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Constitutive Model of Concrete Simultaneously Confined
by FRP and Steel for Finite-Element Analysis
of FRP-Confined RC Columns

Diogo Zignago'; Michele Barbato, M.ASCE?; and Dan Hu?®

Abstract: This paper presents a confined concrete material constitutive model for use in finite-element analysis, which is able to model
accurately the combined confinement effect of fiber-reinforced polymers (FRP) and internal steel reinforcement on the structural monotonic,
cyclic, and/or dynamic response of reinforced concrete (RC) columns confined with externally wrapped FRP. The proposed material con-
stitutive model for FRP-and-steel confined concrete explicitly models the simultaneous confinement produced by FRP and steel on the core
concrete to predict the combined effect on the structural response of circular RC columns. This modified material model is combined with a
force-based frame element to predict numerically the load-carrying capacity of FRP-confined RC columns subjected to different loading
conditions. Numerical simulations are compared to experimental test data available in the literature and published by different authors. The
numerically simulated responses agree very well with the corresponding experimental results. The proposed model is found to predict the
ultimate load for FRP-confined RC circular columns with better accuracy than models that do not consider the simultaneous confinement
effects on FRP and steel, particularly for columns subjected to concentric axial loads. DOI: 10.1061/(ASCE)CC.1943-5614.0000902.
© 2018 American Society of Civil Engineers.
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Introduction

Existing reinforced concrete (RC) structures often need rehabilita-
tion or strengthening due to inappropriate design or construction,
modification of the use and of the corresponding design loads,
and damage caused by environmental factors and/or extraordinary
loading events. Retrofitting and repairing of damaged and/or inap-
propriately designed concrete structures using externally bonded
fiber-reinforced polymers (FRP) have been proved to be effective
alternatives to other types of strengthening techniques (e.g., steel
jackets), presenting some advantages like excellent corrosion resis-
tance, fire resistance, ease of transportation and installation, and
high strength-to-weight ratio of FRP sheets, which leads to a mini-
mum increase of the structure’s weight and dimensions (Bakis et al.
2002; Cheng and Karbhari 2006; Basalo et al. 2012). This retrofit
method has become more common during the last few decades and
has been widely applied specially to columns of bridges and build-
ings (Seible et al. 1997; Flaga 2000; Pantelides et al. 2000; Mertz
et al. 2003; Motavalli and Czaderski 2007).

The amount of longitudinal and transverse reinforcement in RC
columns must satisfy minimum design code requirements in terms
of flexural and shear strength. As a result, RC columns that need to
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be retrofitted with FRP laminates also contain longitudinal and
transverse steel reinforcement. Thus, in these retrofitted RC col-
umns, a significant portion of the concrete is subjected to two
simultaneous confinement actions: the confinement due to FRP
plates/sheets and the confinement due to internal (longitudinal
and transverse) steel reinforcement. FRP jacketing of RC columns
exerts a linearly increasing confining pressure up to rupture on the
concrete due to its lateral dilation when loaded, while the internal
reinforcing steel is responsible for a constant confining pressure
after yielding (Spoelstra and Monti 1999). Both types of confine-
ment enhance the seismic performance of the RC column, improv-
ing the concrete compressive strength and thus the ductility of the
member, and making FRP-wrapped RC columns more suitable,
e.g., to undergo large lateral displacements imposed by severe
earthquakes.

The majority of the stress-strain models available in the litera-
ture to model FRP-confined concrete do not account for the influ-
ence of the existing internal steel reinforcement on the mechanical
behavior of concrete confined through externally bonded FRP
laminates (Spoelstra and Monti 1999; Fardis and Khalili 1982;
Mirmiran and Shahawy 1996; Karbhari and Gao 1997; Samaan
et al. 1998; Toutanji 1999; Xiau and Wu 2000; Fam and Rizkalla
2001; Shao et al. 2006). Kawashima et al. (2000) proposed two
different confined concrete stress-strain models: one for concrete
confined with carbon FRP only and one for concrete confined si-
multaneously by carbon FRP and transverse steel ties. A regression
analysis, based on the experimental results obtained through two-
phase loading tests on RC specimens with circular and rectangular
sections, was used to calibrate the parameters needed to define
these two stress-strain confined concrete models. The model was
validated by comparing the envelope curves of the lateral force
versus lateral displacement response of six specimens with the cor-
responding curves analytically obtained through a fiber analysis
based on the developed equations. Li et al. (2003) developed a
constitutive model for carbon FRP-confined concrete. The peak

J. Compos. Constr.

J. Compos. Constr., 2018, 22(6): 04018064


https://doi.org/10.1061/(ASCE)CC.1943-5614.0000902
mailto:zignago@ucdavis.edu
mailto:mbarbato@ucdavis.edu
mailto:chu@atiae.com

Downloaded from ascelibrary.org by University of California, Davis on 10/20/18. Copyright ASCE. For personal use only; al rights reserved.

strength of the confined concrete was derived from the Mohr-
Coulomb failure criterion, whereas the strain at the peak strength
was obtained from a regression analysis based on experimental
compression tests. This material constitutive model was modified
to model concrete confined by both steel reinforcement and carbon
FRP. In the modified model, the strength of the confined concrete
was obtained by summing three independent contributions, i.e., (1)
the unconfined concrete strength, (2) the strength increment due to
the confinement produced by the carbon FRP, and (3) the strength
increment due to the confinement produced by the steel reinforce-
ment. This modified confined concrete model was also verified
by comparisons with experimental tests. Using a similar approach
to that employed in Li et al. (2003), Ilki et al. (2008) derived a set
of empirical equations to describe the stress-strain response of con-
crete confined simultaneously by steel and FRP and used this new
model to successfully predict the compressive strength and corre-
sponding axial deformation of FRP jacketed columns. Pellegrino
and Modena (2010) investigated the interaction mechanisms be-
tween internal steel reinforcement and external FRP confinement.
An analytical model was proposed to describe the stress-strain
monotonic envelope response of FRP confined elements with cir-
cular and rectangular cross-sections with or without internal steel
reinforcement. The model was found to agree well with experimen-
tal results available in the literature. Hu and Seracino (2014) devel-
oped an analysis-oriented FRP-confined model that also accounts
for the confinement produced by internal steel reinforcement. This
model uses a stress-strain curve proposed by Popovics (1973), in
which the peak strength of the confined material is obtained as
the summation of the peak strength of the unconfined material
and the strength contributions due to steel and FRP confinement
considered as independent. These contributions are based on the
models proposed by Mander et al. (1988) for the steel confinement
and Teng et al. (2007) for the FRP confinement. Shirmohammadi
et al. (2015) also developed a model that predicts the monotonic
stress-strain relationship of confined concrete, considering the
double confinement. The model was implemented in a fiber-based
moment-curvature analysis and showed better agreement with
experimental results than other tested models. Ismail et al. (2017)
modified a design-oriented model for FRP-confined concrete by
adding the effect of steel confinement through a shift in the stress-
strain curve without any modification of the stiffness.

This paper extends an analysis-oriented material constitutive
model of FRP-confined concrete, originally developed by Spoelstra
and Monti (1999) and applied to finite-element (FE) analysis of
FRP-retrofitted columns by Hu and Barbato (2014). This modified
model accounts for the simultaneous confinement effects of internal
steel reinforcement and externally bonded FRP laminates on the
structural monotonic, cyclic, and/or dynamic response of FRP-
retrofitted RC columns. The proposed material constitutive model
is validated against experimental data available in the literature for
the structural response of FRP-retrofitted RC columns with circular
cross-section and subjected to different loading conditions. The
structural response of these columns was numerically predicted us-
ing the proposed material model in conjunction with a force-based
frame FE with fiber-discretized sections (Spacone et al. 1996;
Neuenhofer and Filippou 1997; Scott and Fenves 2006; Hu and
Barbato 2014).

