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ABSTRACT: This study exhibits the experimental results of axial compression tests on concrete
cylinders, circumferentially confined by the set-up of the composite grids arranged inside the
cylinder, according to several combinations of circumscribed grids. The main aim is to verify the
applicability of this method and then to quantify the contribution to strength improvement due to
confinement as well as its influence on the rupture mode under axial compression. The test results of
loading carried out on cylindrical concrete specimens, confined by alveolus composite grids arranged
inside the section, show that it is possible to substantially increase the ductility of the columns, and
in certain cases, their strength. It is also noted that the rupture of confined concrete is highly
influenced by the presence of the grids depending on the configuration and the shape of the cells
(rhombus or hexagonal) constituting the composite grid. The experimental results are compared with
the theoretical model data.
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INTRODUCTION

T
HE APPLICATIONS OF composite materials in civil engineering structures is in
increasing development because of their interesting characteristics and their

contribution in terms of rigidity, strength, and deformability, modifying completely or
partially the concrete behavior, especially in tension where concrete exhibits a low
strength.

The recent applications make it possible to locate, among the wide range of potential
uses of these new materials, the technique of confinement of concrete columns by using
jackets of composite materials. Several methods and techniques are proposed by various
authors [1–3].

These various techniques put forward a confinement of the external wall according to
various processes, by joining of sheets, armed spirals, and steel wires [4,5].

The lateral confinement of concrete columns makes it possible to increase the
compressive strength and the ultimate strain by rolling up a composite material jacket
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on the concrete surface [6,7,8,15]. This reduces the formation and the opening of cracks in
the concrete and retains transverse strain due to internal cracking. In this type of element
the concrete resists the compression whereas the composite resists tension and shearing
loads. This technique seems to be an interesting alternative to the traditional approaches.

Mirmiran et al. [9] manufactured round and square FRP tubes that were filled with
concrete and then tested in compression. The round tubes increased the peak axial stress
by as much as 2.5 times the peak axial stress of unconfined concrete and reached axial
strains 12 times higher than the axial strain at peak stress of unconfined concrete.

Shahawy et al. [10] tested standard concrete cylinders wrapped with carbon fiber fabrics
in an epoxy matrix. The results varied depending on the number of carbon layers applied.
For an unconfined concrete strength of 41.4MPa the confined strength of cylinders was
increased to 70MPa for the one layer wrap and 110MPa for the four layer wrap. The
ultimate strain for the one layer wrap was 0.007 and for the four layer wraps 0.016.

Xiao and Wu [6,11], Lam and Teng [12], Li et al. [13], Harries and Kharel [14], and
Li and Hadi [15] tested concrete cylinders wrapped with FRP composites. The strength of
FRP confined concrete was increased compared to the unconfined concrete, between 1 and
420% depending on the type and amount of FRP composite.

This study presents the preliminary results of an experimental study on the behavior of
confined concrete columns, with different composite grids. This is a new technique that
requires investigation of the level of confinement provided by the grids.

To further investigate this fact, an experimental program was carried out consisting of
the study of cylinders 160� 320mm circumferentially confined according to several
configurations by alveolus composite grids arranged inside the cylinders. All specimens
were tested under axial compression.

EXPERIMENTAL PROCEDURE

The experimental program of this study includes 15 series of tests on cylindrical columns
confined by alveolus composite grids under axial compression.

The objects of these tests are, on the one hand, to quantify the contribution in resistance
conferred on the specimen by the composite grids, and on the other hand to estimate the
contribution in ductility according to the following arrangements: confinement by only
one grid arranged outside (three series); at the interior (three series); simultaneous
confinement by two circumscribed grids one inside the other of the same nature
(three series); and hybrid (six series). The influence of the configuration is observed on
the rupture mode and on the levels, as well as on the longitudinal strain at the cylinder
failures.

Materials Used

All the cylinders of dimensions 160� 320mmwere carried out with only one composition
of aggregates, comprising a crushed coarse sand supplied by the TIZI quarry (Mascara,
Algeria) and two types of gravel (3/8) and (8/15). Cement of the type CEM II 32.5 was
supplied by the cement factory of CHLEF (Algeria) with resistance 43MPa.

