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ABSTRACT

Strengthening of the existing structures is an important task that civil engineers continuously face.
Compression members, especially columns, being the most important members of any structure,
are the most important members to strengthen if the need ever arise. The method of strengthening
compression members by direct wrapping by Carbon Fiber Reinforced Polymer (CFRP) was
adopted in this research. Since the concrete material is a heterogeneous and complex in behavior,
thus, the behavior of the confined compression members subjected to uniaxial stress is investigated
by finite element (FE) models created using Abaqus CAE 2017 software.

The aim of this research is to study experimentally and numerically, the behavior of square plain
(without steel reinforcement) concrete compression members, that has concrete strength of f; =
24.41 MPa, confined with one layer of CFRP wraps under uniaxial compressive loading. Finally,
the outcomes are compared with the finite element models using Abaqus software.

Laboratory experimental results showed that confining compression members with CFRP wraps
is an efficient strengthening method. In terms of load carrying capacity, an enhancement was
measured for about 56.1% of the reference non-confined members. This enhancement was also
reached using Abaqus software.

Key words: Finite element, Concrete Damaged Plasticity Model (CDPM), CFRP sheets,
Compression members, Confinement.
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1. INTRODUCTION

One of the many cases that the structural engineer must tackle is the case where it is required to
strengthen existing structural members. Strengthening of structural members are performed due to
many reasons such as damage taken by the structural member resulting from natural disasters such
as earthquakes, winds, floods, fire, ... etc., other reasons may include old age of building, an update
in structural specifications complying certain factor to be met in any structural members, or change
in the purpose of the structure itself. Columns (or compression members), being the most important
structural member, which its failure can lead into a total collapse of the building, are the center
focus of this study.

Increasing the load carrying capacity of structural elements, such as compression members or
columns, can be done conventionally by increasing the concrete strength, dimensions of cross-
section, or reinforcement and the like. But on the other hand, it is worthwhile to mention that ideas
of increasing the load bearing capacity for existing compression member has raised to the surface
recently. The complete lateral “clothing” of existing compression members by a sheet-like
reinforcement attached to them by strong adhesives has been proven to provide certain
improvement to strength properties of the compression members. However, there remains a
problem that is the shape of compression members (columns) had proven to influence the
increment of the load carrying capacity. Circular cross section is the best cross-sectional shape to
employ (develop) full confinement effect of the sheets, ACI 440.2R-17.

This study revolves around strengthening square compression members by wrapping them
externally with Carbon Fiber Reinforced Polymer (CFRP) wraps; and subjecting them to axial
compressive loads, then, these members are modeled numerically using Abaqus CAE using finite
element method. Thus, the axial behavior as well as strengthening effectiveness can be studied and
analyzed for further understanding on this subject. According to Abdulhameed and Said (2019),
many systems were developed in order to strengthen existing structures such as the replacement of
structural members, by adding modern materials to improve the structural performance of
individual elements and using post-tension rebar. A normal strength concrete considers as a brittle
material with high compressive strength in comparison with the low tensile strength. To increase

the tensile strength of concrete, small pieces of fibers could be added to concrete members, Al-
Quraishi, et al. (2019).
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2. CONFINEMENT
2.1. Definition of Passive Confinement

Ozbakkaloglu T. et al. (2012), defined passive confinement as the condition when FRP fibers do
not exert immediate confininig pressrue (or the fibers do not cause confinement immediately) on
the columns. But instead, fiber’s confining pressure is only activated due to lateral dilation of the
column under compression loading. Generally, tensile pressure starts to develop along hoop
direction in the FRP wraps when the concrete, i.e. the member, starts to expand laterally (or dilate)
due to the applied load. Therefore, it is clear that confinement pressure which develops in FRP
wraps increase in proportionate with the dilation of the member. This behavior continues until the
whole of the system fails. Failure in these systems can occur in two aspects, either rupture of CFRP
wraps accompanied by concrete crushing, or premature concrete crush where CFRP wraps are not
damaged but the concrete confined within the wraps is crushed.

2.2. Confinement of Square and Rectangular Columns

FRP sheets have weak flexural stiffness, thus, low transverse confining stress can be utilized in
square or rectangular sections. At the edges and sharp corners of such sections; the high axial
stiffness and the low flexural stiffness of FRP sheets develop stress concentration zones at these
corners. Stress concentration is considered dangerous and it continues to develop until failure
occurs at these regions generally by rupture of FRP sheets; while the stresses in the fibers lying
along the perimeter of the section, i.e., along the sides of the section, are still much lower than the
ultimate strength of the FRP fibers, Campione, et al. (2004).

