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ABSTRACT

Masonry-infilled reinforced concrete (RC) frames constitute a significant part of the building
inventory in earthquake-prone regions around the world, only a relatively small number of
experimental studies have been performed in order to examine the impact of a thin layer of
Engineered Cementitious Composites (ECC) for retrofitting infilled panel of RC- frames. So, a
numerical parametric study is essential.

This paper presents a nonlinear finite-element modeling method to evaluate the seismic behavior
of RC infilled frames that have retrofitted with ECC, in this study, behavior of infilled RC frame
has been investigated using Abaqus\standard package. The modeling was calibrated based on
experimental results and then a parametric study was carried out, these parameters include the
column depth, infill panel type and ECC retrofitting configurations.

The analysis included 2D model using plane stress element. Moreover, nonlinearities of the
concrete, infill panel, steel and ECC have been considered.

The obtained results indicate that several important conclusions reflecting the effects of the
studied ECC- retrofitting technique and the numerical modeling can predict load-displacement
curves and crack propagation process with good agreement with experimental data.

Keywords: Masonry, Infill wall, ECC, Finite Element Model.

1. INTRODUCTION

Masonry infills in non-ductile reinforced concrete frames can be found in many places around
the world. Masonry infills have been widely used because of their good thermal and acoustic
insulation properties, for aesthetic reasons and for fire resistance. Although in design masonry
infills are considered as non-structural elements, they can develop a strong interaction with the
bounding frames when subjected to earthquake loads and, therefore, contribute significantly to
the lateral stiffness and load resistance of the structure. Despite several decades of research, the
performance of these structures in a severe earthquake remains a major controversy among
structural engineers and researchers today. Improving their seismic performance using innovative
techniques and materials is a promising way to address this problem.

Different retrofit techniques have been investigated by researchers and used by practitioners
for unreinforced masonry walls in order to improve their performance, the most common being a
single- or double-sided shotcrete jacket with welded wire steel mesh [1,2], with this method,
substantial weight is added to the structure that may require upgrading the structure’s foundation
and therefore this method can be uneconomical. Furthermore, when a double-sided jacket is
provided there is a negative impact on the aesthetics of the structure. An alternative retrofit
technique has been the addition of framing elements in order to reduce the load taken by the wall
[3]. However, this method also alters the aesthetics and can increase substantially the weight of
the structure. The use of epoxy-bonded fiber-reinforced polymer (FRP) laminates [4] and
ferrocement and plaster overlays [5] have also been investigated. FRP laminates are very
effective in enhancing substantially the strength of the masonry infill. However, debonding of the
FRP due to a poor preparation of the masonry surface before the application can be the controlling
mechanism of failure.
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A new seismic retrofit technique for unreinforced masonry infills in non-ductile reinforced
concrete frames is investigated herein to prevent the soft-story phenomenon and minimize falling
hazards in these structures. Enhancing the ductility and delaying the strength degradation of
unreinforced masonry infills are of primary importance to achieve this goal. To that end, a
sprayable ECC is investigated as an infill retrofit method. ECC belongs to a class of high-
performance fiber-reinforced cement-based composites that exhibit fine, multiple cracking and a
strain hardening response in direct tension. The material is micromechanically designed to
achieve this response using a small volume fraction of polymeric fibers (less than 2% by volume)
[6]. The fibers are randomly oriented and distributed and are typically 12-mm long while very fine
sand is used with a particle size typically 110 um in diameter. Sprayable ECC mix designs have
been developed recently and were shown to be a promising repair material for deteriorated
reinforced concrete structures [7].

