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Abstract: In a previous study by the authors, the innovative technology of applying welded reinforcement 
grids (WRG) as confining steel of reinforced concrete columns (instead of traditional ties) under compres-
sion loading was experimentally investigated. A stress-strain model of concrete which takes confinement 
effects into account is developed based on the results of compression loading tests of reinforced concrete 
column specimens. The stress-strain model is formulated by evaluating the relationship between several key 
parameters (effective confining pressure, peak stress, strain, and ductility) and the stress-strain behavior ob-
served in the experiments. Analytical results are then compared to experimental values available in the litera-
ture. It is shown that the predicted stress-strain relation provides better agreement with the experimental re-
sults than existing models. 
 
Keywords: confined concrete, lateral reinforcement, reinforced concrete column, stress-strain model, welded 
reinforcement grids (WRG). 
 
1.  Introduction 
 

Column confinement is an important compo-
nent of the seismic design of reinforced concrete 
columns [1-5]. The confinement of core concrete 
improves the overall strength and stability of the 
structure subjected to large seismic lateral forces [6-
12]. The characteristics of confined concrete have 
been researched extensively, and the primary pa-
rameters of confinement have been identified both 
experimentally and analytically [13-19]. Various 
studies on the confinement effects of lateral rein-
forcement in column have already been conducted 
[20-24]. 

It is now well recognized that both the strength 
and ductility of concrete compressive members can 
be greatly enhanced using welded reinforcement 
grids (WRG) [25-29]. Very few experimental and 
analytical studies are available for compressed 
members confined by WRG. WRG can be flexibly 
prefabricated to meet the required size and volumet-
ric ratio of transverse steel. The volumetric ratio is 
defined as the volume of the confinement steel with 
respect to the volume of column, obtained by mul-

tiplying the gross cross-sectional area and the spac-
ing of confining elements. These grids when used 
as column transverse reinforcement, could poten-
tially lead to savings associated with easy and fast 
cage assembly, and reduction in steel consumption 
since the overlapping reinforcement, bends and 
bend extensions are eliminated. Furthermore, the 
precision of welded grid corners, as compared to 
bent conventional hoop corners, provides better and 
consistent support to longitudinal reinforcement, 
also improving column behavior. The grid corners 
may also provide additional confinement pressure 
peaks without any longitudinal reinforcement, im-
proving the uniformity of pressure. 

The objectives of this study are as follows: 1) 
to study the applicability of existing confinement 
models, and 2) to propose a stress-strain model of 
confined concrete which is applicable to a wider 
range of WRG ratios than the existing models. 
 
2. Assessment of existing stress-strain con-

finement models 
 

Several analytical stress-strain relations for 
rectilinearly confined concrete have been proposed. 
Among these, the relations presented by Hoshikuma 
et al. [30] and Legeron and Paultre [31] will be 
studied to determine the applicability to the speci-
mens. Details of Hoshikuma’s and Legeron’s 
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Table 1 – Details of specimens tested by Tavio et al. [33] 

Column 

specimen ID 

Grid 

configura-

tion 

Transverse reinforcement Longitudinal reinforcement 

Dia. 

(mm) 

s 

(mm) 
 t 

(%) 

fyh 

(MPa) 

Number 

(bars) 

Dia. 

(mm) 

g 

(%) 

fy 

(MPa) 

N1-30W2-4.8 

2  2 6.93 

30 4.81 

505 

4 

12.62 

 

1.54 

468 

N1-45W2-3.2 45 3.21 

N1-60W2-2.4 60 2.40 

N1-72W2-2.0 72 2.00 

N1-90W2-1.6 90 1.60 

N1-120W2-1.2 120 1.20 

N2-30W2-4.8 30 4.81 

8 3.09 N2-45W2-3.2 45 3.21 

N2-72W2-2.0 72 2.00 

N1-30W3-4.8 

3  3 5.97 

30 4.79 

502 

4 1.54 

N1-45W3-3.2 45 3.19 

N1-60W3-2.4 60 2.39 

N1-72W3-2.0 72 1.99 

N1-90W3-1.6 90 1.60 

N1-120W3-1.2 120 1.20 

N2-30W3-4.8 30 4.79 

12 9.77 2.78 434 N2-45W3-3.2 45 3.13 

N2-72W3-2.0 72 1.99 

 

confinement models can be found in the literature 

[30,31] and will not be given here. 