As shown in Fig. 1, there is a reduction in the active confinement area. For a square or rectangular
column with sharp corners, the confinement area starts at the corners in the form of a second-
degree parabola which has an initial slope of 45°. On the other hand, for square column with
rounded corners with a radius R, (in mm), the parabolic action is again assumed but in this case;
the effective confinement area is larger than the case of sharp corners, Benzaid and Mesbah
(2013).

In contrast to circular columns; FRP wraps exerts a non-uniform lateral stress on the square
columns due to the non-uniform dilation of the square concrete column. Flat sides of the square
column are subjected to lower pressure compared to the corners, i.e. the stress is concentrated at
the corners. Therefore, due to the cross-sectional shape and due the non-uniform distribution of
the confining stress, only a certain percentage of the whole cross-sectional area is confined
effectively. Thus, the confinement efficiency in this case is lower than the case of circular columns.
Furthermore, an additional reason for the lower efficiency is that in circular columns; the confining
pressure depends mostly on the tensile stiffness of the FRP wraps, whereas in square columns; the
confining pressure depends on the flexural stiffness of the FRP wraps, which is much lower than
the tensile stiffness, Al-Khafaji (2016).
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Figure 1. Active confined area for square column sections confined with FRP wraps (after
Benzaid and Mesbah 2013).

3. RESEARCH METHODOLOGY

Four concrete compression members (with concrete strength of f, = 24.41 MPa) were casted
without any internal reinforcing steel. The specimens were divided into two groups:

e Two specimens without any confinement provided to them. These members are considered
as the reference members. This group is titled RO, and the two members are referred to as
RO-1 and RO-2.

e Two specimens confined with one layer of CFRP attached to them by strong adhesive such
as epoxy resin. This group is titled C1, and the two specimens are referred to as C1-1 and
C1-2.

All compression members had square cross section of dimension 100 x 100 mm, and a height of
300 mm. All members were subjected to uniaxial compressive loading using concrete testing
machine. Furthermore, two dial gauges were used to measure the lateral or side dilation at
midheight of the compression members. These dial gauges were stationed on two opposite sides
of the members, i.e. the in parallel positions but each one record dilation for different side of the
member.

4. EXPERIMENTAL MATRIX

4.1. Specimens Configuration

Four compression members were casted without steel reinforcement. The four members had area
of 100 x 100 mm, and a height of 300 mm. The dimensions of the members were selected so that
it does not in to the category of columns as defined by the ACI committee. ACI 318-14 to consider
the compression members as short columns. The ACI has complied that any compression element
for it to be considered as short column, then the ratio of height over least lateral dimension should
be greater than 3, and the member should be vertical or predominantly vertical orientation.

4.2. Confining Process

To achieve full confinement benefits or to achieve full confining pressure, CFRP wraps should be
attached sufficiently and effectively on the compression members. To achieve this purpose, epoxy
resin was used. First, epoxy resin was spread gently and evenly over the entire surface of the
compression members, except at the top and bottom surfaces. After that, a single layer of CFRP
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wraps was placed on the surfaces where the resin was spread. Then, a rather small serrated steel
roller was rolled over the CFRP wrap, this was done to achieve good impregnation of epoxy resin
in the fibers of the wrap, and to avoid or exclude any air bubbles which may be created and trapped
inside the epoxy. Fibers of the CFRP wraps, when attached or installed on the compression member
surface, were oriented in the hoop direction. Finally, as a last step, an overlap, about 10 cm, was
made in the wraps. Resin was left for a time of 7 days for it to be fully dry.

4.3. Material Properties

Concrete used to create the compression members was normal strength concrete, and the cement
was sulfate resisting cement. Furthermore, commercially available unidirectional CFRP sheets was
used as confinement material. It was bought locally from a market. CFRP material that is used in
laboratory experiments was uniaxial wraps where the fibers are oriented in one direction. For
achieving attachment between CFRP and the members, epoxy resin was used. Tables 1 - 2 present
properties of the materials used throughout this paper. Finally, it should be noted that many trial
mixes were carried out and the mix ratio (volumetric mix ratio) mentioned in Table 1 were the one
adopted to cast the columns in this study.