The aim of this study is to utilize engineered cementitious composites (ECC) as a
strengthening material to enhance the seismic behavior of infilled RC frames. ECCs are a special
kind of high-performance fiber reinforced cement-based composite materials (HPFRCCs) which
are typically reinforced with short fibers and micromechanically tailored to feature high tensile
ductility and multiple cracking [8]. To utilize new repair materials ECCs have been utilized by
some researchers for repairing infrastructures using wet-mix shotcreting process [9], making
precast panels for retrofitting frame structures [10], and strengthening unreinforced masonry
panels [11]. The experimental studies have shown that ultra-high ductility of ECC can
considerably enhance the behavior of the strengthened structural system, resulting in high
denomination resistance, high ductility and increased load-carrying capacity of the system. In the
present study, the ECC strengthening technique which can be applied with minimum disturbance
to the occupants extends to the field of retrofitting brick-infilled concrete frames [11]. In this paper
the efficiency of ECC overlays is evaluated and the behavior of test specimens subjected to quasi-
static cyclic lateral loading in terms of the strength, stiffness, and energy absorption capacity is
discussed. Furthermore, the ideal backbone curves obtained are presented, which can be utilized
in numerical simulation. Lastly, the drift limits usually considered in seismic design corresponding
to initiation of significant damages are introduced. As shown in the literature many studies have
reported experimentally the results and benefits of infilled frames on the seismic behavior of
structures and the benefits of ECC strengthening on the infilled frames to increase their in-plane
shear capacity and dissipated energy. Numerical analysis provides better insight into
understanding the exact behavior of the infilled frames. This needs a validated numerical model
which is calibrated by experimental results. In this paper, this study presents the results of an
analysis, FE model conducted to predict the behavior of RC frame with un-retrofitted and
retrofitted masonry infill with ECC under in-plane cyclic loading under.

2.  FINITE ELEMENT MODLE

In order to obtain an efficient and accurate finite element model (FEM), the analysis was
conducted in ABAQUS/Standard module [12]. All parts of models are presented detailed as
follows and Brief descriptions of the constitutive models that are used in the model are described
below. The proposed FEM validated with the experimental results proposed by Sakr et al. [13]
and Kyriakides et al. [16] to specify its accuracy.

2.1 Constitutive Models

By using "concrete damage plasticity" (CDP) model for modeling the concrete, infill panel and
the ECC material behavior. The compressive crushing failure and tensile cracking failure are
assumed about this model [12]. The fracture energy method was used to specify the post-peak
tension failure behavior of concrete, infill and ECC. For the uni-axial compression stress-strain
curve of the concrete, the stress—strain relationship proposed by Saenz [15] was used as
reported. The steel is modeled to be bilinear elastic-plastic material and definitions in tension and
compression.

2.2 2D Analysis using plane stress element

For modeling concrete, infill panel, and ECC material at 4-node bilinear, reduced integration
with hourglass control elements (CPS4R) was used. And for the reinforcement steel at 2-node
linear 2-D truss (T2D2) element was used, the frame was modelled as fixed-fixed. And the
interaction between the concrete and the RFT was assumed to be fully bonded modelled by the
embedded region constraint.
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2.3 Interaction between Concrete Frame and Infill Panel

In order to represent the interaction between the concrete frame and the infill panel surface-
to-surface contact definition can be used to model contact interactions between specific two
surfaces in a model, the master surface and the slave surface, the concrete frame interior surface
has been used as the master surface and the infill panel exterior surface as the slave surface.
And the used friction coefficient was 0.25 as recommended by [23].
2.4 Interaction between ECC material and Infill Panel

To represent the interface between ECC material and the infill panel surface, the model was
constructed using node-to-node interaction method using Cartesian connector element. By using
the traction separation law to allow for the debonding failure mode, Error! Reference source not
found.. The available traction-separation model assumes initially linear elastic behavior followed
by the initiation and evolution of damage. This model was suggested by obidat et al. [24].used
that model with values induced based on the experimental.

T
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[SRCE
¥§
¥b /Gcr
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& &9 8 8 3
k ok |

Elastic traction Damage evolution
zone zone

Fig. 1: Description of the traction-separation behavior, (ABAQUS)

3. VERIFICATION OF THE MODEL WITH PREVIOUS WORK

Experimental investigation of size effects is expensive as a wide range of dimensions of the
similar structures need to be tested to establish a full-size effect law. For such purpose, the most
versatile, cost-effective numerical simulations is often carried out.
3.1 Bare frame

To calibrate the behavior of the bare frame model, a comparison is carried out between the
finite element results and that reported in the experimental work of Sakr et al. [13]. The

experimental program consisted of %scale model of a single-story concrete subjected to in-plane
quasi-static cyclic tests. Dimensions and RFT details of the frame is shown in Fig. 2.
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Fig. 2: Dimensions and reinforcement details of test frame Sakr et al. [13].

