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Abstract

Historically, Masonry buildings are known to be one of the most seismically vulnerable
structures due to their low capacity to resist tensile stresses and lateral loads developed during
seismic activity. Over two thousand non-earthquake-resistant masonry buildings were widely built
in the Almaty region — Kazakhstan's most seismically dangerous area between the 1950s to 1980s.
The Almaty region is known to have a long seismic cycle, indicating that stress repeatedly builds
up over a long period and has a high potential for a rapid release of a hazardous earthquake in the
future. Thus, the development of effective techniques such as retrofitting masonry structures with
the application of engineered cementitious composites to improve the seismic performance of such

buildings is essential.

Engineered cementitious composites (ECC) have been studied more for structural
retrofitting applications, such as seismic retrofitting on unreinforced masonry (URM) walls
because they exhibit a ductility strain hardening response under tension in contrast to conventional
concrete. Literature shows that using normal-weight designed cementitious composite can greatly
increase masonry walls’ strength against cyclic in-plane horizontal loads. However, it has limited
improvement in the deformation capacity and ductility of the wall, which is an important criterion
for seismic resistance. This restriction might be due to the incompatibility between the wall and
the composite in terms of strength and stiffness. It is suggested that lightweight engineered
cementitious composites (LWECC), which have lower strength and stiffness and are more
compatible with brick walls, can address the restriction.

To investigate the seismic performance of the URM walls retrofitted with LWECC through
an experimental study, three URM walls with an aspect ratio of 0.55 were tested under cyclic in-
plane loadings. The walls were chosen as 1/3 of an interior prototype load-bearing wall segment
of a typical old non-earthquake-resistant four-story residential URM clay brick building found in
Almaty region, Kazakhstan built between the year, 1957 to 1967. One wall was a URM wall
without any form of retrofit as a reference specimen and the other two walls were retrofitted by
troweling 15 mm thick layers of LWECC on both faces of the wall. The composites were chosen
to have two different compressive strengths of 27.10 MPa and 11.13 MPa respectively, exhibiting
tensile strength and tensile strain capacities of 3.75 MPa (1.48%) and 2.63 MPa (1.80%)



respectively. In-plane wall testing was conducted by applying a constant gravity load of 248 kN
to induce an average compressive stress (oo) 0f 0.51 MPa, maintained to represent the axial stress
on the prototype wall with 3-story wall load above then increasing cyclic lateral loads applied to
the top left end of the wall until failure or 15% strength reduction was observed. The test walls
were instrumented with five linear variable differential transformers (LVDTSs) and four string
potentiometers to measure the horizontal top displacements, all deformations, uplifts, and crack

propagations experienced by each wall specimen.

Results from the in-plane wall testing showed that retrofitting the URM walls with the
lightweight composites, although exhibiting a limited increase in the lateral load-resistant capacity
of the walls by average values of 7.21% for 27.10 MPa LWECC retrofitted wall and 10.14% for
11.13 MPa LWECC retrofitted wall, there were significant improvements in the ultimate
displacement and wall ductility capacities. Retrofitting of the wall with 24.10 MPa LWECC caused
an average increase of 58.44% and 151.91% in the ultimate displacement and wall ductility
capacities respectively and retrofitting of the wall with 11.13 MPa LWECC caused an average
increase of 122.78% and 151.18% in the ultimate displacement and wall ductility capacities

respectively.

The findings show that this retrofitting method can significantly increase the ductility and
displacement capacity of unreinforced masonry (URM) walls, resulting in a change from brittle
failure to a more ductile mode of failure while maintaining wall integrity under significant lateral
deformations. Furthermore, it was deduced that the usage of a lighter composite material produces
improved ductility, hence boosting the efficiency of the strengthening strategy. In particular, the
lightweight composite material's improved ductility significantly raises brick walls' ductility and

displacement capacity.
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Chapter 1: Introduction

