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ARTICLE INFO ABSTRACT

Keywords: Several confinement methods using concrete casing, steel jacketing, and wrapping with Fibre Reinforced
Analytical Polymer (FRP) sheets are widely implemented to enhance the strength and ductility of reinforced concrete (RC)
Axial columns. Recently, smart materials such as Shape Memory Alloys (SMA) are utilized for repair and strengthening

goi‘ﬁnemem of RC columns. The SMA’s exhibit unique thermo-mechanical properties such as shape memory effect (SME) that
h&;:n enables the material to achieve high recovery stress (up to 600 MPa) and strain (up to 8%). Recent findings in the
Smart literature show the SME and high recovery stress of the SMA wires used to confine concrete columns significantly

Shape memory alloy enhanced the strength and ductility performance of concrete. Realizing the potential of the SMA-confinement
Wires technique, this paper aims to present an analytical model to describe the behaviour of SMA-confined RC columns
subjected to uni-axial compressive loads. Experimental data are compared against theoretically predicted results
to validate the proposed analytical model. Results show the proposed analytical model predictions are in good

agreement with the experimentally observed axial compressive response of SMA-confined RC columns.

1. Introduction

Structural engineers always seek for smart materials and innovative
strengthening techniques to effectively and efficiently address the esca-
lating deterioration of structures. Recent assessment reports found that
50% of bridges in Canada are over 60 years old, and most of these
bridges are classified as structurally deficient and/or functionally ob-
solete [1]. The situation concerning Canada’s Infrastructure is con-
siderably worse. According to the Technology Road Map (TRM) con-
sortium, about 28% of Canada’s Infrastructure is more than 80 years old,
with another 31% being between 40 and 80 years old. An estimated 79%
of the infrastructure life expectancy has been already utilized [1]. In their
study, Mirza and Ali [2] suggested that the average remaining service life
of these infrastructure would be less than 20% by the year 2014.

The occurrence of national disasters such as earthquakes, specifi-
cally the 1971 San Fernando earthquake, the 1989 Loma Prieta earth-
quake, the 1994 Northridge earthquake, and the 1995 Kobe Japan
earthquake demonstrate the vulnerability of our highly deteriorated
infrastructure to ground motions [3]. Excessive investigations con-
ducted on collapsed structures by earthquakes showed that the failure
of one or more of the reinforced concrete (RC) columns led to the
progressive failure of the structure. The failure of these RC columns was
attributed to the poor quality of design and construction practices that
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led to inadequate flexural ductility and shear capacity to sustain the
earthquake loadings.

The repair and rehabilitation of the present infrastructure, specifi-
cally column members, should be of high priority. The main focus
should lie in reviving the deteriorating infrastructure to become
structurally sound, safe, and durable. The traditional repair and re-
habilitation methods involve confinement techniques using concrete
casing or steel jackets. These traditional strengthening techniques
possess inherent disadvantages due to the fact that the strengthening
materials suffer from the same deterioration factors as the parent ma-
terial. Thus, the use of durable (non-corrosive) and lightweight mate-
rials that exhibit high strength-to-weight ratio such as Fibre Reinforced
Polymers (FRP) soon replaced conventional materials (concrete and
steel) utilized for confinement strengthening methods.

The constant demand for innovative materials that are stronger,
lighter, durable, and ductile with tailored properties depending on the
nature of the application, has produced a new branch of materials
termed shape memory alloys (SMA). These smart SMA materials offer
numerous unique advantages making them a breakthrough innovation
for the building industry applications, specifically, for confinement of
concrete members. Research advancing towards utilizing SMA’s as a
confinement material could establish quick, effective, efficient, and
durable repair and rehabilitation methods that could potentially be
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implemented to rectify Canada’s deteriorating infrastructure.

Recent experimental research findings on SMA-confined concrete
reported in the literature demonstrate the effectiveness of the SMA
wires in increasing the strength and significantly enhancing the ducti-
lity of concrete [3-17]. These new materials have shown great potential
to replace several confinement techniques such as concrete casing, steel
jacketing, and FRP sheets. For industrial acceptance, structural design
engineers require a reliable analytical model to predict the response of
SMA-confined RC columns. Thus, the aim of this study is to present an
analytical model that can predict the overall concentric axial stress-
axial strain response of SMA-confined RC columns.

