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Abstract

In this study, an experimental investigation is conducted to determine the behavior of RC
shear walls found in old and existing buildings that do not comply with the design rules in
modern earthquake standards. Scaled reinforced concrete shear wall specimens are built
with smooth bars and low concrete quality. The dimensions of the shear wall specimens
were selected with an aspect ratio bigger than two as 2500, 1050, and 150 mm for the
height, length, and thickness, respectively. Four specimens are representative of noncon-
forming shear walls, and one wall is used as a reference specimen which was designed
in accordance with recent building codes using deformed bars. The behavior of the shear
walls is determined experimentally by displacement-lateral load relationship under lateral
cyclic loading. The study used measurable parameters to investigate the behavior of the
test specimens in terms of lateral force capacity, rigidity, ductility, dissipated energy, and
displacement components contribution to the total lateral response of the walls. The results
showed a substantial loss of stiffness, ductility and energy dissipation capabilities for the
tested nonconforming shear walls. Moreover, it is proven in this study that these specimens
are governed by the bar slip phenomena which demonstrated more than 80% contribution
to the total lateral displacement capacity. In contrast, the reference shear wall exhibited a
notable flexural behavior and plastic hinge formation. Additionally, the shear walls built
with smooth reinforcement bars lost about 44% of their theoretical potential flexural capac-
ity due to the observed bar slip failure.

Keywords Experimental study - Nonconforming RC shear wall - Smooth reinforcement
bar - Cyclic load - Bar slip

1 Introduction

Considerable part of reinforced concrete (RC) buildings in many countries in highly seis-

mic regions, like Turkey, Greece, Italy and Chile, were designed and built according to old
standards, and therefore these types of structures do not meet the requirements of modern
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Fig. 1 Damaged RC columns in old buildings, smooth bar and low transverse reinforcement content (Caglar
et al. 2022)

and current earthquake resistant structure design. Recent field surveys after earthquake
events (Caglar et al. 2022; Di Sarno and Pugliese 2020; Palios et al. 2020; Opabola et al.
2019; Celebi et al. 2013) indicated that most of the damaged buildings were built before
the application of modern earthquakes norms present low concrete quality and smooth
bars (Fig. 1). Similarly, reinforced concrete walls in structures built before the Turkish
regulations of 1998 (TBEC 1998) do not meet the requirements of modern seismic codes.
For instance, concrete strength of these reinforced concrete walls is very low (less than
15 MPa), smooth reinforcement steel bars are generally used, and the reinforcement con-
figuration and detailing are far from the requirements of current earthquake standards.
Many researchers have investigated shear walls with low reinforcement ratios and
insufficient seismic detailing. For example, Greifenhagen and Lestuzzi (2005) and Orak-
cal et al. (2009) performed tests on lightly reinforced squat shear walls with aspect ratio
less than one. This kind of elements are controlled by shear behavior, which is typically
different from walls found in multi-story buildings that are controlled by flexure failure
modes. Oh et al. (2002) studied the effect of boundary zone reinforcement detailing on the
response of structural walls with aspect ratio of 2.0. Hube et al. (2014), tested slender shear
walls similar to those found in damaged buildings after 2010 Maule, Chile earthquake.
The experimental results of the tested walls are compatible with their anticipated theoreti-
cal flexural capacity and failed in flexure due to crushing of concrete at the compression
zone. Christidis and Trezos (2017), performed an assessment study on shear walls that are
not designed according to Eurocode, and concluded that the bearing capacity of the tested
specimens was not affected to a big degree by the fact that the walls are nonconforming
to the modern standards. Christidis and Karagiannaki (2021), investigated the displace-
ment capacity of four cantilever medium-rise inadequately reinforced concrete shear walls,
and calculated shear and flexure displacement components using the experimental results.
Altheeb (2016) conducted an experimental study on RC walls which are widely used in
medium and low seismic regions in Australia. The specimens in this study have one layer
of the vertical and horizontal steel which is not a common practice in other highly seismic
zones like Turkey and Greece. Lu et al. (2017) tested RC shear wall representing elements
used in high-rise buildings in moderate earthquake zones in New Zealand. Although, the
results showed that the behavior of the samples was controlled by one or two cracks at base
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level which reduced the drift capacity of the shear walls, bar slip was not examined and
quantified separately. Motter et al. (2018) investigated the lack of special boundary ele-
ments on the behavior of large-scale walls, and recommend modifications to the limiting
parameters found in recent codes.

Noticeably, most of the researches used deformed reinforcement bars and a relatively
good quality concrete (25-40 MPa) in their experimental studies, which is not the case for
older buildings built with conventional methods (Caglar et al. 2022; Celebi et al. 2013).
Deng et al. (2012) used low strength concrete (15 MPa) and low reinforcement ratio in
their investigation, but the axial load ratio was very high (N/(A,F,,) = 35 — 55%) which
is not common in old and existing buildings. Moreover, limited experimental data is avail-
able on the use of smooth reinforcement bars in reinforced concrete elements in general
and shear walls specifically. Since the risk of bar slip is much higher in RC buildings with
the existence of smooth bars and low concrete quality, it is important to examine in details
the behavior of RC shear walls in such conditions to exactly determine the seismic perfor-
mance of these elements.