Hoshikuma’s model is applicable to normal-

strength concrete. It incorporates all the relevant 

parameters of confinement, including the type, vol-

umetric ratio, and spacing of transverse reinforce-

ment as well as section geometry. The developed 

model can be used for concrete confined by differ-

ent types of section geometry including circular, 

square, and wall-type sections. It can also be used 

for bridge columns which have larger concrete sec-

tions and, thus, lower volumetric ratios of trans-

verse reinforcement. 

Legeron’s model is applicable for normal- and 

high-strength concrete columns based on the large 

number of test results of circular, square, and rec-

tangular columns tested under various research 

studies that included the studies undertaken by 

themselves and a number of other researchers. The 

strengths ranged from 20 to 140 MPa and the tie 

yield strengths ranged from 300 to 1400 MPa. The 

model incorporates almost all the parameters of  

 

 

confinement. The stress-strain relationship was ba-

sically same as proposed by Cusson and Paultre 

[32], but the parameters of the model were recali-

brated on the basis of large number of test data col-

lected by the authors. 

 

3. Modeling of stress-strain relation 

 
The stress-strain model has been proposed 

based on test data by Tavio et al. [33]. This model 

is applicable to columns with square sections made 

of normal strength concrete and welded reinforce-

ment grids (WRG). In this section, the equations 

used in the stress-strain model are modified by per-

forming regression analysis on all test results of the 

specimens listed in a paper reported by Tavio et al.
 

[33] except for columns laterally reinforced with 

conventional ties. Table 1 summarizes the details 

of specimens tested by Tavio et al. [33]. The cross 

sections of the tested specimens can be seen in Fig. 

1. The perspective view of the application of WRG  
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as transverse reinforcement in RC column is shown 

in Fig. 2. 

The mathematical expressions of the ascending 

part were originally proposed by Popovics [34], and 

later used by Cusson and Paultre [32] for high 

strength concrete. They are expressed by Eq. (1). In 

this research, all parameters (r, x,
cc

f  ) in Eq. (1) are 

modified based on experimental results as follows: 

 

r

cc

c
xr

xfr
f






1
                     (1) 

 

where  
cccccccc

fEEr   ; 
cc

f   is the com-

pressive strength of confined concrete; 
cc
  is the 

axial strain at peak strength of confined concrete; 

ccc
x   is the normalized strain; 

c
f  is the con-

crete stress corresponding to strain 
c
  and 

c
E  is 

the modulus of elasticity of unconfined concrete.  

 

The following expression, originally proposed 

by Carrasquillo et al. [35] is found to produce good 

agreement with experimentally obtained values, 

where 
c

f   is in Mega Pascal. 

 

69003320  cc fE                   (2) 

 

The linear portion of the descending curve, ex-

tends to the level of the stress drop after maximum 

stress to be 20 percent of the peak stress and is 

based on the expression proposed by Martinez et al. 

[36] as described below. 
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








cccc

ccc

ccc
ff





85

15.01             (3) 

 

Eq. (3), represented by a straight line, passes 

the strain corresponding to 85 percent of the maxi-

mum stress of the descending part, 
85cc

 , for the 

confined concrete. The proposed stress-strain rela-

tionship consists of a nonlinear ascending branch up 

to confined peak stress and a linear descending 

branch beyond the peak, as illustrated in Fig. 3. 
 

 
Fig. 3 – Proposed model 

 

3.1  Effective confining pressure 

In this study, the effective confining pressure, 

e
P , is defined according to Eq. (4) [21,22]. 

 

yht

i

t

e
f

b

s

c

d
P 








 1                             (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Cross sections of specimens tested by 

Tavio et al. [33] 

 

 

Fig. 2 – Perspective view of application of WRG as 

transverse reinforcement in RC column 
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where 
t

d  and 
i

c  are the wire size and the 

length of one grid cell of welded reinforcement 

grids (WRG), respectively; s  is the longitudinal 

spacing of transverse reinforcement; b  is the 

shortest dimension of the column section; 
t

  and 

yh
f  are the volumetric ratio and yield strength of 

welded reinforcement grids (WRG), respectively. 

