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ABSTRACT
This paper computationally investigated behavior of metal sheet confined concrete specimens subjected to axial compression. To
understand mechanisms that occurred in the metal sheet confinement system during the loading, plain concrete specimens confined
with 1-3 layers of metal sheet were analyzed via the three dimensional finite element analysis. Cylindrical and square cuboid
concrete specimens of the same cross sectional area were selected to understand effect of specimen shapes on axial compression
behavior of metal sheet confined specimens. The numerical results showed that the metal sheet confinement system could improve
axial compression capacity of all the specimens. The improved stress-strain behavior of the specimens was not influenced by lateral
confinement only, but also by ability of metal sheet in resisting axial compression. It was observed that shape and number of layers
of confinement affected the strength increase. For two layers of metal sheet application, slightly different behaviors were found at
the inner and the outer jackets. For the cuboid specimen, different behaviors at the region near the corner and on the side were
noticed. The non-uniform stress distribution across the square section led to lower axial strength improvement when applying the
same number of metal sheet layers, as compared to the circular section.

KEYWORDS: concrete, metal sheet, axial compression, finite element analysis, confinement.
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1.  Introduction

There are various techniques and various materials to externally strengthen structural members of buildings. One of the most
popular choice is to use fiber-reinforced polymer (FRP) of various types as it possesses many advantages that make it suitable for
external strengthening including its high strength, ease of installation, and high corrosion resistance. At present, there are vast
collections of research focusing on applications of FRP in strengthening concrete columns, both experimentally [ 1-4] and
numerically [5-9]. It was shown that the FRP confinement could increase axial compression capacity of concrete columns as well
as their ductility [ 10, 11]. Many researchers found that level of strength improvement depended on various factors involving
confinement efficiency, such as concrete strength, fiber properties, ply orientation, number of plies, thickness of the FRP, bond
strength between the materials, shape and size of the column, and etc [12-19]. The stress-strain relationship of the confined column
was found to be similar to the unconfined column during the earlier stage of loading [11, 13, 17]. However, when lateral expansion
of the concrete core became larger, the FRP played an important role in resistance of the expansion, and thus higher axial strength
could be obtained [13, 17].

While most of the recent research have been focused on development of the FRP strengthening system, other new techniques
and materials are still in search. At our laboratory, we have been searching for alternative materials to the famous FRP for years.
One of the possibilities is application of metal sheet, which are used widely in Thailand for roofing and architectural purposes. The
metal sheet and the famous FRP contain some similar properties; both are thin and lightweight, therefore the material can be used
externally to strengthen concrete members while conserving original architectural dimension of the building. Up to present, some
preliminary laboratory experiments have been conducted on strengthening concrete members using metal sheet [ 20-23]. The
experimental results revealed that the metal sheet jacketing was a possible alternative to the FRP jacketing in structural
strengthening of concrete columns. It was found in [20] that axial capacity of concrete cylinders could be improved almost twice
when confined with 3-layer G550 metal sheet of 0.23 mm thickness. Similar to the FRP, it was shown that the metal sheet
confinement could upgrade the axial capacity as well as ductility of the columns. However, since the metal sheet jacket has rigidity
along the axial direction, its behavior was found to be different from the FRP; it did not only restrain lateral expansion of the
concrete core but also resist axial deformation together with the concrete core [21-24].

Knowledge about metal sheet as a strengthening material is still new to engineering community and has never been applied
in engineering practice. Although existing experimental results have shown possibility of using the material for axial strengthening
of concrete columns, there are still questions regarding how the metal sheet confinement system works in order to understand the
behavior and to develop a proper design standard. Apart from the results from laboratory experiments, results from numerical

modelling can provide some information that may not be visualized in the laboratory. So far, there have been some attempts of
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numerical modelling to study behavior of the metal sheet confined concrete [25, 26]. However, those numerical studies were still
limited to cylindrical specimens and did not provide sufficient information for the case of multiple layers of metal sheet application.

In this paper, we chose to investigate behavior of concrete specimens confined with metal sheet via three dimensional finite
element analysis. Specimens with cylindrical and square cross sections were selected to study effect of the specimen shape on

behavior of the confined concrete specimens. Results from the finite element analysis are presented and discussed.

