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ABSTRACT: Reinforced concrete shear walls are the most commonly used lateral load-resisting
systems in steel and concrete buildings, especially in the case of mid- and high-rise structures.
Investigations of buildings subjected to the last severe earthquakes have shown the robust performance

drifts. Accordingly, strengthening of concrete shear walls, as one of the common and reliable lateral
load-resisting systems in concrete structures, particularly in areas with a high risk of seismic hazard,

and studying their seismic behavior are of significant importance. Strengthening, rehabilitation, and  Keywords:

retrofit of these structural elements will have remarkable effects on the improvement of the structural
Concrete Shear Walls

response and behavior of the buildings. Using Fiber Reinforced Polymer (FRP) composite sheets is one . .
High-Rise Shear Walls

of the practical and applicable methods for strengthening this type of wall. Nowadays, this technique is
widely used as a reliable method in retrofit and renovation of buildings. In this regard, it is necessary to Frp Reinforcement
take a deeper look at FRP sheets and understand how they affect the seismic behavior of concrete shear

walls. Indeed, civil engineers need to consider these factors in retrofitting and strengthening structural

elements. Literature review on recent researches has shown inadequate study of the behavior of high-rise

shear walls which strengthening with FRP layers rather than short walls. As such, in this research, the

seismic behavior of high-rise shear walls reinforced by FRP layers has been studied. The main purpose

of this study is to numerically model sample shear walls utilizing the Finite Elements Method (FEM)

and to evaluate their seismic responses. Three types of concrete shear walls used in high-rise buildings

with different heights have been modeled and analyzed using the ABAQUS commercial software. The

behavior of these types of shear walls has been investigated with two types of strengthening layers

(CFRP & GFRP) and two different sets and arrangements. The results showed an increase in load-

bearing capacity, ductility, and energy absorption of high-rise shear walls reinforced with FRP layers.

1- Introduction
Reinforced concrete shear walls are one of the most
common lateral load-resisting systems in mid- and high-

by vertical and horizontal FRP sheets and studied under
cyclic loads. In this research, a steel angle anchorage system
was used at the base of the walls. The results disclosed an

rise buildings. The application of FRP composite materials
offers various benefits. Among the unique properties of FRP
composites are ease of use, no change in aesthetics and
architecture of members, and high resistance to weight ratio.
Accordingly, this method can be considered as one of the best
techniques in the strengthening of shear walls and improving
their seismic behavior.

A survey in the literature shows that a very limited number
of studies deal with experimental and numerical investigations
of shear walls strengthened with FRP composites in high-rise
buildings. A summary of some research works is presented in
the following.

For the first time, FRP composite materials were used for
rehabilitation of shear walls in 2000 by Lombard [1]. In this
study, sample walls with an aspect ratio of 1.2 were reinforced
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increase in the load-bearing capacity of shear walls. Paterson
& Mitchell [2] strengthened four shear wall samples with
an aspect ratio of 2.7 with horizontally spiral FRP sheets.
They also reinforced the boundary elements to increase the
ductility, shear resistance, and energy absorption capacity.
Hiotakis [3] tested shear walls having similar dimensions
and reinforcement schemes to Lombard’s ones. However,
unlike Lombard, he made use of a tubular anchorage system
and was able to provide a more appropriate rehabilitation
design. Mostofinejad and Mohammadi Anaei [4] carried out
a numerical study on two high-rise shear walls with aspect
ratios of 3 and 7.49. It is noteworthy that the boundary
elements of the walls were strengthened with CFRP sheets.
The results of their study showed an increase in the load-
bearing capacity and ductility of the shear walls.
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Table 1. Dimension characteristic of sample shear walls

Num.  Heightof Lengthof  Thickness Aspect
of shear wall  shear wall of shear ratio
story (H,)-m (Ly)-m wall L,
(£)-m v/ H,)
5 16 5.6 0.3 2.86
7 22.4 5.6 0.3 4
10 32 5.6 0.35 5.71

Fig. 1. Reinforced shear wall model; a) with cross-shaped and horizontal sheets, b)
With the horizontally spiral arrangement of sheets.