Research Relevance

The proposed material constitutive model enables a computation-
ally efficient approach to model the simultaneous confinement
mechanisms of reinforcing steel and FRP within the cross-section
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of an RC column. In conjunction with the fiber-section force-based
frame element used in this research, it can provide structural ana-
lysts with a practical tool for performance assessment and design of
FRP retrofit of deficient RC columns. The proposed model is par-
ticularly suitable for accurate and computationally efficient model-
ing of large-scale structures (e.g., buildings and bridges) subject
to static and dynamic loadings, as well as for reliability assessment
of real-world structures. Moreover, the accurate modeling of the
simultaneous steel-FRP confinement effects on concrete could
improve the efficiency of columns’ FRP retrofit by reducing the
conservativeness of models that neglect the steel’s confining effect
and by providing better estimates of the structural component
ductility after retrofit, which is a crucial ingredient, e.g., for
performance-based design of RC bridges.

Material Constitutive Model for Concrete Confined
with Steel and FRP

The material constitutive model proposed by Spoelstra and Monti
(1999) (referred to as the SM model hereinafter) provides an axial
stress-axial strain curve based on an iterative numerical procedure
that enforces equilibrium and compatibility between the radial
stress and deformation for the confined concrete and the axial
stress and hoop deformation for the confinement devices. The SM
model is suitable to predict the structural behavior of concrete con-
fined with externally bonded FRP, steel jackets, or internal steel
reinforcement. However, this model does not consider the interac-
tion effects due to simultaneous confinement actions of steel and
FRP and is valid only for monotonic loading of the confined
concrete.

This study proposes a modified SM (mSM) confined concrete
model that (1) can account for simultaneous confinement by steel
and FRP in determining the monotonic envelope of the confined
concrete, and (2) possesses simple unloading and reloading rules
that allow the use of the material constitutive model under general
loading conditions. The mSM model is based on the same iterative
procedure used by the SM model, but it differs from it for the
calculation of the total confinement pressure. This new model is
described in the following subsections. It is also noted here that
both the SM and mSM models assume that the confined concrete
has zero stress and zero stiffness in tension, i.e., they neglect ten-
sion stiffening because the focus of this study is on the ultimate
behavior of columns. However, tension stiffening (Lin 2010) can
be easily integrated into the proposed material constitutive model.

Monotonic Envelope of the Stress-Strain Curve

The mSM model evaluates the lateral confinement pressure as the
sum of the confinement pressure due to the externally bonded FRP
and internal transverse steel reinforcement. This approach differs
from that used in most of the previous studies (Li et al. 2003; Ilki
et al. 2008; Pellegrino and Modena 2010; Hu and Seracino 2014),
which considers the sum of independent strength increments due to
the confinement action of each material (steel and FRP).

The total confinement pressure, f/, for the mSM model is
calculated as follows:

1 1
Sl = fisea + frrrp :E'ks " Ps Oy +§'kf proop (1)

The term f e in Eq. (1) represents the confinement action due
to the transverse reinforcement steel, where k, = steel confinement
effectiveness coefficient (Mander et al. 1988), p, = transverse steel
reinforcement ratio defined as

J. Compos. Constr.

J. Compos. Constr., 2018, 22(6): 04018064



Downloaded from ascelibrary.org by University of California, Davis on 10/20/18. Copyright ASCE. For personal use only; al rights reserved.

4.-A,,
s-d

ps = (2)

c

with A, = cross-sectional area of a transverse reinforcing stirrup/
spiral, s = clear distance between adjacent hoops or spiral turns,
d, = diameter of the confined concrete core, and o, = stress of the
transverse reinforcing steel. The stress of the transverse reinforcing
steel is given by

E;-¢; for max(g;) <e,

oy =1 fu for e, <max(g)) < ey, (3)

0 for max(g;) > e, or g, <0

where E; = elastic modulus of the transverse reinforcing steel,
Sy = yield strength of the transverse reinforcing steel, e, = yield
strain of the transverse reinforcing steel, €, = rupture strain of the
transverse reinforcing steel, and ¢; = lateral strain.

The term f;prp in Eq. (1) represents the confinement action
due to the externally bonded FRP, where k; = FRP confinement
effectiveness coefficient (Saadatmanesh et al. 1994), p, = FRP
volume ratio defined as

4.1
S
=— 4
Pr="p (4)
with ¢, = thickness of the jacket, D = diameter of the FRP jacket/
sheet, and

(5)

o Ef-g; for max(e)) < ey pyp
4 0 for max(e;) 2 €fyp OF £, <0

where e/ = &7 - €/ =& - fru/E; = rupture strain of FRP,
& = efficiency factor, €5, = ultimate strain from coupons tests,
S u = ultimate strength of the FRP material from coupons tests,
and E; = elastic modulus of the FRP.

The axial stress-axial strain relation is calculated incrementally
through the iterative procedure described in Spoelstra and Monti
(1999), in which the calculation of f is performed according to
Eq. (1). The confining pressure for concrete confined simultane-
ously by steel and FRP is shown in Fig. 1 as a function of the radial
strain. Typical monotonic axial stress-strain response curves for
the SM model and the mSM model are compared in Fig. 2. As
expected, the stress achieved in the mSM model for a given strain
is higher than that in the SM model and depends on the amount and
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Fig. 1. Confinement pressure acting on concrete that is simultaneously
confined by steel and FRP.
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Fig. 2. Monotonic envelopes for the stress-strain relations obtained
using different models and same underlying concrete properties.

configuration of confining steel. It is also noted that the peak
strength (corresponding to the FRP failure) occurs at different
levels of strains, with the mSM model achieving its peak strength
at higher strain.

Fig. 2 also plots the stress-strain curves corresponding to the
steel-confined concrete model proposed by Mander et al. (1988)
and the Popovics-Saenz model for unconfined concrete (Popovics
1973; Balan et al. 1997) with the same underlying properties. It is
observed that, after the FRP failure (i.e., when only the confine-
ment from the transverse steel reinforcement is active), the mSM
model reduces to the Mander’s model, until the concrete lateral
strain ¢; reaches the rupture strain of the transverse reinforcing
steel £,,, after which the mSM model reduces to residual stress
of the unconfined curve. On the other hand, the SM model reduces
directly to the unconfined curve as soon as the confining FRP
reaches its ultimate strain.

The description provided here implies that the FRP confining
material reaches failure before the confining steel, which is the
most common case in practice. However, it is noteworthy that
the proposed model accounts also for the less likely cases in which
the confining steel reaches its ultimate strain before the confining
FRP. In these cases, the mSM model first reduces to the SM model
when the steel fails, and then to the Popovics-Saenz model when
also the FRP fails.

Hysteretic Behavior of the Stress-Strain Curve

The hysteretic behavior of the mSM model is described by linear
hysteretic unloading/reloading branches that are defined based on a
set of experimental tests conducted by Barbato et al. (2003). The
proposed model does not model strength deterioration due to
the cumulative damage produced by repeated hysteresis loops,
the effect of which was found to be very small in the experimental
results. However, this effect could be added by introducing a cu-
mulative damage parameter [e.g., see Fardis et al. (1983)]. The stift-
ness degradation due to the propagation of internal cracks for
increasing plastic strain is considered in the calculation of the re-
loading stiffness, E,;, and is based on the model developed by
Imran and Pantazopoulou (1996). It is noted here that the original
SM model consisted only of a monotonic envelope; that is, it did
not consider the hysteretic response of FRP-confined concrete.
The hysteretic behavior developed in this study for the mSM model
is adopted also for the SM model, which is thus extended to allow
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Fig. 3. Hysteretic behavior proposed for the mSM model.

the numerical analysis of the cyclic behavior of FRP-confined
concrete.