2.  Numerical experiments

In our numerical experiment, six specimens were modeled, three of which had circular cross sections (cylindrical specimens)
and the other three had square cross sections (square cuboid specimens). Each of the sections comprised an unconfined specimen,
a one-layer confined specimen, and a two-layer confined specimen. Cylindrical specimens and square cuboid specimens, both with
30-cm height, were of the size 15-cm diameter and 13.3-cm width, respectively. It was our purpose to fix the cross-sectional areas
for both groups of specimens to be the same. Three dimensional modeling was considered. Since the specimens had some
geometrical symmetries, one-eighth of the size was modeled instead of the whole specimen; only half the height and a quarter of
the cross section were used. Geometrical models of the confined specimens are shown in Figure 1.

For the confined specimens, the finite element meshes consisted of three parts of material modeling; the concrete part, the
adhesive part and the metal sheet part. Eight-node continuum brick elements, with 3 translational degrees of freedom per node
were chosen for modeling the concrete and the metal sheet parts. To model the adhesive part, eight-node interface elements, with
3 degrees of freedom per node, were placed between the concrete and the metal sheet and also between layers of the metal sheet.
For the unconfined specimens, only the concrete part was modeled. The 2 X 2 X 2 Gauss quadrature rule was applied for each
finite element.

Axial loading to the specimens was controlled by prescribing uniform vertical displacement at the top plane, whereas zero
vertical displacement was specified at the bottom. On the planes of symmetry, displacements were restrained in the direction

perpendicular to the plane, allowing symmetrical condition to be reserved.

Concrete
Concrete
Metal Sheet
Metal Sheet
Interface
Interface

(a) One metal sheet layer (b) Two metal sheet layers

Figure 1  Finite element geometrical models for metal sheet confined concrete specimens.
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3.  Material modeling

As aforementioned, in modeling concrete columns confined with metal sheet, three materials were included. Details of each
material model are given as follows.
3.1 Concrete modeling

The concrete part was considered as a homogeneous and isotropic material in this study. The mechanical properties used in
the modeling of concrete are given in Table 1. In the nonlinear finite element modeling, stress-strain behavior of the concrete was

based on Drucker-Prager yield criterion with associated flow rule, which is described as
F= \/Z +al -k eY)
where I, is the first stress invariant or hydrostatic stress invariant,
Li=01+0y+03 2
J5 is the second deviatoric stress invariant,
J2=%{(0'1—0'2)2+(0'2—0'3)2+(0'1—0'3)2} 3
a is the frictional parameter and « is the softening function defined as

K=(]./\/§—0{)O'c “)

The frictional parameter « is based on the empirical formulation under triaxial compression. Using the confinement equation
by Richart et al. [27], the frictional parameter « could be obtained as 0.2934 for use in this study. We used the softening function

k following Popovic’s unconfined stress-strain relation [28],

[ . ]
" &
fc co (5)

where n= O.4><1073fc' [psi} +1.0 and ¢, is the strain in concrete at the peak stress (fc') which is used as 0.002. To prevent mesh
dependency problem usually found in the finite element analysis, our softening model for concrete was based on use of compressive

fracture energy [29] defined as
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GF _ “lint (6)

where A, is the area under the force-displacement curve until the displacement reaches 10% of the maximum load (0.1P, . ),
and V), is the localized fracture volume defined as volume of the finite element for this study.
The compressive fracture energy G, depends on compressive strength of the concrete, but does not depend on shape and

size of the specimen. For the normal strength concrete, the compressive fracture energy can be computed from
—1( \Y4
Gp. =0.86x107(f7) [MPa] (7

Using the Drucker-Prager yield criterion results in an elastic-perfect plastic behavior of the material. When combining the

yield criterion with the softening function, the obtained stress-strain behavior will be linear until reaching the elastic limit, after

which it will be non-linear according to the specified softening function.

Table 1 Size of the specimens and the corresponding material properties used in the finite element modeling.