In this study, nonconforming reinforced concrete slender shear walls built with smooth
reinforcement bars and low-quality concrete are studied under quasi-static cyclic loading.
An experimental program is conducted on five scaled RC shear wall specimens, one ref-
erence wall built according to modern standards (ACI318 2019; TBEC 2018), and four
specimens are representative of walls found in old and existing buildings. Test results are
evaluated and discussed in terms of lateral force capacity, rigidity, ductility, dissipated
energy, and displacement components contribution to the total lateral deformation of the
shear walls.

2 Experimental program

The experimental program was carried out in the Structural-Mechanics Laboratory at
Diizce University, and consisted of five scaled reinforced concrete shear walls. One ref-
erence conforming shear wall specimen (CSWO0) designed with the guidance of modern
building standards (ACI318 2019; TBEC 2018), and four other specimens built with simi-
lar characteristics to reinforced concrete elements found in old existing buildings with low
concrete quality, smooth bars, and lack of seismic detailing and called the nonconforming
shear wall (NCSW) samples. Since the tested walls are not full-scale, the code require-
ments were slightly loosened for the convenience of the shear walls manufacturing.

2.1 Test specimens

Many parameters affect the behavior of RC walls under reversible lateral loads. The dimen-
sions of the element will mostly determine the flexure or shear contribution to the total
response. Cross-section properties (cover, reinforcement arrangement), the transverse and
longitudinal reinforcement ratios in the boundary zone (BZ) and the web, and material
properties (concrete, steel) are also very important factors that influence the strength, rigid-
ity and energy dissipation capabilities of the studied element.

For this study, while the dimensions were kept constant for all the test specimens, rein-
forcement steel arrangement and ratios, and the concrete compressive strength were con-
sidered as the variable parameters to be examined. RC shear wall length to thickness ratio
set to be larger than seven (L,,/b,, > 7) since it is the accepted ratio in the standards to
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Fig.3 Reinforcement details of the test specimens. Reference (CSWO0) a front and b side sections, ¢
NCSW1 and NCSW4 front sections d NCSW side section e NCSW2 and NCSWS5 front section. Dimen-
sions in (mm)

consider an RC element as shear wall. Additionally, the aspect ratio (H,,/L,,) was selected
to be more than two as the focus of this study is on slender wall elements. Accordingly, the
selected dimensions were b,, = 150mm, L, = 1054mm, and H,, = 2500mm for the thick-
ness, length, and height of the wall, respectively, with 15 mm clear concrete cover.

The details of the cross-section and the longitudinal and transverse steel configurations
of the tested specimens are shown in Figs. 2 and 3, respectively. The reference test wall
(CSWO0) had a well confined columns in the boundary zone using 100 mm spaced ties,
and transverse steel with 200 mm spacing. Two of the other nonconforming specimens
(NCSW1 and NCSW4) used the same reinforcement steel configuration in the section
as the reference wall, with concentrated boundary zone steel (CBZS) and the same bar
diameters (12 mm for the boundary zone, and 8 mm in the web). The main difference was
the use of smooth bars for longitudinal and transverse reinforcing steel, and the other was
the absence of confinement ties. The remaining two nonconforming specimens (NCSW2
and NCSWS5) used distributed longitudinal 8 mm smooth steel reinforcement bars. Two
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Table 1 Matrix of the test specimens

Specimen name Concrete quality pEe pyre plotat pEe pyet

(%) (%) (%) (%) (%)
CSWO (reference) C25 2.01 0.27 0.77 0.67 0.34
NCSW1 Cl4 2.01 0.27 0.77 - 0.34
NCSW2 Cl4 - 0.47 0.51 - 0.34
NCSwW4 Cl4 2.01 0.27 0.77 - 0.17
NCSW5 Cl4 - 0.47 0.51 - 0.17
pfz : Reinforcement ratio of longitudinal steel in the boundary zone.

p;""": Reinforcement ratio of longitudinal steel in the web.
p;”“’l : Total Reinforcement ratio.
pfz : Reinforcement ratio of transverse steel in the boundary zone.

p":’e": Reinforcement ratio of transverse steel in the web.