Fig. 3 illustrates the unloading/reloading rules of the proposed
hysteretic model by representing compression stress and strain as
positive quantities for clarity’s sake. Starting from a virgin material
condition with zero stress and strain [point (0) in Fig. 3], the con-
stitutive model follows the monotonic envelope for increasing
compression strain up to point (1) defined by axial stress oy
and axial strain €,,; where the unloading (i.e., decreasing compres-
sion strain) starts by following a straight line with a slope equal to
the initial stiffness of concrete, E,,; = E., until zero stress is
reached at a residual strain, €, ,,, corresponding to point (2) in
Fig. 3. When the unloading initiates from the monotonic envelope,
history variables representing the unrecoverable plastic strain, €,
[corresponding to the axial strain at point (5) in Fig. 3], and the
corresponding reloading stiffness, E,. are evaluated as:

Ounl

Er,rel = &l —
Erel

(6)

E

(1 +2- (; : gl,unl) (7)

E. =
where o = 20 (Imran and Pantazopoulou 1996) and ¢, ;) = lateral
strain coordinate of unloading point on the envelope [point (1)].
Unless the axial strain reduces to values smaller than €, ,, any
reloading/unloading with strain values between €, ,, and €, hap-
pens along the straight line contained between points (1) and (2).
For strain values smaller than ¢, ,,, the unloading follows a zero
stress line. If a reloading occurs and the inversion point corresponds
to an axial strain contained between ¢, . and €, [i.e., point (3) in
Fig. 3], the stress-strain relation follows a straight line pointing to
the inversion point on the monotonic envelope [i.e., point (1)],
which is defined by a slope E,,, given by:

Ounl (8)

Eynip =
Eunl — Eun],2

in which ¢, , denotes the new inversion point from negative strain
increment to positive strain increment, the value of which is used to
update history variable ¢, [with the line between points (1) and
(3) effectively replacing the line between points (1) and (2) as the
unloading/reloading path]. If the strain increment again changes
direction [e.g., at point (4)], the hysteretic behavior follows the
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unloading/reloading rules previously described until the strain be-
comes smaller than ¢, , after which no further degradation of the
plastic strain recovery is allowed. This assumption implies that any
reloading/unloading cycle occurring afterward [e.g., at point (6)]
follows a zero stress line for any strain value smaller than €,
(including negative values corresponding to tension strains), or the
straight line between points (1) and (5) for strain values contained
between €, . and €. Finally, if during a reloading phase the strain
becomes larger than ¢, [e.g., point (7) in Fig. 3], the stress-strain
relation follows again the monotonic envelope and all history var-
iables governing the unloading/reloading behavior are reset to their
initial zero values. It is noted here that this proposed hysteretic
behavior is identical for any portion of the monotonic envelope,
including early stages during which both FRP and steel confine-
ments are active, the phases during which only FRP or only steel
confinement is active (because one of the two has failed), and the
phase in which the concrete is unconfined (i.e., when both FRP and
steel have failed).

Computer Implementation and Finite-Element
Formulation

The proposed material constitutive model was implemented in
FEDEASLab (Filippou and Constantinides 2004), a Matlab-based
(MathWorks 1997) program appropriate for linear and nonlinear,
static and dynamic structural analysis. The mSM constitutive
model was used to describe the stress-strain response of confined
concrete fibers in a two-node one-dimensional force-based frame
FE with fiber sections (Hu and Barbato 2014; Spacone et al. 1996).
In particular, each section is discretized into concrete core fibers
(simultaneously confined by steel and FRP and modeled using
the newly developed mSM model), concrete cover fibers (confined
only by FRP, for which the mSM model reduces to the SM model),
and steel fibers, which are modeled using the model by Menegotto
and Pinto (1973) as extended in Filippou et al. (1983) to include
isotropic hardening effects. The frame FE is based on the Euler-
Bernoulli beam theory with small deformations, and its element state
determination employs the noniterative algorithm (Neuenhofer and
Filippou 1997).

It is pointed out here that any selection of FE formulation
(e.g., ordinary displacement-based frame elements or a single
force-based frame element), numerical integration of section re-
sponse (e.g., Gauss-Legendre or Gauss-Lobatto integration), and
material constitutive models for steel fibers can be used in conjunc-
tion with the material constitutive model presented in this paper, as
long as a fiber-section approach is employed. Based on the authors’
experience, the numerical integration scheme using five Gauss-
Lobatto integration points in conjunction with force-based ele-
ments provides the best compromise between computational cost
and accuracy for the majority of the cases. However, when there
is a formation of a plastic hinge in the member (e.g., in correspon-
dence of large lateral tip displacements of cantilever beams), the
strain-softening behavior of the concrete can cause a localization
issue and loss of objectivity in force-based elements, making their
postpeak responses dependent on the number of integration points
considered in the integration scheme (Coleman and Spacone 2001).
This loss of response objectivity is controlled by the integration
weight of the integration point closest to the plastic hinge forma-
tion, which corresponds to the strain-softening region assumed by
the FE model and not necessarily to the actual plastic hinge length
of the physical member. It is worth noting that this localization is-
sue occurs also when displacement-based elements are used to
model structural members with softening behavior, in which case
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it is controlled by the length of the FE that is closest to the plastic
hinge formation (Coleman and Spacone 2001). In order to solve
this issue, several regularization techniques were suggested in the
literature (Coleman and Spacone 2001; Scott and Fenves 2006).
In this study, for columns subjected to a combination of axial and
lateral loads, for which plastic hinge formation was expected in
correspondence of large lateral loads, the force-based beam-column
element developed by Scott and Fenves (2006) was adopted. This
element’s formulation employs a plastic hinge integration method
to overcome the nonobjectivity problem of force-based elements’
response due to localization for softening structures. This element
considers a plastic hinge with nonlinear behavior at each end of the
element, whereas the remaining portion of the element has a linear
elastic behavior. The length of the plastic hinge was assumed equal
to the experimentally observed plastic hinge length (when this
information was available in the literature) or estimated based on
Paulay and Priestley (1992) (when this information was not re-
ported in the literature).

Model Validation through Comparison of Numerical
Estimates and Experimental Results

The proposed material constitutive model was validated through a
comparison between an extensive experimental database obtained
from existing literature and numerical simulation of the FE
response of circular RC columns retrofitted with FRP laminates.
Different loading conditions, typically adopted in the existing lit-
erature, were considered separately, namely: (1) quasi-static com-
pressive axial load only, (2) quasi-static eccentric axial load, and
(3) constant axial load and quasi-static lateral load (Fig. 4). For
each quasi-static analysis, the columns were modeled as cantilever
beams with the coarsest mesh possible (i.e., with a single frame FE
unless differently required by the presence of cross-sectional
changes in the physical specimen). These analyses were performed
based on the Newton-Raphson iterative procedure (Bathe 1995)
and incremental displacement control, in order to investigate also
the postpeak behavior of the models.

The experimental database for this study was collected from the
literature in order to emphasize the contribution of internal steel on
the confining pressure imposed to the core concrete. This contri-
bution was measured by considering the ratio ¢, between the steel
and FRP confinement forces, defined as:

_ fl‘stee] ) Ac,core (9)
Sirp - Ay
c P
o
1% a P 7Ah
— a J(: I

{ L

[} I /

1 |Ah | /
|
|

(@) (b) (©

Fig. 4. Loading configurations considered in validation.
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in which A, . denotes the area of the concrete core (i.e., confined
by the steel reinforcement) and A, denotes the gross area of the
member cross-section. The experimental results were selected so
that the minimum value of ¢ for all cases was larger than or equal
to 5%, below which the effects of simultaneous confinement by
steel and FRP was considered to be negligible (i.e., the mSM model
effectively reduces to the SM model).

