea sand were 

obtained from Brighton beach in Melbourne. The chemical composition of the seawater is: Na 

(11940  mg/L), Mg (1430 mg/L), K (622 mg/L), Cl (20700 mg/L), SO4 (3420 mg/L), and that of 

the sea sand is (weight percentage): SiO2 (96.5%), CaO (1.3%), Cl (0.13%), SO4 (0.01%). Sieve 

analysis was carried out according to AS1141.11.1 [23] to determine the particle size distribution 

(PSD) of sea sand. The PSD for the sea sand in this study is compared in Fig. 2 with those of river 

sand and desert sand reported in Chuah et al. [24]. The fineness of sea sand is between those of 

river sand and desert sand. Another parameter to describe the fineness of sand is so-called fineness 

modulus which is an empirical factor obtained by adding the cumulative percentages of aggregate 

retained on each of the standard sieves ranging from 80 mm to 150 micron and dividing this sum 

by 100. The larger the fineness modulus, the coarser is the sand. The measured fineness modulus 

of the sea sand in the current study is 2.39, which is similar to that of some sea sand in China 

reported in Huang [25] with a fineness modulus ranging from 1.98 to 2.85 and in Nong [26] with a 

fineness modulus of 2.43. 

The coarse aggregate consisted of 14 maximum size basalts with a specific gravity of 2.95. In 

order to improve the concrete workability, 1% (percentage weight of slag) hydrated lime slurry 

was added with water. As a result, the slump of fresh concrete could reach 160 mm. The concrete 

mixture proportions are reported in Table 2 and the seawater-to-slag ratio is 0.53. 



 Six identical concrete cylinders with diameter of 100 mm and height of 200 mm were cast for 

measuring compressive strength. All the specimens and cylinders were cured in the curing 

chamber with relative humidity > 90% and temperature of 20°C before testing for 28 days. The 

averaged 28-day strength (fc’) was 31.4 MPa. 

2.2.2 Stainless steel (SS) 

 The SS tubes are 316 grade austenitic stainless steel in accordance with AS/NZS 4673 [27]. 

The ends of the tensile coupons were flattened in order to be gripped by the test machine. The 

tensile coupon test was conducted in accordance with AS 1391 [28] with a loading rate of 1.0 

mm/min. The averaged test data are summarised in Table 3, where f0.2 is 0.2% proof stress, fu is the 

ultimate strength. The averaged initial elastic modulus (Eo), total elongation and Ramberg-Osgood 

parameter (n) are 178 GPa, 55%, and 8.3 respectively. It should be noted that the f0.2, Eo, and n are 

determined based on strain gauges, which are attached on both the concave and convex sides of 

tensile coupons. The typical full-range stress-strain curve (from extensometer) and the stress-strain 

curve during the initial stage (from averaged strain gauge readings) are plotted in Fig. 3.  

2.2.3 Glass fibre reinforced polymer (GFRP) 

 The GFRP tubes were fabricated by filament winding process with different glass fibre 

orientations. Based on the manufacturer data, 20%, 40%, and 40% fibres were in the angles of 15°, 

±40° and ±75° with respect to longitudinal axis of tubes. Therefore, the GFRP tube can provide 

strength and stiffness in both hoop and longitudinal directions. 

 Tensile coupon test was conducted to evaluate the GFRP properties in longitudinal direction. 

As the ends of coupon were not flat, two sets of gripping pieces made of aluminum were used to 

ensure the gripping head of test machine did grip the coupon specimen tightly (Fig. 4 (a)). A total 



of 4 strain gauges were attached at the middle part of each coupon: on the convex and concave 

sides, as well as in the longitudinal and transverse directions. The averaged stress-strain curve is 

shown in Fig. 5, in which the strain is the averaged value of longitudinal strain gauge readings on 

both sides. As shown in Fig. 5, the stress-strain curves display certain nonlinearity after the strain 

exceeds 0.003 which is mainly caused by the failure of resin matrix. The results of tensile 

coupon tests are summarised in Table 4, in which ful is the ultimate strength, El is the elastic 

modulus calculated based on ASTM-D3039 [29], ν is Poisson’s ratio, and εul is the ultimate 

strain.  

The hoop strength of GFRP tubes was obtained using the “disk-split” method, which is similar to 

the test method used in ASTM D2290 [30]. Two 13 mm wide rings were cut from each size of 

GFRP tubes. The test setup is shown in Fig. 4 (b), which consisted of U-shaped headers and 

semi-circular steel cylinders with the same curvature as the tested rings. All the rings failed at the 

gap area between the semi-circular cylinders. 

In order to obtain the elastic modulus, 3 strain gauges were installed on the test rings, among 

which one was centered at gaps, and the others were located at 25 mm and 50 mm away from the 

gap. Due to the bending effect around the gap, the strain gauge reading around the gap may not be 

reliable. Hence the strain is taken as the averaged reading of the other two strain gauges away from 

the gap for generating stress-strain curves in Fig. 5 (in which the stress was obtained by dividing 

the applied force by twos times the cross-section area of the GFRP ring. Fig. 5 shows the 

stress-strain curve in hoop direction to have less nonlinearity than that in longitudinal direction. 

The ultimate strength of GFRP in hoop direction (fuh) is reported in Table 4. The average elastic 

modulus (Eh) in hoop direction is 25.2 GPa, which is higher than that in longitudinal direction 

(20.1 GPa) and the average ultimate strain (εuh) in hoop direction is 0.014, which is lower than that 



in longitudinal direction (0.019). 