2. Background

Confinement methods can be categorized into two mechanisms: pas-
sive confinement or active confinement. Confining concrete through a
passive confinement mechanism is the most commonly used strengthening
technique for columns. A passive confinement system is unstressed at in-
stallation and only becomes activated when the concrete experiences
significant transverse expansion at loads approaching the unconfined
concrete compressive strength (Fig. 1). The passive confinement me-
chanism is directly related to the loading stages of the concrete column. At
lower compressive loads, concrete is known to behave elastically and the
transverse (hoop) strain is linearly related to the longitudinal strain by
Poisson’s ratio. At this stage, the concrete dilation is not sufficient to
trigger the activation mechanism of the strengthening material (Fig. 1). As
the load is increased, micro-cracks begin to coalesce forming macro-cracks
that increase the transverse strain of the concrete. The strengthening
material is then activated by resisting the concrete expansion through a
confinement pressure forcing the concrete to be in a tri-axial state of stress
(Fig. 2). This allows the concrete to sustain plastic deformations with axial
strains and stresses higher than its unconfined failure values.

A less familiar approach to strengthening of concrete columns is
through an active confinement mechanism. Research studies have
shown that achieving active confinement of concrete columns using
conventional materials such as concrete, steel, or FRP sheets were im-
practical, expensive and required excessive time, labour, and cost
[18-20]. However, an active confinement mechanism has major ad-
vantages over the passive confinement mechanism. The active
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Fig. 1. Axial stress vs. volumetric strain response of unconfined concrete,
passively confined concrete, and actively-confined concrete.
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Fig. 2. (a) Passive confinement mechanism and (b) active confinement me-
chanism.

confinement pressure is independent of the lateral dilation of the con-
crete and is applied independently by the confinement material. This
implies that the confining material is engaged prior to axial loads ap-
plied to the column (Fig. 1) and does not require the concrete to un-
dergo any damage for the confining material to engage (Fig. 2). This
ultimately results in a superior stress-strain response for actively con-
fined concrete when compared to passively confined concrete.

The unique thermo-mechanical properties of the SMA can be utilized
to actively confine concrete columns. SMA’s are classified as smart ma-
terials and are recently utilized for strengthening and repairing of con-
crete structures. The most common form of SMA wires used for concrete
confinement applications is Nickel-Titanium (NiTi) because it possesses
unique thermo-mechanical properties such as the Shape Memory Effect
(SME) along with high recovery stress (up to 600 MPa) and strain (up to
8%) [8]. The SMA’s have two phases, a high temperature phase called
austenite and a low temperature phase called martensite. The austenite
phase is considered as the parent phase and the martensite phase as the
product phase. The transformation from one phase to the other can occur
by either applying an external stress or by changing the temperature. The
forward transformation describes the transformation of the SMA from the
austenite phase to the martensite phase, and the reverse transformation
describes the transformation of the SMA from the martensite phase to the
austenite phase. One of the unique thermo-mechanical properties of the
SMA’s is its capability to exhibit the shape memory effect (SME) phe-
nomenon. The SME simply describes the forward and reverse transfor-
mations by changing the temperature of the SMA.

The SME of the SMA has been utilized to actively confine concrete
columns. The confinement application usually involves wrapping pre-
strained SMA wires around the circumference of the columns that are
constrained at the ends of the concrete column. At this stage, the induction
of heat will trigger the SME of the SMA wires and because of the constraint
condition, a recovery stress is generated that actively confines the concrete.
Experimental research investigations conducted in the literature reported
enhanced load bearing capacity and ductility capacity in the performance of
the SMA-confined concrete columns [3-17]. The performance of SMA-
confined concrete cylinders has been also investigated numerically via Fi-
nite Element (FE) modeling [21-23]. However, there are limited analytical
models in the literature to predict the response of SMA-confined concrete
columns subjected to uniaxial compressive loading [24].

