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Introduction 
Many researchers have proposed the prediction model of 

concrete compressive behavior for each jacket material. 

Existing prediction models regard confining stress as a 

function of steel yielding strength for steel confinement and 

rupture stress/strain of FRP jacket and predict compressive 

strength by one variable function of confining stress. This 

study aims at finding the general model which considers every 

relationship between tension stress and strain of confining 

material. In this study, the applicability of the general model 

is examined by comparing predicted and experimental 

compression strength for the test data of concrete confined 

with steel hoops and FRP jackets. 

 

Concept of the model  
Figure 1 demonstrates the concept of the 3-dimentional 

geometrical approach. Three axes are defined as axial stress 

𝜎𝑐, lateral stress 𝜎𝑙 and lateral strain 𝜀𝑙. Target equation of this 

general model is the intersecting line of two planes: Curved 

plane referred to as Plane 1 which describes relationship 

between axial stress and lateral strain under constant lateral 

stress and straight plane perpendicular to the 𝜎𝑐-axis referred 

to as Plane 2 which describes lateral stress and strain 

relationship varying to tensile reaction of confining material. 

Mathematical expression of plane 1 is herein denoted as 

Equation (1), since the plane consists of stress-strain curves 

under constant confining pressure.  

𝑓(𝜎𝑐 , 𝜀𝑙, 𝜎𝑙  ) = 0 (1)  

Plane 2 is mathematically expressed as Equation (2). 

𝑔(𝜀𝑙, 𝜎𝑙  ) = 0 (2)  

 

To predict axial strain as well as lateral strain, axial stress-

strain relationships under constant confining pressure was 

depicted as shown in Figure 2. The plane for axial stress-axial 

strain relationships is herein called Plane 3. Axial strain can be 

solved when the other variables are known. 

 

Plane 1 and Plane 3 
Popovics [1] proposed the prediction of stress-strain 

curves of unconfined concrete with a stress-strain equation 

together with a set of equations to predict the peak stress (𝜎𝑐𝑐) 

and the corresponding strain ( 𝜀𝒄𝒄 ) of confined concrete. 

Popovics model describes the stress-strain curves of concrete 

through an energy balance approach as Equation (3). 

𝜎𝑐 = 𝜎𝑐𝑐

𝜀𝑐

𝜀𝑐𝑐

𝑛

𝑛 − 1 + (𝜀𝑐 𝜀𝑐𝑐⁄ )𝑛
 

(3)  

Where the constant n accounts for the brittleness of concrete 

and was originally given in the model as 𝑛 = 0.58𝑓′𝑐0 + 1 

where 𝑓′𝑐0  is compression strength of unconfined concrete. 

Mander et al. [2] proposed a unified stress-strain approach for 

confined concrete based on the model and the constant to be 

determined by Equation (4). 

𝑛 =
𝐸𝑐

𝐸𝑐 − 𝐸𝑐,𝑠𝑒𝑐

 
(4)  

Where 𝐸𝑐 is the tangent modulus of elasticity of the concrete, 

given by Equation (5). 

𝐸𝑐 = 5000√𝑓′𝑐0 
(5)  

And 𝐸𝑐,𝑠𝑒𝑐 is the secant modulus defined as Equation (6). 

𝐸𝑐,𝑠𝑒𝑐 =
𝜎𝑐𝑐

𝜀𝑐𝑐

 
(6)  

As reviewed by Wu and Wei [3], the equations to predict 𝜎𝑐𝑐 

and 𝜀𝑐𝑐 have been proposed by subsequent research in forms 

shown below: 

𝜎𝑐𝑐 = 𝜎𝑐0 + 𝐴𝜎𝑙
𝐵 

(7)  

𝜀𝑐𝑐 = 𝜀𝑐0 (1 + 𝐶
𝜎𝑙

𝜎𝑐0

) 
(8)  

𝜎𝑐: Axial stress 

𝜀𝑙: Lateral strain  

𝜎𝑙:  

Lateral stress  

𝜎𝑙-𝜀𝑙 Plane 

Intersecting line  

𝜎𝑐 -𝜀𝑙  Planes for 

different 𝜎𝑙 

Figure 2 Concept of the model 

Intersecting line 
with 𝜎𝑙 − 𝜀𝑙 

plane (Plane 2) 

𝜎𝑐 − 𝜀𝑙 plane  
(Plane 1) 

𝜎𝑐 − 𝜀𝑐 plane (Plane 3) 

Figure 1 Illustration of modeling outline 



 
Table 2 Summary of material propeties 

Where 𝜀𝑐0  is the corresponding strain to the unconfined 

concrete strength which generally can be assumed as 𝜀𝑐0 =
0.002. 