3.1.1 Material properties
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3.1.1.1 Concrete

In the experimental study, the average compressive strength 6, was in the experimental work
25 MPa. Ec and o, were then calculated as shown in Fig. 3 the stress—strain relationship
proposed by Saenz [15]. Poisson’s ratio for concrete was assumed to be 0.20.

To specify the post-peak tension failure behavior of concrete, the fracture energy method is
used. The fracture energy, Gy, is the area under the softening curve. As it is usually a parameter
subjected to relatively high uncertainty, and depending on the grade of concrete, the aggregate
size etc. The optimum value of fracture energy was found to be equal 600J/m2[14].
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Fig. 3: Concrete material properties

3.1.1.2 Reinforcement steel
The main steel which is used in the experimental work has parameters under cyclic loading
shown in Table 1 [22].

Table 1: Calibration parameters of steel

ol0 Qoo b C1 y1 C2 Y2
(N/mm?) (N/mm?) (N/mm?) (N/mm?)
363.3 21 1.2 7993 175 6773 116
240 43 2.6 14202 320 12300 215

The parameters of the mentioned constitutive model are 00, Q«, b,Ci, yi. a0 is the yield stress
at zero plastic strain; Ci and yi are the kinematic hardening parameters; Q= and b are the isotropic
hardening parameters. These parameters can be obtained by data fitting. The bond between steel
reinforcement and concrete is assumed as a perfect bond, where the reinforcements are
constrained in the concrete by using embedded region constraint, which allows each
reinforcement element node to connect properly to the nearest concrete node. This type of
bonding does not include the slip effects of reinforcements from concrete.

3.1.2 Applied loads

The specimen was subjected to unidirectional cyclic lateral loading under 40 kKN constant axial
loads, representing 10% of the column’s axial load bearing capacity, applied on each column.
The lateral loading sequence is shown in Fig. 4 was a displacement-controlled type of loading
scheme.

Amplitude Amplitude :Z
» i ﬁ
1 ( E 50 d
: : £ . J
£ o g RN LT
£, RPN . W.WAFAWAN AWAWANAWA WA
B 10 RAAAATATATATATATAIANA
i A 3 4 CE Y VN Y
: Time : i Time 5 Ut
0.01 1.00" 0.01 1.00 % o 1§ ! ‘L
Amplitude of the beam Amplitude of the column =30
pre-compression load (P=60KN) pre-compression load (P=40KN) -60 . - o B o - o o
Time [Sec]

Fig. 4: The displacement-based loading protocol used in the tests Sakr et al. [13].

3.1.3 Comparison of experimental and finite element results

Fig. 4 illustrates a comparison between lateral load versus displacement curves of the bare
frame predicted by the adopted numerical model and the experimental results. The figure clearly
shows that the adopted numerical model was accurate in estimating the ultimate load carrying
capacity of the bare frame.
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The analysis reveals that the initial stiffness of the experimental response was very close to
the initial stiffness of the adopted FE model. Therefore, the stiffness of the adopted model at
intermediate loadings varied considerably from the experimental results; this is mainly due to the
lack of the softening effect in the FE model of the concrete elements.
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Fig. 5: Load —displacement curve (envelope of hysteretic curves) for bare frame.
Simulated failure mode is shown in Fig. 6. It is clear from the figure that, with increasing the
applied load, the specimen failed due to the occurrence of plastic hinges forming at the same
places in the experimental. It is clear from the above comparisons that the FE model (2D plane
stress element) can simulate, with acceptable accuracy, the cyclic behavior of bare RC frame.