In light of the above-mentioned discussion, the objectives of this
research study include the development of an analytical model to pre-
dict the axial stress- axial strain response of externally SMA-confined
RC columns subjected to uni-axial compressive loading. This paper also
presents the validation of the proposed analytical model by comparing
the predicted results with the experimental results of unreinforced RC
columns and SMA-confined RC columns.

3. Development of proposed analytical model

The objective of this section is to present the development of the
analytical model for SMA confined RC columns subjected to concentric
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Fig. 3. Concrete region definition for externally confined RC column and externally unconfined RC column.

loading. The proposed analytical model incorporates the material
constitutive models, namely the concrete, the reinforcing steel, and the
SMA wires, as well as the interaction between them. This section also
includes a proposed procedure to aid design engineers with the utili-
zation of the proposed analytical model.

3.1. Fundamental material models

The proposed analytical model is based on fundamental material
models, which describe the non-linear stress-strain relationships of the
concrete, the internal steel reinforcement (longitudinal reinforcement
and transverse circular ties), and the external SMA spirals. In this study,
the effect of the lateral confinement applied by the internal circular ties
and the external SMA spirals is incorporated directly into the stress-
strain relationship of the concrete. The column cross-section can be
divided into regions, where each region represents a unique confine-
ment state of the concrete (Fig. 3). For each region, a concrete stress-
strain response can be developed to account for the confinement state of
its respective region. As shown in Fig. 3, Region A accounts for the
response of concrete confined by internal circular ties; Region B ac-
counts for the response of concrete confined by external SMA spirals,
Region C accounts for the response of concrete confined by internal
circular ties and external SMA spirals; and Region D accounts for the
response of concrete without any internal or external confinement. The
following sections presents the constitutive material model for con-
crete, as well as the stress-strain relationship for each confinement re-
gion. The constitutive material model for the steel reinforcement is also
presented.

3.1.1. Concrete stress-strain response

The constitutive stress-strain material model for concrete was
adopted from the model by Mander et al. [25], which was developed for
concrete subjected to uniaxial compressive loading and confined by
transverse reinforcement. The model is suitable for any concrete sec-
tions with either circular or spiral ties, or rectangular hoops with or
without supplementary cross ties. For the purpose of this study, the
equations related to circular cross-section with transverse confinement
are presented.

The stress-strain model is illustrated in Fig. 4 and is based on the
equation suggested by Popovics [26]. The fundamental material model
described in Egs. (1)-(9) is applicable to the four concrete regions (A, B,
C and D) described earlier. The effect of the lateral confinement (in-
ternal circular ties and/or external SMA spirals) on the concrete stress-
strain response is accounted for in the effective lateral confinement
pressure (f’;) parameter, which will be defined independently for each
concrete region.
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Fig. 4. Stress-strain model for monotonic loading of unconfined and confined
concrete (after Mander et al. [25]).

For a slow (quasi-static) strain rate and monotonic loading, the

longitudinal compressive concrete stress f, is given by
= froxr
¢ r=1+x" (6B

where f’.. is the compressive strength of confined concrete (defined
later),

e 2

where ¢, is the longitudinal compressive concrete strain and e, is the
longitudinal compressive concrete strain corresponding to the max-
imum concrete compressive stress (f'..), defined as

m:%L+{@_g]
12 3

where f’,, and e, are the unconfined concrete compressive strength and
corresponding strain, respectively (generally &, = 0.002 can be as-
sumed), and
,__E

E(' - Esuc (4)

where E, is the tangent modulus of elasticity of the concrete, defined as

E. = 5000,[f] MPa (5
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The secant modulus of elasticity of the concrete E,,, is defined as

ot
sec —
Eee ©)]
The maximum confined concrete compressive strength f’.. is cal-
culated as

. [T K
[o=0|—1254 + 2254 14+ —L —2°L
4\' -f co f co (7)
where f7; is the effective lateral confinement pressure calculated based
on the defined concrete regions (A, B, C or D), as shown in Fig. 3.
The tensile behaviour of concrete is accounted for in accordance
with CSA A23.3-14 [27], which defines the cracking strength of the
concrete (f.) as
. I
ft"’ = O'GA\/fm (8)
where A is the factor that accounts for the effect of low-density ag-
gregates on the tensile strength. In this study, A is taken as 1.0 for
normal density concrete.
The cracking strength of the concrete (f,,) is related to the cracking
strain (e) through the following relationship
e, = Jo
Eeo ©
It should be noted that in this study, tension stiffening is not ac-
counted for after cracking of the unconfined concrete in tension.