2.3 Mechanical test setup 

The concrete-filled specimens were tested on a 5000 kN capacity Amsler machine, whilst all 

the hollow section specimens were tested on a 500 kN capacity Baldwin machine. The axial 

compressive load was directly applied on the specimens. For concrete-filled specimens, cement 

paste was used to fill the gap caused by concrete shrinkage to assure the load was simultaneously 

applied on both tube and concrete. The loading rate is 0.5 mm/min with displacement control. 

Three linear variable displacement transducers (LDVTs) were equally placed around tested 

tubes and their averaged data were used to estimate the axial end shortening.  Three longitudinal 

and three circumferential strain gauges were affixed to all columns at mid-height. All the loads, 

displacements and strains were automatically recorded by a data acquisition system. A typical test 

setup illustration is shown in Fig. 6. 

2.4 Test results 

2.4.1 Hollow sections 

 The failure modes of stainless steel hollow section under axial compression were slightly 

different due to the differences in the length-to-diameter ratios (L/Do) and diameter-to-thickness 

ratios (Do/t). Specimen S50-H, being the most slender specimen, failed by both global and local 

buckling, while the other specimens failed only by local buckling (e.g. S114-H shown in Fig. 7).  

 A comparison of stress-strain curves of hollow sections and tensile coupons is shown in Fig. 8, 

in which the strain for hollow sections is based on the ratio of axial end shortening to specimen 

length, whereas the strain for tensile coupons is the averaged strain gauge readings. Because of the 

occurrence of global buckling, specimen S50-H could not fully utilize its strength and failed much 

earlier than the other specimens. As shown in Fig. 8, with the increase of diameter-to-thickness 



ratio (i.e. from S101-H to S165-H), the strain corresponding to peak load decreases as the section 

becomes more slender. During the initial stage (strain < 0.5%), the stress-strain curves of hollow 

sections (except S50-H) and tensile coupons are fairly close to each other. Then, the increase in 

load of hollow section became lower than that of tensile coupons as the elastic-plastic local 

buckling happened.  

 Fig. 9 shows the stress-strain curves for GFRP tubes under axial compression. The load 

increased linearly until the local buckling (mainly caused by fibre’s buckling) along the 

longitudinal direction near the ends. After this sudden failure, the GFRP hollow section still 

had a residual strength and could sustain the load until the axial strain reached about 8%. 

Based on the stress-strain curves of tested specimens, a simplified stress-strain model of 

GFRP hollow section is proposed in Fig. 10, in which σu is the ultimate compressive strength, 

εu is the ultimate strain and σres is the residual strength. The ultimate compressive strength, 

ultimate strain and residual strength of the hollow sections are summarised in Table 5 and the 

average tensile strength (ful) of GFRP coupons are also given in Table 5. As shown in Table 5, 

the ultimate compressive strength is slightly lower than the tensile strength of GFRP due to 

the influence of local buckling.

2.4.2 SWSSC-filled tubes 

 Based on the material type of tubes, the SWSSC-filled tubes are divided into two groups: 

concrete-filled stainless steel tubes and concrete-filled GFRP tubes. Each group includes both 

fully filled tubes and double-skin tubes. All the load-axial strain curves are summarised in Fig. 

11. In general, the bilinear response of SWSSC-filled GFRP tubes is much more obvious than 

that of SWSSC-filled SS tubes, while SWSSC-filled SS tubes display much higher ductility. 

 The failure modes for concrete-filled stainless steel tubes (except S50-C) was an outward 



folding failure mechanism (local buckling) as shown in Fig. 12 (a-b), which are in agreement 

with other researchers’ observation (e.g. [14, 16]). Due to the large length-to-diameter ratio 

(L/Do), specimen S50-C failed by global and local buckling. For double-skin tubes (SS as 

outer and GFRP as inner tube), there are sudden drops of applied load due to the buckling of 

inner GFRP tube (Fig. 12 (c). The load-strain curves for SWSSC-filled SS tubes indicate that 

after reaching peak load, the tubes can still sustain the load which displays high ductility (Fig. 

12 (a-c)). The test was terminated due to the limited stroke of test machine (about 60 mm). It 

is necessary to mention that there is obvious load drop after peak load for double-skin tubes 

with large void ratio (e.g. S165-S101-C) as a result of buckling of the inner tube. As shown in 

Fig.12 (a-c), similar behaviour is found in stress-strain relationship for fully filled tubes and 

double-skin tubes (except the bulking of the inner GFRP tube). 

 The failure of SWSSC-filled GFRP tubes was caused by the GFRP tube rupture in hoop 

direction (Fig. 12 (d-e)). Before reaching the ultimate load, the GFRP tube first buckled in 

longitudinal direction, which led to a sudden drop of applied load. Based on the test 

observation, the buckling of the inner GFRP tube in SWSSC-filled double-skin tubes took 

place earlier than that of outer GFRP tube. It should be mentioned that the GFRP tube 

buckling in longitudinal direction happened more than once during the loading process (as 

indicated by the load-strain curves in Fig. 12 (d-e)). There is not much difference in the shape 

of stress-strain curves for fully filled tubes and double-skin tubes. Compared to 

SWSSC-filled stainless steel tubes, the ultimate strain of SWSSC-filled GFRP tubes is much 

lower and they display a “brittle” behaviour. 

