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MATEPUJAJIEH MOJEJI 3A AHAJIN3A HA Ab SUIOBU 3AJAKHATHU CO FRP
IO AEJCTBO HA HUKJ/IMYEH TOBAP

PE3UME

VYrorpebara Ha apMHPaHOOCTOHCKH SHJOBH KaKO IIPHMAapeH CHCTEM 3a 00e30elyBame Ha CEHM3MHUKA
OTIIOPHOCT MPETCTaByBa CTAHIAPT BO COBPEMEHOTO aCCH3MUUKO IPOCKTHPATHE HA apMUPAHOOCTOHCKHTE
KOHCTPYKUuH. Pa3zBHeHH ce, TECTHPAaHU M KOPHCTEHH, MOBEKE METOIH 3a IIONPABKa U 3ajaKHYBabe HA
KOHCTPYKLHH Kou coapskat AB sumoBu, a mocTojaHo ce [mojaByBaar 1 HOBU. EHa o1 HOMyaapHUTE HOBU
TEeXHUKHU BKIy4dyBa ynorpeba Ha HaasoperuHo amnuuupand FRP xommo3utau marepujanu. Cryaujara
NpUKAaKaHa OBJIE Ipelara HOB MaTepHUjajeH MOAEIN 3a apMmupan OeroH 3ajakHar co FRP. Mozenor ro
YCBOjyBa MOCTOSYKHOT IIPUCTAI CO T.H. ,,paclpenesieH0" MOACTIUPAhE H IO HAArPaayBa CO BKIyUyBambe
Ha 3ajakHyBameTo o7 FRP. [Ipemmoxennor Moaen oBo3MOXyBa CHMyJIanija Ha ofHecyBame Ha Ab erme-
MeHTH 3ajakHati co FRP 3eMajku ja BO mpeABH Mpomnaraiyjara Ha MyKHATHHH 3apajii alTHIApaHHTe
CTATHYKH W IUKIIMYHU TOBapH. Toj OBO3MOXXYBa CHMYJalldja Ha OJHECYBameTO Ha ADB eleMEeHTH BO
paMHMHCKa cCOCTOj0a Ha Harperame.

Knyunu 360posu: Mamepujanen mooen, apmupan bemon, FRP, ANSYS

Vladimir VITANOV'!

MATERIAL MODEL FOR ANALYSIS OF FRP STRENGTHENED RC WALLS
UNDER CYCLIC LOADING

SUMMARY

The use of shear walls as primary earthquake load resisting system is a standard in the contemporary
aseismic design of reinforced concrete structures. Many methods for repair and strengthening of shear
wall structures have been devised, tested and used in the last decades and new ones are continuously
emerging. One of the most popular new techniques involves using externally bonded FRP composite
materials. The study presented here proposes new material model for reinforced concrete strengthened
with FRP. The model adopts the “smeared” approach in modeling the nonlinear behavior of reinforced
concrete and extends it by inclusion of the FRP strengthening. The proposed model enables simulation of
reinforced concrete members strengthened with FRP taking into account the damage crack propagation
by the applied static and cyclic loading. It enables simulation of the behavior of reinforced concrete
members in plane stress.

Keywords: Material model, reinforced concrete, FRP, ANSYS

'Assoc. Prof. PhD, Faculty of Civil Engineering, University “Ss. Cyril and Methodius”, Skopje, Republic of
Macedonia, v.vitanov@gf.ukim.edu.mk
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1. INTRODUCTION

The conventional earthquake resistant design of reinforced concrete structures advises use of shear walls
as effective way to add earthquake resistance to the reinforced concrete frames. A problem arises with
structures erected decades ago following design rules which are by today’s standards obsolete, inadequate
and inefficient. Major earthquake events from around the world have shown the design deficiencies of
these structures by inducing extensive damages in the structural members. Many of the old shear wall
buildings are at risk of suffering damages from a major earthquake mostly due to their insufficient in-
plane stiffness, flexural and shear strengths and ductility owing to the older design codes which didn’t
adequately estimate the demands that major earthquakes impose on the structures. This problem is ever
increasing as the existing structures are getting older and their members gradually deteriorate.

This raised the need to find practical and efficient repairing, strengthening and retrofitting techniques.
These techniques would enable damaged structures to be repaired and the old and seismically deficient
structures to be strengthened and retrofitted so that they could meet the contemporary seismic design
criteria.