Table 1. Concrete mixture properties

Compressive strength of the concrete (f) used to
. 24.41 MPa
cast the square compression members
. . . Volumetric ratio of 1:1.5:2.5

Concrete mix ratio for square compression : _
corresponding to: cement, sand, and

members :
gravel respectively.

Maximum size of grave or coarse aggregate 12.5 mm

Type of cement used for concrete mixture Sulfate resisting cement

PH of water used for concrete mixture 6.8-7.2

Lab temperature 25°C

Table 2. Fiber properties of CFRP Wraps product

Fiber tensile strength 4900 N/mm:2

Fiber tensile modulus of elasticity 230 000 N/mm:2

Fiber elongation at break 1.7 %

Fiber density 1.80 g/cms

4.4. Instrumentation and Test Setup

To monitor and measure the dilation of the compression members, two opposite-in-direction dial
gauges were installed at midheight of the members. To exert compressive loading on the members,
concrete compression machine was used. Plate 1. shows Test setup.
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(@) Compression machine (b) Dial gauges

Plate 1. Installing dilation gauges for compression members

5. MODELING OF CONCRETE MATERIAL

In order to model concrete material for the compression members, the following constitutive
relationships should be defined; elastic behavior of concrete and inelastic behavior of concrete.

5.1. Elastic Behavior of Concrete

Considering the elastic behavior of concrete, the concrete is modeled as an elastic and isotropic
material. Upon identifying the elastic behavior of concrete as isotropic, two parameters to be
defined which are modulus of elasticity and Poisson’s ratio.

According to Nilson, et al. (2010), the axial compressive stress-strain diagram for the concrete
is regarded to be almost linear, i.e., concrete behaves elastically. However, this elastic behavior of
concrete is observed at low stresses and it continues in the same manner up to an approximate
stress value of 0.5f, as shown in Figure . After the value of 0.5f, , the stress-strain curve behaves
in an inelastic manner where stresses are no longer linearly proportionated to strains.

60 [~ 6
a
50 5
/
‘/’/
o  af / .
/
/
/
= . /I c
230l 23l /
-5 R /
20+ 21
a Steel
10 1F b Concrete, fast loading
¢ Concrete, slow loading
d Elastic concrete
oL 0 ! 1 ! 1 1
0 0.001 0.002 0.003

€50 €

Figure 2. Uniaxial compressive stress-stain diagram (after Nilson, et al., 2010).

Due to the fact that the concrete has a stress strain curve on which there is no definite proportional
limit, it is rather a difficult task to obtain the modulus of elasticity. However, ACI 318-14 allows
the use of Eqg. (1) to calculate the modulus of elasticity of concrete.
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E = 4700./f/ 1)
where:
E: modulus of elasticity of concrete, MPa
f< - specified compressive strength of concrete (of standard concrete cylinder), MPa

When identifying Poisson’s ratio (v) for concrete, a value between (0.15-0.2) should be selected,
Dere & Koroglu (2017). Thus, the parameters used to define elastic behavior of concrete material
is E = 23221 Mpa (substituting f, = 24.41 Mpa in Eq. (1)), and v =0.2.

5.2. Inelastic Behavior of Concrete

For modeling the inelastic behavior of concrete material, there are majorly two types of material
models that can be used to simulate the properties and characteristics of concrete. The two models
are known as Concrete Damaged Plasticity Model (CDPM) and Concrete Smeared Cracking
Model (CSCM).

Concrete Damaged Plasticity Model (CDPM) possesses the ability to represent or describe the
complete inelastic behavior of concrete material for both cases, tension and compression. CDPM
also takes into consideration damage parameters. CDPM assumes two modes of failure that may
happen to concrete material. The two failure modes are first the tensile cracking and second the
compressive crushing, Wahalathantri et al. (2011).

5.3. Parameters and Variables of CDPM

The following parameters should be defined: dilation angle (y) (measured in degrees), flow
potential eccentricity (e), ratio of initial equibiaxial compressive yield stress to initial uniaxial
compressive yield stress(f, /fc,), the coefficient k, and viscosity (u). Table 3 lists these
parameters.