Flexure
crack

(b)
Fig. 6: Modes of failure and crack survey- (a)Damage pattern for BF (Experimental) — (b)
plastic strain pattern cracks (2D Plane stress model).
3.2 Infilled frame
To calibrate the behavior of the infilled frame model, a comparison is carried out between the
finite element results and that reported in the experimental work of Kyriakides et al. [16]. The

experimental program consisted of gscale model of a single-story concrete subjected to in-plane

quasi-static cyclic tests. The concrete masonry unit (CMU) infill panel had a slenderness ratio (h/t)
of 9.57. The specimen had an aspect ratio (h/w) of 0.56. Note that there are no stirrups in the
upper beam. Dimensions and RFT details of the frame is shown in Fig. 7.
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Fig. 7: Dimensions and reinforcement details of test frame Kyriakides et al. [16].
3.2.1 Material properties
3.2.1.1 Concrete
In the experimental study, the average compressive strength 6, was in the experimental work
26.54 MPa, So the mechanical properties of the concrete were assumed the same that used

in section (3.1.1.1).
3.2.1.2 Reinforcement steel
The properties for the steel reinforcements are shown in Table 2. A Poisson’s ratio of 0.3 was
used for the steel reinforcement. full bond between steel reinforcement and concrete is assumed.
Table 2: Calibration parameters of steel

. Yield stress E
Type and Diameter (mm) (MP3) (GPa)
Column transverse reinforcement (2.69) 228 206
Column longitudinal reinforcement (4.78) 772 260
Upper Beam longitudinal reinforcement (10) 372 206
Lower Beam longitudinal reinforcement (16) 372 206

3.2.1.3 Infill panel

The infill panel was represented as isotropic material. A linear relationship is imposed with a
crushing plateau and tension cutoff point [18]. Hence a "damage plasticity model" is used to model
the infill panel. Tensile strength for the concrete masonry used in the referenced experimental
work was not provided, and as it is usually a parameter subjected to relatively high uncertainty ,
a conservative failure value of 2.50 N/mm?2 for tensile cracking was assumed according to [18].
The average compressive strength of the panel to represent it as isotropic material was assumed
to be 23.14 MPa and the Elastic modulus was taken 16500 MPa according to[16]. To specify the
post-peak tension failure behavior of concrete masonry, the fracture energy method is used. The
fracture energy, G, is the area under the softening curve; It can be observed that the optimum
value was found to be equal 348 J/m? [14] as a fraction of the concrete tensile fracture energy.

6 c Mpa 6 t Mpa 6 t Mpa
- - -

2314 Crushing 250 5501

e

Il
1.00

c - post peak stress
deformation relationship

0.01 0.2
b - stress - strain relation

up to ultimate tension load

a - stress - strain relation up
to ultimate tension load

Fig. 8: Stress-strain relationships for infill panel
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3.2.2 Applied loads
In the experimental work, the specimen was subjected to unidirectional cyclic lateral loading
under 38.4 KN constant axial load applied on each column. Fig. 9(a) shows the loading protocol
for the cyclic quasi-static test of specimen. The specimen was initially subjected to four cycles
with the actuator moving under load control, two cycles up to 22.2 KN and two up to 44.5 KN.
Then the procedure was switched to displacement control, subjecting the specimen to two cycles
er drift level as shown in Fig. 9(b).
50 P3 P4
T T | Y | Wt
30 -
20 A
P
10 Qe e
-20 B . ]

N3 Na [ -10 -3
-50 Number of cycles
Number of cycles

(@) (b)

Fig. 9: (a) Load control- (b) Displacement control
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'
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3.2.3 Comparison of experimental and finite element results

Fig. 10, shows the hysteretic curve of lateral load versus drift ratio of the Infilled frame
predicted by the adopted numerical model and the experimental results. Moreover, Fig. 11,
illustrates a comparison between envelopes of lateral load versus displacement relationships of
the infilled frame predicted by the adopted numerical model and the experimental results of
Kyriakides [16]. It is shown that the FE analysis predicted the peak load quite accurately. The
initial stiffness of the infilled frame in the FE model was somewhat higher than that predicted by
the experimental result. However, the stiffness of the experimental and numerical infilled frame
model gradually became closer as the load increased.
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150 1| 72:8ed oot iding t0p jinty i
P13: Bed joint sliding (top 2 joints) 20 | | 1
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(b)
Fig. 10: Load versus drift ratio response: (a) The hysteretic curves for Experimental [16] -
(b) The hysteretic curves for FE model (current study).
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Fig. 11: Load —displacement curve (envelope of hysteretic curves) for infilled frame.