Many different methods of seismic strengthening and repair of shear wall structures have been devel-
oped and tested in the last thirty years. Recently, state-of-the-art strengthening and retrofit techniques
increasingly utilize externally bonded FRP composites, which offer unique properties in terms of strength,
lightness, chemical resistance, and ease of application. Such techniques are most attractive for their fast
execution and low labor costs.

These materials were used for the first time in the civil engineering structures in the mid 50’s but real ex-
pansion of their application is felt only recently. Their application as strengthening materials for the RC
structures is mostly seen in cases when the use of conventional strengthening techniques is problematic.
For example, one of the most popular strengthening techniques for RC members involves attaching steel
plates with epoxy glues onto the elements. This technique is simple, cheap and efficient but still has some
disadvantages as: degradation of the bond between the concrete and the steel due to the steel corrosion,
difficulties connected with the manipulation of the heavy steel plates on the site, need for scaffolding,
limited length of the steel plates etc. Another popular strengthening technique is the so called “jacketing”
i.e.increasing the RC element dimensions with additional layers of reinforced concrete or steel. This tech-
nique is very efficient in terms of the strength, stiffness and ductility which can be achieved but in the
same time it leads to increase of the elements cross-sections thus increasing the dead loads on the struc-
ture, requires heavy physical labor, disrupts the functionality during the execution, increases the element
stiffness which can have unfavorable influence on the structural behavior etc. These disadvantages of
the conventional strengthening techniques of the RC elements can be avoided with the use of FRP strips
and plates. Applied on the RC elements, these materials enable significant increase of the strength and
ductility of the elements without the unfavorable increase of the stiffness. Due to their specific properties
these materials enable fast execution without functionally disruption which leads to low costs. Presently,
these advanced composite materials are more often used in the retrofit and repair of columns and beams.
Information on the use of advanced composite materials for shear wall repair and retrofit are lacking.

FRP composites are formed by embedding continuous fibers in resin matrix which connects the fibers.
The used fibers are usually made of carbon, glass or aramid and the resin is usually epoxy, polyester
or vinylester. So, depending onthe fibers used, the FRP composites can be CFRP, GFRP and AFRP.
Considering their mechanical properties the three main types of FRP composites have wide range of
strength and stiffness values, and their common property is that when in tension they behave linear elastic
until the final rupture.

The behavior of reinforced concrete members is normally studied by full-scale experimental investiga-
tions. The results are compared to theoretical calculations that estimate deflections and internal stress/strain
distributions within the members. Finite element analysis can be used to model the behavior numerically
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to confirm these calculations, as well as to provide a valuable supplement to the laboratory investigations,
particularly in parametric studies.

Modeling the complex behavior of reinforced concrete, which is both nonhomogeneous and anisotropic,
is a difficult challenge in the finite element analysis of civil engineering structures. Most early finite
element models of reinforced concrete included the effects of cracking based on a pre-defined crack
pattern. With this approach, changes in the topology of the models were required as the load increased;
therefore, the ease and speed of the analysis were limited.

A smeared cracking approach was introduced using isoparametric formulations to represent the cracked
concrete as an orthotropic material. In the smeared cracking approach, cracking of the concrete occurs
when the principal tensile stress exceeds the ultimate tensile strength. The elastic modulus of the material
is then assumed to be zero in the direction parallel to the principal tensile stress direction.

Only recently have researchers attempted to simulate the behavior of reinforced concrete strengthened
with FRP composites using the finite element method. Different element formulations and material laws
were implemented in the FEM computer codes in order to facilitate the analysis of such reinforced con-
crete structures strengthened with FRP composites.

2. NUMERICAL MODEL

The proposed model of reinforced concrete members in plane stress strengthened with FRP is presented
in this section. This is certainly not the first attempt to model FRP strengthened RC in plane stress. Many
other material models were formulated, used and published. Various approaches with different adopted
assumptions were used by the researchers in this field with varying level of success. The model proposed
here is an attempt in modeling monotonic and cyclic behavior of FRP strengthened RC members by adopt-
ing the principle of simplicity and ease of application. It is based on a older inelastic model of reinforced
concrete formulated by Darwin and Pecknold [1] which is also considered to be simple and efficient. The
RC model of Darwin and Pecknold [1] uses the “equivalent uniaxial stress” approach with compressive
loading curve proposed by Saenz [2] to model the biaxial material loading state, and the concrete fail-
ure surface proposed by Kupfer and Gerstle [3] based on the experimental data of Kupfer, Hilsdorf, and
Rusch [4]. Although comparably simple, this model is still capable of simulating the cycling behaviour
of reinforced concrete members in plane stress state. Because of it’s simplicity and computational effi-
ciency it was selected as a basis for the new model proposed in this study. The proposed model further
extends the RC model by introducing additional material, the FRP, with it’s unique properties.