Table 2 Reinforcement steel mechanical properties

Bar diameter ~ Bartype  f, fu E, E, £, Ean £, &
(mm) (MPa) (MPa) (MPa) (MPa)

8 Smooth 4925 5462  203,050.0 1827.5 0.0031 - 0.0634 0.1055
12 Smooth 381.2 461.8 231,258.0 3468.8 0.0022 0.0199 0.1233 0.1706
8 Deformed 436.8 5857 200,770.0 3929.3 0.0029 0.0147 0.1518 0.2302
12 Deformed 457.1 580.6 244,568.0 48914 0.0022 0.0255 0.1115 0.1153

different transverse steel spacings were used in the NCSW samples (400 and 200 mm) to
reproduce different built conditions in old and existing buildings. Concrete quality was also
one of the main differences between the reference shear wall and the NCSW specimens.
Low quality concrete mix with 14 MPa compressive strength at 28 days (C14) was pre-
pared to be used for the nonconforming shear walls to re-create old RC elements prop-
erties, and normal quality concrete (C25) was used for the reference specimens. Table 1
shows the matrix of the shear walls specimens with reinforcement ratios calculated accord-
ing to ACI318 (2019) section R18.10.6.5.

2.2 Material properties

Two types of reinforcement were used to build the test shear wall specimens, smooth and
deformed steel bars. Also, for each type two diameter sizes, 8 and 12 mm, were used. Three
400 mm long samples of each kind of the reinforcement steel were tested to determine their
average mechanical properties and presented in Table 2. The test performed according to
ASTM ES8/E8M-15a (2015) using a 50 mm strain gauge extensometer. Table 2 shows the
yield (f,) and maximum stress (f,) and the corresponding strains €, and ¢, values, respec-
tively. Also, the modulus of elasticity (E,), hardening strain (), and tangent modulus at
onset of strain hardening (E,) are given in the table. The ultimate strain, £fs of the tested
samples are calculated at the point where the stress value drops to 90 percent of the maxi-
mum stress (f,). Stress—strain relationships for the four types of the tested steel bars are
given in Fig. 4.
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Concrete specimens were taken and prepared during the pouring of the tested
shear walls. Minimum of three cylinder and three cubic specimens were tested and the
obtained average results shown in Table 3. Cylinder strength ( fC' ) was determined from a
150x 300 mm molds, and the cubic strength ( ff‘”’e) determined from cube molds with a
150 mm edge length. Concrete modulus of elasticity (E,) was obtained using the cylinder
specimens and the resulted stress—strain relationships are presented in Fig. 5. The compres-
sive test was performed in the same day as the corresponding shear wall sample was tested,
and the age of the concrete in the test day is also shown in Table 3.

Table 3 Concrete mechanical

. Specimen Concrete age ~ feube f E,
properties name (days) (MPa) (MPa) (GPa)
CSWO0 106 457 27.5 25.5
NCSW1 199 21.4 15.2 18.7
NCSW2 119 14.8 11.8 16.5
NCSWwW4 241 21.4 15.2 18.7
NCSW5 271 20.2 14.7 18.6
Fig.5 Stress—strain relation- 30
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2.3 Test setup and instrumentation

The concrete of every tested shear wall was poured in one stage, including the base and the
loading beam, while the specimen was laid horizontally to ensure a correct placement of
the concrete. And after curing for at least 28 days the shear walls were placed into upright
position till the day of the experiment. In the test setup used in this study, only lateral load
was applied and the axial force was assumed to be equal to zero. Generally, the normal-
ized axial load values in shear walls are small (N/ (Agfw) < 0.1) especially in old build-
ings with few stories. Therefore, axial loads with ratios less than 10 percent have a mini-
mal effect on the behavior of flexure-controlled shear walls (Christidis and Trezos 2017,
Shegay et al. 2018). Accordingly, axial loads were not considered within the scope of the
current experimental study to eliminate any effect on the observation of bar slip behavior
expected in the test specimens. At the beginning of the test, the specimens were mounted
to the rigid floor as seen in Fig. 6, and a cyclic lateral load was applied using a 500 kN
capacity servo-controlled actuator connected to the reaction wall.

The responses of the tested shear walls under quasi-static cyclic loads were moni-
tored using an array of linear potentiometer on the surface, and strain gauges fixed on
the steel bars before casting the walls. A total of 18 linear potentiometer displacement
transducers (LPDT) were used in the experimental setup to measure the global and local
deformations. Three of them were used to measure the global lateral displacement of the
tested specimen on three different levels, as seen in Fig. 6a. Four LPDTs placed in diag-
onal X shaped configuration over two levels were used to measure the shear displace-
ments in the tested walls. Moreover, the flexure displacement was measured with the
help of six potentiometers placed vertically along the height of the wall to measure the
relative vertical deformation between the levels. Two more devices were placed on both
sides of the wall and fixed at 300 mm height from the surface of the base, to measure
the rotation of the wall at base level, mostly due to reinforcement bar slippage. Three
other spring-return linear potentiometers were used to control the potential horizontal
sliding and rotation of the concrete foundation of the wall.

Local deformations of the reinforcement steel were measured using twelve strain gauges
distributed in critical points. Four gauges were located at near base level (inside the plastic
zone), four inside the concrete foundation to measure the possible strain penetration. Two
other strain gauges were placed outside the possible plastic zone at 600 mm height from
the surface of the base. The last two devices were used to measure the strains for the trans-
verse reinforcement bars (one inside and one outside the potential plastic zone).