Material Property Value Unit Remarks
Concrete Size ¢ 15 X 30 [em] For circular section
13.3 X 13.3 X 30 [cm] For square section

Compressive strength 22 [MPa]
Modulus of elasticity 22044.95 [MPa]
Poisson’s ratio 0.20
Tensile strength 3.28 [MPa]

Adhesive Thickness of each layer 3 [mm]
Bonding strength 17 [MPa]
Modulus of elasticity 5000 [MPa]
Max elongation 0.4 %

Metal sheet ~ Thickness of each layer 0.23 [mm]

Yield strength 550 [MPa]
Modulus of elasticity 200 [GPa]
Poisson’s ratio 0.3

In our model, behavior of concrete under tension was described using bi-linear softening function. Based on the smeared

crack concept [30], cracking would occur in the direction perpendicular to the maximum principal tensile stress when the principal
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tensile stress reached its maximum value. The softening behavior was modeled by using the fracture energy which is approximately

0.1 N/mm for concrete. The shear stress at the crack was analyzed by using the reduced shear modulus.

3.2 Metal sheet modeling
Since behavior of the metal sheet does not depend on the hydrostatic pressure, the Von-Mises yield criterion was chosen to
model the elastic-perfect plastic material behavior of the metal sheet under tension and under compression. Properties of the metal

sheet were taken from the manufacturer specification, as given in Table 1.

3.3 Adhesive (epoxy) modeling

The adhesive material was placed on interfaces between the concrete and the metal sheet, and between the metal sheet layers.
To model delamination and slip at the interface, normal and shear stresses in each element were considered as bi-linear softening
relations between the surface traction and the relative displacement (between the top and the bottom face), using properties given

in the manufacturer specification, as given in Table 1.

4.  Numerical results
4.1 Behavior of the cylinder confined with metal sheet

From the finite element analysis, the confined concrete cylinders showed an axial strength improvement from the plain
concrete cylinder, depending on the number of metal sheet layers. For one-layer application, the axial stress was improved from
22.00 MPa to 28.17 MPa, making approximately 28% strength increase. For two-layer application, the axial strength was further
improved to 35.69 MPa, which was approximately 62% more than the strength of the unconfined specimen. For three-layer
application, the strength was 43.57 MPa, which was 98% improvement from the unconfined specimen.

In Figure 3, stress-strain relations of the one-layer and two-layer confined specimens were plotted. The graphs consisted of
two parts; the right part showed axial stress - axial strain relation and the left part showed axial stress - lateral strain relation.
Positive strain denoted strain in the compression, and negative strain presented strain in the tension. From Figure 3, the two sides
of the graphs showed similar trends, i.e. the confined specimen provided higher axial load resistance in comparison to the
unconfined specimen, considering at the same amount of axial or lateral deformation. Four critical points were marked in the
confined specimen during the loading; Point A was where the concrete model reached the Drucker-Prager yield criterion, Point B
was where the metal sheet reached the Von-Mises yield criterion, Point C was where the axial stress reached its maximum, and
Point D was the end of the computation. For two-layer confinement, Point B could be indicated for the inner and the outer layers
respectively as Point BI and Point BO, which were where the indicated layer of metal sheet yielded. When the plain concrete
specimen was confined, there was an increase of hydrostatic pressure which consequently raised the yield stress of the specimen.
Consider Point A of the three specimens, the yield stress was increased from 22 MPa for the unconfined specimen to 25 MPa for

the one-layer confined specimen, and to 27 MPa for two-layer confined specimen. After the concrete yielding (cf. between Point
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A and Point B), the specimen exhibited larger lateral expansion due to plasticity. The yielding occurred throughout the sheet due
to uniform lateral expansion of the circular-shaped specimen. For two-layer confinement, the inner layer yielded first at Point BI,
followed by the outer metal sheet layer which yielded at Point BO. Note that, in the post peak regime, the negative slopes were
observed in the stress-strain relations of the unconfined and one-layer confined specimens. However, the slope became positive

for the two-layer confined specimen.
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Figure 3  Stress-Strain relationship of the metal sheet confined concrete cylinder.