Columns Subject to Compressive Axial Load Only

A set of 46 RC columns confined with FRP and subjected to a
monotonically increasing and concentrically applied axial load
was identified from nine different authors. The description of the
selected column specimens’ geometry and material properties,
as well as the references from which the data were taken, are
provided in Table 1. The selected database contains specimens with
a wide range of cross-section diameters (from 150 to 400 mm),
lengths (from 300 to 2,000 mm), concrete peak strength (from
23.9 to 50.8 MPa), transverse steel reinforcement ratio (from
0.39% to 3.02%), and FRP volume ratio (from 0.22% to 2.01%).
The ratio between steel and FRP confinement forces, cf, varies
between 8.3% and 193.6%, with an average value of 40.7%.

Table 2 reports the experimental values and numerical estimates
for both the load-carrying capacity and the strain at peak strength
for the different FRP-confined RC columns. The numerical esti-
mates obtained by employing the mSM model to describe the
mechanical behavior of the core concrete fibers (i.e., those confined
by both reinforcing steel and FRP) are also compared to those
obtained by using the SM model for the entire cross-section
(i.e., neglecting the reinforcing steel’s confinement effects) and
to those (identified in Table 2 as SM + APy..,) obtained by super-
posing the contributions to the load-carrying capacity due to the
FRP confinement (estimated using the SM model) and the steel
confinement contribution (AP, ), wWhich is estimated based on
the relation suggested by Nilson et al. (2009) as

APsteel =2 X ky X py X fyt S Aacore (10)

in which the k; coefficient is taken from Mander et al. (1988). The
constitutive material model parameters were taken from the data
reported in the reference for each set of experiments, whenever
the information was available. When some of the information
needed to define the model was missing, typical values were used
(e.g., the unconfined concrete strain at peak stress €., was assumed
equal to 0.0020, 0.0022, or 0.0024 when the concrete strength was
less than 28 MPa, between 28 and 40 MPa, and greater than
40 MPa, respectively, and the parameter (3 was estimated according
to Spoelstra and Monti 1999). Table 2 reports also the ratio between
the numerical results and the experimental estimates for both maxi-
mum axial load and strain at peak strength for all specimens, as well
as the global statistics of these ratios in terms of sample means (1),
coefficients of variations (COV), minima, and maxima for both
models considered in this study. The same global statistics were
also reported for the estimates of the maximum axial loads obtained
by superposing the FRP and steel confinement effects.

It is observed that, on average, the mSM model provides excel-
lent estimates of the columns’ maximum axial load capacity, with
1= 1.00 and (i.e., in average the model predicts exactly the col-
umns’ axial strength) and COV = 0.10, which indicates a small
dispersion of the results. The minimum and maximum values of
the numerical to experimental axial strength are 0.68 and 1.15, re-
spectively, which indicate that the mSM model can sometimes sig-
nificantly underestimate the axial strength of the FRP-confined
columns. The SM model produces less accurate and slightly more
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Table 1. Experimental test database for FPR-confined RC columns subjected to concentric axial loading: specimens’ identification, geometry, and material

properties
References Identifer d (mm) L (mm) f. (MPa) f,, (MPa) f, (MPa) p, (%) p; (%) E; (GPa) o MPa) & ¢y (%)
Parretti and Nanni (2002) DB450-C 200 914 25.5 517 393 1.42 0.54 126 1,689 045 457
Matthys et al. (2006) K2 400 2,000 32 560 620 0.39 0.59 198 2,600  0.61 8.3
K3 400 2,000 32 560 620 0.39 0.94 480 1,100 1.14 123
K4 400 2,000 32 560 620 0.39 1.8 60 780  0.58 9.0
K5 400 2,000 32 560 620 0.39 0.6 60 780  0.62  27.1
K8 400 2,000 32 560 620 0.39 0.49 120 1,100  0.55 235
Eid et al. (2009) AINP2C 303 1,200 31.7 602 486 2.49 1.01 78 1,050 0.67 87.7
A3NP2C 303 1,200 31.7 602 550 1.6 1.01 78 1,050  0.60  50.5
ASNP2C 303 1,200 29.4 602 423 0.75 1.01 78 1,050 033 159
C4NP2C 303 1,200 31.7 456 423 1.59 1.01 78 1,050 046  40.3
C4NP4C 303 1,200 31.7 456 423 1.59 2.01 78 1,050 0.89 202
B4NP2C 303 1,200 31.7 456 550 1.59 1.01 78 1,050 0.78 333
C4MP2C 303 1,200 50.8 456 423 1.59 1.01 78 1,050 0.56  40.3
C2NP2C 303 1,200 31.7 456 423 2.44 1.01 78 1,050 043 673
C2N1P2C 303 1,200 36 456 423 2.44 1.01 78 1,050 049 673
C2NI1P4C 303 1,200 36 456 423 2.44 2.01 78 1,050 0.63  33.6
C2MP2C 303 1,200 50.8 456 423 2.44 1.01 78 1,050 064 673
C2MP4C 303 1,200 50.8 456 423 2.44 2.01 78 1,050 0.80 33.6
Lee et al. (2010) S2F1 150 300 36.2 1,200 — 3.02 0.29 250 4,510 042 193.6
S2F2 150 300 36.2 1,200 — 3.02 0.59 250 4,510 042  96.8
S2F3 150 300 36.2 1,200 — 3.02 0.88 250 4510 036 645
S2F4 150 300 36.2 1,200 — 3.02 1.17 250 4510 036 484
S2F5 150 300 36.2 1,200 — 3.02 1.47 250 4,510 033 387
S4F1 150 300 36.2 1,200 — 1.51 0.29 250 4510 031 889
S4F2 150 300 36.2 1,200 — 1.51 0.59 250 4510 033 444
S4F3 150 300 36.2 1,200 — 1.51 0.88 250 4,510 031 29.6
S4F4 150 300 36.2 1,200 — 1.51 1.17 250 4,510 035 222
S4F5 150 300 36.2 1,200 — 1.51 1.47 250 4,510 035 17.8
S6F1 150 300 36.2 1,200 — 1.01 0.29 250 4,510 022 540
S6F2 150 300 36.2 1,200 — 1.01 0.59 250 4510 038 27.0
S6F4 150 300 36.2 1,200 — 1.01 1.17 250 4,510  0.31 13.5
S6F5 150 300 36.2 1,200 — 1.01 1.47 250 4,510 027 108
Demers and Neale (1999) U25-2 300 1,200 23.9 400 400 1.07 1.2 84 1,270  0.38 104
U40-4 300 1,200 43.7 400 400 1.07 1.2 84 1,270  0.22  10.7
Wang et al. (2012) CIH2LIM 305 915 47 397 340 1.05 0.22 244 4,340  0.79  30.5
CIH2L2M 305 915 24.5 397 340 1.05 0.44 244 4340 0.89 152
CIHILIM 305 915 24.5 397 340 0.53 0.22 244 4,340  0.81 12.9
CIHILIC 305 915 24.5 397 340 0.53 0.22 244 4,340  0.81 12.9
C2H2LIM 204 612 24.5 397 312 1.05 0.33 244 4340 0.73 16.8
C2H2LIC 204 612 24.5 397 312 1.05 0.33 244 4340 085 16.8
Cairns (2001) #28 356 1,524 29.8 510 402 0.56 1.12 82.3 1,770 041 104
Jaffry (2001) #16 356 1,524 29.8 510 402 0.56 1.12 45.2 1,070 048 172
Carrazedo and Hanai (2006)  C2S25 190 570 28.9 756 554.8 1.96 0.55 219 2,801  0.85 652
C2S50 190 570 26.2 756 554.8 0.98 0.55 219 2,801 0.70 299
C1S25 190 570 28.9 756 554.8 1.96 0.27 219 2,801  0.85 1305
C1S50 190 570 26.2 756 554.8 0.98 0.27 219 2,801  0.88 598