1.1 Overview

Masonry is a heterogeneous composite material composed of brick elements held together
by mortar. Before the advent of more modern building materials such as concrete and steel,
masonry was the principal building material [1]. Most structures built before the 19th century and
still surviving are built with masonry [2]. Unreinforced masonry (URM) construction is a
prominent building technique preferred all around the world. Since the majority of ancient and
historical buildings were load-bearing constructions, reconstruction is not a suitable technique due
to the large number of buildings created with URM brick walls [3]. Due to narrow spans and
obsolete architectural patterns, most of the old brick constructions cannot meet living requirements
as the economy develops. Seismic retrofitting is necessary for URM walls either because of the
modernization of design codes or because of the magnification impact of masonry walls on floor
acceleration or if cracking and minimal damage have occurred because of prior seismic activities
[4]. As reported by S. M. Renuka et. al., this stresses the need for the evaluation of relevant
structural measures for strengthening these structures [5]. To reinforce the masonry constructions,

the reinforcing material should have a sufficient tensile capacity to resist extreme loads.

A significant number of inquiries have been conducted in the past few decades to discover
strengthening procedures that will increase masonry performance to improve their seismic
performance. To improve the seismic resistance of a building, a fundamental goal is to enhance
the in-plane response of structural elements such as masonry walls, because these structural

elements are often vital for maintaining structural reliability [6].

Several externally bonded overlay materials such as textile-reinforced mortar (TRM) have
been used to retrofit brick URM wall components [7], [8] and masonry wallettes [9] to enhance
the in-plane seismic performance of URM walls. Different retrofit techniques such as the
installation of new structural elements, external post-tensioning, steel bracing, steel plate bonding,
Fiber Reinforced Polymer (FRP) sheets [10]-[12], shotcrete [13], Engineered Cementitious
Composite (ECC), and many more have been utilized with some degree of effectiveness to boost
the performance of URM walls. However, ECC has proven to possess superior thermal

characteristics as compared to other materials [10].
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ECC shotcrete, a cement composite filled with synthetic fiber is another form of retrofitting
technology that is applied by spraying the composite with pressure. When strained in tension, the
composite exhibits a strain-hardening property through the development of numerous microcracks
connected by stresses conveyed by various types of fibers linking the microcracks. ECC stands as
the best material for seismic retrofitting due to its strain-hardening property, which increases the
ductility and strength of an existing structure [14]. Soleimani-Dashtaki et al. conducted shaking-
table tests on URM walls reinforced with spray-able eco-friendly ECC to assess the horizontal
load-carrying capacity of the URM walls retrofitted on a single side and both faces of the walls
[15]. The findings revealed that retrofitting the wall only on one side is adequate for low-rise
buildings to endure significant earthquakes, whereas it is preferable to reinforce the walls on both

sides for high-rise buildings sustaining enormous wall loads.

This study focuses on the behavior of URM walls retrofitted on both faces with LWECC.
The use of ECC has previously been proven to be effective in enhancing the seismic performance
of different masonry walls (such as walls made from cavity fillers such as precast panels or
concrete blocks). Though, restricted studies have been conducted on its application on load-
bearing masonry walls subjected to lateral loads. The use of normal-weight ECC is proven to
significantly improve the shear load strength but limited improvement in the wall’s ductility. This
could be due to normal-weight ECC possessing higher stiffness than plane masonry walls.
Lightweight engineered cementitious composite (LWECC) with multifunctional properties of
lightweight, low thermal conductivity, and high sound absorption ability is hypothesized to

substantially improve masonry walls' ductility and displacement capacity.

1.2 Masonry Structures under Seismic Load

The use of URM structures can be found in every region of the world, especially in
developing countries but they exhibit poor performance to seismic load, causing the loss of
numerous lives and properties [16], [17]. Due to this seismic inadequacy, URM structures are most
liable to experience serious damage or even collapse in the occurrence of an earthquake [18]. This
inadequacy can be attributed to the material characteristics of URM structures, which include low

ductility, poor tensile strength, poor shear strength, and poor energy dissipation capacity [17], [18].
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The evaluation of masonry structures’ safety in seismic regions has recently received
significant attention due to its limited resistance to seismic stresses. Earthquakes have regularly
shaken Kazakhstan's south and southeast areas as one of the world's greatest natural dangers, and
seismic activity within the region can be described as frequent and catastrophic [19]. One-third of
the structures in the Almaty region which is located in a high seismic region are URM structures
characterized for being susceptible to damage at the occurrence of lateral loads caused by an
earthquake, and a significant portion being brick masonry buildings built 30-50 years ago without
any form of seismic engineered design and are expected to have brittle response under earthquakes
[19]. Consequently, it is critical to enhance the seismic performance of existing masonry
constructions to limit damages and eliminate hazards to lives and properties, especially in a densely

populated city like Almaty.