Fig. 12, illustrates a simulated failure mode of the infilled frame at 0.25% drift ratio, full
separation of the masonry infill from the bounding concrete frame was observed. At the same drift
level, the flexural crack formed in the column. It is clear from the above comparisons that the FE
model (2D plane stress element) could simulate, with acceptable accuracy, the cyclic behavior
of Infilled RC frame.
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crack

PE, Max, In-Plane Principal
[Avg: 75%)
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Fig. 12 Modes of failure and crack survey- (a) Damage pattern for infilled frame
(Experimental[95]) - (b) Plastic strain pattern represents cracks (2D Plane stress model)
at 0.25% drift ratio.
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Fig. 13 Modes of failure and crack survey- (a) Damage pattern for infilled frame
(Experimental[95]) - (b) Plastic strain pattern represents cracks (2D Plane stress model)
at the end of the test.
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3.3 Infilled frame retrofitted with 0.25% Reinforcement ECC

To calibrate the behavior of the infilled frame model retrofitted with ECC, a comparison is
carried out between the finite element results and that reported in the experimental work of
Kyriakides et al. [16], Dimensions and RFT details of the frame is shown in Fig. 6. The ECC
layer was applied to one side and it was 12.7mm thick and reinforced with welded wire fabric
(WWEF) comprising 0.25% of the cross section of the ECC.

3.3.1 Material properties

The mechanical properties of the concrete, the infill panel and the Reinforcement steel were
the same that used in section (Error! Reference source not found.).
3.3.1.1 ECC material

As described before, the CDP criterion is used to model the ECC. The compressive behavior
of ECC was obtained based on the experimental work [16].The average compressive strength of
59 MPa at a strain level of 0.55% as shown. The stress—strain relationship in compression for
concrete is represented in Fig. 14. Poisson’s ratio was assumed to be 0.2. To specify the post-
peak tension failure behavior of ECC the fracture energy method was used. The fracture energy
for mode I, Gy, is the area under the softening curve. Many trials have been carried out to find the
optimum value of fracture energy and compared with other values that available in the literature
to determine it and was found to be equal 3000J/m? [19].

70 aAMpa %,,a
60 <
50 = / 4.00 4001
0S / \ .
308 &

) / %
20
102/ pe " | | p

f 050 0.80 120
0 Strain a - stress - strain relation up b - post peak stress
0 0.003 0.006 0.009 0.012 0.015 to ultimate tension load deformation relationship
Fig. 14 Stress—strain relationship Fig. 15 ECC stress strain relationship
under uni-axial compression [M]. under uniaxial tension

3.3.1.2 WWF steel reinforcement
The properties for the WWF steel reinforcements show in Table 3. A Poisson’s ratio of 0.3 was
used for the WWF steel reinforcement. A fully bonded between WWF and ECC material.
Table 3: The properties of WWF steel reinforcements
Type and Diameter (mm) Yield stress (MPa) E (GPa)
WWE reinforcement (1.6) 372 151.5

3.3.2 Contact modeling
3.3.2.1 ECC- infill wall interface

For 2D model using shell element, the adhesive layer was modeled using cohesive node-to-
node interaction model. Fig. 1, shows a graphic interpretation of a simple bilinear traction—
separation law written in terms of the effective traction 1 and effective opening displacement 6.
The interface is modelled as a rich zone of small thickness.

The values used for this study were Knn=88500 N\mm?3 and Kx=15450 N\mm3 [20].The
maximum shear stress, Tmax was taken 1.2 MPa and the tensile strength bond omax was taken
0.7 MPa [20]. For the fracture energy, Gcer in the two shear directions, many trials have been
carried out to find the optimum value and were found to be equal 5000 J/m? shown good an
agreement with the experimental results.

3.3.3 Applied loads
The applied loads were the same that used in section (3.2.2)

ICASGE’19  25-28 March 2019, Hurghada, Egypt I 9
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3.3.4 Comparison of experimental and finite element results

Fig. 16, shows the hysteretic curve of lateral load versus drift ratio of the Infilled frame retrofitted
with ECC predicted by the adopted numerical model and the experimental results. Moreover,
Error! Reference source not found. 17, illustrates a comparison between envelopes of lateral
load versus displacement relationships of the Infilled frame retrofitted with ECC predicted by the
adopted numerical model and the experimental results of Kyriakides [16]. At approximately 7 mm,
shear failure occurred at the top end of both columns, and from that point on the specimen
maintained a lateral load capacity of approximately 75 kN. It is shown that the FE analysis
predicted the peak load quite accurately, but at 1% drift ratio conversion in solution is occurred
after shear failure.
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Fig. 16: Load versus drift ratio response: (a) The hysteretic curves for Experimental [16] -
(b) The hysteretic curves for FE model (current study).
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Fig. 17: Load —displacement curve (envelope of hysteretic curves) for infilled frame
retrofitted with ECC.