Figure 4(a) and Figure 4(b) show relationships between the axial stress and the axial strain, and between the circumferential
stress (hoop stress) and the circumferential strain (hoop strain) in the metal sheet, respectively. In Figure 4(a), axial compressive
stress was observed in the axial direction, implying that the metal sheet jacket took part in resisting axial loading along with the
concrete core. In Figure 4(b), it was found that the circumferential stress showed compression at the beginning of the loading
(before Point A). This could be due to difference of the Poisson’s ratio between the metal sheet and the concrete core. Laterally,
the concrete expanded less, thus restraining the metal sheet from free of expansion and leading to the compressive stress in the
metal sheet. After Point A where the concrete yielded, the concrete core expanded much further due to plasticity. Tensile stress
then arose in the metal sheet until it reached Von Mises yield criterion at Point B. After the metal sheet yielding, the concrete core
still expanded laterally, causing higher tensile stress in the metal sheet. According to the elastic-perfect plastic material behavior
specified in the metal sheet, when lateral stress was higher, it weakened ability to resist force in the other directions. Therefore, the

axial compressive stress in the metal sheet became lower, as shown in Figure 4(a).
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Figure 4  Stress- strain relationship in the metal sheet of the confined concrete cylinders.

For two-layer confinement, behaviors found in the metal sheet were similar to those obtained in the specimen with one layer
of metal sheet confinement. Only marginal differences between the inner and the outer metal sheet layers were observed. As sliding
between the layers were allowed, the forces might not be fully transferred and therefore resulted in some marginally different

behaviors between the two layers.

4.2 Behavior of the square cuboid confined with metal sheet

Similar to the cylindrical specimens, the finite element result showed that axial compressive strength of the concrete cuboids
were improved by metal sheet confinement. When wrapping with one layer of metal sheet, the axial compressive strength of the
square cuboid was improved from 22.00 MPa to 27.85 MPa, which was approximately 27% increase. With two and three layers
of confinement, the strengths were improved to 32.94 MPa and 39.25 MPa, which were approximately 50% and 78% increase,
respectively.

Behaviors of the one-layer and two-layer confined specimens are shown in Figure 6 in comparison to the behavior of the
unconfined specimen. Five critical points in the curves were remarked; Point A was where the concrete started to yield, Point B
was where middle of the side of the metal sheet started to yield, Point C was where corner of the metal sheet started to yield, Point
D was where the specimen reached its maximum stress, and Point E was the end of the computation. Similar to what happened in
the cylinder, confinement increased confining pressure in the concrete and slightly raised up the yield stress. After the yielding,
the positive slope was still noticed from A to B before the metal sheet started to yield. The yielding started first at the middle of
the side, where there was larger lateral expansion. Since the core concrete deformed less at the corner zone, yielding of the metal
sheet at the corner zone occurred later at Point C. For two-layer confined cuboid, the metal sheet yielding took place at almost the
same time for the outer and the inner layers, and it was the same point where the maximum stress was also obtained. After the

specimen reached its maximum stress, softening behavior was observed for all the specimens.
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The lateral strains shown in Figure 5 were measured at a point located at the middle of a side. The graphs would show
different relationships if a different location was selected. In Figure 6, axial stress-lateral strain relations were plotted using the
information at two different locations. For one—layer confinement, marginal difference of the lateral strains between two points
were observed. However, for two-layer confinement, the lateral behavior near the corner apparently deviated from the behavior at
the side. With higher level of confinement, the lateral expansion at the corner zone was more restrained, leading to a relatively

more expansion at the side.
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Figure 5  Stress-Strain relationship of the metal sheet confined concrete cuboids.
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Figure 6  Axial stress-lateral strain relationship of the metal sheet confined concrete cuboid.
Due to restriction of the section shape, the square cuboid did not show uniform lateral expansion as in the cylinder. Due to

non-uniform confinement, non-uniform distribution of stress and strain on the cross section was revealed. As shown in Figure 7,

three zones were chosen, including Zone P the center of the specimen, Zone Q the side of the specimen and Zone R the corner of
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the specimen. At the stage where concrete started to yield, the stress in the cross section was not uniformly distributed. The
maximum stress occurred in Zone R which was the corner zone of the cuboid specimen. When the concrete core tried to expand
laterally, it was restrained by the high sectional stiffness of the corner. Therefore, the confining stress acting on concrete around
the corner became higher than the rest of the area. Correspondingly, the concrete in the corner zone yielded first and experienced

higher equivalent plastic strain, followed by the rest of the cross section.