 

3.2 Peak stress, strain, and ductility 

A regression analysis was performed on all test 

results to formulate the peak strength, 
cc

f  , the 

strain at peak strength, 
cc
 , and the strain corre-

sponding to 85 percent of the peak strength of the 

descending branch, 
85cc

 . Figure 4 shows the rela-

tionship between the enhancement strength of con-

fined concrete and the effective confinement index, 

coe
fP  , whereas Figure 5 shows the relationship 

between the strain gain and the effective confine-

ment index, 
coe

fP  . The results of regression anal-

ysis are as follows: 
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49.0

89.31
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e
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f

P
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where 
co

f   is the compressive strength of un-

confined concrete. 

 

Fig. 4 – Effect of confinement on peak concrete 

strength 

 

 





















co

e

cocc
f

P
63.24 EXP 31.1           (6) 

 

 
Fig. 5 – Effect of confinement on peak strain of 

concrete 

 

Figure 6 shows the relationship between the 

ductility gain and the effective confinement index. 

The ductility gain is defined as the difference be-

tween the strains at which the stress drops to 85 

percent of the peak strength of confined concrete, 

85cc
 , and of unconfined concrete, 

co
 . Based on 

the results of regression analysis shown in Fig. 5, 

the expression for 
85cc

  can be derived as 

 
7.0

85
13.0 












co

e

cocc
f

P
                  (7) 

 

where the peak strain of the unconfined con-

crete, 
co
 , is expressed as per the recommendation 

of Foster and Gilbert [37]. 

 


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

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 


80

20
001.0002.0 c

co

f
              (8) 

 

The in-place strength of unconfined concrete,  

co
f  , was taken to be 

c
f 85.0  for all columns. Sim-

ilar values were used for columns tested by others 

[26,27]. 

 

 
Fig. 6 – Effect of confinement on ductility of 

concrete 
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4. Comparison of predictions and experi-

mental results 

 
The comparisons between the analytical con-

fined concrete strength values obtained from the 

proposed confinement model and the experimental 

strength values are presented in Fig. 7. Strong cor-

relation between the analytical strength and the ex-

perimental strength is apparent. For the peak strain 

𝜀𝑐𝑐 and strain at 85 percent of the peak strength, 

agreements between the measured and analytical 

results are also quite good as shown in Figs. 8 and 9.  

Comparisons were made between the predic-

tions of the models and the experimental results of 

reinforced concrete columns confined with WRG. 

The study carried out by Holland [26] and Hong [27] 

included the column specimens with volumetric 

ratio ranged from 1.0 to 4.0 percent as given in Ta-

ble 2. The comparisons of the model to the experi-

mental results of all eighteen confined specimens 

are shown in Figs. 10-13. Curves obtained from the 

models of Hoshikuma et al. [30] and Legeron and 

Paultre [31] are also shown in each figure. In all 

cases, the stress-strain relation proposed by this re-

search accurately reproduces the experiment result. 

It could be stated that the proposed model generally 

provides better agreement with the stress-strain re-

lation of confined concrete over a wider range of 

welded reinforcement grids (WRG) ratios than pre-

vious conventional confine-ment models. The inac-

curate predictions of both Legeron and Paultre and 

Hoshikuma et al. models on the peak stress and 

strain ductility are mainly due to the derivations of 

these models from the experimental results of tradi-

tionally-confined columns. Hence, the models are 

not applicable to WRG-confined columns. 