The maximum coarse aggregate size was restricted to 15mm, so that the aggregate
particles could easily pass between the cells of the grids. Water/cement and aggregate/
cement were used with ratios of 0.41 and 4.41, respectively. The average compressive
strength of the concrete was approximately 25MPa.
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Raw Composite Material

In this study, three types of material were chosen by considering their cheapness and
availability: metallic grids, polypropylene grids with rhombus cells, and metallic grids
with hexagonal cells. Various alternatives of these grids are presented in Figure 1 and the
geomechanical properties are given in Tables 1 and 2.

Confinement Alternatives

In order to evaluate the efficiency of the confinement provided by composite grid sheets
to increase the concrete strength and ductility, 15 alternatives of confinement by multiple
composite grids in the concrete matrix were elaborated. The configurations are indicated
in Table 3. Figure 2 illustrates examples of the composite grid arrangement in the concrete
matrix.

The integration of only one grid in the matrix concrete allowed confined concrete to
confer a greater reserve of resistance and ductility.

25 mm

15 mm

(a) (b) (c)

23 mm 28 mm

31 mm 

3.3 cm

Figure 1. Shapes of used grids: (a) metallic grid with rhombus cells (GMR), (b) polypropylene grid with
rhombus cells (GPP), (c) metallic grid with hexagonal cells (GMH).

Table 1. Geometrical properties of the grids.

Metallic grid with
rhombus cells (GMR)

Polypropylene
grid (GPP)

Metallic grid with
hexagonal cells (GMH)

Mass (g)/m2 900 500 250
Number of (mesh/m2) 1952 936 1269
Diameter (mm) 1 3 0.55

Table 2. Mechanical properties of the grids.

Metallic grid with
rhombus cells (GMR)

Polypropylene
grid (GPP)

Metallic grid with
hexagonal cells (GMH)

Breaking load (kN) 112 88 159.1
Breaking stress (MPa) 471.4 4.27 167.4
Lengthening at rupture (%) 5.72 117.17 7.37
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The integration of two grids made it possible to produce a double confinement. Indeed,
the central concrete element underwent the effect of the two grids, whereas the second
element was only confined by one grid. Therefore the concrete which was confined
between the two grids will behave as a ring subjected to a compression radial stress due to
the rigidity difference between the concrete and the grids. For this purpose, the grids
played different roles: the first role consisted in confining the concrete, which provided
great strength, the second role consisted in exerting a radial pre-stressing of compression
on the ring, and finally, during crushing, the concrete hard cores remained imprisoned
inside the grids, which allowed us to extend the time for total destruction of the element.

Figure 3. Measurement devices and loading of the specimens.

(a) (b) (c)

GPP

GMH 

Figure 2. Examples of grid arrangements: (a) exterior grid, (b) interior grid, (c) hybrid grid.

Table 3. Type of configuration and grids used.

Type of configuration Material used

One grid
Exterior GMR GPP GMH
Interior GMR GPP GMH

Two identical grids GMRþGMR GPPþGPP GMHþGMH
Hybrid GMRþGMH GMHþGMR GMRþGPP

GPPþGMR GMHþGPP GPPþGMH
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Specimen Preparation

Different cylinders were cast. The circular columns were 160mm in diameter with
320mm side length. The various composite grids were carefully arranged and cast out
inside the cylindrical molds while the remaining three cylinders were cast without
reinforcement.

The filling was carried out in three phases. For each phase, a vibration of the mold was
carried out using a mobile stripe for 20 s. For each series, three specimens were made by
using the same composition. After demolding, the specimens were deposited in a water vat
for 28 days.

Loading Procedure and Acquisition

The specimens were placed one at a time in a 1500Kn ELE TEST hydraulic machine,
and subjected to an increasingly compressive axial load, under a constant rate of
0.20MPa/s, until failure. At load intervals of 50Kn, with displacement control, the lower
tray is fixed and the higher support is mobile. To ensure parallelism and flatness of the
faces of support, an operation of surfacing is first applied to the two ends of the cylinders.
A quasi static rate of loading is applied with a speed of 10 kN/s.

The force and the axial strain are measured at close intervals at the medium of the two
opposite sides and on the two opposite corners, approximately at mid-height column.

RESULTS AND DISCUSSION

The obtained axial stress–longitudinal strain curves for some of the confined concrete
columns are shown in Figures 4–7. In these figures, it can be seen clearly that both the
stress and strain at failure for the confined columns were higher than those for the
unconfined ones, and the highest values were obtained for hybrid confined circular
columns with polypropylene grid and metallic hexagonal cells.
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Figure 4. Stress–strain curves for reference concrete and concrete with one exterior grid.
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Figure 5. Stress–strain curves for reference concrete and concrete with one interior grid.
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Figure 6. Stress–strain curves for reference concrete and concrete with two identical grids.