Table 3. CDPM Parameters.
ABAQUS built-in default values

Parameters P e foo/ feo k U
Values User defined 0.1 1.16 0.6667 0.0

Parameters adopted in this study

Parameters Y e foo/ feo k u
Values 55 0.1 1.16 0.7 10~5

The data for compressive and tensile behavior come from uniaxial compression and uniaxial
tension test respectively, but the plasticity section need five parameters such as dilation angle (‘)
which is the dilation angle measured in the p-q plane at high confining pressure, eccentricity (e) is
a parameter referred to as the eccentricity, that defines the rate at which the flow potential function
approaches the asymptote (the flow potential tends to a straight line as the eccentricity tends to
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zero), fh0/fcO is a ratio of the strength in the biaxial state to the strength in the uniaxial state, and
k is the ratio of the Mises equivalent effective stress on the tensile meridian, Labibzadeh, and
Hamidi, R. (2016). Finally, it should be noted that the damage parameters dt and dc are taken equal
to zero.

It is worth to mention that Genikomsou (2015) modeled two reinforced concrete beams, with and
without stirrups, using CDPM and compared the data results from Abaqus with experimental
results. He concluded that for the beam model which had no stirrups, the optimum dilation angle
which captured the behavior of the beam was 30°. While for the beam model which had stirrups
reinforcement, the optimum dilation angle which captured the behavior of the beam was 42°. Thus,
he concluded that confined concrete requires high value of dilation angle. In this study, the dilation
angle was taken equal to 55° for compression members fully externally confined by CFRP wraps.

5.4. Compressive Behavior of Concrete

For the complete benefit of adopting CDPM, ABAQUS requires the user to define the axial
compressive behavior, precisely the yield stress versus the inelastic strain, of concrete. Many
equations have been proposed by different researchers to describe the compressive behavior of
concrete including the softening area on stress-strain curve. For full description of stress-strain
behavior of concrete in CDPM, mathematical Eq. (2) and (3), which were suggested and used by
Chaudhari & Chakrabarti (2012), are used in this paper. The two mathematical equations
represent the hardening zone of stress-strain curve as a parabola and the softening zone as a straight
line respectively.

£ £
For0 < . < & %=2xg—f(1 —2—;) (2)
(o C (o4
. — &
For Sé < Ec < Ecu %: 1-0.15 <ﬁ> (3)
c cu c

where:

f-: compressive stress, MPa.

f7 - maximum stress exerted on concrete, MPa.

€. strain corresponding to stress f., mm/mm.

&, strain corresponding to maximum stress £/, mm/mm.
€¢- Ultimate strain defined at concrete failure, mm/mm.

According to Nilson, et al. (2010), the ultimate strain of normal concrete is ., = 0.003. Thus,
by considering a strength value of f = 24.41 MPa, while performing equations (2) and (3),
compressive stress-strain diagram curve is obtained as shown in Figure 3.
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0 0.001 0.002 0.003 0.004
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Figure 3. Compressive stress-strain diagram.

In CDPM, it is only required to define a single point (or a table of points) of yield stress versus
inelastic strain. By using Eq. (2) and (3), one can obtain full compressive behavior of concrete
material. However, to obtain the yield stress versus inelastic strain, it is necessary to define the
value of yield stress. Nilson, et al. (2010), mentioned that up to (50 - 60)% of £/, the stress-strain
curve is almost nearly elastic. Therefore, since the strength is f, = 24.41 MPa, then the yield stress
is considered as 12 MPa, which is almost equal to 50% of f_.

By using Eq. (2), the strain corresponding to yield stress (corresponding to f. = 12 MPa) is
calculated and its strain value is &, = 0.00053. Therefore, yield stress and inelastic strain are both
determined. It is important to note that any stress-strain diagram must satisfy Eq. (4). Figure ,
demonstrates the zones of elastic and inelastic strains of the stress-strain diagram.

Ecu = €T &g (4)

or Ecompression ultimate — Eelastic + Einelastic

i

inelastic

Stress MPa

elastic

Figure 4. Compressive stress vs elastic and plastic strain

It is worth to mention that at ., = ¢,, then g, = 0. Thus, at yield stress, f, = 12 MPa, the
inelastic strain ¢;, = 0. To obtain the subsequent values of ¢;, corresponding to f. > yield stress,
i.e., f. >12 MPa, Eq. (5) is adopted.

Eie = & — & )
where

&;e- Inelastic strain corresponding stress f. > yield stress, mm/mm.
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& strain corresponding to stress f., mm/mm.
&, elastic strain corresponding to yield stress, mm/mm.

Regarding the aforementioned case of f, = 24.41 MPa, the elastic strain ¢, = 0.00053. Thus,
by substituting the correct values into Eq. (5), the inelastic strain &;, corresponding to f, > yield
stress, can be easily determined.