The stress-strain curves for plain concrete, strongly suggest stress-induced orthotropic material behavior.
Since the material model is designed to be used in conjunction with the finite element technique, the
constitutive equations must be written in a form applicable to that technique. The material is treated as
an incrementally linear, elastic material. That is, during each load increment the material is assumed to
behave elastically. Between increments, the material stiffness and stress are corrected to reflect the latest
changes in deflection and strain.

The equations relating change in strain to change in stress, for an incrementally linear orthotropic material
while not subjected to shear may be written as follows [5]:

dey — d01 y d0'2

1 El 2 EQ (l)
deo — d02 v d0'1

2 = EQ 1 El

Where E1, Es, v1 and v, are stress-dependent material properties and de; and do; are principal strain and
stress increments respectively. The material axes, 1 and 2, coincide with the current principal axes.
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Solving these equations for change in stress in terms of change in strain and rewriting the solution in a

matrix form gives:
do 1 1 de 1
o —— @)
dos 11— des
Following the assumption of linear elastic material behavior, it can be said that the Maxwell s reciprocal

theorem [see 6] holds true, which implicates symmetrical property of the stiffness matrix. Therefore,
from eq. (2) directly follows:

By k)
ks Ep

I/1E2 = V2E1 (3)

Simpler form of eq. (2) can be obtained by introducing the concept of ‘equivalent’ Poisson’s ratio which
is defined as:

V2 = I RE%) 4)

where v is the ‘equivalent’ Poisson’s ratio that is stress and strain dependent. Substituting eqgs. (3) and (4),
into eq. (2) a symmetrical form is obtained:
de 1
frer) ®
de 2

d0'1 o 1
d0'2 o 1-— V2

So far the shear term have been excluded in the derivation of eq. (5). They can now be introduced into
the equation which yields:

E1 I/\/ElEQ
UA/ E1E2 E2

d01 1 E1 Vy/ E1E2 0 d€1
dag - m Eg 0 d€2 (6)
drio Symm. (1- I/Q)G dy1o
or more simply:
do = Dcde (7)

where D is the concrete constitutive matrix in material coordinates.

It should be noted that the shear strain component ;2 in eq. (6) is the ‘engineering’ shear strain measure
which is two times the tensorial shear strain, v10 = 2e12 [5].

Considering the added shear term, similarly as in the case of the Poisson’s ratio, it is desirable that no
particular direction is favored with respect to the shear stiffness of the material model. Therefore, it can
be assumed that the shear modulus does not change when the coordinate axes rotate by an arbitrary angle
6.

Starting from this assumption, an appropriate expression for the shear modulus can be derived. The
concrete constitutive matrix D¢, in the rotated configuration would be:

. =T"DcT (®)

Where T is the matrix that transforms strains between axes [7]:
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de = Tde' ©

cos? 0 sin® 6 sin f cos 0
T = sin2 4 cos2 0 —sin@cos 6 (10)

—2sinfcosf 2sinfcosd cos’f — sin?h
Performing the calculation in eq. (8) for an arbitrary angle 6, an expression for Dg:, is obtained 2:

sin? § cos? 0

Df 5 = G(cos? 0 — sin? 0)% + o (Bt B 2v+\/E) Es) (11)
’ — VUV

Note that Dj 5 actually holds the value of the shear modulus in the rotated configuration. It will be
independent of the axis rotation only if it’s value does not change after the rotation, i.e. D3 3 = D33

sin2 @ cos? 6

G(0052 § — sin? 9)2 + .2 (By+ By —2u\/FE1Ey) =G (12)

Solving this equation for G will give the expression for the calculation of a shear modulus that is inde-
pendent on the axis rotation:

1
G= m(& + By — 2v+\/ By Ey) (13)

For convenience, a the expression of eq. (13) for the shear modulus in rotated configuration can be rear-
ranged as:

(1—13)G = i(E1 + Fy — 2uy/E1 E») (14)