0 1 2 3 4 5 76
0

5

10

15

20

25

30

35

40

UC

GMH-GMR

GMR-GMH

GMH-GPP

GMR-GPP

GPP-GMH

GPP-GMR

Stress (MPa)

Strain (%0)

Figure 7. Stress–strain curves of the concrete with hybrid grids.
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From Table 4, it can be seen that the increase in strength and ductility varied according
to the type of composite grid and its arrangement. For all the specimens, ratios fcc/fc0 and
"cc/"c0 are always significant, presenting values superior to one.

For confined columns, the average increase in strength and ductility were of the order of
29 and 87.5%, respectively. It is clear from Table 4 that this increase provided by
confinement is very sensitive to the cross-section geometry of the composite grid and the
hybrid configuration that was used.

All the test results of an axial compression are illustrated in Figures 4–8.
For the case of the columns confined by only one grid arranged inside the columns

(Figure 2(b)), there was a weak increase in resistance compared to the unconfined concrete,

Table 4. Compressive strength and strain average values for the tested columns.

Unconfined concrete Confined concrete

Column fc0 (MPa) eco (%0) eu (%0) fcc (MPq) ecc (%0) fcc/fc0 ecc/eco ecu (%0)

Unconfined concrete ‘UC’ 26.36 2.8 3.2 – – – – –
Exterior grid GMH 26.85 4.6 1.02 1.6 5.6

GMR 31.08 4.0 1.18 1.4 4.8
GMPP 32.27 4.3 1.22 1.5 5.0

Interior grid GMH 26.85 4,2 1.02 1.5 4.8
GMR 26.68 3.1 1.01 1.1 3.5
GPP 28.20 4.0 1.07 1.4 5.0

GMH-GMH 27.89 3.0 1.06 1.1 3.7
GMR-GMR 30.34 4.3 1.15 1.5 4.9
GPP-GPP 32.97 4.1 1.25 1.5 5.0
GMH-GMR 30.43 4.8 1.15 1.7 5.3
GMR-GMH 26.76 3.1 1.02 1.1 4.6
GMH-GPP 33.02 4.3 1.25 1.5 5.0
GMR-GPP 26.36 3.4 1.00 1.2 5.0
GPP-GMH 34.02 4.5 1.29 1.6 6.0
GPP-GMR 27.01 3.1 1.02 1.1 4.3
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Figure 8. Reference concrete left and confined concrete right BC (PP-MH) (better alternative).
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probably due to the rigidity of the grid composites that makes all the load of compression
concentrate on the layer of coating causing the rupture of the test-tube at this level.
While for columns confined with a grid disposed outside (Figure 2(a)), a remarkable
improvement of strength and ductility of about 22 and 56%, respectively, is present, the
layer of coating of the grids is very fine (few millimetres) which causes fast corrosion of
these grids.

For the columns that are confined by two identical grids, we observe in Figure 6 clear
improvement of ductility and in most cases an increase in resistance at various degrees
according to the grid type. As indicated, the concrete confined by polypropylene grids
shows a (average) strength of 33MPa, and thus an increase of about 25%, and an ultimate
strain of 5%; so an improvement of 56.25%. This is due to the effect of compression by
confinement grids, which prevents the beginning and thus the propagation of cracks in the
concrete.

For concrete columns with hybrid confinement, the contribution in strength of
confinement is assessed according to the type of grids and their arrangement [16]. Indeed,
by modifying these two parameters, an effect is directly observed on the mode of rupture
which is seen through both the strength level and the ultimate strain (Figure 9). In this
image, we observe that the concrete hard cores remain imprisoned inside the grids and the
cores of the specimens remain unbroken, which leads to progressive rupture of the element
contrary to the reference concrete, presenting a brutal rupture.

In general, the various obtained results show clearly that strength in axial compression
of the confined columns increases compared to the unconfined columns. The mechanical
output is influenced, in a more or less pronounced way, according to the type of grids used.
As an indication, the compressive strength of the columns confined with polypropylene
grids and metallic grids of hexagonal form (Figure 8) is greater by 29% than for
unconfined columns. The maximum gain of ductility in compression is 87.5% compared to
unconfined columns.