In addition, one 500 kN capacity load cell was used to measure the applied lateral
load from the actuator. Load and displacement values collected during the experiments
were transferred to a computer system with the help of a 32-channel static data logger
with 0.125 Hz sampling rate.

In order to prevent any out-of-plane displacements that could affect the test results, a
newly fabricated steel braced frame system was installed on both sides of the tested wall.
Furthermore, the upper loading beam was supported through roller wheels contacting the
surface of the beam to ensure the continuity of the lateral movement at the support point.
Figure 6d shows the out-of-plane support system and the rolling support wheels.

A displacement-controlled loading protocol was used in this experimental study
based on the recommendation from ACI 374.2R (2013). Two cycles at each drift level
were applied as shown in Fig. 7 with 0.075, 0.15, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and
4.0% drift ratios.
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Fig. 6 Instrumentation setup used in the experiment, a front and b side views, ¢ Linear potentiometer loca-
tions, d Out-of-plane support system and rolling wheels. Dimensions in (mm)

3 Test observations
3.1 Reference specimen, CSWO0

The cyclic lateral load—displacement curve of the CSWO specimen (reference) is given in
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Fig. 8. In addition, crack patterns of the reference specimen at the end of the experiment are
shown in Fig. 9. As seen in Fig. 8, the maximum load and the corresponding displacement
values were measured as+105.93 kN and 37.00 mm (+1.37% drift ratio) when pulled
in the positive direction, and+109.29 kN and+ 19.90 mm (+0.74% drift ratio) when
pushed in negative direction, respectively. The first tensile crack was observed at a load
of +39.44 kN and a corresponding displacement of +2.30 mm (+0.09%). First reinforce-
ment yield was detected at a load of — 103.90 kN and a corresponding displacement value
of —16.30 mm (—0.60% drift ratio), this yield (e, = 0.0022) was observed in the bar with
a strain gauge labeled B1i (Fig. 13b). In succeeding stages and while the load increases,
cracks started to form at different levels and the width and length of the previously formed
cracks started to increase. The first crack formed at the base surface occurred at a displace-
ment level of —29.40 mm (— 1.09%) and a corresponding load value of — 103.10 kN. When
the applied displacement reached +48.05 mm (+1.78% drift ratio), the concrete cover
started to break and spalling was observed. Consequently, within the same cycle in the
opposite direction, bar buckling was first observed at—64.50 mm (—2.39%) displacement
level. As seen from Fig. 8, the negative side showed a faster degradation compared to the
positive side. This was the result of local damage (cracks, concrete spalling and bar buck-
ling) was firstly observed and developed significantly afterwards at this side of the wall
(Fig. 9). Moreover, due to the increase of confinement force with higher drift ratios, the

Fig. 8 Cyclic quasi-static Drift ratio, §, %
response of the reference speci- -3.7-3.0 2.0 -1.0 0.0 1.0 2.0 3.0 3.7
men 120 1 1 1 l 1 1 1
90
Z 60
= 30 -
=
o
3—30 1 @ First crack
2 V Crack at base
560 @  First yield
%  Cover spalling
-90 4 #8  Buckling
¢  Tie rupture
-120 T

—100-80 —60 —40 —20 0 20 40 60 80 100
Displacement, A, mm

@ Springer



6692 Bulletin of Earthquake Engineering (2022) 20:6683-6704

Fig.9 Crack patterns of the
reference specimen at the end CSWO0
of the experiment. Dimensions 2500
in (mm)

2000

1500
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first stirrup rupture occurred at—71.05 mm (—2.63%) displacement. A couple more stir-
rups in the boundary zones broke afterwards sequentially, and the experiment was stopped
at this point to prevent dangerous instabilities in the element. At the end of the experi-
ment, plastic hinge length was measured according to concrete cover spalling and damaged
region starting from the base surface and estimated as 34.0 cm.

The specimen CSWO showed a dominant flexural behavior, which can be seen clearly
from the cracks pattern directions and propagation. A substantial amount of the cracks
were horizontal with very few of them spread diagonally, which indicates that the contri-
bution of shear component to the total displacement was slightly small. Moreover, since a
large crack formed relatively early at the base surface (1% drift ratio), the bar slip contribu-
tion to the total displacement is considered to be quite essential. The displacement compo-
nents of all the tested specimens will be discussed comprehensively later in this paper.