Substituting eq. (14) into eq. (8) gives the constitutive matrix at an angle 0 with the material coordi-
nates:

1 E162 + E282 v E1Es %(El — EQ) sc
D/c = m E152 + E202 %(El — Eg) sc (15)
Symm. %(El + B — 2v/E1 E>)

with s = sin # and ¢ = cosf. It can be seen that besides the shear modulus the off-diagonal terms that
contain the Poisson’s ratio, v, are also independent of orientation. Then, by taking § = 0° into eq. (15)
the constitutive matrix for the plain concrete in the material coordinates is obtained:

E1 Vy/ E1 EQ 0
E, 0 (16)

Symm. i(E1 + By — 2/ E1 E5)

1

Do= ——
CT 1.2

Finally, the constitutive equations for plane concrete in material coordinates are [8, 9]:

2The expressions for the other components of D’ are quite lengthy and not important for the derivation of the
expression for the shear modulus, therefore, they are not presented here
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d01 df;‘l
doy p = D¢ < dey (17)
drio dyi2

and in global, x — y, coordinates:

doy deg
doy ¢ = Dy dey (18)
dTmy d')/my

It is should be noted that the constitutive matrix is defined by only three quantities, 1, F'5 and v. They are
stress and strain state dependent variables whose values are determined at each individual load increment
at each material point considered. These quantities define the constitutive matrix in material coordinates.
Therefore, before using it to calculate the element stiffness it must me rotated to the global coordinates.

The concrete model takes into account crack propagation as a main nonlinearity inducing phenomena.
The ”smeared” approach is also addopted in the crack modeling as well i.e. the cracks are considered
as smeared throughout the conrete volume. The opened cracked is modeled by reducing the elasticuty
modulus at the point to 0. The crack width is then calculated in each load step in order to detect if the crack
has closed in the case of cyclic loading. Once the crack is closed the bearing capacity of the concrete at
that point is restored.

2.1. Steel model

The steel is treated as a uniaxial material that is “smeared” throughout the concrete. A simplified bi-
linear model for the stress-strain behaviour of steel is used. The model is such that the steel may be either
elasto-plastic or strain-hardening. The composite material constitutive matrix is obtained by adding the
constitutive matrix for the steel to that of the concrete. In material coordinates, the constitutive matrix
for the steel is given by:

FEs 0 0
Ds=ps| 0 0 0 (19)
0 00

where Eg is the tangent stiffness of the steel and pg is the reinforcing ratio. Dy is rotated to global
coordinates using eq. (8).

The value of the tangent elasticity modulus of the steel can be:

Eso if|os| < |fyl

0Ego otherwise

Es = (20)

where Eg initial tangent stiffness of the steel, § is the strain hardening stiffness ratio, og is the current
stress in the steel and f, is the steel yield strength.

Since it is inherent to the “smeared” approach, perfect bond between the concrete and the steel is as-
sumed.
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Figure 1: Reinforced Concrete Wall

2.2. FRP Model

The FRP material is modelled as linear elastic until the point of rupture. The material is capable to receive
and transfer only tensional stress [10]. In the same manner as the steel, the FRP is treated as “smeared”
throughout the concrete. The constitutive matrix of the FRP in material coordinates is given by:

Er 0 0
Dp=pr| 0 0 0 (21)
0O 0 O

where EF is the tangent stiffness of the FRP and pp is the “strengthening” ratio, i.e. the ratios of FRP
cross-sectional area to the concrete one. D is rotated to global coordinates using eq. (8).

2.3. Composite model

The strengthened-reinforced-concrete constitutive matrix is obtained by adding the constitutive matrix of
the FRP (eq. (21)) to the concrete (eq. (16)) and steel (eq. (19)) ones, in global coordinates.

D' = ’(;JriD’JJriD’F,i (22)
=1 =1

where D', D¢, Dy ; and Df; are the constitutive matrices of the composite material, the steel and the
FRP in global coordinates, respectively; n is the number of different steel reinforcements and m is the
number of different FRPs.

3. MODEL VERIFICATION
Lombard [11] conducted a testing on reinforced concrete shear wall specimens (Figure 1). The walls

were constructed using 40 MPa concrete with identical reinforcement of 400 MPa, 10 mm reinforcing
bars. The height of the walls from the base of the panel to the centre of the cap beam is 2 m, the length is
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Figure 2: Wall 1

1.5m and the thickness is 10 cm. The vertical reinforcement consist of five pairs of 10 mm bars, spaced
at 40 cm for a reinforcement ratio of 0.8 %. The horizontal steel consisted of five pairs of 10 mm bars,
spaced at 40 cm for a reinforcement ratio of 0.5 %.