When an earthquake occurs, the masonry disintegrates and the floors lose stability, causing
the building to collapse. Also, the masonry load-bearing wall's aspect ratio may exhibit double
diagonal shear cracking due to severe bending and shearing. The X-shaped diagonal cracking is a
typical result of how poorly, URM walls perform under shear, and its new triangular parts might
lose stability, causing the walls to collapse. Bearing in mind the tri-dimensional nature of seismic
waves, the actual failure of URM walls results from a combination of the two main failure modes
of URM walls, in-plane and out-of-plane failure modes which are shown in Figure 1.1 [13]. It has
been established that inertia forces parallel to the wall plane are a critical factor in the degradation
of the shear strength of URM structures, which results in in-plane damages [20]. As a result, in-
plan retrofitting of URM walls must be taken into consideration as a crucial component of a

strengthening strategy.
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Figure 1.1: Typical failure mechanisms of URM structure
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ECC would be a viable choice as a retrofitting material for URM walls. The application of
ECC over masonry walls is akin to the plastering of mortar and can endure high temperatures in
contrast to other retrofitting materials, such as FRP [21]. ECC is an extremely ductile material with
a tensile strain hardening capacity reaching 3%, classifying it as a high-performance cementitious
composite with elevated ductility and the capability to bend instead of rupture under extreme

tensile loading situations.
1.3 Research Hypothesis

The use of LWECC in retrofitting URM walls is anticipated to improve the wall's seismic
performance by enhancing its deformation capacity, lateral strength, and ductility compared to

URM walls subjected to seismic activity.
1.4 Purpose of the Project

The major aim of this thesis is to evaluate the seismic behavior of walls made of URM with
and without LWECC retrofitting for the enhancement of both the strength and ductility of URM

structures. The objectives are to:

e Examine the structural response of URM walls exposed to in-plane cyclic loadings.

e Investigate the structural response of URM walls strengthened with LWECC when
subjected to in-plane cyclic loadings.

e Identify the effect of LWECC strength on the effectiveness of seismic strengthening of
URM walls.

1.5 Structure of the Thesis

The thesis comprises six chapters. The first chapter introduces the key features of masonry
walls and their behavior under seismic load, the need for wall retrofitting, and the purpose, goals,

and current gaps that can be studied in this project.

The second chapter provides background information about related topics. First,
experimental and analytically based integrated research on strengthening URM walls are briefly
described. The in-plane seismic performance of URM walls strengthened through experimental

research is incorporated. Lastly, the existing methods of seismic retrofitting of URM walls are
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described, highlighting detailed information about ECC materials. The difference between normal-

weight and LWECC and the improvements provided by LWECC concludes the chapter.

Chapter three focuses on the main experimental investigation covering the testing program,
type and properties of materials used in the construction and retrofitting of wall specimens, the
construction and retrofitting of walls specimens, and the large-scale cyclic in-plane wall testing on
wall specimens (un-retrofitted masonry wall specimen, URW, and retrofitted wall specimens, RW-
1 & RW-2 with different strengths of LWECC).

Chapter four illustrates results obtained within the course of the performance-based
experimental investigation and discusses the main findings highlighting the effects of LWECC on
the failure modes, shear resistance, stiffness, deformation capacity, and energy dissipation capacity
of URM walls.

In Chapter five, conclusions and design suggestions are provided based on the findings of

the experimental investigation.
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Chapter 2: Literature Review

This chapter reviews several research that considers the effectiveness of incorporating
lightweight engineered cementitious materials (LWECC) in strengthening URM walls. Not much
research on URM walls strengthened with lightweight engineered cementitious materials has been
extensively conducted. This section briefly reviews earlier studies on the retrofitting materials used
on masonry walls, the performance of URM walls under in-plane lateral loads, and the modeling

and study of URM walls reinforced and unreinforced with retrofitting material.

