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SUMMARY:

The application of Shape Memory Alloy (SMA) spirals to provide confinement for concrete has been proven to
greatly increase the strength and ductility of concrete elements. This paper proposes a plasticity model to predict
the behavior of SMA confined concrete under monotonic compression. SMA confinement behaves as a
combination of active and passive confinement. This plasticity model is calibrated within the framework of
damaged plasticity model, including yield criterion, hardening/softening function, and flow rule. Flow rule and
hardening/softening function, which depend on confinement type, lateral confining pressure and plastic
deformation, are proposed based on previous test results. Finite element analyses of concrete cylinders confined
with SMA spirals and hybrid wraps made of SMA and FRP show good agreement with experimental results.
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1. INTRODUCTION

Lateral concrete confinement is commonly used to delay the failure of concrete and improve its
ductility; a feature that is critically important for structures subjected to extreme loads such as
earthquakes. There are mainly two types of lateral confinement techniques, namely passive
confinement and active confinement. Passively confined concrete relies on the use of the confining
pressure developed during loading due to the dilation of concrete, which mobilizes the
wraps/reinforcement; while active confinement is induced by applying lateral confining pressure to
concrete prior to loading, i.e. applying prestress in the transverse direction. Due to the initial confining
pressure before loading, active confinement can effectively delay the dilation of concrete and hence is
more efficient in increasing concrete compressive strength and ultimate strain than passive
confinement. Due to the limitation and challenges (requires too much labor, time and hence increases
the cost) in applying prestress in steel strips, strands and fiber reinforced polymer (FRP) straps, the
application of active confinement using conventional materials such as steel and FRP is limited. Shin
and Andrawes (2010) used SMA spirals to actively confine concrete through thermal prestressing,
which demonstrates more promising features in practical application to both new structures and
retrofitting of old structures. In this application, active confining pressure is applied by simply heating
prestrained SMA spirals up to above a specific temperature known as the austenite finish temperature.
The behavior of SMA confined concrete is quite different from purely active or passive confinement.
Due to the relatively large stiffness of the prestressed spirals, SMA confined concrete works as a
combination of actively and passively confined concrete. This paper presents a damaged plasticity
model to predict and analyze the behavior of concrete confined by SMA spirals using finite element
(FE) method, aiming to validate this numerical modeling technique by using previous test results from
different confinement techniques. Numerical modeling in this paper was conducted using ABAQUS
within the framework of Concrete Damaged Plasticity Model.



2. SMA CONCRETE CONFINEMENT
2.1. Shape Memory Effect

SMA is kind of metallic alloys characterized by the shape memory effect (SME) and superelasticity
(SE); two unique thermo-mechanical phenomena which enable SMA to recover its original shape
through phase transformation between austenite and martensite phases. The phase transformation is

governed by four transformation temperatures, namely martensite finish temperature M, , martensite

start temperature M, austenite start temperature A, , and austenite finish temperature A, . SME is the

phenomenon utilized in the SMA confinement technique discussed in this paper. Fig.1 illustrates the
phenomenon of SME; when the martensitic SMA wire is not restrained and is deformed under an

applied force, it can recover its original shape when heated to a temperature above A . If the SMA

wire is restrained, hence not able to recover its original length, a recovery stress will develop in the
wire. In order to utilize this phenomenon in confining concrete elements, SMA wires (approximately
6% prestrained by the manufacturer) are first wrapped around the concrete element, and then heated to

a temperature above A, to activate the shape recovery. Due to the constraint provided by the concrete,

the spiral is not able to restore its original length; rather a large recovery stress is induced in the spiral
causing the confining pressure to be exerted on the concrete. Shin and Andrawes (2010) have
explored experimentally the behavior of SMA confined concrete using SME. They also applied this
technique in seismic retrofitting and repair of RC bridge piers (Shin and Andrawes 2011).
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Figure 1. Shape memory effect of SMA