3.2 Nonconforming specimens, NCSW

The cyclic lateral load—displacement relationships of the nonconforming shear wall speci-
mens are given in Fig. 10. In the figure the points where the first crack and the crack at the
base level first started are marked. For NCSW1 the first observable crack was detected
at+2.59 mm (+0.10%) deformation and+ 10.58 kN load value. The maximum load was
achieved with+39.83 kN in the pull direction and -50.25 kN in the push direction with
corresponding displacement values of +14.20 mm (+0.53% drift ratio) and — 14.82 mm
(—0.55%), respectively. When the maximum load value was reached, one big crack
started to form at the surface of the foundation. In NCSW2 test specimen, the first crack
was observed at+2.49 mm (+0.09%) displacement with 11.04 kN lateral load value. The
maximum load was reached at—5.76 mm (—0.21%) in the push direction and + 8.77 mm
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Fig. 10 Cyclic quasi-static response of the tested nonconforming shear walls

(+0.32%) in the pull direction with corresponding force values of —24.87 kN and +34.37
kN, respectively. The crack at the base level begun its formation at the same drift levels
of the maximum lateral load value. Similarly, for NCSW4 the first crack was observed
at+5.04 mm (+0.19%) displacement with 25.75 kN lateral load value. At—0.35% drift
ratio (-9.55 mm displacement) a crack was observed at the surface of the base with —32.57
kN lateral force level. The maximum load reached —44.78 kN and +48.33 kN for the push
and pull directions, respectively. The displacement at the maximum load were —17.61 mm
(—0.65% drift ratio) and+ 13.89 mm (+0.51%) for the push and pull directions, respec-
tively. Likewise, the first and only crack in the body of NCSWS test specimen was
observed at+ 13.57 kN lateral load value with+1.54 mm (+0.06%) deformation. The
crack at the base level started to form at+35.02 kN load level and+5.99 mm (+0.22%
drift ratio) displacement. The maximum load was achieved with443.61 kN in the positive
pull direction and —33.53 kN in the negative push direction with corresponding displace-
ment values of + 11.46 mm (0.42% drift ratio) and — 12.31 mm (— 0.46%), respectively.
Table 4 summarizes the main failure events occurred during the test for the walls
with their drift ratios. Moreover, crack patterns of all the NCSW specimens at the end
of the experiment are shown in Fig. 11. Also, Fig. 12 shows an example of the big crack
that formed at the base level in all the nonconforming shear walls. As seen from the
figures, very few cracks have occurred during the experiment (3 to 4 for the shear walls
with CBZS, and only one for the specimens with distributed reinforcement). All the
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Table 4 Drift ratios at main failure events (%)

Specimen  First crack Yield Crack at base ~ Cover spalling  Buckling  Tie rupture
CSW0 +0.09 @3944kN -0.60 —-1.09 +1.78 -2.39 -2.63
NCSW1 +0.10 @10.58 kN — +0.53 - - -
NCSW2 +0.09 @11.04 kN - -0.21 - - -
NCSw4 +0.19 @25.75kN - -0.35 - - -
NCSW5 +0.06 @13.57kN - +0.22 - - -
NCSW1 NCSW2 NCSW4 NCSW5

2500 2500 2500

2000 2000 2000

1500 1500 1500

/ 1000 1000 1000

- 500 500 500

Fig. 11 Crack patterns of the nonconforming shear walls at the end of the experiment. Dimensions in (mm)

cracks started before the observation of the big crack at the base surface, and none have
been seen after that point. Additionally, the response of the NCSW specimens showed
a big drop in lateral capacity after the creation and propagation of the crack at base
level, and the behavior in the following cycles was controlled by rigid body rotation. It
was obvious that the reinforcement bar-concrete adherence was lost due to the use of
smooth steel and significant bar slip was observed. Furthermore, few of the longitudinal
reinforcement (most-outer bars) reached their yield point, and none of the bars inside
the base yielded, which indicated the fundamental loss of adherence. Figure 13c and d
presents the variations of the strain in the reinforcement during the experiment for the
nonconforming specimens NCSW1 and NCSW2. Since the behavior was dominated by
bar slip, concrete crushing or cover spalling was not observed in the compression zone,
and the lateral shear reinforcement variations exhibited a negligible contribution to the
total response of the shear walls built with smooth bars. Moreover, after the significant
drop in strength of the NCSW specimens, two more drift levels were applied till the
lateral capacity was settled at a residual lateral force about 22.0, 16.7, 20.1, and 23.8
kN for the specimens NCSW1, NCSW2, NCSW4, and NCSWS5, respectively, and the
experiment was ended there.
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Fig. 12 Crack at base level in

specimen NCSW2
B2i Bli
el DU
direction i = = = = - i
=3
Sho S
=
= i
B20 Fl - J \ t
En 1 N
&  shi s > H
- hd . u
S{ P - o »n
2 - ~ 0.075  0.15 0.25 0.50  0.75 1.0 1.5 2.0 2.5 3.0
B2b -Bib -6 - "
12b ’ Fib Drift ratio, J, %
(@) (b)
=3
=3
=3
-
=
-
£
=
5
2
6 0.075 0.15 0.25 0.50 0.75 1.0 1.5 2.0 6 0.075 0.15 0.25 0.50 0.75 1.0
Drift ratio, 8, % Drift ratio, 8, %
(© (d

Fig. 13 a Strain gauge locations and configurations, and change of strain values during the test for b CSW0
¢ NCSW1 and d NCSW2

4 Discussion of the test results

4.1 Testresults evaluation

For the purpose of providing quantitative evaluation of the total behavior of the tested
shear walls under cyclic loads, the lateral force strength, stiffness of the element, ductility,
and the amount of dissipated energy are calculated.