2.1 Experimentally Established Behavior of URM Walls

A masonry structure is a non-homogeneous composite structure that consists of bricks
filled with mortar within their joints. Depending on the brick unit type and in-filled mortar at the
joints, both elements have dissimilar strengths and deformation properties. To achieve a proper
outcome for load-bearing walls, only the right balance of mortar and brick types can produce
effective results. It is noted that a number of factors, including the quality of the construction, the
characteristics of the masonry units, and the mortar joints’ age and thickness, impact the
compressive strength of a masonry wall [22]. The quality of the workmanship has a considerable
bearing on the strength value of the brickwork. Experimental research has shown that masonry
prisms under uniaxial compression perpendicular to the bed joint produce tri-axial compression
stress in the mortar. Under tri-axial compression, mortar behavior depends on confining stresses
and mortar type. Maximum crushing stress-strain behavior increases with increasing confining

stresses. Also, lower-strength mortars exhibit greater ductility than higher-strength mortars [1].

The behavior of masonry walls exposed to a combination of horizontal and vertical stresses
will vary depending on its geometry (aspect ratio), the properties of the elements, wall boundary
conditions, and reinforcement if any [23]. Additionally, the behavior is influenced by the level of
precompression (the ratio of the working stresses in the wall caused by gravity loads to the
compressive strength of the masonry) and the direction of the horizontal loads (in-plane or out-of-

plane). Therefore, a variety of failure scenarios could occur.
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2.2 In-Plane Failures of Masonry Walls

The major properties that determine the in-plane capacity of a masonry wall are the relative
strength of the masonry brick units and the mortar. Numerous circumstances for the in-plane
failure of URM walls are attributable to the combined effects of axial load and bending, and the
mode of construction; where the type of failure is majorly controlled by the amount of axial load
[22], [24].

If the axial stresses on the wall are low with poor-quality mortar, seismic forces may trigger
part of the wall to slide along one of the bed joints [25]. According to the quality of mortar and
condition of the masonry units, diagonally shaped cracks may either follow the bed and head joints
or pass through the masonry units, or they may partially follow both joints and partially pass
through the masonry units [23].

The different in-plane failure modes of URM walls exposed to horizontal load are shown
in Figure 2.1 and according to FEMA 306 [26], they include:

(a) Shear sliding failure occurs along the head or bed joint because of low nominal loads
and/or minimal friction coefficients, which may be a result of inadequate mortar
quality.

(b) Shear diagonal failure occurs when the major tensile stresses that arise in the masonry
wall due to a combination of vertical and lateral loads exceed the tensile strength of
masonry elements and are characterized by rapid strength reduction.

(c) Flexural failure which can be divided into toe crushing involving crushing of the
compressed toes of the URM wall and rocking failure involving the uplifting of the
wall at one or both of its toes. This occurs when the wall’s shear resistance is still

sufficient in comparison to the shear demands.
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(c) Diagonal tension failure mode (d) Toe crushing failure mods

Figure 2.1: Typical failure mechanisms of URM walls subjected to in-plane load: (a) Rocking

failure; (b) Shear sliding failure, (c) Shear diagonal failure, (c) Toe-crushing failure

The anticipated lateral strength of URM walls is based on the assumed strength resulting
from each of the failure modes in accordance with Equations 1.1-1.4, with the URM wall lateral

strength taken as the least of the values given by the four equations [26].
(a) Sliding shear strength (in N): F; = v A, (1.2)

(b) Diagonal tension shear strength (in N): Fy: = f4:A4,(B) |1+ Jf—“ (1.2)
dt

. o W\ (4 _ fa
(c) Toe crushing strength (in N): F;. = aP (hw) (1 0-7fm) (1.3)
(d) Rocking strength (in N): F. = 0.9aP (’lll) (1.4)

Where v,,,,. is the assumed sliding shear strength of the bed joint in MPa; 4,, is the net-area
of the wall mortared section in mm?; £, is the lower bound of the masonry diagonal tension
strength in MPa, taken to be 0.05f,,; B is taken as 0.67 for ({,,/h,) < 0.67, (1,,/h,,) when
0.67 < (I, /h,,) < 1.0 and 1.0 when (1,,/h,,) > 1.0; f, is the upper bound of the vertical axial
compressive stress in MPa; « is taken as 0.5 for a fixed-free cantilever wall or 1.0 for a fixed-fixed
wall; P is the anticipated vertical axial compressive force for each load combinations, measured
in Newtons; [,, and h,, respectively represent the length and height of the URM wall in mm; and

fm 1s the lower bound of the masonry wall compressive strength in MPa.
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2.3 Engineered Cementitious Composites