In the present study, the behavior of three shear wall
samples with heights of 16, 22.4, and 32 meters existing in
old buildings has been investigated. These samples were
reinforced with CFRP and GFRP sheets based on spiral and
cross-shaped configurations. These shear walls have been
modeled and analyzed using ABAQUS commercial software
and the effects reinforcements on their load-bearing capacity,
ductility, stiffness, and energy absorption have been studied.
The results of this research demonstrate that all of these
factors increase in rehabilitated samples and their seismic
performance improves. The main focus of this research is
to investigate the performance of reinforced high-rise shear
walls subjected to a combination of axial load and monotonic
lateral load.

2- Methodology

It is complicated to model the reinforced concrete medium
using finite elements. In this study, concrete damage plasticity
(CDP) was used to define the nonlinear behavior of concrete.
The behavior of concrete in compression and tension was
defined by the Hognestad modified model [4] and the crack
width model proposed by Cornelisen [5]. The compressive
strength of concrete and the tensile strength of steel rebars
were considered equal to 25 MPa and 412 MPa, respectively.
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Once the accuracy of the simulation was verified, analytical
samples were designed and modeled. These samples are
weak shear walls with a low ductility level and aspect ratios
larger than 2. They were designed in CSI ETABS commercial
software as per the ACI-318-99 provisions [6]. They also
satisfied the limitations imposed by the National Concrete
Code of Iran. These shear walls were designed according to
three categories with different heights as shown in Table 1.

As illustrated in Fig. 1, in all three categories, the shear
walls are considered to be reinforced with FRP sheets
according to two different reinforcement configurations, i.c.,
cross-shaped and horizontally spiral. In this way, there will
be three walls in each category. One of these walls is the
control wall, which is unreinforced and is used to compare
the results. The remaining two walls are strengthened using
the foregoing arrangements of FRP sheets.

3- Results and Discussion

To explore the effects of FRP sheets on the seismic
performance of the sample shear walls, the load-displacement
curve of the samples was obtained and studied. Analysis
of these curves leads to the conclusion that reinforcing the
shear walls with FRP sheets increases their load-bearing
capacity. The maximum increase was observed in the
samples reinforced spirally with CFRP sheets. Comparison
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of the results shows that the shear walls reinforced with the
horizontally spiral arrangement of sheets provide higher
stiffness, load-bearing, and energy absorption capacities
compared to the shear walls strengthened with cross-shaped
configuration. Therefore, it can be claimed that horizontally
spiral arrangements result in more confinement compared to
the cross-shaped configuration. This in turn leads them to be
more effective in improving the seismic behavior of the shear
walls.

The maximum increase in ductility is observed in the
specimens reinforced with GFRP sheets. The reason for
this increase can be associated with the fact that glass fiber
reinforced polymers fail at a higher ultimate strain compared
CFRPs.

An increase in the height and aspect ratio of the shear
walls is inversely proportional to the increase of their load-
bearing capacity and ductility. This observation can stem from
the increased stiffness of the walls in their high elevations.
The minimum increase in load-bearing capacity is related to
the SSW2-G10 sample (wall with a height of 32 meters and
reinforced with spiral GFRP sheets), which experiences an
increase of 2%. The lowest increase in ductility is observed
in SSW1-C10 (wall with a height of 32 meters and reinforced
with cross-shaped CFRP arrangement of sheets), which
benefits from an increase of 0.4%. In this way, the reinforcing
effects of the sheets on the highest shear wall are decreased.

4- Conclusion

In this research, the seismic behavior of FRP reinforced

concrete shear walls in mid- and high-rise buildings was

investigated using the ABAQUS commercial software. The
outcomes of this study are summarized in the following:

* The load-bearing capacity is increased in all of the
specimens, although this increase is insignificant if
only one reinforcement layer is used. The SSW2-C5
sample with a 7.01% increase and SSW2-G10 with a 2%
increase represents the maximum and minimum effects on
improvement of the load-bearing capacity.