According to the definitions from Fig. 14a, V, . and A, . are the maximum lateral
force capacity of the shear wall specimen and the corresponding displacement, respec-
tively. The ultimate drift capacity, A, is adopted to be the displacement reached before
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Fig. 14 a Definition of effective stiffness and main drifts figures on the lateral load—displacement envelope,
b dissipated energy and stiffness calculation for one loop

losing 15% of the maximum strength (Murty et al. 2012; Zhang et al. 2014). The effec-
tive stiffness of the element, K,, is calculated according to ACI 374.2R (2013), where
it is acknowledged as the slope of the line between the origin and 75% of the maxi-
mum strength (Fig. 14a). Moreover, the yield displacement, A, is determined as the
projection of the intersection point of the line starting from origin with K, slope and the
horizontal line at V,,,. level. Additionally, the cumulative dissipated energy, E,, of the
specimens is calculated as the sum of the areas defined by each of the loop curves of the
lateral load—displacement relationship as seen from Fig. 14b.

To take into account both of the positive and negative direction in the evaluation
study, the ductility, x4, and the element stiffness, K, are calculated as per Eqgs. (1) and
(2), respectively (Razvi and Saatcioglu 1994). This method is also used to determine the
stiffness degradation of the wall specimen under quasi-static cyclic loads. The average
secant stiffness of each loop is calculated using Eq. (2) and by considering the positive
and negative peak points of the loop, as seen in Fig. 14b.

_ |4t +147]
&+ 4] o
[ 2
GEGEE ?

The resulted data are summarized and tabulated in Table 5 showing the main back-
bone figures in both directions (negative and positive) for each specimen with the aver-
age ductility, average rigidity, and cumulative dissipated energy (E,). As seen from the
table, all the tested shear walls with smooth reinforcements bars fall significantly behind
the reference specimen with deformed bars in all performance terms, with an average of
2.6 and 2.0 times for the ductility and rigidity, respectively, and 12.3 times less in the
total amount of dissipated energy.

Envelops of the lateral load—displacement relationship for all the specimens are pre-
sented in Fig. 15a. Comparing the curves of the nonconforming shear walls (NCSW)
with the reference shows that the adhesion between the smooth reinforcement bars and
the concrete was lost rapidly and the bars started to slip from the concrete base before
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Table 5 Experimental results

Specimen name A, Aux Voax 4, u K E,
(mm) (mm) (kN) (mm) (kN/mm) (kN.m)
CSW0 +10.92 +37.00 +105.93 +77.86 5.29 9.51 63.20
-11.70 —19.90 —109.29 —41.85
NCSW1 +12.60 +14.20 +39.83 +21.61 1.51 3.63 5.93
—-12.23 —14.82 -50.25 —15.83
NCSW2 +7.95 +8.77 +34.37 +11.92 1.98 4.717 322
—-4.47 -5.76 —24.87 —12.68
NCSW4 +11.65 +13.89 +48.33 +16.86 1.48 3.63 6.92
—14.03 -17.61 —44.78 -21.04
NCSW5 +7.08 +11.46 +43.61 +12.31 2.38 7.27 4.40
-3.53 —12.31 —33.53 -12.90
Drift ratio, 5, % Drift ratio, 5, % Drift ratio, 5, %
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Fig. 15 Comparison of a response envelope, b stiffness degradation, and ¢ energy dissipation

yielding. This behavior has significantly reduced the load carrying capacity of the non-
conforming shear walls compared to the reference specimen.

Stiffness degradation is compared for all the test walls in Fig. 15b. The greatest effective
stiffness was obtained for the reference specimen (CSWO0) due to the high strength of con-
crete and the contribution of the deformed bars. In addition, the test specimens built with
distributed reinforcement (NCSW2 and NCSW5) showed a relatively high initial stiffness,
since only one crack was formed and behaved similar to non-cracked sections. After the
formation of the big crack at base surface the stiffness decreased rapidly compared to the
walls with concerted boundary zone steel.

The energy dissipation capacities of NCSW specimens, that experienced slippage of the
longitudinal reinforcements before reaching the yield limit, are substantially at lower lev-
els than the reference shear wall (CSW0). The cumulative energy dissipation of the tested
specimens is given in Fig. 15c. The figure shows that the dissipated energy of the reference
shear wall reaches 60 times the energy dissipated by the nonconforming specimens when
compared at the ultimate displacement level. Additionally, when the NCSW specimens are
compared against each other, it is seen again that the energy dissipation is higher in the
shear walls with concentrated boundary zone steel.