ECC is a typical synthetic fiber-reinforced cementitious composite that when under tension
exhibits strain-hardening behavior and when subjected to compression, has adequate toughness
properties [17]. It is also a highly developed composite material with multiple cracking, high
ductility, tensile strength, and self-healing more than standard concrete. Li [27] further defined
engineered cementitious composites as specifically designed high-performance fiber-reinforced
cementitious composites with substantial tensile ductility and a modest fiber volume percentage
(typical 2%).

In recent years, various research is being carried out on ECC as a means of strengthening
masonry walls (infill and URM), and this can be attributed to ease in construction with short
construction time, low labor sensitivity, and ability to adjust its mixture to achieve a desirable
strain hardening tensile property [18], [28]. In general, these mixtures typically contain cement,
fly-ash, water, fine aggregate, and, if necessary, superplasticizer and a viscosity modifying agent.
Some research has examined the consequences of employing this retrofitting method. The results
show that ECCs can significantly improve the behavior of these structures by providing high
tensile strength and ductility to the structural element [18]. Research has been done recently that
focuses on the use of ECCs in earthquake-resistant URM buildings because of their tensile-strain
hardening response and high damage tolerance. Previous experimental research on the seismic
performance of a solid clay bricks URM wall with single and doubled-sided ECC retrofit showed
an increase in the maximum lateral strength of the wall by 9% and 18% respectively and increase
in ductility by 15% and 49% respectively [17]. Another research showed that trowelling ECC
coating on both surfaces of double-wythe brick walls increases its maximum lateral strength by
61%-99% but a very low increase in the displacement capacity by just 3.21%-19.00% [18].

2.4 Lightweight Engineered Cementitious Composites

Experimental research on the use of ECC as a means of enhancing seismic performance
has been conducted previously using small-scale wallattes, and large-scale masonry wall
specimens, investigating the use of normal weight ECC which increases the strength of URM walls

but with negligible effect on overall ductility [29]-[31]. High ductility and exceptional crack
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control of LWECC coating can enhance the cracking resistance of the structure, therefore

enhancing its durability and extending the service life.

Several lightweight technologies have been successfully utilized for the development of
LWECC, such as glass micro-hollow bubble [32], [33], air-entrainment admixture [34], [35],
nature lightweight perlite [35], presoaked expanded perlite aggregate [36], [37], and fly ash
cenospheres [38], [39]. Another study investigating four different lightweight technologies for the
LWECC (expanded perlite sand, entrained air, polymeric beads, and hollow glass bubbles)
concluded that glass micro-hollow bubbles were most effective, possessing superior tensile strain

hardening ratios with reduced unit weight [35].

It has been proven from previous studies that LWECC possesses improved tensile ductility
with only a slight reduction in strength capacity. One study by Wang and Li [33] found that
LWECC samples exhibit high tensile ductility while retaining desirable compressive and tensile
strengths. Another study by Jin and Li [40] showed that by converting large fractures in concrete
layer into numerous microcracks in an applied LWECC layer deprived of any delamination,
LWECC coating outperforms the monotonic concrete system in terms of ductility. These point to
the possibility of using LWECC to enhance the ductile performance of URM walls when subjected
to shear stresses, such as those caused by seismic activity. However, its application in the seismic

strengthening of masonry walls is yet to be studied.
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Chapter 3: Experimental Program
3.1 Testing Specimen

In this experimental program, three masonry wall specimens (URW, RW-1, and RW-2)
were fabricated for large-scale In-plane wall testing. URW specimen represented the control wall
specimen of a URM wall with no form of retrofit while the other two wall specimens (RW-1 and
RW-2) represented masonry walls with 15mm thick LWECC retrofit of different strengths on both
surfaces of the walls proposed to enhance the seismic performance of the walls. Table 1 show
gives an overview of the experimental program used in conducting the wall testing on the masonry
wall specimens. Comparison of RW-1 and RW-2 test results with that of URW aided in the
investigation of the influences of the different strengths of LWECC retrofit on the overall seismic

performance of URM walls.