To efficiently use this SME in concrete confinement, it requires SMA to have a wide thermal
hysteresis such that the transformation from martensite to austenite does not occur at typical ambient
temperatures. This feature is important for the prestrained spiral to maintain its deformation until the
installation is complete and the spiral is heated. To satisfy this condition, the NiTiNb alloy was
utilized in this study due to its wide thermal hysteresis. As stated earlier, the behavior of SMA
confined concrete is different from purely active or purely passive confinement in the sense that prior
to concrete loading, recovery stress in the spiral actively confines concrete. During loading, concrete
dilates laterally and additional passive confining pressure is exerted on the concrete element. Fig. 2
displays the recovery stress test results of a restrained SMA wire with 6.4% prestrain from Shin and
Andrawes (2010). Before the cyclic loading was applied, recovery stress was induced in the wire
through heating. When the SMA wire was subjected to cyclic loading after the recovery stress became
stable, additional stress developed in the wire. Due to this unique characteristic, SMA confined
concrete requires a new modeling technique to analyze the behavior, which is different from steel
reinforcement, FRP or purely active confined concrete model in previous researches.
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Figure 2. Recovery stress test by Shin and Andrawes (2010)
2.2. Active and Passive Confining Pressure Calculation

Mander et al. (1988) described the lateral confining pressure of circular section from transverse
reinforcement using the following expression:

fi=2f,A, /sd, 2.1

where f, is transverse reinforcement hoop stress; A is transverse reinforcement cross section

area; f, is lateral confining pressure; d, is diameter of cylinder; s is pitch of spiral. According to
Mander et al. (1988), this confining pressure cannot be fully achieved due to arching effect and it has
to be reduced by a confinement effectiveness coefficientk, to attain effective confining pressure f,' .
The effective active confining pressure from SMA spirals can be calculated using recovery stress for
the hoop stress in Egn. 2.1 and the confinement effectiveness coefficient k, proposed by Mander et al.

(1988). However, the maximum recovery stress obtained from a recovery stress test using a straight
wire cannot be totally achieved. Shin and Andrawes (2010) demonstrated that there were prestress
losses when SMA spirals are heated, due to the geometric imperfection of the spirals. Therefore,
active hoop stress along spirals is equal to the residual recovery stress after prestrain loss.

Passive confining pressure is calculated using hoop stress developing in the SMA spirals during
loading. In order to obtain the hoop stress along spirals when concrete dilates, tensile test results of
SMA wires are used. Teng et al. (2007) proposed an equation to describe the lateral-axial strain
relationship of unconfined, actively confined and FRP confined concrete, which depends on the

current confining ratio (o, / fc'o ).This equation is adopted in the modeling of SMA and GFRP-SMA

hybrid confined concrete due to its ability to model both active and passive confinement. The
expression of the lateral-axial strain relationship is as follows.

0.7
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where o, is current confining pressure; f_ is unconfined concrete strength; &, is axial strain; &, is

strain corresponding to unconfined peak concrete stress; &, is lateral strain (positive is for
compression).



Previous researchers modeled FRP confined concrete stress-strain curves based on a series of active
confinement stress-strain curves (Mirmiran and Shahawy 1996; Chun and Park 2002; Teng et al.
2007), with an assumption that each point on the stress-strain curve of FRP confined concrete is
corresponding to a point on the active confinement stress-strain curve with the same lateral confining
pressure as provided by FRP jacket. This paper extends this concept to SMA confined concrete. Fig. 3
shows the intersection between SMA confined concrete stress-strain test result (Shin and Andrawes
2010) and a set of actively confined concrete stress-strain curves with different confining pressures
(based on Mander et al. 1988). The figure illustrates that the initial response of SMA confined
concrete follows the path of actively confined concrete stress-strain curve with confining pressure
similar to the initial active confining pressure from SMA spirals. This active confining pressure is
equal to 1.42 MPa for this test based on Eqn. 2.1. During loading, as concrete dilates, SMA confined
concrete stress-strain curve intersects those actively confined concrete stress-strain curves sequentially
as the confining pressure increases. Therefore, one can assume that each point on the axial stress-
strain curve of SMA confined concrete is corresponding to a point on the actively confined concrete
axial stress-strain curve with the same lateral confining pressure as provided by the SMA spirals.
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Figure 3. Intersection of several actively confined concrete stress-strain curves
with SMA confined concrete test result