3.1.2. Externally unconfined RC columns

The concrete stress-strain response of externally unconfined RC
columns is comprised of two regions (Fig. 3); Region A represents a
section of concrete with lateral confinement effects from the internal
transverse circular steel ties, and Region D represents a section of
concrete without any internal or external confinement.

For Region A, it is important to note that the maximum transverse
pressure from the confining steel is only exerted effectively on that part
of the concrete where the confining stress has fully developed due to the
arching action. The arching action is assumed to occur midway between
the levels of the transverse circular reinforcement (Fig. 5), where the
area of the effectively confined concrete core A, will be smallest and the
area of the ineffectively confined concrete will be largest. In order to
account for the arching action, an effective lateral confinement pressure
for Region A is defined as

Iy = fa ke (10)

where fj4 is the lateral pressure from the transverse circular steel re-
inforcement and is assumed to be uniformly distributed over the surface
of the concrete core.

The effective confinement coefficient is defined as

Ae

k.=
Acr (11)

where A, is the area of the effectively confined core incorporating the
arching action as a second-degree parabola with an initial tangent slope
of 45°, calculated from Fig. 5 as

7\2
A, = E(d\ - i)
4 P (12)

The area of the concrete core (A,.) is calculated as

T
A = =d2(1 - p,
w =70 ( Pec) (13)
where d, is the diameter of the circular ties between bar centres, s” is the
clear vertical spacing between the circular ties, and p,. is the ratio of the
longitudinal reinforcement to area of core of section.
The lateral confining pressure (f;) exerted by the circular steel ties is
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Fig. 5. Effectively confined core for circular hoop reinforcement (after Mander
et al. [25]).

derived based on equilibrium of forces (Fig. 6) as
Zj;hAxp = fysds (14)

where f,;, and A, are the yield strength and cross-sectional area of the
transverse tie reinforcement, and s is the centre-to-centre spacing of the
circular tie.

The volumetric ratio (ps) of the transverse circular tie reinforcement
is defined as

_ ApT dg
T Adls (15)

Substituting Eq. (15) into Eq. (14) and rearranging gives

. 1 .
Ju = gps-fyh (16)

Therefore, the effective lateral confinement stress for Region A from
Eq. (10) can be calculated as

L1
flA = Ekﬂl‘:@.fyh a7

The stress-strain response of Region D within the concrete cover of
the column can be predicted using Eqs. (1)—(9). In these equations, the
lateral confinement pressure (f;p) is set to zero (no confinement zone),
and the decreasing branch in the region where e, > 2 ¢, is assumed to
be a straight line reaching zero stress at the spalling strain &g, (Fig. 4).

The maximum longitudinal concrete compressive strain (eg,) of the
externally unconfined RC columns is assumed to occur at the first hoop
fracture and is predicted based on an energy balance approach. Ductile
members are characterized by their prolonged load-deformation char-
acteristics and their capability of dissipating significant quantities of
strain energy prior to failure. Confined concrete columns exhibit ad-
ditional ductility that can be considered to result from the additional
strain energy stored by the transverse steel reinforcement. The
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additional internal strain energy of the transverse reinforcement (Usp,)
can be quantified by the volumetric strain energy equation written as

Un = Ijg = U (18)

where Uy is the external work done on the columns to fracture the
transverse reinforcement, and U,, is the work done to cause failure of
an equivalent unconfined plain concrete column.