 As shown in Fig. 10 (a), the load-strain curves of SWSSC-filled stainless steel tubes in 



this research did not exhibits much strain-hardening responses. These load-strain curves can 

be classified as “Type B” curve based on Uy’s research [16] and the tested failure load (Nt) is 

taken as the first peak load during the test. The tested failure load of SWSSC-filled GFRP 

tube is the maximum load during the test, which is also the load at which GFRP tube rupture 

happens. The tested failure loads of all specimens are summarised in Table 1. 

3 Discussion 

3.1 Axial strain 

 The axial strain can be obtained in two ways: (1) the averaged reading from axial strain 

gauges at mid-height (called “localised strain”, ε) and (2) the ratio of axial end shortening to 

specimen length (called “overall strain”, Δ/L). The localised strain can represent the strain of 

outer tubes and the overall strain can be regarded as the average strain throughout the whole 

length of the specimen. The latter is closer to the strain of confined concrete.  

 Comparisons of the localised strain and the overall strain of some specimen 

configurations of SS and GFRP are summarised in Fig. 13, which also consists the 

corresponding non-dimensional load (a ratio of applied load to the maximum load) versus 

strain (N/Nt-ε) curves. Fig.13 indicates that: (1) at the initial loading stage, because of the 

possible gaps between loading plate and specimen end, the value of Δ/L can be much higher 

than ε; (2) when stainless steel tube is experiencing large deformation, such as elephant foot, 

Δ/L is much higher than ε; (3) For specimens containing GFRP tubes, once GFRP tube 

buckles, the Δ/L is much different from ε. As shown in Figure 13, the value of (/L)/ε is more 

or less around 1.0 after the initial loading stage and before the collapse of the specimen. 

 The overall strain (Δ/L) is adopted as the axial strain of specimens throughout this paper. 



Nevertheless, it should be emphasised that the axial strain probably cannot represent the real 

strain of confined concrete after experiencing large deformation. 

3.2 Ultimate strain of GFRP tube 

 The ultimate longitudinal strain is taken as the overall strain at which first buckling 

appeared in GFRP tube in longitudinal direction and the results are summarised in Table 6. 

Except specimen S114-F50-C, the ultimate longitudinal strain of GFRP inner tube is in good 

agreement with that of corresponding hollow sections. For fully filled tubes, the ultimate 

longitudinal strain of GFRP tube is slightly higher than that of corresponding hollow sections. 

The ultimate longitudinal strain of GFRP outer tube in double-skin tubes is much higher than 

that of corresponding hollow sections. It is believed that the filled-in concrete can delay the 

occurrence of local buckling of GFRP outer tubes. Furthermore, the stress condition in the 

tubes probably also affects the local buckling. The GFRP inner tube is under longitudinal 

compression and hoop compression, while the outer tube is under longitudinal compression 

and hoop tension.  

 The ultimate hoop rupture strain of GFRP tube is taken as the averaged reading of 

strain gauges in hoop direction and the results are summarised in Table 7, in which the 

rupture strain obtained from material test (disk-split test) is also listed. The ultimate hoop 

rupture strain of GFRP tube agrees well with that from disk-split test. This conclusion is 

different from that for concrete-filled FRP wraps, in which FRP hoop rupture strain in 

confined cylinders is much lower than that from flat coupon test [31]. The reason for the 

difference is that the hoop strength of GFRP tube in the present study is obtained by 

disk-split test on GFRP rings whereas the hoop strength of FRP wrap [31] was from flat 



coupon test. 

3.3 Axial stress-strain curves of concrete 

3.3.1 Load distribution 

 It is well known that due to the bi-axial stress condition, the confined concrete strength 

(fcc’) is higher than that of unconfined concrete strength (fc’). In order to discuss the 

confinement effect, the stress-strain curves of the concrete should be determined. As the tubes 

and concrete resist the applied load simultaneously, the load distribution among them will be 

first discussed here. 

 The load carried by the concrete is assumed equal to the difference between the applied 

load and the load carried by the tubes at the same strain. The load carried by stainless steel 

tube can be determined based on the stress-strain curve of corresponding hollow sections. If 

the strain of the concrete-filled tubes exceeds ultimate strain of corresponding hollow 

section, the load carried by stainless steel tube is assumed to be equal to the ultimate load of 

corresponding hollow section (as shown in Fig. 14). The load carried by the outer GFRP 

tube is calculated by multiplying the secant elastic modulus (obtained from GFRP hollow 

section test, 17.3GPa) with axial strains of GFRP tube (from strain gauges). The load 

carried by the inner GFRP tubes is determined by the simplified stress-strain model (Fig. 10) 

of corresponding hollow sections. The load distribution curves of typical test specimens are 

plotted in Fig. 15. 

 The specimen S50-H failed by global and local buckling, but the global buckling of 

inner SS tube with diameter of 50 mm in specimen S114-S50-C and F114-S50-C was 

avoided due to the filled-in concrete. Therefore, the stress-strain curves of S50-H cannot be 



used to calculate the load distribution in S114-S50-C and F114-S50-C. For specimen F50-C 

and F114-C, the strain gauges went out of function before specimen reaching peak load. The 

stress-strain curves of specimen S50-C, S114-S50-C, F114-S50-C, F50-C and F114-C are 

excluded in the discussion.    