5.5. Tensile Behavior of Concrete

When using CDPM, it is essential to define the tensile behavior of concrete material. Carreira &
Chu (1986), proposed a mathematical Eq. (6) to describe the tensile behavior of concrete material.
Dere & Koroglu (2017), proposed an assumption that defines the tensile stress-strain
proportionality curve in the hardening (ascending) zone of the curve. The proportionality was
assumed up to a maximum tensile stress f;. Considering the softening (descending) part, stress-
strain diagram also follows equation (6) to (8) that were proposed by Carreira & Chu in (1986).

&t
x —_
ft g &
T 1a op ©)
t ﬁ -1+ (?)B
t
where
f¢: applied stress, MPa.
f¢ - maximum tensile stress, can be considered as concrete’s tensile strength, MPa.
& strain corresponding to stress f;, mm/mm.
&¢: strain corresponding to maximum stress f;', mm/mm.

B parameter that depends on the shape of the stress-strain curve.

Maximum tensile stress for normal weight concrete, can be calculated from equation (7).
Tensile strain corresponding to maximum tensile stress, can be calculated from equation (8).

fi = 0.33yf; (7)
,_ &
& = 10 8

. 1 . . . . .
Thus, & is = of the strain corresponding to maximum compressive stress (e;) acquired from

compressive stress-strain relationship. Additionally, ¢/ can also be assumed equals to &/ =
0.0002. Furthermore, it is possible to assume that the parameter S can have the same value for
tension and compression. Therefore, B for tension and compression can be determined by solving
Eq. (9) proposed by Carreira & Chu (1986).

;7 \3
3=<fc>+1.55 ©)

32.4

As a conclusion, by using sets of Eq. (6) to (9), it is possible to obtain tensile stress-strain behavior
for normal concrete material. Figure demonstrates the tensile stress-strain curve. The ultimate
tensile strain has a value of ¢, = 0.002 for normal weight concrete.
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Figure 5. Tensile stress-strain diagram.

Similar to the case of compressive behavior, ABAQUS CDPM does not require a full definition of
the tensile behavior of concrete material, but instead, CDPM requires the definition of one
coordinate (or table of coordinates) of yield stress versus cracking strain. Since stress-strain curve
was assumed linear up to the point of maximum tensile stress, then the maximum tensile stress f;/
is be considered as the yield stress; and the corresponding strain is considered as the elastic strain,
I.., Eerastic = & = 0.0002. In this manner, the yield stress and cracking strain can be determined.
It should be noted that any tensile stress-strain diagram should satisfy Eq. (10). Figure
demonstrates the zones of elastic and cracking strains on the tensile stress-strain curve.

Etu = €e t Ecrack (10)
or Etensile ultimate — Eelastic + gcracking
18
16
14
B 12

£ X
Eelastic eracking

Figure 6. Tensile stress vs elastic and plastic strain.

It should be noted that based on the concrete with a strength of f, = 24.41 MPa, at peak stress
where &, = €, = 0.0002, then .4 = 0. Therefore, at yield stress (at f; = f; = 1.6304),
cracking strain corresponding to this yield stress is zero, i.e., €..qcx = 0. In order to obtain the
subsequent values of cracking strain €., corresponding to f; <yield stress, i.e. f; <1.6304 MPa,
Eq. (11) shall be used. According to Carreira & Chu (1986), the value of ultimate tensile strain

for normal weight concrete is &, = 0.002.
1)

Ecrack = & — €e

where
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€crack- Cracking strain corresponding to stress f;, mm/mm.
g,: strain corresponding to f;, mm/mm.
€. elastic strain corresponding to peak stress or corresponding to f;, mm/mm.

€. Ultimate strain at failure, mm/mm.

6. VALIDATION OF THE ADOPTED COMPRESSIVE STRESS-STRAIN EQUATION

Eq. (2) and (3) which are adopted to describe compressive stress-strain behavior in CDPM, shall
be validated to determine if they are able to capture the true behavior of concrete in compression.
In order to validate these equations; experimentally obtained stress-strain curve should be
compared with stress-strain curve obtained by using these equations. Fig. 7 shows a comparison
between two curves. First, is a stress-strain relation adopted from the work of Carreira and Chu
(1985). This plotted stress-strain curve is for a standard cylinder of 15x15%30 cm. Second, a stress-
strain relation obtained by solving Eq. (2) and (3).