disperse results than the mSM model, with p = 0.88 and
COV = 0.15. In particular, the SM model tends to underestimate
the axial load capacity of the specimens, which is consistent with
the fact that it neglects the effects of steel confinement. This result
is also confirmed by the minimum and maximum values of the
numerical to experimental axial strength obtained using the SM
model, which are 0.55 and 1.08, respectively. Conversely, both
models provide practically identical estimates of the strain at peak
strength, which slightly overestimate the experimental results
(u = 1.07 for both models) and present a significantly larger
dispersion of the results when compared to the axial strength es-
timates (COV = 0.23). This result was also expected, because the
numerical prediction of the strain at peak strength is inherently
more complex and more affected by uncertainties than the numeri-
cal prediction of the peak axial strength (e.g., due to uncertainties/
potential inaccuracies in the experimental measurements and the
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lack of accurate measurements of modeling parameters that affect
the numerical prediction of the strains). The results obtained
considering a linear superposition of the effects of FRP and steel
confinement tend to overestimate the columns’ axial load capacity
by approximately 10% on average (1 = 1.10), with a dispersion
that is similar to that observed for the mSM results (COV = 0.10).
This observation implies that using Eq. (10) to estimate the steel
confinement effect of FRP-confined RC columns subject to con-
centric axial loads overestimates this effect by a factor approxi-
mately equal to 2. The reasons for this overestimation are that
(1) the maximum capacity corresponding to each confining
mechanism is achieved at different levels of strains, and (2) the
linear combination of the FRP and steel confinement effects does
not provide a realistic description of the highly nonlinear behavior
of the confined RC columns, particularly near the peak strength
region.
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Table 2. Comparison between experimental results and numerical simulation with both models of load-carrying capacity of RC column specimens subjected

to concentric axial loading

Maximum axial load (kN)

Axial strain at peak strength (mm/m)

Identifer Experimental mSM model Ratio SM model Ratio SM + APy, Ratio Experimental mSM model Ratio SM model Ratio
DB450-C 1,715 1,692 0.99 1,502 0.88 1,834 1.07 14.9 14.6 0.98 14.6 0.98
K2 7,460 7,969 1.07 7,744 1.04 8,001 1.08 11.1 10.4 0.94 10.4 0.94
K3 7,490 7,542 1.01 7,455 1.00 7,802 1.04 4.3 4.8 1.12 4.8 1.12
K4 7,580 7,723 1.02 7,458 0.98 7,805 1.03 6.9 9.6 1.39 9.5 1.38
K5 7,580 7,723 1.02 7,458 0.98 7,805 1.03 6.9 9.6 1.39 9.5 1.38
K8 6,230 6,263 1.01 5,930 0.95 6,277 1.01 5.9 5.8 0.98 5.8 0.98
AINP2C 4,571 5,120 1.12 4,106 0.90 5,717 1.25 15 12.3 0.82 12.3 0.82
A3NP2C 4,331 4,744 1.10 4,095 0.95 5,023 1.16 12.5 11 0.88 11 0.88
ASNP2C 3,326 3,558 1.07 3,333 1.00 3,626 1.09 6.3 6.3 1.00 6.3 1.00
C4NP2C 3,704 4,164 1.12 3,731 1.01 4,474 1.21 7.7 8.3 1.08 8.3 1.08
C4NP4C 5,468 5,765 1.05 5,515 1.01 6,258 1.14 20.8 22.7 1.09 22.7 1.09
B4NP2C 4,182 4,776 1.14 4,404 1.05 5,017 1.20 13.6 11.5 0.85 11.5 0.85
C4MP2C 5,434 5,869 1.08 5,364 0.99 6,107 1.12 8.8 8.8 1.00 8.8 1.00
C2NP2C 4,034 4,278 1.06 3,663 0.91 4,899 1.21 8.1 6.5 0.80 6.5 0.80
C2N1P2C 4,502 4,816 1.07 4,080 0.91 5,316 1.18 11 7.8 0.71 7.8 0.71
C2N1P4C 5,459 5,856 1.07 5,310 0.97 6,546 1.20 17.5 13 0.74 13 0.74
C2MP2C 5,689 6,308 1.11 5,496 0.97 6,732 1.18 10.4 8.5 0.82 8.5 0.82
C2MP4C 7,062 7,770 1.10 7,208 1.02 8,444 1.20 15.9 13.8 0.87 13.8 0.87
S2F1 1,255 1,354 1.08 767.9 0.61 1,819 1.45 39 33.3 0.85 333 0.85
S2F2 1,590 1,558 0.98 1,045 0.66 2,096 1.32 36 453 1.26 453 1.26
S2F3 1,873 1,627 0.87 1,194 0.64 2,245 1.20 34 44.6 1.31 44.6 1.31
S2F4 2,015 1,741 0.86 1,351 0.67 2,402 1.19 38 50.6 1.33 50.6 1.33
S2F5 2,651 1,793 0.68 1,446 0.55 2,497 0.94 43 50 1.16 50 1.16
S4F1 1,025 1,053 1.03 718.9 0.70 1,201 1.17 19 23.3 1.23 23.3 1.23
S4F2 1,343 1,265 0.94 979.5 0.73 1,462 1.09 23 34 1.48 34 1.48
S4F3 1,572 1,384 0.88 1,144 0.73 1,627 1.03 29 37.3 1.29 373 1.29
S4F4 1,820 1,561 0.86 1,342 0.74 1,825 1.00 30 49 1.63 49 1.63
S4F5 2,209 1,661 0.75 1,473 0.67 1,956 0.89 36 54 1.50 54 1.50
S6F1 901.2 887.7 0.99 678.6 0.75 973 1.08 17 16 0.94 16 0.94
S6F2 1,202 1,216 1.01 1,016 0.85 1,310 1.09 25 40 1.60 40 1.60
S6F4 1,696 1,432 0.84 1,292 0.76 1,586 0.94 34 42 1.24 42 1.24
S6F5 1,767 1,483 0.84 1,364 0.77 1,658 0.94 36 39.3 1.09 39.3 1.09
U25-2 2,950 3,340 1.15 3,180 1.08 3,451 1.17 10 9 0.90 9 0.90
U40-4 4,650 4,950 1.08 4783 1.03 5,063 1.09 5.9 5 0.85 5 0.85
ClH2LIM 3,726 3,666 0.98 3,329 0.89 3,810 1.02 23.1 19.5 0.84 19.5 0.84
CI1H2L2M 4,807 4,663 0.97 4,457 0.93 4,938 1.03 32.9 29.8 0.91 29.8 0.91
CIHILIM 3,338 3,497 1.05 3,348 1.00 3,554 1.06 18.3 20 1.09 20 1.09
CIHILIC 3,445 3,503 1.02 3,358 0.97 3,558 1.03 19.6 20.3 1.04 20.3 1.04
C2H2LIM 1,837 1,810 0.99 1,705 0.93 1,883 1.02 25.3 21.2 0.84 21.2 0.84
C2H2L1C 1,992 1,873 0.94 1,775 0.89 1,953 0.98 28 252 0.90 252 0.90
#28 7,329 6,736 0.92 6,070 0.83 6,532 0.89 18.8 15.5 0.82 15.5 0.82
#15 6,020 6,238 1.04 5,276 0.88 5,738 0.95 16.7 15 0.90 15 0.90
C2825 2,097 2,102 1.00 1,795 0.86 2,473 1.18 19.2 21.1 1.10 21.1 1.10
C2S50 1,855 1,873 1.01 1,693 0.91 2,004 1.08 15.8 16.5 1.04 16.5 1.04
C1825 1,692 1,836 1.09 1,409 0.83 2,087 1.23 16.5 15.6 0.95 15.6 0.95
C1S50 1,482 1,531 1.03 1,344 0.91 1,655 1.12 11.6 18.9 1.63 18.9 1.63
Mean — — 1.00 — 0.88 — 1.10 — — 1.07 — 1.07
COV — — 0.10 — 0.15 — 0.10 — — 0.23 — 0.23
Min — — 0.68 — 0.55 — 0.89 — — 0.71 — 0.71
Max — — 1.15 — 1.08 — 1.45 — — 1.63 — 1.63