The external work done on the columns (U,) is equal to the work
done by the confined concrete core (U,.) and the longitudinal steel (Uy),
and substituting into Eq. (18) gives

Up= Ue+ U= Us 19

The volumetric strain energy shown in Eq. (19) can be re-written as

Esf &y Ecy Espall
AAe f fide, = _[' Acef.de, + f Ayf, de. — f A, de,

0 0 0 0 (20)
where f; and ¢, are the stress and strain in the transverse reinforcement,
e is the fracture strain of the transverse reinforcement, f. and . are the
longitudinal compressive stress and strain in the concrete, g, is the
ultimate longitudinal compressive strain in concrete, f; is the stress in
the longitudinal reinforcement, and &y, is the spalling strain of un-
confined concrete.

As suggested by Mander et al. [25], the first term on the left-hand
side of Eq. (20) that corresponds to the total area under the stress-strain
curve for the transverse reinforcement up to the fracture strain ey can
be approximated as

Ef
Uy = ff;ds,. =110 MJ/m®  (+10%)
0 (21)

The last term on the right-hand side of Eq. (20) that corresponds to
the area under the stress-strain curve for the unconfined concrete can
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be approximated as

Espall

ff['.dsc= 0.017\fz MI/m?
)

(22)
Thus, Eq. (20) simplifies to
Ecu Ecu
M0 A, = [ Acfidec + [ Aufydec — 00174, \[f7, o3
0 0

Eq. (23) can be solved numerically to determine the ultimate
longitudinal concrete compressive strain (e.,) of the externally un-
confined RC columns.

3.1.3. Externally SMA-confined RC columns

The constitutive concrete material model of the externally SMA
confined RC columns is comprised of two regions (Fig. 3); Region B re-
presents a section of concrete confined by the external SMA spirals, and
Region C represents a section of concrete confined by the internal cir-
cular ties and the external SMA spirals. The only parameter in Egs.
(1)—(7) modified to predict the maximum SMA-confined concrete com-
pressive strength (f’..) is the effective lateral confinement pressure ().

For Region B, the effective lateral confinement pressure () ap-
plied by the external SMA spirals is defined as

T = fisma Kesna 24

where fispa is the lateral pressure and kespa is the effective confinement
coefficient of the external SMA spirals.
The effective SMA confinement coefficient (k.spma) is calculated as

Acsma

A (25)

Kesma =

where A, is the cross-sectional area of the concrete column.

The arching action for an externally SMA-confined RC column is
assumed to occur mid-way between the levels of the SMA spirals as
shown in Fig. 7. Thus, the area of the effectively SMA-confined concrete
(Aesma) due to the arching action can be calculated as

S’SMA)
2 (26)

where d, is the diameter of the concrete column and s’gyu is the clear
vertical spacing between the SMA spirals.

The lateral confining pressure (fispa) exerted by the SMA spirals is
derived based on equilibrium of forces (Fig. 6) as

2.f5M,1 Aspa = .f[ISMA Ssmade 27)

bid
Aesma = Z(dr -

where fspya and Agya are the tensile strength and the cross-sectional
area of the SMA spirals, and sgpy4 is the centre-to-centre spacing of the
SMA spirals.

The volumetric ratio (pspa) of the external SMA spirals is defined as
_ Agmm d,

p . =
s %d(_z SsmA (28)
Substituting Eq. (28) into Eq. (27) and rearranging gives

. 1 .
Jsma = EPSMAJ sma (29)

Therefore, the effective lateral confinement stress for Region B (f";p)
from Eq. (24) can be calculated as
s _ 1, .
f;B = 5 esmAPsaafsma (30)

For Region C, the total effective lateral confinement stress applied
by the internal circular ties and the external SMA spirals can be cal-
culated as

Tie = hike + fisppaKesma (3D)
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The effective lateral confinement stress for Region C can be also
calculated as

L1 .1
I = Eka-P_\—fyh + Ekgslmps_m&m (32)

Similarly, the maximum longitudinal concrete compressive strain
(&) presented in Eq. (18) can be modified to account for the additional
strain energy stored by the SMA spirals to predict the maximum long-
itudinal concrete compressive strain of the SMA-confined RC columns.
The volumetric strain energy of the externally SMA-confined RC col-
umns can be quantified by the following equation