 The stress in the concrete is equal to the load resisted by concrete divided by concrete 

area. It is emphasized that because the load in tube is derived from axial strain and the 

buckling of GFRP tube led to a sudden drop of applied load, the stress-strain curves in 

concrete are probably not accurate enough. Nevertheless, the relative comparison between 

them is still helpful in understanding the influence of some key parameters on the behaviour 

of confined-concrete. 

3.3.2 Effects of tube diameter to thickness ratio 

 As shown in Fig. 16, with the increase of tube diameter to thickness ratio, the concrete 

stress to unconfined concrete strength ratio (σc/fc’) decreases. This is consistent with previous 

findings [1], i.e. the increase of tube diameter to thickness ratio can lead to the decrease of 

confining pressure acting on the concrete, which decreases the confined concrete strength. 

Fig. 16 also indicates that the concrete enhancement caused by SS tube is slightly lower than 

that by GFRP tube, but the confinement lasts for larger axial strain. 

3.3.3 Effects of outer tube types 

 As shown in Fig. 17, the types of outer tube (SS tube or GFRP tube) can obviously affect 

the shape of σc/fc’-strain curves. The strength enhancement caused by GFRP tube is more 

significant than that by stainless steel tube, but the ultimate strain in SWSSC-filled GFRP 

tube is much lower than that in SWSSC-filled stainless steel tube. The σc/fc’-strain behaviour 



of SWSSC-filled GFRP tube is generally characterised by a bilinear response. When the 

expansion of concrete exceeds that of GFRP tube, the GFRP tube is fully activated in 

confinement and the confining pressure increases continually until the hoop rupture of GFRP 

tube. This kind of confinement effect is called as “active confinement effect”. The behaviour 

of SWSSC-filled stainless steel tube is slightly different. After the stainless steel tube reaches 

yielding strength (0.2% proof strength), the increase of confining pressure slows down (for 

carbon steel with yielding plateau, the confining pressure will keep constant). This kind of 

confinement effect is called as “passive confinement effect”. The different confinement 

behaviour of stainless steel tube and GFRP tube is substantially attributed by their different 

material properties. 

3.3.4 Effects of inner tube types 

 The inner tube in SWSSC-filled double-skin tubes can effectively restrain the inward 

expansion of the concrete. Research by Fam & Rizkalla [21] indicated that the addition of 

inner tube could enhance the confinement effect.  

 As mentioned before, the buckling of inner GFRP tube can cause a sudden drop of 

applied load and the type of inner tube can affect the shape of load-strain curves (as shown in 

Fig. 18). Fig. 18 shows that when the outer tube is GFRP the influence of inner tube type is 

negligible. However, when the outer tube is stainless steel, the ultimate stress is similar, but 

the inner SS tube will result in a much more ductile behaviour than that with GFRP inner tube. 

4 Capacity prediction of SWSSC-filled tubes 

4.1 Capacity prediction of SWSSC fully filled stainless steel tubes 

 Extensive research has been conducted on concrete-filled carbon steel tubes [1]. A design 



method was documented in detail by Han et al [32] where a confinement factor (ξ) was 

adopted to address the passive confinement of carbon steel tube on concrete. The term ξ can 

be determined by Eq. (1):                                                                                                          
where As is the cross-section area of steel tube, fy is the yield strength of steel, Ac is the 

cross-section area of concrete, fck is the characteristic strength of concrete. As given in [32], 

the predicted load carrying capacity (Np) of concrete-filled circular stub columns can be 

determined by Eq. (2) and Eq. (3):                                                                                                                                                                                 
where fscy is the ”nominal yielding strength” of composite sections. The relationship between 

fscy and fck (i.e. Eq. (3)) is obtained by using the regression analysis method.  

 Comparison to carbon steel, the major difference of stainless steel is its rounded-shape 

stress-strain curves without obvious yielding plateau. Therefore Eq. (3) cannot be directly 

used to determine the capacity of concrete-filled stainless steel tube. Furthermore, in some 

countries (e.g. US, Australia), the concrete cylinder strength (fc’) is more widely used in 

design than concrete characteristic strength (fck).  

 Eq. (1) can be rewritten as:                                                                                                    

and the new relationship between fscy/fc’ and ξ is obtained by regression analysis method. The 

test data used in regression analysis [14, 15, 16, 33] are summarised in Table 8. The 

regression analysis result is summarised in Fig.19. Therefore the compression capacity of 



circular concrete-filled stainless steel stub column can be determined by Eq. (5) and Eq. (6):                                                                                                                                                                       

The comparison between the test capacity Nt and predicted capacity by this modified 

method is shown in Fig. 20 for all the data collected. As shown in Fig. 20, the modified 

method can estimate the capacity accurately with an error generally less than 15%. The 

comparison for SWSSC filled SS tubes is shown in Table 9, which suggests a good agreement. 

4.2 Capacity prediction of SWSSC-filled double-skin tubes (SS as the outer tube) 

 The studies on concrete-filled double-skin stainless steel tube are rather limited. Han et al. 

[17] investigated the behaviour of double skin tubes with SS as the outer tube and carbon steel 

as the inner tube. They found that the outer tube behaves like a tube fully filled with concrete, 

whereas the inner tube behaves like an empty one without local buckling when the void ratio 

(χ) is less than 0.8. This is similar to that observed for double skin tubes with carbon steel as 

both outer and inner tubes [34]. A design capacity model was presented in [17] for double 

skin tubes, which is a summation of the capacity of outer steel tube with sandwiched concrete 

and the capacity of inner tube. The formulae in [17] are adopted here with some modifications, 

i.e. replacing fck by fc’ and replacing the term (1.14+1.02ξ) by (1.14+1.4ξ) as derived in 

Section 4.1.2 of this paper.  