Fig. 5 plots the experimental and numerical axial force-
axial strain responses for two select columns, i.e., specimens
DB450-C (Parretti and Nanni 2002) and S2F1 (Lee et al. 2010),
for which the coefficients ¢, assume the values 45.7% (i.e., close
to the average value for the specimens considered here) and 193.6%
(i.e., the largest value in the considered database), respectively. In
both cases, it is observed that the mSM model, which explicitly
accounts for the simultaneous confinement of steel and FRP on
the core concrete, shows a better agreement with the experimental
results than the SM model not only in terms of the peak strength of
the column, but also for the entire axial force-axial strain response
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curve up to and beyond the failure of the FRP confinement. As
expected, the improvement in the experimental results’ prediction
from the SM to the mSM model is more evident for increasing
values of cy.

Columns Subject to Eccentric Axial Load

A set of 22 specimens of RC columns subjected to monotonically
increasing eccentric axial loads was collected from five different
authors. In order to accurately account for second-order effects
produced by the eccentricity of the load, the FE analysis was

J. Compos. Constr.

J. Compos. Constr., 2018, 22(6): 04018064



Downloaded from ascelibrary.org by University of California, Davis on 10/20/18. Copyright ASCE. For personal use only; all rights reserved.

2000 T T

——= _ =1
1s0f g3 _——-"T i
"""" - !
_— !1_
—_ I
z i
= 1000 i
A i
i
i.
500 5
Exp.
— — —mSM model
/fbo == SM model
O 1 1
0 5 10 15
(@) €[mm/m]

1400 T T T T
1200
1000
= 800
=3
& 600+
400
Exp.
200 — — —mSM model A
————— SM model
0 L L L i L
0 10 20 30 40 50
(b) € [mm/m]

Fig. 5. Comparison between the analytical concrete models and test results for specimens subject to concentric axial load: (a) DB450-C (data from

Parretti and Nanni 2002); and (b) S2F1 (data from Lee et al. 2010).

Table 3. Experimental test database for FPR-confined RC columns subjected to eccentric axial loading: specimens’ identification, geometry, and material

properties
References Identifer ~d (mm) L (mm) f.(MPa) f,, (MPa) f, MPa) p; (%) p; (%) E;(GPa) o (MPa) c; (%)
Hadi (2006) Cc2 150 620 32 500 500 4.76 2.67 25 700 55.7
Hadi (2009) CF-25 205 925 75 437 640 3.17 3.08 45.8 884.6 28.9
CF-50 205 925 75 437 640 3.17 3.08 45.8 884.6 28.9
Bisby and Ranger (2010) C-5 152 608 332 710 710 1.26 1.00 90 894 13.2
C-10 152 608 332 710 710 1.26 1.00 90 894 13.2
C-20 152 608 332 710 710 1.26 1.00 90 894 13.2
C-30 152 608 332 710 710 1.26 1.00 90 894 13.2
C-40 152 608 332 710 710 1.26 1.00 90 894 13.2
Fitzwilliam and Bisby (2010)  300C10A 152 300 30.5 693 710 1.26 1.00 88.2 1,014 11.5
300C10B 152 300 30.5 693 710 1.26 1.00 88.2 1,014 11.5
300C20B 152 300 30.5 693 710 1.26 1.00 88.2 1,014 11.5
600C10A 152 600 30.5 693 710 1.26 1.00 88.2 1,014 11.5
900C10A 152 900 30.5 693 710 1.26 1.00 88.2 1,014 11.5
1200C10A 152 1,200 30.5 693 710 1.26 1.00 88.2 1,014 11.5
1200C10B 152 1,200 30.5 693 710 1.26 1.00 88.2 1,014 11.5
1200C20A 152 1,200 30.5 693 710 1.26 1.00 88.2 1,014 11.5
300C12A 152 300 30.5 693 710 1.26 1.00 88.2 1,014 11.5
1200C12A 152 1,200 30.5 693 710 1.26 1.00 88.2 1,014 11.5
1200C14A 152 1,200 30.5 693 710 1.26 1.00 88.2 1,014 11.5
Mostofinejad and TW-30 150 500 28 502 502 2.15 0.45 230 3,900 9.8
Moshiri (2014) IW-60 150 500 28 502 502 2.15 0.45 230 3,900 9.8
TW-90 150 500 28 502 502 2.15 0.45 230 3,900 9.8

performed considering the nonlinear geometry conditions based on
a P-A formulation (Filippou and Fenves 2004). The description of
these specimens is given in Table 3, whereas Table 4 provides the
comparison between experimental results and numerical estimates
obtained using both SM and mSM models, including the means,
COVs, minima, and maxima for each model. The experimental
specimens include circular columns with cross-section diameters
ranging between 150 and 205 mm; length between 300 and
1,200 mm; concrete peak strength between 28 and 75 MPa; trans-
verse steel reinforcement ratio between 1.26% and 4.76%; and FRP
volume ratio between 0.45% and 3.08%. The ratio between steel
and FRP confinement forces, ¢, varies between 9.8% and 55.7%,
with an average value of 15.3%. The last three listed specimens
from Fitzwilliam and Bisby (2010) presented longitudinal FRP
reinforcement in addition to FRP confinement and were modeled
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using the FE proposed in Barbato (2009). The specimens from
Mostofinejad and Moshiri (2014) were wrapped with discontinuous
rings of FRP sheets. The results presented in Table 4 show that
both SM and mSM models are able to predict accurately the load-
carrying capacity of FRP-confined columns under a combination
of a compressive axial load and the bending moment induced
by load eccentricity, with a small improvement from a mean ratio
of numerical to experimental strength equal to 0.97 for the mSM
model and to 0.94 for the SM model. In addition, the COVs of the
numerical to experimental strength ratio are also almost the same
for the two models, i.e., 0.08 and 0.09 for the mSM and SM mod-
els, respectively. Thus, the differences between the two models for
this loading case are significantly smaller than the differences
observed for the concentric axial load case. This results can be ex-
plained as follows: (1) the experimental database of specimens
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Table 4. Comparison between experimental results and numerical
simulation with both models of load-carrying capacity of RC column
specimens subjected to eccentric axial loading

Maximum axial load (kN)