It is important to notice that the bar slip is dependent on the anchorage length within the
foundation, and the results may also change in relation to it. Nevertheless, the results in this
paper are consistent since a relative comparison was made between shear walls built with
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deformed and smooth bars with the same anchorage length. It is very important to study
the response of RC shear walls by taking the anchorage type and length of the smooth bars
into consideration in future studies.

4.2 Displacement components

The tested nonconforming shear walls showed a significant contribution of bar slip to the
total lateral load displacement. To properly investigate this phenomenon, the total displace-
ment should be broken down into its main ingredients. Three-component approach was
adapted in this study, where the total deformation of the wall can be described as the sum
of three different parts, flexure, shear, and bar slip displacements (Fig. 16a).

Based on the instrumentation configuration used in the experimental study, the tested
specimens is divided into two levels identified by the X shaped LPDTs. This kind of setup
is used commonly to measure the shear displacement component of the lateral deforma-
tion. However, a modification should be applied to the founded values to determine the
correct shear displacement (Massone and Wallace 2004). In this work, the shear and flex-
ure deformations are estimated according the corrections proposed by Massone and Wal-
lace (2004). As seen from Fig. 16b, the displacement occurred at each level due to shear
(U,) and flexure (U;) deformations is calculated using Eq. (3).

VX2 () = /X (hy,) )
2

US+Uf=

In this equation, v, and v, are the measured local deformations (change in the length
of the corresponding LPDT) at the top of the level for both sides, X|“** and X7'** are the
diagonal lengths of the LPDTs in the X configuration measured during the test, and / is
the height of the level. Moreover, Eq. (4) is used to determine the flexural deformation

Load level
-------------------------------------- * 0=0
...................... .
l ]
V22 v H V22-Vau
] 0=
Flexure hs ; By
(a)
Lo N i
........................... k
T : 0,= Vig= Vi3
2 Lh,
: Vid Vsl | hai Y1z Viy
1= " Lh,
hi T +
: V2 127}
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Fig. 16 a Three displacement components model and deformation calculations for b shear, flexure, and ¢
bar slip displacements
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for the level, where 6 is the rotation in that level and calculated using Eq. (5). The length
between the vertical LPDTs is [, and « is taken 0.67 as the curvature distribution is
assumed to be triangular along the studied level.

Us=a.6h (4)

V) =V

0= — Q)

The contribution of the bar slippage to the total lateral displacement of the tested
specimen was obtained using the methodology described by Sezen and Moehle (2006).
Figure 16¢ shows the estimated curvature distribution along the element, where the
average curvature at each level is determined as:

Vi~V
i T (6)

The calculated curvature at the bottom of the shear wall is assumably produced from
the interference of both flexural and strain penetration effects. For that reason, and to
isolate the two parts, the obtained curvature in higher levels is extended linearly towards
the base level approximating the flexural component, and the remaining value was
expected to be as a result from slip rotation (Fig. 16¢). The slip component of the total
displacement is calculated by multiplying the generated slip rotation by the total height
of the wall. The resulted ratios of the three displacement components are summarized in
Fig. 17. In the figure, each part was divided by the sum of the three components show-
ing the percentage of the contribution of this part from the total deformation.

From the figure, it is clear that the governing displacement component for the non-
conforming shear walls is the part which formed from the bar slip phenomena. This
component is usually noticeable, for all the NCSW specimens, after creating the big
crack at the base surface, and a significant drop of strength is observed after reaching
the maximum lateral force (Fig. 10). For instance, the flexural part of the displacement
for NCSW1 is about 79% when V,,,, is reached and crack-at-base is formed, and drops
to 16% at the next drift level, while the slip component increases from 8 to 80% for
the same drift ratios. In a same manner, slip-displacement rises 36, 51, and 56% after
crack-at-base formation for the specimens NCSW2, NCSW4, and NCSWS5, respectively.
And after this stage, the slip-displacement component contributes about 97% to the total
deformation. In addition, the test specimens with CBZS showed a slightly more flexural
behavior than the walls with distributed reinforcement. All the nonconforming shear
walls exhibited a minimal shear behavior, and the shear-displacement contribution was
very small compared to the other two parts.