Upa+ Upn= U+ U= U (33)

The volumetric strain energy shown in Eq. (33) can be re-written as

ESMA—] esf

S AsufppdesuroAe [ fde
0 0

Ecu Ecu Espall

= f Anf,de. + f Agf,de, — f Acf, de,
0 0 o (34)
where, fsya and egyy are the stress and strain in the SMA wires,
respectively, and Ugpyy is the total area under the tensile stress-strain
curve for the SMA wires up to the fracture strain egya. Based on the
mechanical properties and type of SMA wires adopted in this study,
Uspa can be approximated as

ESMA—f
Usma = Asma f Ssna despia= 490 MJ/m?
0 (35)
Thus, Eq. (34) simplifies to

Ecu Eeu

49044 + 110p. Ay = f Af,de. + f Agf dec = 0.017A\[f7,
0 0 (36)
Eq. (36) can be solved numerically to determine the ultimate

longitudinal concrete compressive strain (e.,) of the externally SMA-
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confined RC columns.

The constitutive material properties of SMA was based on Nickel
Titanium (Ni-Ti) SMA wires with a cross-sectional diameter of 1.9 mm.
The Ni-Ti SMA wires were supplied by the manufacturer [28] in a pre-
strained condition that could provide a linear strain recovery up to
6.3% when heated above the austenite finish temperature (As) of 60 °C.
The constitutive material properties of the Ni-Ti SMA wires as reported
by the manufacturer [28], had a mean ultimate tensile strength of
818 = 50 MPa, a mean elastic modulus of 462 = 5 MPa, and a strain
at failure of 41 + 5%. The maximum residual recovery stress of the Ni-
Ti SMA wires to actively confine the concrete was 485 + 1.6 MPa [29].
The experimental stress-strain response of the martensitic and auste-
nitic Ni-Ti SMA wires adopted in this study is shown in Fig. 8. Further
information about the characterization and the material properties of
the SMA wires can be found in Abdelrahman [29].

3.1.4. Longitudinal steel reinforcing bars

The experimental results of the tensile tests conducted on the long-
itudinal steel reinforcement is shown in Fig. 8. A simplified bi-linear ap-
proximation provides an accurate representation of the stress-strain re-
sponse of the reinforcing steel. The constitutive stress-strain model adopted
in this study consisted of a linear elastic stress-strain response up to the yield
point. Then, the stiffness of the reinforcing steel is reduced and is re-
presented by a change in the slope of the stress-strain response. This phase
consists of a linearly increasing behaviour until rupture of the reinforcing
steel (Fig. 9). Further information about the characterization and the ma-
terial properties of the reinforcing steel can be found in Abdelrahman [29].

3.2. Assumptions and limitations of proposed model

1. The analytical model is based on equilibrium of forces, strain
compatibility, and plain sectional analysis;

2. The developed equations are appliable to concrete columns sub-
jected to slow (quasi-static) strain rate and monotonic loading;

3. A confined and an unconfined concrete constitutive model is assumed
for various regions within the cross-section of the concrete column;

4. Tension stiffening is not accounted for after cracking of the un-
confined concrete in tension;

5. The constitutive material response of the reinforcing steel was as-
sumed to exhibit a bi-linear response to failure;

6. The constitutive material response of SMA wires was for type Ni-Ti
SMA with a distinctive curvi-linear stress-strain response;

7. A perfect-bond is assumed between the concrete and the internal
steel reinforcement, and a perfect bond is assumed between the
concrete and the external SMA wires.
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8. The model is valid for concrete specimens with a maximum aspect
ratio of 4, low-to- medium concrete strength columns, and ex-
ternally confined with Ni-Ti SMA wires.