Identifer Experimental mSM model Ratio SM model Ratio
Cc2 409 404 0.99 373 0.91
CF-25 2,345 2,377 1.01 2,215 0.94
CF-50 1,372 1,438 1.05 1,387 1.01
C-5 770 828 1.08 795 1.03
C-10 664 708 1.07 691 1.04
C-20 579 575 0.99 557 0.96
C-30 337 361 1.07 360 1.07
C-40 264 246 0.93 246 0.93
300C10A 672 604 0.90 587 0.87
300C10B 683 640 0.94 620 0.91
300C20B 911 912 1.00 902 0.99
600C10A 561 498 0.89 490 0.87
900C10A 549 522 0.95 507 0.92
1200C10A 449 455 1.01 447 1.00
1200C10B 480 449 0.94 444 0.93
1200C20A 537 494 0.92 482 0.90
300C12A 681 622 0.91 604 0.89
1200C12A 582 501 0.86 481 0.83
1200C14A 671 529 0.79 479 0.71
IW-30 544 602 1.11 592 1.09
IW-60 279 269 0.96 265 0.95
IW-90 168 154 0.92 152 0.91
Mean — — 0.97 — 0.94
cov — — 0.08 — 0.09
Min — — 0.79 — 0.71
Max — — 1.11 — 1.09

subject to eccentric axial loads contains specimens with significantly
smaller amounts of transverse steel than the database available for
specimens subject to concentric axial loads, as demonstrated by
the smaller average value of ¢ (i.e., 15.3% for the case of eccentric
axial loads, compared to 42.2% for the case of concentric axial
loads); and (2) the presence of a bending moment induced by the
eccentricity of the load produces a nonuniform compression or even
some tension within the specimen’s cross-section, which reduces
the effectiveness of the passive confining mechanism of both steel
and FRP.
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Fig. 6 compares the experimental and numerical response
(i.e., axial force versus displacement at midheight) using both mSM
and SM concrete constitutive models for specimens 900C10A
(Fitzwilliam and Bisby 2010) and C2 (Hadi 2006), for which the
coefficients ¢, assume the values 11.5% (i.e., close to the average
value for the specimens considered here) and 55.7% (i.e., the
largest value in the considered database), respectively. The follow-
ing is observed: (1) for specimen 900C10A (c¢; = 11.5%), the two
concrete constitutive models provide almost the same results in
terms of peak axial strength and ultimate displacement at mid-
height; and (2) for specimen C2 (c¢; = 55.7%), the mSM model
provides significantly improved estimates of the peak strength
and of the displacement at failure when compared to the corre-
sponding results obtained using the SM model. This result indicates
that the internal steel’s confinement can significantly affect the
response of FRP-confined columns subject to eccentric axial loads
when the amount of transverse steel reinforcement is sufficiently
large relatively to the amount of FRP, as measured by the coeffi-
cient ¢ ;. Itis also observed that, for both specimens, the axial load—
midheight displacement responses obtained using the FE models
present nonnegligible differences with the experimental results.
These differences may be due to (1) the complexity of the exper-
imental setup for these eccentric axial load tests, which may affect
the accuracy of the experimental displacement results; (2) the ap-
proximations of the P-A formulation, which considers only some
of the nonlinear geometry effects that are affecting the response of
these specimens; and (3) the presence of complex 3D nonlinear
behavior in the concrete, e.g., triaxial stress conditions and concrete
dilation (Cao et al. 2018; Kabir and Shafei 2012), that cannot be
accurately represented by a simplified fiber-section frame model.

Columns Subject to Axial and Lateral Loads

A set of 18 FRP-confined RC columns subjected to a constant axial
load, P,, and a cyclic lateral displacement was selected from seven
different published works. These specimens are described in Table 5.
The considered specimens consist of columns with cross-section
diameters varying between 300 and 760 mm, lengths between 850
and 2,000 mm, concrete peak strength between 18.6 and 44.8 MPa,
transverse steel reinforcement ratio between 0.13% and 2.22%, FRP
volume ratio between 0.11% and 4.06%, and ratio between axial
load and cross-section capacity (i.e., P,/P,, where P, corresponds
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Fig. 6. Comparison between the analytical concrete models and test results for specimens subject to eccentric axial load: (a) 900C10A (data from

Fitzwilliam and Bisby 2010); and (b) C2 (data from Hadi 2006).
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Table 5. Experimental test database for FPR-confined RC columns subjected to axial and lateral loads: specimens’ identification, geometry, and material

fyt fy dy Ps Pr E_f oy Cr
(MPa)  (MPa) (mm) (%) (%) (GPa) (MPa) & (%)

properties

d L f
References Identifer (mm) (mm) (MPa) P,/P,
Kawashima et al. (2000) A2 400 1,350 30 0.05
Li and Sung (2004) FCS-2 760 1,750 18.6 0.11

Paultre et al. (2015) S75P10C1 305 2,000 36 0.09
S150P10C1 305 2,000 33.6 0.35
S75P35Cl1 305 2,000 33.6 0.1

S150P35C1 305 2,000  34.6 0.32

Desprez et al. (2013) PI1C 300 2,000 35.8 0.1
P2C 300 2,000 349 0.35
P3C 300 2,000 344 0.1
P4C 300 2,000 343 0.35

Gu et al. (2010) jl 300 850 28 0.05
2 300 850 28 0.05

Sheikh and Yau (2002) ST-2NT 356 1,473 404 0.64
ST-4NT 356 1,473 448 0.32

ST-5NT 356 1,473 408 0.32

Liu and Sheikh (2013) P271CF3 356 1,473 40 0.32
P401CF8 356 1,473 40 0.47
P401GF9 356 1473 40 0.47

296 296 16 023 0.11 243 4277  0.64* 6.1
426 426 19.6 0.13 0.14 232 4,170  0.64° 6.7
470 415 19.6 213 132 70.6 849 091 473
470 415 19.6 1.07 132 70.6 849 0.64 16.2
470 415 19.6 213 132 70.6 849 091 473
470 415 196 1.07 132 70.6 849 0.76  16.2
470 415 19.5 222 4.06 70.6 849  0.61 16.6
470 415 19.5 222 4.06 70.6 849  0.61 16.6
470 415 195 1.11 4.06 70.6 849  0.61 5.7
470 415 195  1.11  4.06 70.6 849  0.61 5.7
350 400 19 033 0.34 60 1,832 0.52 6.6
350 400 19 033 0.15 230 4,232 043 6.6

450 450 25 0.3 1.4 20 400 0.74* 5.8
450 450 25 0.3 0.56 75 900 0.64" 64
450 450 25 0.3 1.4 20 400 0.74* 538

490 496 25 0.3 1.12 76.4 939  0.83 6.2
490 496 25 0.3 1.12 76.4 939 091 6.2
490 496 25 0.3 1.4 25.5 518  0.82 9.0

“Efficiency factor estimated based on Lam and Teng (2004).

to the concrete strength f. times the gross area A,) between 5% and
64%. The coefficient ¢ varies between 5.7% and 47.3%, with an
average value of 13.2%. The efficiency factors for the FRP rupture
strain were taken from the experimental data (when available) or es-
timated according to Lam and Teng (2004) (when not reported in the
experimental investigations).

Table 6 reports the comparison of the experimental results with
the numerical estimates of the maximum lateral load-carrying
capacity and of the ductility obtained using both mSM and SM
models. The ductility is measured here by the ductility parameter
pa = Ay /A (displacement ductility) or p, = @, /¢, (curvature

ductility) (Paultre et al. 2015), which are obtained using an ideal-
ized bilinear load-displacement diagram (Sheikh and Khoury
1993). In this study, A, and ¢, are conventionally defined as
the displacement and curvature, respectively, where the specimens
reach the 80% of the maximum lateral capacity in the postpeak
response; and A, and ¢,; denote the conventional yield displace-
ment and curvature, respectively, corresponding to the intersection
between the peak strength’s horizontal line and the secant line of
the lateral load-lateral displacement/curvature curve passing through
the origin and 75% of the peak strength. The usage of the displace-
ment or curvature ductility for different specimens was dictated by

Table 6. Comparison between experimental results and numerical simulation with both models of load-carrying capacity of RC column specimens subjected
to axial and lateral loads