Fig. 18, illustrates a simulated failure mode of the specimen at 0.5% drift ratio. At the same
drift, the infill was fully separated from the bounding frame and the shear cracks at the beam-
column joints propagated. The flexural cracks at the upper end of both columns became wider
and large tensile cracks formed at the base of the columns that agreed with the strain gauge
readings. It is clear from the above comparisons that the FE model (2D plane stress element)
can simulate, with acceptable accuracy, the cyclic behavior of Infilled RC frame.
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Fig. 18: Modes of failure and crack survey- (a) Damage pattern for infilled
frame(Experimental[K]) (b) Plastic strain pattern represents cracks (2D Plane stress
model) at 0.5% drift ratio .

4. PARAMETRIC ANALYSIS

4.1 Column depth with different type of infill panel

After the calibration of the numerical model, it was decided to make a parametric analysis to
investigate the effect of RC column depth (column shear strength) on the behavior infilled frame,
so two specimens with different column depth of 400 and 600 mm with the same width 200 mm
and with the same reinforcement details are presented as shown in Fig. 19. The main reason to
have different column depth is that the mode of failure in infilled frames can be changed from
ductile failure (four plastic hinge of column) to brittle failure (column — shear failure) in one specific
story, where the mode of failure of full-scale infilled frame must be known to be retrofitted by ECC
material with suitable strategy. Symbolic meaning and configuration of the different parameters
are summarised in Table 4.

400 or 600
y 4500 ‘ -l
400 or 600 B 400 or 66 ‘ o 2-016 2-D162- D16
=) Section (A - A)
2l INNIARR AR ARRR AR 00
] N N I I

I I
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3000
2600

>

1000

Section (C-C)

[
Fig. 18:Dimensions and RFT details for specimens

Table 0: Symbolic meaning of different parameters

Column Infill panel properties .
No | Symbol depth 5. (MPa) o (MPa) Details of frame
1 Si 600 4.8 0.65 Strong Infilled
2 SI* 400 4.8 0.65 Strong Infilled
3 Wi 600 1.8 0.22 Weak Infilled
4 Wi* 400 1.8 0.22 Weak Infilled
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To represent the infill panel as isotropic material, A comparison of the behaviors of frames
infilled with weak infill panels (with compressive strength = 1.8 N/mm?2 and tensile strength = 0.22
N/mm?) [22]and frames infilled with strong infill panels (with compressive strength = 4.80 N/mm?2
and tensile strength = 0.65 N/mm?2) [21]is presented as shown in Fig. 20 and Fig. 21. The main
reason to have different type of infill is that the improvement of the lateral strength, initial stiffness
and cumulative dissipated energy of the masonry infilled RC frame by increasing the compressive
strength of masonry is much associated to the crack patterns and damage developed in the
composite structure. In fact, the damage pattern is much related to the crushing of masonry at
the ends of the compression strut at the contact between the masonry infill and the frame and the
mode of failure can be changed from brittle failure to ductile failure, so that it must be known the
mode of failure of infilled frame.