* The ductility is increased in all of the rehabilitated samples.
The largest increase in ductility was 21.9%, which was
observed in the 7-story building’s shear wall (SSW2-G7).
This sample was reinforced with horizontally spiral GFRP
sheets. Furthermore, the lowest improvement was 0.4%,
which was observed in the 10-story building’s shear
wall (SSW1-C10). It must be noted that this sample was

reinforced with the cross-shaped arrangement of CFRP
sheets.

* Application of FRP sheets has led to a slight increase in the
stiffness of the specimens. This increase ranges between
0.3% and 10.6%, occurring in SSW2-G10 and SSW2-C7
specimens, respectively.

* FRP sheets have increased the energy absorption capacity
of the shear walls. This increase ranges between 8.5%
and 29.06%, occurring in SSW1-C10 and SSW2-G5
specimens, respectively.

* CFRP composites can be used if it is aimed to increase the
load-bearing capacity in a rehabilitation project. However,
if an increase in ductility is preferred over increased load-
bearing capacity, it is recommended that GFRP sheets be
used as they are more economically efficient than CFRPs.

» According to the results, it can be generally concluded
that the effectiveness of a reinforcement layer in the
improvement of the seismic performance of reinforced
concrete shear walls will decrease by increasing their
height. This can be related to the higher stiffness of shear
walls arising from their increased height.
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Fig. 2. Tomson RW2 Test. “Loading and details of the shear wall”.
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Fig. 4. Comparison of load-displacement curve of shear wall in experimental and analytical mode in Tomson test RW2.
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Table 1. Dimension characteristic of sample shear walls.
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Fig. 6. Comparison of load-displacement curve of shear wall in experimental and analytical mode in Lombard test
rehabilitated.
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Fig. 10. Rehabilitated shear wall model: a) With horizontal and cross-shape sheets, b) With horizontal spirally sheets.
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Table 4. CFRP and GFRP material’s properties which is used in the analysis.
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Table 5. Cohesive behavior parameters used in the study.

Rt Jae oM Sl iebrdese ) cwlis
(GPa) (cover) (mm) (GPa) (mm)
V< /A Yo NN \

)L§ 4 (5"’9‘&’ 6[.6@)5 Slasive .ol 00l 4\...9; J..E.J o )AA‘;M
sl ol ools Lad F Jgaz (o addllae ol o aid,
9 O ooled el j0 odinn LSy a5 (gl andllas (pl )0
sl 00l oolaiwl O Jguz ;0 05290 Slasein I FRP 34
Wy Sl Llowi (gl slodised sanplell jslae 4
L aiges slajlms ol a5 <85 plnil © )90 (pl 4 Gledl slal &
Sl Al o 4 al> o s 50l Sl g (g5l Jow 3y (g0 e

QL@)oUmwwﬁquTmeqaungﬁiplw

S ek B0 e alold 4 gy j90 (8l sl s s &yge 4 ool
oV IS8 il o
)SJ LJ’“'")i 9o Ls 9 CFRP 61‘“@)5 )I oolazul L L.\.u‘ LQAJBAJ
Om 3l et Glodez @l (ow) 2 ) O eNgBor Cugls 0D
S0k e oz b jlees g oad QB S e Gleszr 90
ddigel den ;0 098 o Zusti GFRP (sla s, 3l eolatnl L
sl jshite 4y g 0og o dee 00 by SusE slagyy o)
Y Clbrs o jaelS iz 90 o 40 cinlin gl LSS byl s

yvay



VA++ UYWAY dio NF- - JL\» A o)l.cw: HY 0,93 ‘)M.g).:.nl ul)o.c L;“’J‘-e(" du).mJ

adgl Sew -F-Y
P e i ol A 0sd dlne gl o y0 Sy
39 g0 damwlos (F) alayl, sl oolatil b adyl