Maximum lateral load (kN) Ductility

Identifer Experimental mSM model Ratio SM model Ratio Experimental mSM model Ratio SM model Ratio
A2 108.5 110.8 1.02 110.0 0.99 10.8* 13.3 1.05 12.4 0.99
FCS-2 878.5 835.7 0.95 828.9 0.94 8.8" 8.8 1.00 8.8 1.00
S75P10C1 64.0 59.8 0.93 57.0 0.89 14.4* 14.4 1.00 12.4 0.86
S150P10C1 65.8 559 0.85 55.5 0.84 10.9* 10.9 1.00 10.9 1.00
S75P35C1 91.5 76.9 0.84 74.9 0.82 9.5¢ 11.3 1.19 5.1 0.54
S150P35C1 86.0 76.2 0.89 75.3 0.88 8.5¢ 10.7 1.12 6.6 0.69
P1C 65.0 61.9 0.95 60.1 0.92 12.2* 12.2 1.00 7.4 0.61

p2C 90.9 83.8 0.92 82.7 0.91 8.3 10.6 1.08 3.4 0.35
P3C 66.2 62.3 0.94 62.0 0.94 10.6* 10.6 1.00 72 0.68
P4C 85.5 80.4 0.94 79.5 0.93 10.1* 8.2 0.81 4.4 0.43
I 179.2 177.1 0.99 175.4 0.98 9.7% 11.2 1.16 11.2 1.16
J2 192.3 172.2 0.90 171.5 0.89 7.5 9.5 1.15 9.5 1.15
ST-2NT 131.0 142.3 1.09 139.0 0.98 12.7° 13.9 1.09 12.9 1.01

ST-ANT 131.6 143.9 1.09 142.1 0.99 13.3° 10.4 0.78 9.5 0.71

ST-5NT 124.8 144.3 1.16 141.3 0.98 16.2° 14.3 0.88 13.3 0.82
P271CF3 118.6 125.7 1.06 125.1 1.05 14.6° 12.8 0.88 12.1 0.83
P401CF8 98.7 108.6 1.10 107.6 1.09 17.3° 15.5 0.90 14.9 0.86
P401GF9 115.5 97.3 0.84 94.0 0.81 12.3° 13.7 1.11 12.7 1.03
Mean — — 0.97 — 0.95 — — 1.01 — 0.82
Cov — — 0.10 — 0.10 — — 0.12 — 0.29
Min — — 0.84 — 0.81 — — 0.78 — 0.35
Max — — 1.16 — 1.13 — — 1.19 — 1.16

“Displacement ductility.
°Curvature ductility.
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Fig. 7. Comparison between the analytical concrete models and test results for specimen subject to axial and cyclic lateral loads: P1C. (Data from

Desprez et al. 2013.)

the manner in which the experimental data were presented in each
publication considered in the experimental database.

It is observed that, also for this load case, both mSM and SM
models provide very good estimates of the peak lateral load, with
a mean equal to 0.97 for the mSM model and to 0.95 for the
SM model. The corresponding dispersions are also very similar,
i.e., COV = 0.10 for both mSM and SM models. This result is con-
sistent with that obtained for the eccentric axial load case and can
be explained in the same way (i.e., small values of ¢, and smaller
effectiveness of the confinement effect when the columns’ cross-
sections are not subjected to uniform compression). Due to the
limited experimental database available, further investigations will
be needed to determine the actual significance of the simultaneous
confinement by steel and FRP on the lateral capacity of FRP-
confined RC columns.

60 T

S75P10C1

40 -

20 -

P [kN]

Exp.
— — — mSM model
-80 L 1 1 1 L 1
-300 -200 -100 0 100 200 300
Ah [mm]

With respect to the ductility predictions, the mSM model pro-
vides results that are in excellent agreement with the experimental
results (with g = 1.01 and COV = 0.12), whereas the SM model
tends to underestimate the experimental results and produce a
greater dispersion of the ductility estimates (with @ = 0.82 and
COV = 0.29). This result seems to indicate that considering the
simultaneous confinement of steel and FRP on the core fibers of
FRP-confined RC columns could be important for the prediction
of their ductility capacity, even if this simultaneous confinement
has small or negligible effects on the lateral load capacity. However,
additional studies and experimental data are necessary to confirm
this preliminary observation, because it is based on a very limited
experimental database.

Figs. 7 and 8 compare the experimental and numerical cyclic
lateral load-lateral displacement response for two select columns,

60 T

S75P10C1

40

20 -

P [kN]

Exp.
————— SM model

-80 1 1 L L 1
-300 -200 -100 0 100 200 300
Ah [mm]

Fig. 8. Comparison between the analytical concrete models and test results for specimen subject to axial and cyclic lateral loads: S75P10CI.

(Data from Paultre et al. 2015.)
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i.e., specimens P1C (Desprez et al. 2013) and S75P10C1 (Paultre
et al. 2015), respectively, for which the coefficients ¢, assume the
values 16.6% (i.e., close to the average value for the specimens
considered here) and 47.3% (i.e., the largest value in the considered
database). The results for both specimens indicate that both the
mSM and SM models are able to predict the overall cyclic behavior
and the lateral load capacity of the specimens; however, the mSM
model is also capable to simulate with accuracy the columns’ duc-
tile behavior after peak strength, whereas the SM model predicts a
strength degradation that is faster than that observed in the exper-
imental results. This result suggests that, for the range of ¢, values
in the available experimental database, the internal steel’s confine-
ment has only a negligible effect on the lateral load capacity, but
a larger effect on the lateral ductility capacity of FRP-confined
RC columns subjected to a combined loading due to axial and
lateral loads.

Conclusions

This paper proposes a new confined concrete material constitutive
model that accounts for simultaneous confinement of steel and
FRP. The monotonic envelope of the newly proposed model, re-
ferred to as modified Spoelstra-Monti (mSM) model, is a modifi-
cation of the monotonic envelope of the Spoelstra-Monti (SM)
model for FRP-confined concrete. Simple hysteresis rules are also
proposed to allow the use of the mSM model for cyclic and dy-
namic loading conditions. This new model is implemented into
a research-oriented general-purpose FE program and used in con-
junction with a fiber-section force-based frame FE to analyze FRP-
confined reinforced concrete columns for which experimental test
results are available in the literature. The additional confining effect
due to internal reinforcing steel is modeled through the use of
the mSM model to characterize the stress-strain behavior of the
core concrete’s fibers. A new relative confinement coefficient cy,
defined as the ratio of the ultimate reinforcing steel’s and FRP’s
confinement forces in a given cross-section, is proposed as a mea-
sure of the internal steel’s confinement effects on the response
behavior of the FRP-confined columns. Three loading conditions
are considered: (1) concentric axial load, (2) eccentric axial load,
and (3) a combination of axial load and applied lateral displace-
ment. It is found that the use of the mSM model provides very good
agreement with the experimental results, with estimates of the peak
strength and axial/lateral deformations that are always more accu-
rate than those obtained using the SM model (i.e., by neglecting the
internal reinforcing steel’s confinement effect). The internal steel’s
confinement effect on the peak strength of FRP-confined columns
subject to concentric axial loads is significant, whereas the same
effect is found to be negligible on the value of the strain at peak
strength. The internal steel’s confinement effect is found to be small
but not negligible for the peak strength of FRP-confined columns
subject to eccentric axial load. The same effect appears to be even
smaller for the lateral load capacity of FRP-confined columns sub-
ject to a combination of axial and lateral loads. However, this effect
is larger and could be significant for the lateral ductility capacity of
columns under axial and lateral loads. It is noted here that the ob-
servations made regarding columns subject to eccentric axial loads
and to a combination of axial and lateral loads may require addi-
tional investigation to be fully confirmed due to the limited size of
the experimental database.

The steel-and-FRP confined concrete model developed in this
paper is suitable for use in FE models in conjunction with fiber-
section force-based frame FE and can be used for accurate and
computationally efficient FE analysis of real-world large-scale

© ASCE
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structures (e.g., buildings and bridges) with FRP-confined RC col-
umns, for which more accurate 3D FE models could be computa-
tionally prohibitive.
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