The modified formulae are listed below:                                                                                                                                                                                                                                                                                    



                                                                                                                                                                                                                                                                                                                            
where Ao is the outer tube cross-section area, Ac is the concrete area, Ai is the inner tube 

cross-section area, Acn is the nominal concrete area (=πDo
2
/4), fyo is the yield strength of the 

outer tube (f0.2 for stainless steel), fyi is the yield strength of inner tube (f0.2 for stainless steel or 

residual strength, σres for GFRP defined in Fig. 10), fc’ is the concrete strength and χ is the 

void ratio. 

 A comparison between the test results and prediction using Eq. (7-12) is summarised in 

Table 10. As shown in Table 10, the modified formula can be extended to estimate the 

capacity of double skin tubes with SS as the outer tube and SS or GFRP as the inner tube.  

4.3 Capacity prediction of SWSSC-filled GFRP tubes 

4.3.1 Existing model for FRP-confined concrete  

 Teng et al. [20] proposed a design-oriented stress-strain model for FRP-confined 

concrete. This model has been widely adopted by other researchers. Teng’s model consists of 

a parabolic portion followed by a linear portion. This model allows the effects of confinement 

stiffness and the jacket strain capacity to be separately reflected in both the axial strain and 

the compressive strength equations. It accounts for the effect of confinement stiffness 

explicitly instead of having it reflected only through the confinement ratio [20]. More details 

of this model can be found in Teng et al. [20].  

A comparison between the stress-strain curves determined by Teng’s model and test 

results of fully SWSSC-filled GFRP tube is shown in Fig. 21. The predicted ultimate stress, 



ultimate strain and the test results are also reported in Table 11, in which fcc’ and εcu are the 

ultimate strength and strain of confined concrete, fc’ and εco are the corresponding values of 

unconfined concrete. As shown in Fig. 21, there is obvious difference between the model 

prediction and test results: the stress-strain curves from tests are lower than that from Teng’s 

model. Table 11 indicates that Teng’s model over-estimates the ultimate stress, whereas the 

ultimate strain prediction is reasonable. It should be noted that Teng’s model was derived 

from FRP-confined concrete where all the FRP fibres were in the hoop direction, whereas in 

the current tests, 20%, 40%, and 40% fibres are in the angles of 15°, ±40° and ±75° with 

respect to longitudinal axis of GFRP tubes. It is worthwhile to mention that a similar study 

recently carried out by Zhang et al. [22] indicated that Teng’s model can predict the 

stress-strain response of concrete confined by FRP tubes that had strength in both 

longitudinal and hoop directions. However, the ratio of hoop strength to longitudinal strength 

of FRP in Zhang et al.’s test [22] (fuh/ful=6.8) is much higher than that in this research 

(fuh/ful=1.4).  

  4.3.2 Proposed capacity formulae 

 As discussed in previous section, because the longitudinal strength of GFRP tube cannot 

be ignored, Teng’s model is not appropriate to estimate the ultimate capacity of 

concrete-filled GFRP tubes. Therefore, it is necessary to propose a new method to determine 

the capacity of concrete-filled GFRP tubes. 

 The formulae to determine the capacity of concrete fully filled GFRP tubes are listed 

below:                                                                                      



                                                                                                                                                                                    
where Ac is the concrete area, Ao is the FRP tube cross-section area, ful is the longitudinal 

strength of FRP, fuh is the hoop strength of FRP, fc’ is the concrete strength, to is the thickness 

of outer FRP tube, Do is the diameter of outer FRP tube, fl is the confining pressure, and fun is 

the nominal ultimate strength. The expression in Eq. (14) is determined by regression analysis 

of test data from Fam and Rizkalla’s test [21], Zhang et al.’s test [22] and the current paper.  

A comparison between the predicted capacity and test capacity for all the existed data is 

summarised in Fig. 23 (the double-skin tubes in section 4.4 are also included). A reasonable 

agreement is found. Table 12 summarizes the comparison of capacity obtained by this new 

method and the current test results. The averaged ratio of test capacity to predicted capacity 

(Np/Nt) ratio is 0.99 with coefficient of variation (COV) of 0.03. 

4.4 Capacity prediction of SWSSC-filled double-skin tubes (GFRP as the outer tube) 

4.4.1 Existing model 

Yu et al. [35] applied Teng’s model [20] to concrete in hybrid FRP-concrete-steel 

double-skin tubular columns (referred as “modified Teng’s model” in this paper). Based on 

their research, the compressive strength of confined concrete is mainly dependent on the 

confinement stiffness and the FRP rupture strain but not the void ratio. They also found that 

the ultimate axial strain is related to void ratio and proposed a modified version to calculate 

the ultimate axial strain of the confined concrete. 

A comparison between the stress-strain curves determined by the modified Teng’s model 

and test results is shown in Fig. 24. The predicted ultimate stress, ultimate strain and the test 



results are also reported in Table 13. As shown in Fig. 24, similar to fully filled tubes, there is 

obvious difference between the model prediction and test results: the stress-strain curves from 

tests are lower than those from modified Teng’s model. Table 13 indicates that Teng’s model 

over-estimate the ultimate stress, whereas the ultimate strain prediction is reasonable. This is 

consistent with that observed for fully filled GFRP tubes described in Section 4.3.1 of this 

paper.  