3. Damaged Plasticity Model

Plasticity models are characterized by three important components, namely yield criterion, flow rule,
and hardening/softening function. Lubliner et al. (1989) proposed a plastic-damage model for
concrete to include the effect of stiffness degradation in the nonlinearity of concrete behavior, which
was modified by Lee and Fenves (1998) to account for different stiffness degradations in tension and
in compression. This model is adopted in ABAQUS as Concrete Damaged Plasticity Model. In the
present paper, numerical modeling of SMA confinement and GFRP-SMA confinement is conducted
within the framework of Concrete Damaged Plasticity Model in ABAQUS, with an assumption that
the nonlinearity of concrete is due to plasticity only, i.e. damage variable is equal to zero.

3.1. Yield Criterion
The yield criterion described in Lubliner et al. (1989) and modified in Lee and Fenves (1998) is used.

This yield function reduces to Drucker-Prager yield function when concrete is in triaxial compression
(Yu et al. 2010) as given by the following function:



J3, +61,-k =0 (3.1)

where J, and |, are second deviatoric stress invariant and first stress invariant, respectively; & is
frictional angle and its calculation was described in Oh (2002); K is hardening/softening function.

The parameter K, which is one of the input parameter in the damaged plasticity model, is defined as

the ratio of second stress invariant on the tensile meridian to that on the compressive meridian at
initial yield for a given first stress invariant. K, represents the effectiveness of lateral confining

pressure in improving shear strength and it decreases as the effectiveness of confining pressure
increases. Different tests revealed different values of K_(0.69 from Richart et al. 1928; 0.64 from
Schickert and Winkler 1977; 0.725 from Teng et al. 2007). For SMA confined concrete, based on
Mander et al. (1988) model, K was found to be equal to 0.64. For GFRP-SMA confined concrete, a

modified K, should be utilized, as a result of the presence of GFRP jacket between SMA spirals and

concrete, which reduces the effectiveness of SMA confinement, which was verified by the
experimental results from Shin and Andrawes (2010). The SMA confined concrete cylinder with
13mm-pitch spirals reached peak strength of 47.3 MPa, while the hybrid case with the same pitch of
SMA spirals and 4 layers of GFRP between concrete and SMA spirals only achieved 42.6 MPa. The

presence of GFRP between concrete and SMA spirals reduces the peak strength by 10%. K_ factor
needs to be modified before GFRP jacket ruptures, but no modification is adopted after the rupture of

GFRP jacket to consider the direct contribution from SMA spirals. Through trial and error, a value of
0.8 was adopted before GFRP ruptures for the current test. It is important to note that more tests are

needed to explore how the FRP jacket presence between concrete and SMA spirals affects K _ factor.

3.2. Hardening/Softening Function

A series of hardening/softening functions are calculated using Mander et al. (1988) model, since this
model was calibrated using William and Warnke yield surface (1975) based on Schickert and Winkler
(1977) triaxial test results, which was proposed for actively confined concrete behavior. Fig. 4(a)
displays a series of hardening/softening functions based on Mander et al. (1988) model, which were
used in the simulation of SMA and GFRP-SMA confined concrete.

3.3. Flow Rule

Flow rule is described by potential flow function. The following Drucker-Prager type potential
function is used in this model:

G=\[J, +(alB)l, (3.2)

where « is dilation angle. In order to describe the potential flow, a series of confining pressure
dependent dilation angle functions are calculated using Mander et al. (1988) model as given in the
following equation (Oh 2002).

0= Ael +2Agf

‘Agcp - Aglp‘ (3:3)

where Ag! is incremental axial plastic strain; A& is incremental lateral plastic strain.