R

%

lralr i gi alai 5 aised (ol G958 Qe F O] 0 o8

ol i 4 o F il 9,5 Jobes

ol i (55,5 ==Y

dwlee 5 oolaiwl b lediged lawgs oo Ol (5,0 lie
sl dalone BB 00 poiiog e Jloges 2 gelaws
@ wn g Jelos -F

Dl 09,5 a1 )0 dged ol plraile—g s uly
ol Cugli Sl 0 9 VY S 0 CFRP 5,5 L cugs o> jo
Ll 00l ooy Lzi VY S 0 GFRP L

CSW & j90 4 (S slojlgss asS cdo o lgo (610860 a4
LLS sae Sloads (6,10560 SSW & jg0 a4 o0l Cugdd slaylgs 4
L sy Oygo 4 aS ol Cugti Cl> pme 4 aise B>
@ C By (g Sesli Vg e Cus® V) Sl 0

oot gl e 41 G o 5 CFRP (5 ol S ine

—o— SSW2-C5
—#— CSW-5

240 320

0 80

(mm)lG;L;c.L?

yvay

il il ol b ol olal . el Ll o3l oy i
= o5 e (e )l oS (g5l Joe 4 4z g3 b g
L ledl o3l cigd cod s he> Cows @l &5 o> b al
leusﬁﬁ)Yusofog)lsJJm‘w);dlmbwbu,..;l)sl
10+ slal 5 o sl V0V e olal ccad 5 cpl & sl il 3
10 6,l385,L clo axas g FRP slo 3,5 «s0¥g8 sloo Xlo 5l

REAPLER

Sy g bl -7

(SrNSE pealie sl oY bl @bl o sl a
) 595 3e o)lge dalal ;o 090 (Byme 655 iz g adgl (e
SIS meplsS gl (o) 2 9 Je A G 03908 (o
Sy S -7-)

e oged Jlowsl b sl oY (6 08y IS ale ol
Ay) pds plal> g Guly) ol obals (e psi-g
cays (F) alaly 5l oslinl b s 955 drsls botiged (4
9 )loged caalllas (nl ;0 35d o0 uend Liged o G pdy JSS
hgs [N Y7 0y oliriny by, bl 2 olralr

] 00 (JToJ.u‘)

H=—" )

1200
960 e T v
3
a 720
5 480
- —te— SSW1-C5
240
= CSW-5
0
0 80 160 240 320

(mm) sl



YA++ B AYAY dxbo MY - JL» A b)la..f') LY 0,9 ‘,.S)..ol ul)o.c (eWARR 4;).-“)

1200
1000 MMM S
-3, 800 —— :
~ 600
7
A
~ 400
—at— SSW1-C7
200
= CSW-7
0
0 80 160 240 320 400
(mm) bl
1000
800 irdedn
X 600
>
& 400
e SSW1-C10
200
——CSW-10
0
0 100 200 300 400 500 600

(mm) el

1200
1000
% 800
~ 600
g
~ 400
—e—SSW2-C7
20 —4—CSW-7
0
0 80 160 240 320 400 480
(mm) ol
1000
800
W
% 600
A
¢ 400
—e—SSW2-C10
200
——CSW-10
0
0 100 200 300 400 500 600 700
(mm) ol

09,5 2 (IS 5la)lgsd b aulio ;0 CFRP (559 b (2o gi (sl lgrd ()10 pndi— g i Gewly V) JSCi
Fig. 11. Compared load-displacement responses of the CFRP-sheets rehabilitated shear walls with the control walls for
each group.
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Fig. 12. Compared load-displacement responses of the GFRP-sheets rehabilitated shear walls with the control walls for
each group.
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Fig. 13. Comparison the stress-strain curves of different composites with steel.
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Table 6. Comparison of load capacity, stiffness and energy absorption of samples for different reinforcement modes.
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Table 7. Comparison of samples ductility in different reinforcement modes.
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