4.4.2 Proposed capacity formulae 

For concrete-filled double-skin tubes, based on an earlier study [35] on concrete-filled 

double-skin FRP wraps, it is assumed that the capacity of double-skin tubes consists of the 

capacity of outer tube with sandwiched concrete and the capacity of inner tube. Therefore the 

capacity of SWSSC-filled double-skin GFRP tubes (GFRP as the outer tube) can be 

determined by:                                                                                                                                                                                       
where Nco is the capacity of outer tube with sandwiched concrete, which can be determined by 

Eq. (15), Ni is the capacity of inner tube. Because of the inner tube is surrounded by concrete, 

SS inner tube can reach stresses higher than the yield stress (f0.2) and GFRP inner tube can 

reach stresses higher than the residual stress (σres). For SS inner tube, an average stress 

between the yield stress (f0.2) and the ultimate strength (fu) is adopted, i.e. fav,i in Eq. (17) is 

taken as (f0.2+fu)/2. For GFRP inner tube, an average stress between the residual stress (σres) 

and the ultimate strength (ful) is adopted, i.e. fav,i in Eq. (17) is taken as (σres +ful)/2. 

Table 14 summarizes the comparison of capacity obtained by this new method and test 



results in the present study. A reasonable agreement (within 7% on average) is achieved.  

5 Conclusions 

 This paper presents an experimental investigation on seawater and sea sand concrete 

(SWSSC) filled glass fibre reinforced polymer (GFRP) and stainless steel (SS) circular tubes. 

A total of 24 stub columns, including hollow SS or GFRP tubes, SWSSC fully filled tubes and 

double-skin tubes, were tested under axial compression with the load applied to concrete and 

tubes simultaneously. The following observations and conclusions are made based on limited 

experimental data.  

1. The proposed SWSSC mix achieved a compressive strength  31 MPa with desired 

workability for fully filled tubes and double skin tubes. 

2. The ultimate hoop rupture strain of GFRP tube agrees well with that from disk-split 

test. The ratio of hoop strength to longitudinal strength of GFRP in this paper is about 

1.4. 

3. The behaviour of SWSSC-fully filled SS tubes is similar to that of double skin tubes 

with SS as the outer tube. They are much more ductile than SWSSC-fully filled GFRP 

tubes and double skin tubes with GFRP as the outer tube. 

4. The concrete enhancement caused by SS tube is slightly lower than that by GFRP tube, 

but the confinement lasts for larger axial strain. When the outer tube is GFRP the 

influence of inner tube type on concrete confinement is negligible. However, when 

the outer tube is stainless steel, the ultimate stress is similar, but the inner SS tube will 

result in a much more ductile behaviour than that with GFRP inner tube. 



5. Capacity formulae were proposed to estimate the load carrying capacity of SWSSC 

fully filled SS or GFRP tubes, and that of double skin tubes with four combinations of 

inner and outer tubes, i.e. SS and SS, SS and GFRP, GFRP and GFRP and GFRP and 

SS. Reasonable agreement with experimental data has been achieved. 

Research is being conducted on the durability of SWSSC-filled SS tubes and FRP tubes. 
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Tables 

 

Table 1 Details of specimens 

 

Specimen 
Outer tube (mm) Inner tube (mm) Nt 

(kN) Do to Mat. Di ti Mat. 

S50-H 47.9 2.79 SS N/A N/A N/A 118 

S101-H 101.2 2.81 SS 
   

335 

S114-H 114.0 2.86 SS 
   

355 

S165-H 168.3 3.23 SS 
   

545 

F50-H 51.2 3.20 GFRP 
   

98 

F101-H 100.2 2.94 GFRP 
   

199 

F114-H 115.3 3.03 GFRP 
   

206 

F165-H 158.0 2.96 GFRP 
   

213 

S50-C 47.9 2.77 SS 
   

199 

S101-C 101.2 2.83 SS 
   

729 

S114-C 113.9 2.88 SS 
   

800 

S165-C 168.2 3.15 SS 
   

1522 

F50-C 51.1 3.07 GFRP 
   

244 

F101-C 100.1 3.13 GFRP 
   

670 

F114-C 115.2 3.13 GFRP 
   

813 

F165-C 158.2 3.14 GFRP 
   

1336 

S114-S50-C 114.5 2.87 SS 47.9 2.73 SS 909 

S165-S101-C 167.8 3.18 SS 101.2 2.80 SS 1409 

S114-F50-C 114.2 2.95 SS 51.2 3.20 GFRP 799 

S165-F101-C 168.4 3.22 SS 100.3 3.06 GFRP 1167 

F114-S50-C 114.8 2.91 GFRP 47.9 2.82 SS 795 

F165-S101-C 158.0 2.92 GFRP 101.8 2.91 SS 880 

F114-F50-C 114.7 2.93 GFRP 51.3 3.09 GFRP 872 

F165-F50-C 158.3 3.13 GFRP 100.3 3.13 GFRP 1301 

  



 

Table 2 Concrete mixture 

 

Constituents 

weight 

(kg/m
3
) 

Slag 360 

Seawater 190 

Sea sand 830 

Coarse aggregate 1130 

Sodium 

meta-silicate 38.4 

Hydrated lime slurry 14.4 

 

  



 

Table 3 Tensile coupon test results of stainless steel 

 