Fig. 4(b) displays a series of dilation angle functions based on Mander et al. (1988), which is used in
the simulation of SMA confined concrete and GFRP-SMA confined concrete.
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Figure 4. (a) Hardening/Softening functions; (b) Dilation angle functions

4. FINITE ELEMENT ANALYSIS

To validate the damaged plasticity model proposed in this study, finite element method was utilized to
model the concrete cylinder specimens tested by Shin and Andrawes (2010). They investigated the
behavior of SMA confined concrete and GFRP-SMA confined concrete by testing a number of

152mmx305mm concrete cylinders in uniaxial compression. Fig .5 shows the SMA confined concrete

cylinder specimen before, during and after testing. Two types of wraps described in their tests are
modeled in this paper using Concrete Damaged Plasticity Model in ABAQUS: (1) SMA spirals with
13 mm pitch spacing, (2) hybrid wraps with 4 layers of GFRP and 13 mm pitch spacing SMA
wrapped on the top of the GFRP. SMA wire had a diameter of 2 mm and each layer of GFRP sheet
had a thickness of 0.11 mm. The elastic modulus and ultimate strain of GFRP were 19000 MPa and
0.018 mm/mm, respectively. The FE model is described in the next section.

(a) Before. (b)Duing. . ' (c) .;\fter.
Figure 5. SMA confined concrete cylinder test by Shin and Andrawes (2010)
4.1. FE Model Description

For both SMA confinement and GFRP-SMA hybrid confinement models, concrete is modeled by 8-
node solid elements and SMA spirals are modeled by 2-node truss elements. SMA spirals property is



based on SMA wire tensile coupon test result after stress recovery. 4-node shell elements are used for
FRP jacket. FRP jacket is assumed to have linear elastic behavior until rupture. The failure surface is
represented by Von Mises Criterion with failure stress calculated from the tensile rupture strain
reduced by an efficiency factor of 0.5. This efficiency factor is based on previous research (Xiao and
Wu 2000) and it considers the circular shape of FRP jacket in the cylinder test and the local stress
concentration from the concrete damaged underneath the jacket. The interactions between concrete
and SMA spirals, between GFRP and SMA spirals are modeled by tie constraint in ABAQUS, which
ties the nodes from one surface to the corresponding node in the contact surface, and the two tied
nodes maintain the same displacements. This assumes slippage between two contact surfaces is
negligible. Fig. 6(a) shows the FE mesh for SMA confined concrete model.

(a) (b)

Figure 6. (a) FE mesh for SMA confined concrete model; (b) SMA confined concrete cylinder deformation
during loading
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Figure 7. FE prediction of SMA confined concrete compared with experimental result
4.2. Numerical Results and Analysis

4.2.1. SMA confinement

Fig. 7 shows a comparison between the experimental and numerical (FE) prediction of the stress-
strain behavior of SMA confined concrete. The proposed model can capture the peak strength and the
softening branch of the axial stress-strain curve in an acceptable accuracy. The prediction of the peak
stress is 47.7 MPa, while the experimental result is 47.3 MPa (0.8% difference). In addition, since
hardening/softening function and flow rule are calibrated from a series of actively confined concrete



stress-strain and lateral-axial strain curve under different confining pressures, one can conclude that
the assumption that each point on the axial stress-strain curve of SMA confined concrete corresponds
to a point on the actively confined concrete axial stress-strain curve with the same lateral confining
pressure provided by SMA spirals is valid. Fig. 6(b) demonstrates the FE results of SMA confined
concrete cylinder deformation during loading.

Fig. 8 shows the evolution of confining pressure at mid-height of concrete cylinder under the spiral
after active confinement is applied and while the axial load is being applied. Confining pressure is
uniformly distributed in the circumferential direction. As the applied axial load increases, confining
pressure increases in the diametric direction towards the concrete core. Hence, core concrete is more
confined than surface concrete and cover concrete starts to crack as axial loading becomes larger.
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Figure 8. Evolution of confining pressure (MPa) (a) after active confining pressure is applied and before axial
load application; (b) when axial strain is 0.004 mm/mm; (c) when axial strain is 0.014 mm/mm

Mander et al. (1988) used arching action to explain the ineffectively confined region appearing
between spirals with a parabolic shape. Assuming that the volume of concrete with active confining
pressure less than the value calculated by Eqn. 2.1 represents ineffectively confined region, dividing
this volume by the total volume, one can get the approximate value of effectiveness ratio defined in
Mander et al. (1988). According to the FE results of the current model, the calculated effectiveness
ratios using the above mentioned method for three different pitches 13mm, 26mm and 39mm are
0.906, 0.846 and 0.761, while the corresponding effectiveness ratios calculated by Mander et al.
(1988) method are 0.929, 0.849 and 0.772. The differences are 2.5%, 0.4% and 1.4%, respectively.
This indicates that the FE model can closely predict the effectiveness ratio using the concept of
arching action and effectively confined volume proposed by Mander et al. (1988).
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Figure 9. FE prediction of GFRP-SMA confined concrete compared with experimental result