In this study, the following description of stress-strain in 

Equation (3) is applied for axial stress-lateral strain prediction: 

𝜎𝑐 = 𝜎𝑐𝑐

𝜀𝑙

𝜀𝑙𝑐

𝑚

𝑛 − 1 + (𝜀𝑙 𝜀𝑙𝑐⁄ )𝑚
 

(9)  

𝜀𝑙𝑐 = 𝜀𝑙0 (1 + 𝐷
𝜎𝑙

𝜎𝑐0
) 

(10)  

Where 𝜀𝑙𝑐 is the corresponding lateral strain to the unconfined 

concrete strength obtained experimentally. 

The constant n in axial stress-lateral strain space is given by 

Equation from (11) to (13). 

𝑚 =
𝐸𝑙

𝐸𝑙−𝐸𝑙,𝑠𝑒𝑐
  (11)  

𝐸𝑙 = 0.2𝐸𝑐 
(12)  

𝐸𝑙,𝑠𝑒𝑐 =
𝜎𝑐𝑐

𝜀𝑙𝑐
  (13)  

Equations (7), (8) and (10) was calibrated in this study to 

determinate four coefficients A, B, C and D. Table 1 

summarises the database used in regression analysis to 

calibrate equations. All the experimental test is tri-axial 

compression to concrete cylinder. 

 

Table 1 Database for model calibration 

Author Year 
No. of 

test 
𝑓′

𝑐0
 𝜎𝑙 (MPa) 

Imran et 

al. [4] 
1996 21 28.6-73.5 0-51.2 

Candapp

a [5] 
2001 4 41.9 0-12 

Sfer et al. 

[6] 
2002 12 

32.8, 

38.8 
0-60 

 

Parameters are calibrated with the test data using the least 

squares methods. A, B, C and D are 8.18, 0.75, 26 and 16, 

respectively. Figure 3 shows the comparison between the 

model and experimental result by Candappa. Model showed 

lower strength than experimentally observed, however it can 

show accurate shape of curve in axial stress-lateral strain and 

axial strain relationships.   

 
Figure 3 Experimental and modeled curves of plane 1 

 

Plane 2 
The lateral confining pressure is applied as the lateral 

strain increases. In confined concrete with circular sections, 

the lateral confining pressure (𝜎𝑙) is defined as follow: 

𝜎𝑙 =
2𝜎𝑠𝐴𝑠

𝐷𝑠
 (steel confined) 

(14)  

𝜎𝑙 =
2𝜎𝑓𝑟𝑝𝑡

𝐷
 (FRP sheet confined) 

(15)  

𝑓𝑓𝑟𝑝 = 𝐸𝑓𝑟𝑝𝜀𝑙  
(16)  

Where 𝜎𝑠 and 𝐴𝑠 are the tensile stress and cross-sectional area 

of hoop steel, respectively; 𝑠  is center to center spacing of 

hoop steel; 𝑡 , 𝜎𝑓𝑟𝑝 , 𝐸𝑓𝑟𝑝  are the thickness, tensile stress and 

elastic modulus of FRP, respectively; and 𝐷  is diameter of 

column. Tensile stress of the jacket increases as the jacket is 

stretched by concrete lateral expansion. The stress-strain 

reaction of steel is linear until it yields and stress is constant 
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Figure 4 Tensile stress-strain relationships of FRP 



 
after the yielding. That of the FRP composites varies material 

to material. Figure 4 shows tensile stress-strain relationships 

of FRP (these test results will be compared for model 

verification in the latter part). By calculating lateral confining 

pressure to the certain lateral strain, the intersectional lines 

with plane 1 can provide axial stress-strain relationship of any 

confinement cases.  

 
Comparison with experimental data  

The predicted stress-stain relationships were compared 

with experimental results. The experimental results include 

steel confinement and FRP confinement. The kinds of fibers 

used in FRP composite are carbon, aramid, polyethylene 

naphthalate (PEN) and Jute. Material properties are 

summarized in Table 2. Figure 5 shows comparison between 

model and experimental result.  

Experimental investigations were undertaken on high strength 

wire (HSW) confined concrete columns by Wei and Wu [7]. 

The specimens with a diameter of 150 mm and height of 300 

mm were tested. The average cylinder compressive strength 

of concrete at the time of testing was 36.4 MPa. The variation 

of confining stress was achieved by changing the winding 

spacing HSW 10 mm to 30 mm. The predicted axial stress-

lateral strain relation-ships showed good agreement with the 

test result (see Figure 5(a)). However, in axial stress-axial 

strain relationships, the slope of ascending part before the peak 

was predicted to incline more greatly than experimental result. 

The model overestimates the axial strain corresponding the 

peak stress. 

Xiao and Wu [8] conducted compression test to cylindrical 

specimens confined with jackets of 1 to 3-layer CFRP. The 

tested cylinders have diameter of 152 mm and height of 305 

mm. The axial strain-lateral strain curves obtained from the 

experiment and the model are shown in Figure 5(b). The 

model shows axial stress-strain curves up to the CFRP jacket 

rupture strain. It has been observed that jacket rupture strain 

become smaller than the tensile rupture strain of the material. 