Tube 
f0.2 

(MPa) 

fu 

(MPa) 

503 306.8 618.2 

1013 324.4 647.2 

1143 270.3 579.4 

1653 280.1 575.3 

 

  



 

Table 4 Material properties of GFRP 

 

Tube size 

Longitudinal direction  Hoop direction 

ful (MPa) εul El (GPa) ν  fuh (MPa) 

503 242.4  0.020 23.2  0.32   272.9  

1013 229.3  0.026  18.7  0.30   368.0  

1143 211.7  0.018  19.2  0.33   328.3  

1653 186.8  0.012  20.7  0.32   266.0  

Mean 217.6 0.019  20.1  0.32   308.8 

COV 0.11 0.31  0.10  0.08   0.16 

  



Table 5. Test results of GFRP hollow sections 

 

Specimen σu (MPa) εu σres (MPa) ful average (MPa) 

F50-H 202.9 0.012 111.6 

217.6 
F101-H 221.4 0.012 53.9 

F114-H 192.5 0.011 43.7 

F165-H 148.1 0.009 32.6 

 

  



Table 6. Ultimate longitudinal strain of GFRP tube 

 

Specimen Inner  

Tube 

Corresponding  

hollow section 

Ratio of 

inner to 

hollow 

Outer 

tube 

Corresponding  

hollow section 

Ratio of 

outer to 

hollow 

F50-C N/A N/A N/A 0.015  0.012  1.26 

F101-C N/A N/A N/A 0.012  0.012  1.00 

F114-C N/A N/A N/A 0.014  0.011  1.26 

F165-C N/A N/A N/A 0.011  0.009  1.26 

F114-F50-C 0.012  0.012  1.00 0.018  0.011  1.62 

F165-F101-C 0.013  0.012  1.08 0.024  0.009  2.79 

S114-F50-C 0.019  0.012  1.62 N/A N/A N/A 

S165-F101-C 0.010  0.012  0.78 N/A N/A N/A 

F114-S50-C N/A N/A N/A 0.016  0.011  1.38 

F165-S101-C N/A N/A N/A 0.021  0.009  2.47 

  

  



Table 7 Ultimate hoop rupture strain of GFRP tube 

 

Specimen Outer 

tube 

F101-C 0.013  

F165-C 0.013  

F114-F50-C 0.012  

F165-F101-C 0.008  

F114-S50-C 0.012  

F165-S101-C 0.014  

Average hoop strain from 

disk-split test 

0.014  

 

  



Table 8 Test data of concrete-filled stainless steel tube for regression analysis 

 

Do/to 
f0.2  

(MPa) 

fc' 

(MPa) 

No. of 

specimens 
Reference Notes 

64-102 259-320 20, 30 7 Uy et al. 2011 [16] 
Only "type B" 

specimens 

19, 52 266, 412 31-65 6 Lam & Gardner 2008 [14] 

"Ntest(5%)" is 

used as tested 

capacity 

59 340 38-42 4 Tam et al. 2014 [15] 

Recycled 

aggregate were 

used 

68 287-293 44-50 7 Yang & Ma 2013 [33] 

Recycled 

aggregate were 

used 

36-53 270-324 31.4 3 This paper 
 

 

  



Table 9 Comparison between experimental capacity and estimated capacity for SWSSC 

filled stainless steel tubes  

  

Data Specimen 
Nt  

(kN) 

Np 

(kN) 
Np/Nt 

This 

paper 

S101-C 729 734 1.01  

S114-C 800 786 0.98  

S165-C 1522 1487 0.98  

Mean 
  

0.99  

COV 
  

0.01  

All the data  

listed in Table 8 

Mean   1.00  

COV   0.13  

 

  



Table 10 Capacity comparison for concrete-filled double-skin tubes (stainless steel as 

the outer tube) 

 

Specimen fyo (MPa) fyi (MPa) fc' (MPa) χ ξ Nt (kN) Np (kN) Np/Nt 

S114-S50-C 270.3 306.8 31.4 0.42  0.93  909  803 0.88  

S165-S101-C 280.1 324.4 31.4 0.60  0.72  1409  1352 0.96  

S114-F50-C 270.3 113.6 31.4 0.45  0.96  799  731 0.91  

S165-F101-C 280.1 53.9 31.4 0.60  0.72  1167  1143 0.98  

Mean        0.93  

COV        0.04  

 

  



Table 11 Comparison of ultimate stress and strain from Teng’s model and test results 

 

Specimen 
Teng's model  Test  Test/Teng's model 

fcc’/fc’ εcu/εco  fcc’/fc’ εcu/εco  fcc’/fc’ εcu/εco 

F101-C 3.4 19.8  2.2 17.7  0.64  0.90  

F165-C 2.4 14.1  1.8 14.0  0.77  1.00  

Mean 
  

 
  

 0.71  0.95  

COV 
  

 
  

 0.09  0.05  

 

 

 

 

 

 

  



Table 12 Comparison between new method and test results for fully filled GFRP tubes 

 

Specimen 
ful  

(MPa) 

fuh 

(MPa) 

 fc’ 
(MPa) 

χ 
fl 

(MPa) 

Nt 

(kN) 

Np 

(kN) 
Np/Nt 

 