Three of the test specimens included a control wall and two strengthened walls. The control wall was
tested in its original state which provided a baseline for the evaluation of the repair and strengthening
techniques. The two strengthened shear walls were strengthened by applying 0.11 mm carbon fiber sheets
to the walls without pre-damage. The carbon fibre sheets had an elastic tensile modulus of 230 GPa and
failure strain of 1.5 %.The first specimen was strengthened with one vertical layer of FRP externally
bonded to each face of the wall (Wall 1). The second specimen had one horizontal and two vertical FRP
layers on each face of the wall (Wall 2). Both specimens were not loaded until the strengthening was
applied. The experimental data was used to calibrate the analytical models of the three walls.

Five different sections of the wall with different properties were defined: top and bottom beam, two side
section (‘columns’) and a middle section (‘panel’). Since the top and the bottom beam are significantly
stiffer that the wall and their actual purpose is to provide the load transfer and anchorage for the tested
wall, they were modelled as linear-elastic with very high elasticity modulus. The confining effect of the
stirrups in the ‘columns’ was approximately accounted for by slightly increasing the concrete compressive
strength in those regions.

The cyclic load was applied at the middle of the top beam as a series of small displacements. The force and
displacement at the same point were taken as results of the performed analyses. These were compared not
only with the experimental data, but also from an numerical investigations performed by Khomwan and
Foster [12]. They took a more conventional approach into modelling the same shear walls. Their models
were created using 4-node concrete membrane elements with the main steel reinforcement modelled as
1D bar overlay elements. The stirrups in the ‘columns’ were modelled as smeared through concrete
elements. The FRP elements were overlaid over the concrete elements. The connection between them was
established via 2D interface elements. The top and bottom beam were also modelled as linear-elastic.
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Figure 3: Wall 2

The resulting load-deflection curves are shown in Figure 2 for Wall 1 and Figure 3 for Wall 2. To measure
how the numerical results compare to the experimental data the energy dissipated at each cycle (which
corresponds to the area of the hysteretic loop) was calculated. The calculated energy dissipation is given
in Table 1. The results indicate quite good correspondence with the experimentally acquired data with
maximum difference of about 20 % (except in the cases of loop #8 in the Wall 1 and loop #6 in the Wall
2 which show greater differences compared to the experimentally obtained result).

Loor NR. Exp.* FEM*  Rartio

WaLL 1 3 62.225 49481  0.80
4 141.225  144.294  1.02
5 226.810  196.496  0.87
6 460.300  351.148  0.76
7 696.088  579.795  0.83
8 866.070  816.1564  0.94
WALL 2 3 388.050  347.732  0.90
4 532.765  519.467  0.98
5) 652.780  600.068  0.92
6 864.965 762.338  0.88
7 871.805  768.169  0.88
8 1752.080 727918 0.42

* In kN cm

Table 1: Energy Dissipation Comparison
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4. CONCLUSIONS

The proposed model for reinforced concrete strengthened with FRP gives a good match with experimental
results for monotonic biaxial loading. It also compared well with the experimental data from cycled load
tests on FRP strengthened FRP members in plane stress matching the stress-strain behaviour and the
energy loss per cycle rather well.

The results of the numerical analyses show that good match with the structural behaviour is obtained by
combining the individual constitutive properties of the concrete, the steel and the FRP using the “smear-
ing” approach to obtain the constitutive model of the “composite material”. This approach enables very
simple FEM structural modeling eliminating the need to dedicate separate elements for each of the mate-
rial components reducing the size and the complexity of the model.

The performed analyses also indicate that in certain cases the model shows higher sensibility to the input
parameters (material properties, element type, shape and size or load-step size). This can be expected to
a certain degree considering the highly nonlinear nature of the problem and the complex behaviour of this
composite material especially in cyclic loading conditions or high compression states when failure occurs
due to concrete crushing. On the other hand, part of the model result sensibility can be attributed to the
exclusion of some other present nonlinear effects like bond-slip, tension stiffening or reinforcement dowel
action. Therefore, the final set of input parameters which would ensure stable solution be determined by
performing several preliminary analyses on the FEM model.
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