8 s 8 mpa 8 e
- - -
48 Crushing

0.65 1 0.651+—

» I »A
= 004 02 1.00 Ll
a - stress - strain relation up b - stress - strain relation c - post peak stress
to ultimate tension load up to ultimate tension load deformation relationship
Fig. 19: Stress—strain relationships for strong infill panel
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Fig. 20: Stress—strain relationships for weak infill panel

Fig. 21, shows the hysteretic curves of specimens for infilled frames. The peak load and
corresponding displacement are 471 kN at 5 mm for specimen SlI, and 371 kN at 2.33 mm for
specimen SI* followed by a drop in its load carrying capacity to lateral load of 257 at 5.9 mm,
because the brittle shear failure is occurred at the tip of the column in push direction. For specimen
Sl a gradual reduction in the strength of specimen Sl occurred with the increase in the imposed
displacements after the maximum strength was attained. For infilled frame with weak brick the
pinching effect somewhat is less than that of infilled frame with strong brick due to the occurrence
of plastic hinges forming and diagonal crack in the infill panel
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Fig 21: The hysteretic curves of specimens for different type of infilled frame

ICASGE’19  25-28 March 2019, Hurghada, Egypt

N —



International Conference on Advances in Structural and Geotechnical Engineering 2019

PE, Max, In-Plane Principal
(Aug: 75%)

+3,30¢e-02
+3.3862-02
+2,8982-03
+2,409e-03
+1.921e-03
+1.432e-03
4358~

PE, Max. In-Flane Principal
(Avg: 75%)

+2.0272-02
— +3.310e-03
+2.827e-03
+2.344e-03
+.860e-03 HH
+1,377e-03
+8,938e-04

+4.104e-04
-7.38%e-05

+4,5558-04
-2,297e-05

Specimen (SI) Specimen (WI)

PE, Mz, In-Flane Principal
(Avg: 79%)

+1.91%e-02
+3.000e-03
+2,437e-03
+.594e-02
+1.491e-02
+9.875e-04

+4.8442-04
-1.86%e-05

+2,34%e-05
-5.747e-04

Specimen (WI*)

Specimen (SI*)

|
Fig. 22: Plastic strain of specimens at Maximum Load.
Another interpretation of results is listed in Table 5. This table indicates the ultimate load, the
failure mode that occurred at maximum load. Where dpu represents that the displacement at the
ultimate load
Table 5: Numerical results and characteristics specimens

. Pu dpu .
Specimen (kN) (mm) Failure mode
SI 471 4.6 Column plastic hinge
Wi 305 28 Column plastic hinge and diagonal crack in the infill
panel
SI* 371 2 Column shear
Wi 259 5 Column plastic hinge aggnd;?gonal crack in the infill

4.2  ECC retrofitting configuration

To the authors' knowledge, this study aims to investigate different retrofitted configuration by
using the ECC layer on RC frame only or infill panel only or both, the infilled frame is retrofitted
with 2 cm ECC layers on both sides. So that, the purpose of this study is to choose the best
retrofitted configuration by using the ECC layer on infill panel only or RC frame only or whole.
4.2.1 Contact modelling

The contact modelling between the infill wall-ECC interface is the same that used in section
(Error! Reference source not found.).
4.2.1.1 Infill wall-concrete interface

For 2D model using shell element, the adhesive layer was modeled using cohesive node-to-
node interaction model. Fig. 1 shows a graphic interpretation of a simple bilinear traction—
separation law written in terms of the effective traction 1 and effective opening displacement o.
The interface is modelled as a rich zone of small thickness. The values used for this study are
Knn=88500 N\mm?3 and K#=15450 N\mm?3 [20].The maximum shear stress, Tmax was taken 1.2
MPa and the tensile strength bond omax was taken 0.7 Mpa [20]. The value of the fracture energy
used in all next specimens is constant and equal to 5000J/m.
4.2.1.2 ECC-ECC interface

A surface-to-surface contact definition is used to model contact interactions between the ECC
at the surface that infill panel contact with concrete frame interior surface and the infill panel. The
values used for this study were Knn= 4425 N\mm?3 and Kt=1925 N\mm?3. The maximum shear
stress, Tmax is taken 1.5 MPa and the tensile strength bond omax was taken 5 MPa [20]. The value
of the adhesive layer fracture energy used in all next specimens is constant and equal to 4500J/m.

4.2.2 Results
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Error! Reference source not found. 23, shows the envelop of hysteretic curves of specimens
for different retrofitted configurations.

For retrofitted Specimen Sl, it is noted that, the specimen (RB-SI-T2) have little increase in the
ultimate load by 2% because there is shear failure at the tip of the columns. The ultimate load by
the specimen (RA-SI-T2) is found to be 652 KN which exhibited a 40 % increase to that of
unretrofitted specimen SlI.