On the other hand, the reference shear wall sustained a notable flexural behavior
throughout all the experiment stages and formed a pronounced plastic hinge, with non-
negligible shear and slip contribution to the total lateral deformation. The flexural dis-
placement at V, . is 68.3%, while the shear and slip parts are 13.7 and 18.1%, respec-
tively. Although, the CSWO exhibited a crack formation at the base level, the flexural
displacement contribution to the total deformation is dropped only 15.2%, and the slip
part increased 11.3%. The displacement components contributions at the end of the test
are 37.6, 31.1, and 31.4% for the flexure, shear, and slip displacements, respectively.
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Fig. 17 Displacement components contribution to the total lateral displacement

4.3 Theoretical analysis

The experimental strength values acquired during the test are compared to theoretical
results obtained from modern earthquake standards (ACI318 2019; TBEC 2018) and from
moment—curvature analysis. The shear strength (V,) for shear walls was calculated accord-
ing to Sect. 7.6.7 from the Turkish standard (TBEC 2018), which is similar to the shear
strength defined in Sect. 11.5.4.3 of ACI 318 (2019). For the moment—curvature analy-
sis, a previously developed numerical code (Caglar et al. 2019) was adopted and modified
for shear walls. The code uses a fiber based sectional analysis to calculate the maximum
moment capacity for each test specimen. And since the tested shear walls are working as
cantilever elements, the lateral force capacity (V) is determined by dividing the obtained
maximum moment by the height of the lateral load (2700 mm). While V, is bigger than V;
in all cases, Table 6 shows the results of the comparison study with ratios of the maximum
shear force found experimentally (V,,,,) to the potential strengths found from the curvature-
moment analysis and standard equations. From the table, it can be seen clearly that the
nonconforming shear walls exhibit significant loss in their shear force due to bar slip, with
an average reduction ratio of 44%.

5 Summary and conclusions

This work presents the experimental results of five scaled shear walls tested under lateral
cyclic quasi-static loading. Four specimens built with smooth bars and low concrete quality
to represent the walls found in old and existing buildings, and one shear wall designed and
built according to modern earthquake codes.

The behavior of the shear wall specimens in this study were examined in terms of lateral
force capacity, rigidity, ductility, dissipated energy, and displacement components contri-
bution to the total lateral deformation of the walls. Also, the response of the nonconforming
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Table 6 Experimental and

theoretical results comparison Specimen name :/k‘i{’f) K{N) YkrN) VVL;p %
NCSW1 50.25 88.39 389.05 0.57 0.13
NCSW2 34.37 67.53 373.81 0.51 0.09
NCSw4 48.33 88.39 259.02 0.55 0.19
NCSW5 43.61 69.50 256.89 0.63 0.17
Average 0.56 0.15
CSWO0 109.29 107.04 403.87 0.98 0.27

shear walls was compared with the response of the reference specimens based on quanti-
tative characteristics obtained from the test results. The conclusions of the experimental
study are summarized as follows:

e  When examining all the tested shear wall specimens, it is concluded, that the concrete
strength and the surface properties of the used reinforcement are significantly affecting
the behavior of the walls. The experimental study showed that while flexural response
was dominant in the reference specimen CSWO, that was built with deformed steel
bars, the NCSW specimens built with smooth reinforcement showed a very clear bar
slip controlled response.

e Although few more cracks observed at transverse reinforcement levels in the shear
walls with concentrated steel reinforcement at the boundary zone, the greatest dam-
age occurred at the wall-foundation joint surface for all the NCSW specimens. For that
matter, the transverse reinforcement ratio did not have any noticeable contribution to
the response of the nonconforming walls. On the other hand, flexure cracks were more
common and have been formed clearly in the reference specimen (CSWO0) built with
deformed steel bars. Furthermore, in contrast with the NCSW specimens, longitudinal
reinforcement bars showed a plastic behavior after yielding, and in advanced loading
cycles buckling was observed after concrete cover spalling.

e The lateral load capacity and ductility of the nonconforming shear walls have signifi-
cantly decreased due to bar slip affect in comparison with the seismically conform-
ing specimen that showed an expected behavior similar to the theoretical values from
recent design standards. For instance, the strength of the NCSW samples is reduced
between 54 and 69%, and the displacement ductility is also decreased between 55 and
72% compared to the reference shear wall. Additionally, the nonconforming specimens
exhibited only 56% of their potential theoretical flexural capacity due to the observed
bar slip failure.

e Similarly, the reinforcement bar slippage negatively affected the rigidity and the energy
dissipation capabilities of the specimens built with smooth bars and low-quality con-
crete. The reduction was about 50% and 92% on average for the effective stiffness and
dissipated energy, respectively. Also, the shear walls with concentrated steel in the
boundary zone showed higher energy dissipation values, and slower degradation in
stiffness than the walls with distributed reinforcement.

e Examining the displacement components contribution to the total lateral deformation
of the test shear walls confirmed that the response of the NCSW samples is controlled
by reinforcement bar slip, which contributes more than 80% of the total lateral displace-
ment capacity after reaching the maximum horizontal load. In contrast, the reference
specimen CSWO exhibited a notable flexural behavior and plastic hinge formation, with
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68.3, 13.7, and 18.1% displacement contribution for the flexure, shear, and slip compo-
nents, respectively, at the maximum lateral load level.

This study indicates that reinforcement bar slip is the dominant effect that dictates the
overall behavior of nonconforming shear walls built with smooth bars and low-quality
concrete. For this reason, these properties should be considered carefully while examining
existing structures and test results could be used as a guideline in designing solutions for
old buildings.
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