The hybridization of the grids provided to the concrete columns give better performance
concerning the strengths and the ductility [16], probably due to the conjugation of the
properties of each type of grid. Indeed, the polypropylene grids improve deformability
whereas the metallic grids improve resistance.

Figure 9. Mode of rupture of the reference concrete and confined concrete.
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CALIBRATION OF THE CONFINEMENT PARAMETERS

The theoretical study of the elements reinforced by composite materials shows that the
mechanical behavior of the compressed concrete is linear elastic followed by a nonlinear
curve. In the literature, several analytical models are proposed to give the ultimate strength
of confined concrete fc and the corresponding ultimate strain "c [17–21].

As summary of some of the expressions found in the literature, for estimating the
confined concrete strength and the axial strain at failure, is presented in Table 5.

Confinement can improve both the compressive strength and ductility of concrete.
Most models have been refined using data from concrete that is confined by FRP

composite materials where the amount and properties produce such behavior.
Assuming that the confined concrete is in a triaxial stress state, the increase in strength

provided by the confinement is reflected in the maximum stress ( fcc) for a cylindrical
specimen, which is defined as (Mander et al. [16]):

fcc ¼ fco þ k1fru ð1Þ

where k1 is the confinement effectiveness coefficient and fru is the confinement strength.
The confinement effectiveness coefficient for concrete confined by steel is usually between
2.8 and 4.1. Campione and Miraglia [28] found that the above values overestimate the
confinement effectiveness coefficient for concrete wrapped with FRP. They also found that
the confinement effectiveness coefficient for FRP wrapped concrete was 2. For the purpose
of this study the confinement effectiveness coefficient was taken as 2. The axial strain of
CFRP grid confined concrete at the peak stress ("cc) was determined in a similar manner as
unconfined concrete using the expression (MacGregor [29]):

"cc ¼ 1:8:
fcc
Ec
: ð2Þ

Equations (1) and (2) were combined with the modified Hognestad stress–strain
equation as follows [30]:

AB� fc ¼ fcc
2"c
"cc
�

"c
"cc

� �2
" #

ð3aÞ

BC� fc ¼ fcc 1�Dc "c � "ccð Þ½ � ð3bÞ

where "c is the concrete strain, "cc is the strain at peak stress of unconfined concrete, and
"cu is the ultimate strain.

The modified Hognestad equations model the ascending branch (AB) with a parabolic
relationship and the descending branch BC with a linearly descending curve. The equation
for region BC is based on the deterioration constant (DC) that controls the slope of the line
Figure 10.

To calibrate the parameters, we applied the Hognested model. Equations (3a) and (3b)
have been compared with the experimental results of the concrete confined by integrated
embedded grids. Confrontation of the stress–strain experimental and theoretical curves is
given in Figure 11.
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The modified Hognestad curve matches well with the experimental curve; the predicted
value is 0.6% of the concrete confined by integrated embedded grids compared with
theoretical values obtained by application of the modified Hognestad model. We can see a
good agreement of the values.

CONCLUSIONS

The experimental study that we have presented in this article is of a promising revelation
of the performance of the proposed process with multiple confinements with hybrid grids.

Concrete cylinders with embedded composite grids were tested in compression to failure
to determine the post-peak behavior and ability of the grid to provide confinement to the
concrete.

The conjugation of the mechanical performances of the polypropylene and metallic
grids makes it possible to fulfill the requirements of confinement. Indeed, the grids make it
possible to confine concrete and at the time of failure keep its imprisoned hard cores
inside. The choice of grids with mesh of size higher than the grains is justified by the
concern for ensuring the continuity of the concrete. Thus, the modes of rupture are not a
function of the interface obtained by the coupling of shearing and of the normal stress, or
a rupture in traction of the concrete layer located between composite material and the
matrix concrete.
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Figure 11. Confrontation of the stress–strain experimental curves and theoretical.
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Figure 10. Modified stress–strain curve of Hognestad [31]
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Finally, the size of the mesh of the grids and their form (rhombus and hexagonal),
the nature of the grids, their strength ff, and their modulus of elasticity, are parameters
that are necessary to study for an optimization of the contribution of the composite
envelopes (value of �f) and their influence on the degree of confinement and ultimate
strength.
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