The predicted axial stress at the experimental jacket rupture 

strain is 63.6 MPa, 80.7 MPa and 92.9 MPa for 1-layer, 2-layer 

and 3-layer confinement, respectively. Applied confined 

stress at the strain is 5.94 MPa a, 10.3 MPa and 14.0 MPa for 

each confinement case. The model still predicts 13-28 % 

larger stress in case of 1- and 2-layer confinement, whereas it 

shows high accuracy for the 3-layer confinement case. Axial 

stress-axial strain curves show similar shape to the 

experimental result. 

However, it predicts larger strain as confining stress increase, 

which different nature was from observed in the experiment. 

Behaviour of confined concrete by FRP jackets with larger 

rupture strain (LRS-FRP) was reported in Dai et al. [9]’s 

experimental study. Test specimens (152 mm in diameter and 

305 mm in height) include three different thicknesses of the 

external jackets, 1 layer, 2 layers and 3 layers, respectively. 

The PEN-FRP has an approximately bilinear stress-strain 

relationship. For that tensile behaviour, two different values of 

elastic modulus are given namely the initial elastic modulus 

(𝐸1 ) for the first linear portion and the second stage-stage 

elastic modulus (𝐸2) for the second linear portion. The model 

was compared with the given test result of PEN-FRP as typical 

LRS-FRP and AFRP as a conventional FRP which has a linear 

elastic stress-strain response with brittle rupture failure at a 

small rupture strain in Figures 5(c) and (d). The predicted 

curves has similar behaviour to the experimental result despite 

the increment of stress applied at the same strain due to thicker 

jacket is not exactly predicted. The stress at the experimental 

jacket rupture strain is 90.5 MPa, 130 MPa and 165 MPa, for 

1-layer, 2-layer and 3-layer, respectively. Applied confining 

stress is 12.5 MPa, 24.9 MPa and 37.4 MPa for each 

confinement case. The model estimated larger stress at the 

rupture stain by 140-150%. 
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The prediction of stress-strain relationships for PEN-FRP 

shows higher accuracy than the other confinement cases. It is 

reported that jacket of PEN-FRP ruptures at the smaller strain 

than rupture strain of FRP obtained from tensile test by 

35%.The predicted stress at the jacket rupture strain is 67.3 

MPa, 86.8 MPa and 117 MPa, for 1-layer, 2-layer and 3-layer 

confinement, respectively. Applied confined stress at the 

strain calculated to be 7.26 MPa a, 11.8 MPa and 21.8 MPa 

for each confinement case. The model predict from 1.12 times 

to 1.22 times larger stress than experimental test result. 

The compression tests of confined concrete by Natural Fiber 

of Jute reinforced polymer (Jute-FRP) were conducted by the 

author [10]. The model predicted stress-strain curves of Jute-

FRP confined concrete by 1-3 layers wrapping are shown in 

Figure 5(e). The model can trace both axial stress-lateral strain 

relationships and axial stress-axial strain relationships with 

good accuracy. The predicted axial stress at jacket rupture 

strain is 39.6 MPa, 49.7 and 61.7 MPa for 1-layer, 2-layer and 

3-layer jacket. Applied confining stress is 1.65 MPa, 3.30 MPa 

and 5.91 MPa for each confinement case.   

Based on the comparison above, the model shows lower 

accuracy in case of confined concrete with larger confining 

stress. In case of Jute-FRP confinement which provides 

smaller lateral stress the model predicts slightly smaller axial 

stress whereas the model predicts larger axial stress for most 

of the examined condition. The model predicts axial strain 

corresponding the ultimate stress to be larger than 

experimental test result in FRP case except CFRP and Jute-

FRP jacket.

 

Conclusions  
Method to determine the general stress-strain relationship 

under confining stress using 3-dimentional space was 

proposed. Plane of axial stress-lateral strain was described 

based on Popovics’s proposal and extended by considering 

constant confining stress. Lateral stress-strain plane is 

obtained by tensile stress reaction of confining material. The 

intersectional line of these two planes shows curves of axial 

stress-lateral relationship. The modelling results for concrete 

confined by steel and several types of FRP composite jacket 

were presented. The comparison between test and the 

prediction results showed applicability of the model for both 

steel and FRP confined concrete. Obtained curves for steel 

showed good agreement in axial stress-lateral strain 

relationships whereas they showed larger axial strain 

corresponding axial stress than experimental data. The model 

provides axial stress-lateral strain curves with good agreement 

to test data, in case of FRP-confined concrete. Highly accurate 

observation for stress-strain reaction under constant lateral 

pressure is essential to improve stress-axial strain relationship 

in the future research. 
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