For retrofitted Specimen WI, the specimen (RC-WI-T2) have little increase in the ultimate load
by 6% due to bed joint sliding and a diagonal crack in the masonry infill occurred, forming a knee
braced mechanism. The additional ECC on both RC-frame and brick has a great effect on the
retrofitted frame response.

For retrofitted Specimen SI*, it's clear that the specimens (RB-SI-T2) and (RC-SI*-T2) have
little increase in the ultimate load by 6% and 2% because there is shear failure at the tip of the
columns.

For retrofitted Specimen WI*, the specimens (RC-WI*-T2) has little increase in the ultimate
load by 4% because there is shear failure at the tip of the columns. The additional ECC on brick
only or both RC-frame and brick has a great effect on the retrofitted frame response.

Although specimens (RC-SI-T2) is retain their carrying their ultimate capacity up to 15 mm
displacement due to ductile failure.

It's clear that, the additional ECC on both RC-frame and brick has a great effect on the
retrofitted frame response for all infiled frame specimens.
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Fig. 23: Load —displacement curve (envelope of hysteretic curves) for different
retrofitted configurations of specimens.
Another interpretation of results is listed in Table 6. This table indicates the ultimate load, the
failure mode that occurred at maximum load.

p—
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Table 6: Numerical results and characteristics specimens

Specimen Pu(kN) (rﬂ%) Failure mode Pu/ Puwi
Sl 465 5 Column plastic hinge 1
RB-SI-T2 471 4.7 Column shear and plastic hinge 1.02
RC-SI-T2 548 4.7 Column plastic hinge 1.18
RA-SI-T2 652 2.5 Column plastic hinge 1.40
Wi 305 5 Column plas'tlc h|n.ge. and diagonal 1
crack in the infill panel
RB-WI-T2 396 4.8 Column shear and plastic hinge 1.22
VL Column plastic hinge and diagonal
RC-WI-T2 Sa g crack in the infill panel S
RA-WI-T2 556 2.25 Column plastic hinge 1.71
SI* 371 2.6 Column shear 1
RB-SI*-T2 394 2.2 Column shear 1.06
RC-SI*-T2 379 3.4 Column plastic hinge 1.02
RA-SI*-T2 544 3.2 Column shear and plastic hinge 1.46
WI* 259 46 Column plagtlc hln.ge. and diagonal 1
crack in the infill panel
RB-WI*-T2 328 2.8 Column shear 1.27
RC-WI*-T2 270 5 Column plas_tlc hlnge' and diagonal 1.04
crack in the infill panel
RA-WI*-T2 474 4.8 Column plastic hinge 1.83

Where dpu represents that the displacement at the ultimate load and Pu/Puwi represents the
ratio of the ultimate load of specimen and the ultimate load of specimens.

5.

CONCOULSION

Based on the results presented in this study, the following conclusions can be drawn:
Results indicated that 2D model using plane stress element was able to predict the actual
behavior of the bare frame, infilled RC frame and infilled RC frames retrofitted with ECC
efficiently.
The increase in column's depth significantly increase the lateral strength, initial stiffness
for infilled frame.
By increasing infil’'s compressive strength from 1.8 MPa to 4.8MPa, infilled frame’s lateral
strength increased about 45% for the various depth of the column respectively.
Specimen Sl shows the highest ultimate capacity and initial stiffness. On contrary, the
specimen WI* has the lowest ultimate capacity and initial stiffness.
All infilled frames have a ductile failure except in the specimen SI* where has a brittle
failure (shear failure).
The mode of failure in infilled frames can be occurred in RC-frames or infill panel and
may be changed from ductile failure (four plastic hinge of column) to brittle failure (column
— shear failure) in one specific story, so that the mode of failure of full-scale infilled frame
must be known to be retrofitted by ECC material with suitable strategy.
If only the brick is retrofitted, all the specimens can be observed that increase the stiffness
of the wall, this is leading to brittle failure and shear failure occurred.
The optimum retrofitted configuration to infiled RC- framed is that applying the ECC
material on both RC-frame and brick together, it has a great effect on the lateral strength,
initial stiffness and cumulative dissipated energy for the retrofitted infilled frame response
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