40
35

Stress, MPa
= N N w
(6] o (6, o

=
o

Laboratory Equatiolns

o w

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Strain, mm/mm

Figure 7. Compressive stress-strain curve of a standard cylinder, comparison between numerical
equations of Chaudhari and Chakrabarti (2012) and laboratory experiments.

As seen in Fig. 6, the two curves are similar with a very good compatibility. Thus, Eq. (2) and (3)
are reliable and can be adopted to describe the compressive behavior of concrete in compression.

7. MODELING OF CFRP MATERIAL

Since CFRP wraps have only one purpose and this purpose is to provide external confinement,
and since the wraps cannot support neither lateral forces nor compressive forces but can only
support tensile forces, the CFRP wraps were modeled as 3D shell elements. Modeling of CFRP
wraps as shell elements inherits the assumption that the wraps shall support plane stresses only.
This case is true for CFRP wraps because only plane stresses are developed in the wraps. Since
only axial compression loads are applied and no lateral loads are applied to the compression
members, thus, the choice of shell element is a suitable choice to model the wraps. However, due
to the fact that the wraps only support tension stresses (the wraps provides no support to
compressive stresses), thus, when defining the material of CFRP wraps, only tension stiffness was
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defined. In addition, for the wraps to act as confinement members during loading and analysis
procedure, it is important to specify a zero value for Poisson’s ratio, Xiao & Teng (2010).

The definition “lamina elastic material” is a special case of the definition of orthotropic elastic
material. However, in ABAQUS lamina is used to specify orthotropic elastic properties in plane
stress condition. This definition is convenient for CFRP wraps because they act as confining
elements which only develop plane stresses. When selecting lamina elastic material, ABAQUS
CAE requires the definition of few parameters and characteristics. These parameters include Ej,
E,, Nuy,, G5, G13, and G,5. These parameters can be obtained from datasheet of the product. The
parameters introduced in ABAQUS are listed below. Finally, this choice of lamina elastic material
to be selected to define CFRP wraps was used by Tipnis (2015).

E, = 225000 MPa.

E, = 1 MPa (Low value is assumed, since Abaqus does not permit a zero value).
Nu,, =0

G, = 0.1 MPa (For same reason of Ez2).

G,3 = 115000 MPa.

G,3 = 0.1 MPa (For same reason of E2).

8. DEFINING PARTS AND ELEMENTS

For modeling concrete compression members, hex (hexagonal) element type has been selected.
Thus, a 3-dimensional cubic brick continuum element was selected to model concrete compression
members. Also, reduced integration process was performed during analysis process for each single
element. C3D8R element has been adopted for modeling of square concrete members with reduced
integration process for analysis.

CFRP wrap was modeled as a 3D shell part due to the fact that they resist only in-plane diagonal
tension stress. Regarding the elements assigned for the wraps, S4R element was adopted. This
element is characterized as a 4-node element with reduced integration. For the type of stress
developed in the wraps were plane stresses. Therefore, to achieve this type of stresses, the element
was chosen to be analyzed as a shell.

9. INTERACTION AND BOUNDARY CONDITIONS

Interaction between CFRP wraps and compression members were modeled using tie constraint.
This option means that there is a full bonding in all degrees of freedom between the connected
elements, i.e. concrete and CFRP. This type of interaction was adopted by Lin & Teng (2013). A
uniform compressive stress was subjected to the compression member models. Furthermore, when
simulating boundary conditions BC, the entire bottom surface was restrained by pin supports.
Therefore, movement of the bottom of the models was restricted from translation motion in three
dimensions. Similar BC were used by several researchers such as Campione, et al. (2004) .

10. RESULTS AND DISCUSSION

10.1. Square compression members with no external confinement

This group contains two compression members with titles RO-1 and RO-2. Plate 2 presents failure
modes for the two specimens.
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(a) Compression member RO-1 at failure (b) Compression member R0O-2 at failure

Plate 2. Modes of failure of compression members RO

In the case of unconfined compression members, the strength of the two specimens was 20.94
MPa for specimen R0-1 and 20.52 MPa for specimen R0-2. Thus, the average strength for
specimens RO is f,, = 20.73 MPa.