3.3. Procedure to utilize proposed analytical model

This section includes the procedure to utilize the developed analy-
tical model to predict the concentric axial stress-axial strain response of
unconfined RC column and externally SMA-confined RC columns. The
procedure includes the following steps:

1. determine the constitutive material properties of concrete, long-
itudinal steel reinforcement, internal transverse circular steel tie and
the external SMA spirals required to calculate the parameters used
for Eq. (1);

2. Determine the effective lateral confinement pressure for the defined
concrete regions of the externally unconfined RC column (Regions A
and D) and the externally SMA-confined RC column (Regions B and C);

3. Insert the computed respective effective lateral confinement pressure
for the defined regions (A, B, C, and D) of the concrete into Eq. (7);

4. At this stage, all the parameters required to formulate the stress
equation (Eq. (1)) as a function of the input strain for the defined
regions can be calculated;

5. The strain value is input into the formulated concrete stress-strain
model and the longitudinal steel stress-strain model to determine
the corresponding stress in each region of the concrete and the stress
of the longitudinal steel reinforcement;

6. The total load resistance (P;) of the RC column at that particular
strain level can be calculated as follows:

P = fiAu + fAu + fiAs (37)

where fj; and fo; are the stress and their corresponding area (Aq; and A;)
for Regions 1 and 2 (Regions 1 and 2 correspond to Regions A and D for
externally unconfined RC column, and Regions B and C for externally
SMA-confined RC column) of the concrete, respectively, and f;; and A,
are the stress and area of the longitudinal steel reinforcement;

7. The process as described above is repeated for increasing strain
input values up to the calculated maximum longitudinal concrete
compressive strain (e,), to establish the concentric axial stress-axial
strain response of the externally unconfined RC column or the ex-
ternally SMA-confined RC column.

4. Validation of the developed analytical model and proposed
procedures

Tt is imperative to verify the developed analytical model using Egs.
(1)-(9) and the proposed procedure to predict the concentric axial stress-
axial strain response of the externally unconfined and the externally
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Fig. 10. Verification of the analytical model prediction results with the ex-
perimental data of the unconfined RC columns.

SMA-confined RC columns. The comparison between the predicted axial
stress-axial strain response of the externally unconfined RC columns and
the externally SMA-confined RC columns with the observed experimental
behaviour is shown in Fig. 10 and Fig. 11, respectively.

The experimental test program adopted for comparison purposes
consisted of medium-scale, circular RC columns tested to failure under
concentric uniaxial compressive load. The columns were 600 mm in
height and 150 mm in diameter, and were internally reinforced with four
10 M steel bars and laterally reinforced with 6 mm circular steel ties at
100 mm on-centre. The SMA-confined RC columns were actively confined
with Ni-Ti SMA wires at a pitch spacing of 10 mm. The specified concrete
compressive strength of the specimens was 30 MPa, and the average yield
strength of the 10 M longitudinal steel and the 6 mm diameter lateral
steel was experimentally determined to be 404 MPa and 622 MPa, re-
spectively. Further information with regards to the experimental testing
and results of these columns can be found in Abdelrahman [29].

As shown in Fig. 10, the predicted results are compared with the
results of two externally unconfined RC columns (Spl and Sp2). For
each column, the axial strain results from four Pi-gauges mounted
around the circumferential perimeter of the column is compared with
the analytical prediction results. It can be clearly seen the prediction
results using the proposed model were in good agreement with the
experimental test results. The proposed analytical model captured the
curvilinear behaviour of the axial stress-axial strain response exhibited
by the externally unconfined RC columns. The maximum strength
prediction from the analytical model was within 5% when compared to
the strength capacity of the experimentally tested externally unconfined
RC columns.

The Canadian design code CSA A23.3-14 [27] assumes that the
maximum concrete strain at the extreme compression fibre to be
0.0035. The numerically determined ultimate axial concrete compres-
sive strain of the externally unconfined-RC columns from Eq. (23) gives
0.0045. The higher strain value calculated is expected, since the pro-
posed analytical model accounts for the effect of the transverse and
longitudinal steel reinforcement.
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Fig. 11. Verification of the analytical model prediction results with the ex-
perimental data of the SMA-confined RC columns.