4.2.2. GFRP-SMA hybrid confinement

Fig. 9 shows axial stress-strain curve of GFRP-SMA confined concrete test result compared with FE
prediction. The proposed model can capture peak strength and closely predict the rupture of GFRP
jacket. The peak stress from FE prediction is 42.1 MPa, while the experimental result is 42.8 MPa
(1.6% difference). After GFRP ruptures, axial stress in experimental result drops abruptly and
increases gradually afterward, while the FE result shows a slightly decreasing branch. However, the
difference between the experimental and numerical results is deemed minor and the proposed model
is found to be capable of closely predicting the behavior of GFRP-SMA confined concrete.

4.2.3. Comparison between SMA and GFRP-SMA confinements

Fig. 10 compares the average confining pressures across the height of concrete cylinder from SMA
confined concrete model and that from GFRP-SMA confined concrete model. Step 0-1 is the
initialization of active confining pressure and step 1-2 is compressive loading step. It shows average
active confining pressure from SMA confinement is greater than that from GFRP-SMA confinement.
This figure proves the reduced efficiency of SMA spirals when GFRP jacket is present between
concrete and SMA spirals, which is consistent with the experimental results. During loading, passive
confining pressure contributed from both GFRP jacket and SMA spirals makes average confining
pressure in GFRP-SMA confinement greater than that in pure SMA confinement. After GFRP
ruptures, average confining pressure reduces to a similar level as that of pure SMA confined concrete.
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5. CONCLUSIONS

This study focused on developing a finite element model within the framework of Concrete Damaged
Plasticity Model in ABAQUS to predict the behavior of SMA confined concrete and GFRP-SMA
confined concrete. The innovative feature of this model is that it is applicable to different kinds of
confinement techniques, including SMA confinement and GFRP-SMA hybrid confinement. The yield
criterion described in Lubliner et al. (1989) and modified in Lee and Fenves (1998) is used. A
Drucker-Prager type potential flow is adopted. Sets of hardening/softening functions and dilation
angle functions are calculated based on Mander et al. (1988) model. Different types of confinement
exhibit different efficiency in improving the strength and ductility. Therefore, hardening/softening
function and flow rule should not be only related to the lateral confining pressure, but also on the
confinement technique used. In the hybrid case (GFRP-SMA), the presence of GFRP jacket between

concrete and SMA spirals makes SMA spirals less efficient. An increased K factor is used to consider



the effect of GFRP jacket before rupture. After rupture, SMA spirals contribute to concrete
confinement directly and no modification of K factor is applied.

The proposed damaged plasticity model can closely predict the behavior of SMA confined concrete
and GFRP-SMA hybrid confined concrete, including the peak strength, ascending/descending branch
and the rupture of GFRP jacket. It shows that when active confinement is applied to the cylinder, core
concrete is more confined than surface concrete and cover concrete starts to crack as axial loading
becomes larger. In addition, the FE model is able to capture arching action and effectiveness ratio
calculated using ineffectively confined volume as described by Mander et al. (1988). Furthermore, FE
results show the average active confining pressure from GFRP-SMA confinement is greater than that
from SMA confinement, resulting from the presence of GFRP jacket between concrete and SMA
spiral, which reduces the efficiency of SMA spirals. FE model can also displays the contribution from
both GFRP and SMA spirals on passive confining pressure in hybrid confinement, which exhibits
greater average confining pressure than that from SMA confinement before GFRP ruptures and
decreases to a similar level of average confining pressure as that from SMA confinement after GFRP
ruptures. However, hardening/softening function and flow rule are both calculated based on actively
confined concrete stress-strain curve developed based on high confining ratio (greater than 10%),
while all the experiments done by Shin and Andrawes (2010) are in low confining ratio. Therefore,
more experiments are needed to verify this modeling technique and a more generalized model can be
developed based on more experimental results.
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