It is noticed the compression members failed by crushing of the concrete material at top zones and
precisely at the edges. Members failed by crushing of concrete, this is the general failure mode for
compression members. The lateral displacement was measured by the two dial gauges. The two
dial gauges recorded a rather small lateral expansion at midheight of the two specimens. Never the
less, this lateral expansion did not influence the overall behavior of the compression members
because the members were designed to be compression members and their failure was that of
compression members, i.e. failed by crushing. Figure and 9 show the load displacement curve
obtained from the two laboratory members plotted in addition to the load displacement curve
obtained from FE models of ABAQUS software.
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Figure 8. Load-displacement behavior of compression member RO-1.
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Figure 9. Load-displacement behavior of compression member RO-2.

It can be seen from the two figures that the FE curve overlies the experimental one. Up to a strain
of 0.06 the difference between the two curves is more or less considered moderate, but then after
the two curves get close and rather converge. The general trend of behavior for the two curve are
similar.

10.2. Square compression members confined with one layer of CFRP wraps

This group contains two compression members with titles C1-1 and C1-2. Plate 2 presents failure
modes for the two members. By observing failure modes of the two members, it is apparent that
they failed prematurely. In other words, the CFRP did not rupture, i.e. CFRP wraps did not reach
its ultimate strain, while the confined concrete crushed inside the wraps. Furthermore, because
failure was a premature failure, the crushed concrete could not be observed by eye, yet it remained
trapped inside the CFRP wraps. However, after closer examination, a slight and noticeable bulge
in the two compression members was observed. This indicates that indeed the concrete was crushed
and was trapped inside the CFRP wraps. It should be mentioned that similar mode of failure for
CFRP-confined columns was experienced by also by Benzaid and Mesbah (2013).

(@) Compression member C1-1 at failure (b) Compression members C1-2 at failure
Plate 3. Modes of failure of compression members C1.

In the case of unconfined compression members, the strength of the two specimens was 20.94 MPa
for specimen RO-1 and 20.52 MPa for specimen R0-2. Thus, the average strength for specimens
RO is f., = 20.73 MPa. For the case of FRP-confined compression members, the strength of the
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two members was 31.19 MPa for member C1-1 and 33.53 for member C1-2. Thus, the average
strength for members C1 is f.. = 32.36 MPa.

Thus, by providing confinement for square compression members provided by wrapping the
members externally by one CFRP layer, an increase in load carrying capacity was up to 56.1%.
This high enhancement in load carrying capacity is attributed to the premature failure mode of the
C1 compression members. Where, for this mode of failure, the confined concrete was crushed
while the FRP layer did not ruptured. It should be mentioned that similar large enhancement in
load carrying capacity of confined compression members was reached in the study of the two
researchers, Khan and Fareed (2012). In their work, the specimens were short square concrete
columns fully confined by a single layer of CFRP wraps. Also, the columns in their study were
also subjected to uniaxial compressive loading. In their experiments, the two columns also failed
prematurely where concrete crushed while FRP was not ruptured. The enhancement in load
carrying capacity reached by these two researchers was up to 36 %.

Full strength of the fibers in CFRP wraps were not fully developed during testing, this is due to
the fact that the wraps resist only tensile stresses and they do not resist flexural stresses or they do
not have flexural stiffness. As seen from the work of Campione et al. (2004), confined square
columns failed by rupture of CFRP fibers at the corners of the column, thus, proving that the
strength of the fibers were not developed along the sides of the columns but only in the corners
where stress was concentrated.

Figure and 11 show the load displacement curve obtained from the two laboratory compression
members plotted in addition to the load displacement curve obtained from FE models of ABAQUS
software.
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Figure 10. Load-displacement curve of compression members C1-1.

156



Number 4 Volume 26 April 2020 Journal of Engineering

350
300 * *
250
Z
=< 200
2
S 150
~ 100
—e—FE model
50 . :
——Physical Specimen
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Lateral displacement, mm

Figure 1. Load-displacement curve of compression members C1-2.

From the two Fig. 10 and 11, it observed that the overall behavior of the two curves in Fig. 10 and
11 are similar and at good convergence. The curves in both figures meet each other more than
once, then, after a displacement of 0.16 mm, the two curves (in both figures) seems to diverge from
one another. However, the curves (in Fig. 10 and 11) seems to exhibit an elastic behavior after
reaching displacement of 0.21 mm. Where after 0.21 mm, the curves seem to start flatten or
leveling, i.e. for very small load the displacement increase dramatically. As it is clear from the bar
chart Fig. 12 the load bearing capacity is essentially increased when the square specimen is
wrapped with only one layer of CFRP wraps.
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Figure 12. Bar chart that illustrates the maximum average stress, f,, and f..*.