The data displayed in Fig. 11 show the predicted results from the
proposed analytical model compared with the experimental results of
two externally SMA-confined RC columns (Spl and Sp2). For each
column, the axial strain results from four Pi-gauges mounted around the
circumferential perimeter of the column is compared with the analy-
tical prediction results. These results indicate that the analytical model
prediction results compare well with the experimental data for the
externally SMA-confined RC columns. The predicted maximum strength
was within 6% when compared to the strength capacity of the experi-
mentally tested externally SMA-confined RC columns. It is also ap-
parent from Fig. 11 the predicted axial stress-axial strain response de-
monstrated a curvilinear behaviour similar to that observed from the
experimental test results of the externally SMA-confined RC columns.

Tt is important to note that the accuracy of any strength prediction
model for confined concrete depends on the ability of the model to ac-
curately predict the axial strain value at the onset of failure. Several
research studies employed a photogrammetric Digital Image Correlation
(DIC) technique to investigate the axial strain variations across the sur-
face of FRP-confined concrete column [30-37]. The DIC technique is
capable of providing virtual strain measurements along the circumfer-
ential perimeter and height of the FRP-confined column. These studies
showed significant axial strain variations (up to 50%) within the column,
and between nominally identical sets of FRP strengthened columns.
These findings agree well with the axial strain variations observed ex-
perimentally in the study reported in this thesis for the SMA-confined RC
columns (Fig. 11). Literature on FRP-confined concrete columns reported
that the axial strain variations are typically attributed to the dispersion of
the aggregate particles along the diameter of the concrete column, the
heterogenous nature of the concrete, the imperfections in the concrete
surface from the formwork, and potential fibre breakage/misalignment
during the production process of the FRP sheets. The latter is not ap-
plicable in the case of SMA-confined RC columns.

The average axial strain at ultimate (the average strain is calculated
from four Pi-gauges located at the mid-height of the column) recorded
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experimentally from the externally SMA-confined RC columns Sp1 and
Sp2 are 2.3% and 2.8%, respectively (Fig. 11). The numerically de-
termined ultimate axial concrete compressive strain of the externally
SMA-confined RC column subjected to concentric loading from Eq. (36)
is calculated as 2.5%. Considering the inherent variability observed in
the experimental ultimate axial strain of the tested specimens, the
proposed analytical model predicts with reasonable accuracy the axial
strain at ultimate for the externally SMA-confined RC columns.

5. Conclusions

Based on the investigations conducted in this study, the analytical
model developed to predict the concentric axial stress-axial strain re-
sponse showed good agreement with experimental test data of ex-
ternally unconfined RC columns and the externally SMA-confined RC
columns. The proposed model accurately predicted the maximum
strength and ultimate strain values when compared to experimental
data. Furthermore, the developed analytical model was able to capture
the curvilinear response as exhibited experimentally for the unconfined
RC columns and the externally SMA-confined RC columns.

For future research, the developed analytical model to predict the
concentric response of SMA-confined RC columns can be utilized to
predict the load (P) — moment (M) interaction response. It is crucial to
understand and develop a P-M interaction response of SMA-confined RC
columns, since almost all compression members in concrete structures
are subjected to moments in addition to axial loads.

It is important to note that the interpretation and implementation of
the results presented herein should be used with caution, as the ana-
lytical model is calibrated based on the SMA type adopted in this study.
In addition, there is a critical need for further research to develop a
comprehensive analytical model and design procedures that account for
the effects of several parameters such as the column size, eccentric
loading, and slenderness effects, to be readily available for design en-
gineers to strengthen RC columns with active SMA-confinement. The
research and adaptions of all aspects mentioned above is also required
for square and rectangular RC columns confined with SMA wires.

The authors are currently in the works of developing an analytical
model utilizing sectional analysis and layer-by-layer method to predict
load-moment interaction response of SMA-confined RC columns. The
analytical load-moment interaction model will be used to conduct a
parametric study to better understand the effects of certain parameters,
namely the concrete compressive strength, the SMA volumetric ratio,
and the internal longitudinal steel reinforcement ratio on the axial load
and bending moment response of SMA-confined RC columns.
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