F50-C 217.6  308.8   31.4  0 37.1  244 1.05 0.96 

F101-C 217.6  308.8   31.4  0 19.3  670 0.98 1.03 

F114-C 217.6  308.8   31.4  0 16.8  813 0.99 1.01 

F165-C 217.6  308.8   31.4  0 12.3  1336 0.97 1.03 

Mean 
  

 
    

0.99 

COV 
  

 
    

0.03 

  

  



Table 13 Comparison of ultimate stress and strain from Teng’s model and test results 

 

Specimen 
Teng's model  Test  Test/Teng's model 

fcc’/fc’ εcu/εco  fcc’/fc’ εcu/εco  fcc’/fc’ εcu/εco 

F114-F50-C 2.9 19.0  2.3 18.8  0.81  0.98  

F165-F101-C 2.4 17.0  1.5 15.9  0.65  0.93  

F114-S50-C 2.8 18.7  2.1 16.9  0.75  0.90  

F165-S101-C 2.3 16.3  1.6 18.7  0.72  1.15  

Mean 
  

 
  

 0.73  0.99  

COV 
  

 
  

 0.08  0.10 

 

  



Table 14 Comparison between new method and test results for double-skin tubes 

(GFRP as the outer tube) 

 

Specimen 
Outer (MPa) fyi  

(MPa) 

fc’ 
(MPa) 

χ 
fl 

(MPa) 

Nt  

(kN) 

Np 

(kN) 
Np/Nt 

ful fuh 

F114-F50-C 217.6  308.8  164.6  31.4  0.45 15.7  795 688 0.87 

F165-F101-C 217.6  308.8  135.8  31.4  0.63 12.2  880 893 1.01 

F114-S50-C 217.6  308.8  462.5  31.4  0.42 15.6  872 814 0.93 

F165-S101-C 217.6  308.8  485.8  31.4  0.64 11.4  1301 1160 0.89 

Mean 
        

0.93 

COV 
        

0.06 
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         (a) Tubes fully filled with concrete     (b) Concrete-filled double-skin tubes 

 

Fig. 1. Type of cross-sections 

 

  



 

 

 

 

 

Fig. 2. Particle size distribution curve 

 



 

 

Fig. 3. Typical stress-strain curves of tensile stainless steel coupon 

 

 

  



 

         (a) Tensile coupon test                    (b) Disk-split test 

 

Fig. 4. Test setup for measuring the material properties of GFRP



 

 

Fig. 5. Average stress-strain curves of tensile GFRP coupons



(a) Top view               (b) Front view                      (c) Photo 

 

Fig. 6. Test setup and instrumentation (e.g. S114-C)



 

                  (a) S50-H                            (b) S114-H                     

 

Fig. 7. Failure modes of stainless steel hollow sections



 

 

(a) Full range 

 

(b) Initial stage 

 

Fig. 8. Stress-strain curves comparison of hollow sections and tensile coupons  



 

 

 

Fig. 9. Stress-strain curves of GFRP hollow sections



 

 

 

Fig. 10. Simplified stress-strain model for GFRP hollow sections 



 

(a) SWSSC-filled stainless steel tubes (fully filled and double-skin with SS as the outer 

tube) 

 

(b) SWSSC-filled GFRP tubes (fully filled and double-skin with GFRP as the outer 

tube) 

 

Fig. 11 Load-strain curves of concrete-filled tubes



 

 

(a) Fully filled SS tubes 

 

(b) Double-skin tubes (SS as both inner and outer tubes) 



 

(c) Double-skin tubes (SS as the outer tube and GFRP as the inner tube) 

 

(i) 



 

(ii) 

 

(iii) 



 

(iv) 

(d) Fully filled GFRP tubes

 

(i) 



 

(ii) 

 

(iii) 



 

(iv) 

(e) Double-skin tubes (GFRP as the outer tube) 

 

Fig. 12. Load-strain curves and failure modes



 

 

(a) Hollow tubes 

 

(b) Fully filled SS tube and double-skin tube (SS as both inner and outer tubes) 



 

(c) Double-skin tube (SS as the outer tube and GFRP as the inner tube) 

 

(d) Fully filled GFRP tube and double-skin tube (GFRP as the outer tube) 

 

 Fig. 13. Comparison between overall strain (Δ/L) and localized strain (ε)



 

 

Fig. 14. Stress-strain model for stainless steel tube
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(ii) 



 

(iii) 

(a) Fully filled SS tubes 

 

(b) Double-skin tube (SS as both inner and outer tubes) 



 
(i) 

 

(ii) 

(c) Double-skin tube (SS as the outer tube and GFRP as the inner tube) 



 
(i) 

 

(ii) 

(d) Fully-filled GFRP tubes 



 

(i) 

 
(ii) 



 

(iii) 

(e) Double-skin tubes (GFRP as the outer tube) 

 

Fig. 15. Load distribution in typical specimens
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Fig. 16. Effects of tube diameter on σc/fc’-strain curves 



 

 

Fig. 17. Effects of the outer tube types on σc/fc’-strain curves



 

 

Fig. 18. Effects of the inner tube type on σc/fc’-strain curves



 

 

 

 

Fig. 19. Regression analysis of existed data



 

 

 

 

 

Fig. 20. Comparison between predicted capacity and test capacity 



 

 

Fig. 21. Comparison of stress-strain curves from Teng’s model and test results



 

 

 

 

Fig. 22. Regression analysis of available data



 

 

 

 

Fig. 23. Comparison between predicted capacity and test capacity
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Fig. 24 Comparison of stress-strain curves from modified Teng’s model and test results 