*f! . Average maximum stress applied on the reference non-confined square compression
members, MPa.

fee: Average maximum stress applied on CFRP confined square compression members,
MPa.
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11. PARAMETRIC STUDY

In this section, square confined compression member C1-1 is confined in this section, for the
purpose of parametric study, by different number of CFRP layers. Thus, FE model titled C1-1 shall
be wrapped with one, two, and three layers of CFRP. Then load-displacement behavior is observed
and plotted for each layer. Fig. 13 presents load-displacement diagram for three models C1-1, but
each one with different number of CFRP layers as confinement. The three FE models are titled
C1-1, C2-1, and C3-1 representing square compression member confined by one, two, and three
layers respectively. Finally, the physical laboratory member R0-1 was introduced to the diagram
for further understanding and observation.

It is observed that the three FE models behave identical to each other until a displacement of 0.02
is reached. Beyond this value, the three models start to divers. At the final load of 270 kN, it is
observed that the model confined with one layer of CFRP underwent large displacement compared
to the other two FE models. For this model confined with one layer, after the load reaches a value
about 260 kN, it is observed that this model shall produce increasing displacement with almost a
constant load, i.e., the curve after it reaches a load of 260 kN, starts to flatten or level off. This
behavior is not observed for models C2-1 and C3-1 confined with two and three layers of CFRP
respectively. For FE model confined with two layers of CFRP (C2-1), the load-displacement
behavior tends to be a smooth curve with no distinguishable yield value. Obviously, this model
that is confined with two layers experience less displacement compared to the model confined with
one layer under the same stress. Finally, the model C3-1 that is confined with three layers, behaved
similarly to the model confined with two layers; in that it behaves like a smooth curve with no
distinguishable yield value. Also obviously, the displacement resulted from confining the model
with three layers (C3-1) is the least displacement experienced compared to the displacement
underwent by the other two models (C1-1 and C2-1). In other words, the displacement resulted
from three-layer confinement is the least compared to the models that are confined with one and
two layer of CFRP under the same load.

300
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200 . .
~ Reference physical specimen
~ RO-1
- 150
§ FE model C1-1 (one layer)
100
FE model C2-1 (two layers)
50
FE model C3-1 (three layers)
0
0 0.1 0.2 0.3 0.4

Displacement, mm

Figure 13. Compressive stress-strain curve for model C1-1 confined by multi-layers of CFRP.
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An important conclusion is reached; which is that for the same stress, and with increased wrap
thickness, i.e., increased number of CFRP wraps, the compression member behaves more rigid
with each layer added for confinement. In other words, the more layers of CFRP added to the
member, the more rigid it becomes, also, the less layers of CFRP added the less rigid it becomes.

12. CONCLUSIONS

Strengthening square compression members by providing external confinement by one
layer of CFRP wraps produced conveniently good results, where in terms of load carrying
capacity, an enhancement was up to 56%. This high increment in load carrying capacity is
attributed to the mode of failure which was premature failure.

Failure of confined square or rectangular compression members happens at zones of stress
concertation, i.e. at corners or sharp edges of the cross section.

For the case if the compression members were cast with low strength concrete mixture, or
if the wraps possessed high strength, a type of failure may occur in compression confined
members which is premature failure. Premature failure means that the member has reached
its ultimate strain or strength capacity and it fails by crushing of the concrete, all of this
while the wraps were not damaged yet.

Adopting a Concrete Damaged Plasticity Model (CDPM) for modeling concrete
compression members proved satisfactory and convenient results when compared with
experimental results.

The general trend of behavior for the load-displacement curves of the experimental and the
FE is similar. The FE curve slightly overlie the experimental curve, i.e. FE analysis
provides higher strength than the experimental one.

When confining square compression members with more than one layer of CFRP wraps,
e.g., one, two, and three layers, it is observed that the compression members tend to be
more rigid as the number of wraps increases. The same applies to confined circularized
square members, where it is noticed that increasing the number of CFRP confining layers
causes the compression members to be more brittle.

Using CDPM in Abaqus CAE produced conveniently good results. When the numerical
results (obtained from CDPM) were validated with the experimental results, the numerical
results showed a very good agreement with the experimental results.

Defining CFRP wraps in Abaqus as lamina elastic material produced very good results
when validated with the experimental results.
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