7.515e-006
6.764e-006
6.012e-006
5.261e-006
4.509¢-006
3.758e-006
3.006e-006
™ 2.255¢-006

1.503e-006

I 7.515e-007
0.000e+000

Figure 7 Equivalent plastic strain distribution at the concrete yielding of the one-layer metal sheet confined concrete cuboid.

4.3 Axial compressive strength increase

The axial compressive strengths of the confined concrete are summarized in Table 2 and plotted against number of layers in
Figure 8. It can be seen that the axial strengths of the specimens were increased according to the number of applied layers in quite
linear dependent trends. The section shape of the core specimen was an important factor to the amount of strength increase. Uniform
confinement of the circular section specimens led to more efficiency in strength increase, as compared to the non-uniform
confinement of the square section specimens. When confining the specimens with one layer of metal sheet, the strength increase
in the cuboid was marginally smaller than in the cylinder of the same cross sectional area. However, more difference in the strength

increase was noticed with more layers of metal sheet application, as shown in Figure 8.

Table2  Axial compressive strength of the confined specimens.

Specimen Number of Axial compressive strength Normalized axial strength
layers f.e (MPa) fee / feo
Cylinder 1 28.17 1.28
2 35.69 1.62
3 43.57 1.98
Cuboid 1 27.85 1.27
2 32.94 1.50
3 39.25 1.78
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Figure 8 Effect of number of metal sheet layers on axial strength increase.

4.4 Verification of the finite element result

To verify the finite element models used in this study, the results obtained from the finite element analysis were compared
with results from the laboratory experiments [23] and [24] for the cylindrical and square cuboid specimens of the same size,
respectively (cf. Figure 9). Since the material properties from the laboratory experiment were different from the data used in our
numerical test, normalization of the results was needed. Here, the normalized axial strength of the specimen ( £, /f,, ) was plotted
against nf), / f., - Noted that f,, and f,. are the axial strengths of unconfined and confined specimens, respectively, fy is the
yield stress of the metal sheet and n is number of applied metal sheet layers. It can be seen from Figure 10 that the result obtained

from our numerical model could closely predict the axial compressive strength of the cuboid specimens from the laboratory.

Figure 9 The test specimens in the laboratory experiments [23-24].
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Figure 10  Comparison of the results obtained by the finite element analysis and the laboratory experiments.

5.  Conclusions

The findings presented in this paper are summarized as follows:

1. The results from all the confined specimens revealed that the strengthening system could improve axial compression
capacity of the original plain concrete specimens; higher axial strength increase could be obtained when applying more layers of
metal sheet. Basically, the behavior of the confined system could be divided into two parts, i.e. before and after the yielding of
concrete. It was found before the concrete yielded that the lateral expansion of the specimens, which depended on Poisson’s ratio,
was resisted by metal sheet confinement and resulted in higher yield stress as compared to the unconfined specimen. Stress
distribution in the metal sheet also showed some resistance in the axial direction of the specimen, which could be seen together
with the lateral resistance as a composite action.

2. Post peak behavior depended on number of applied metal sheet layers and also the cross section of the concrete core. For
two-layer metal sheet confinement, slight hardening post peak behavior for the circular section specimens appeared, but not for
the square section specimen. However, in all the square cuboid specimens, wrapping metal sheet up to two layers was still not
sufficient to change the post peak behavior from softening to hardening. Axial compression behaviors of the confined specimens
depended on the cross sectional shape of the core concrete.

3. Cross sectional shape of the specimens was one of the important factors in improving axial compression capacity of the
specimens. For the circular cross section, the lateral expansion was uniform in the radial direction. The resulting confining pressure
was uniformly distributed, providing high confinement effectiveness. On the other hand, for the square cross section, the lateral
expansion was not uniform. More expansion was found at the side than the corner due to geometrical restriction. For the concrete

core, higher stress was detected near the corner, which was the point the concrete yielded first. After the yielding, the metal sheet
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at the side stretched more and thus restrained the metal sheet at the corner. This resulted in higher confining pressure induced in
concrete at the corner of specimen.

4. Some of the finite element results were verified by comparison with existing experimental results, and found to be
promising. The strength increases could be plotted in linear relations to the number of layers. Compared to the circular cross

section, lower strength increase was obtained for the specimen with square cross section.
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