 

Table 2 – Details of specimens tested by others [26, 27] 

Reference Label 
Grid con-

figuration 
cof  , MPa 

(ksi) 

Transverse reinforcement 

dt, mm 

(in.) 
s, mm (in.) 

t, 

% 

fyh, MPa 

(ksi) 

Grid 

arrangement 

Holland 

[26] 

W-1 

2  2 

41.8 (6.1) 3.0 (0.118) 25.4 (1.00) 1.36 373 (54.0)  

W-2 39.3 (5.7) 4.1 (0.161) 19.1 (0.75) 3.13 576 (83.5) 

W-3 

3  3 

43.4 (6.3) 2.4 (0.094) 31.8 (1.25) 0.99 436 (63.2)  

W-4 38.5 (5.6) 2.4 (0.094) 12.7 (0.50) 2.38 436 (63.2) 

W-5 4  4 37.3 (5.4) 2.0 (0.079) 25.4 (1.00) 1.00 288 (41.7) 

 

Hong 

[27] 

W-6 2  2 47.6 (6.9) 4.1 (0.161) 19.1 (0.75) 4.05 496 (71.9) 

 

W-7 3  3 47.6 (6.9) 2.5 (0.098) 19.1 (0.75) 1.79 436 (63.2) 

 

W-8 

4  4 

47.6 (6.9) 2.0 (0.079) 25.4 (1.00) 1.23 288 (41.7) 
 

W-9 47.6 (6.9) 2.7 (0.106) 25.4 (1.00) 2.15 397 (57.5) 

W-10 47.6 (6.9) 2.7 (0.106) 19.1 (0.75) 2.87 398 (57.5) 
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Fig. 7 – Correlation between experimental and 

analytical confined concrete strength 

 

 

 
Fig. 8 – Correlation between experimental and 

analytical peak strain of confined con-

crete 

 
Fig. 9 – Correlation between experimental and 

analytical strain at 85% of the peak  

strength of confined concrete 

 

For verification of the proposed model, Figures 

14 and 15 compare the corresponding experimental 

and predicted stress-strain curves of a few 

representative test specimens only listed in Table 2. 

It may be seen from these figures that the 

agreement between the predictions from the 

proposed model and the experimental stress-strain 

curves is very satisfactory.  

Figures 10-15 indicate that the proposed model 

predicts the experimental results more accurately 

than the other models, especially along the 

descending part of the stress-strain curve. This is 

because such previous models were developed for 

traditional tied and/or spiral columns, which are not 

as ductile as columns transversely reinforced with 

WRG. It can also be concluded that the proposed 

model can predict the actual stress-strain curves   

 

 
Fig. 10 – Comparison between experimental and theoretical stress-strain curves of confined 

concrete of 2  2 WRG with four longitudinal bars 
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Fig. 11 – Comparison between experimental and theoretical stress-strain curves of confined 

concrete for 2  2 WRG with eight longitudinal bars 

 

 
Fig. 12 – Comparison between experimental and theoretical stress-strain curves of confined 

concrete for 3  3 WRG with four longitudinal bars 

 

 
Fig. 13 – Comparison between experimental and theoretical stress-strain curves of confined 

concrete for 3  3 WRG with twelve longitudinal bars 
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Fig. 14 – Prediction of confined concrete response of columns of Holland [26] 

 

 

Fig. 15 – Prediction of confined concrete response of columns of Hong [27] 

more accurately for a wide range of experimental 

results [33] than the other models, particularly in 

the descending branch of the curves. 

 

5. Conclusions 
 

Based on the experimental results from eight-

een RC column specimens tested by Tavio et al. 

[33], the confinement effects of welded reinforce-

ment grids (WRG) on the stress-strain behavior of 

normal- and high-strength concrete were investigat-

ed and a stress-strain relationship model is proposed. 

The following concluding remarks can be drawn: 

 

(1) When the same amounts of welded reinforce-

ment grids (WRG) were used, the gains in the 

strength and ductility of normal strength con-

crete confined by 3  3 welded reinforcement 

grids (WRG) (9-cells) were predicted higher 

by the proposed model than those of concrete 

confined by 2  2 welded reinforcement grids 

(WRG) (4-cells) only. 

(2) The ductility of columns is shown to be de-

pendent on confinement index, cyhs
ff  . It is 

concluded that the strain ductility ratio increas-

es with an increase in cyhs ff   for a given 

welded reinforcement grids (WRG). 

(3) The proposed model can predict the stress-

strain curves more accurately for a wide range 

of experimental results [33] than the other 

models, particularly in the descending branch 

of the curves. The proposed model has also 

been verified with other experimental data [26, 

27]. It also provides a simple computational 

procedure without requiring any iterative cal-
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