Table 3.1: Testing program

‘é‘;ae';imens Specimen d!ﬂ?ﬂi‘;”s Strengthening Pattern Th(')‘;‘;?f;; of
URW 2010x 1100 x 245 Un-strengthened None

RW-1 2010x 1100 x 245 *LWECC (RF-1) on both sides 15mm per side
RW-2 2005 x 1090 x 245 *LWECC (RF-5) on both sides 15mm per side

* LWECC = LWECC
3.2 URM Wall Design Considerations and Scaling

For the design of the URM wall, a prototype building was selected to represent a typical
non-earthquake-resistant four-story residential masonry building found in Almaty, Kazakhstan
built within the year, 1957 to 1967. The wall specimen represents an interior load-bearing URM
wall without any openings on the first story of the four-story building wall, build on a solid precast
reinforced concrete foundation blocks 500 mm thick and monolithic concrete as found in old URM
buildings within the region. The dimensions of the structure and building information were
provided by KazNIISA, a Kazakh Research and Design Institute of Construction and Architecture.

Figure 1. shows the architectural ground floor plan and the part of the URM wall which was chosen
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to be modeled as the wall specimen to be evaluated. To fit within the testing steel frame in the lab,

the URM-wall model was reduced to 1/3 of its full scale.

Location of the URM wall model
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Figure 3.1: Floor plan of prototype building

Three URM specimen walls with target dimensions of 2m length & 1.2m height at 33.33%
scale of the original prototype wall (6m length & 3m height) were built in the laboratory on a 700
mm thick reinforced concrete foundation (see Figure 3.5). All specimens were built to have a
thickness of 245mm (against 380mm of the original prototype) and assembled in the English bond
configuration, generally being used at Almaty from the time of construction of the prototype
masonry building (Figure 3.2). The walls were built having a continuous bond with both the bed
and head joints filled to have 10 mm mortar thickness. Before conducting the wall testing, all wall
specimens were cured for 28 days after all construction processes were completed, including

applying LWECC retrofits for retrofitted walls.
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Figure 3.2: Pattern of wall construction

Retrofitting of RW-1 and RW-2 was done using LWECC RF-1 and RF-5, respectively.
The LWECC was directly applied on the wall specimens by trowelling the composites on a
moistened brick wall face to ensure effective bonding between the wall surfaces and the LWECC,
forming 15mm thick layers on both surfaces of the walls (see Figure 3.3). The curing process was
done by a daily sprinkling of water on the surface for 28 days leading to testing. Detailed properties

of construction materials are presented in Section 3.4.

Figure 3.3: Pictures showing the process of applying LWECC retrofit layers over wall
specimens
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Figure 3.4: Dimensions of wall specimens: (a) Unretrofitted masonry wall (URW); (b) RF-1

LWECC retrofitted wall (RW-1); (c) RF-5 LWECC retrofitted wall (RW-2)

3.3 Test setup and loading procedure

Large-scale In-plane masonry wall testing was carried out on all three wall specimens in
the Engineering and Construction Laboratory (block C4) at Nazarbayev University, Astana,
Kazakhstan according to the test setup shown in Figure 3.5. The foundation beams for the walls
were fastened to the laboratory’s strong floor utilizing four high-strength post-tensioned steel bars
with high-strength reactive powder concrete (RPC) positioned at the footing level of both sides
reacting against small reaction steel frames secured to the solid floor. These RPCs (see Figure 3.5)

served as horizontal antiskid, preventing the foundation from sliding during testing.

The test was conducted by applying cyclic lateral loadings to the walls with a total constant
vertical load (gravity loads) of 248kN. The vertical electrohydraulic-controlled actuator was
utilized in applying a vertical load on each wall specimen to a force of 227kN. The combined
weight of the concrete and steel beams placed on the wall is 21 kN. To avoid stress concentration,

the steel beam was used to distribute the axial load from the vertical actuator uniformly on the cap



26

beam with the aid of sand bedding placed between the steel and concrete beams. The influence of
friction and any possible out-of-plane movement of the loading beams was minimized by fixing
steel rollers in between the vertical actuator and the rigid steel frame. The constant axial load which
induced an approximate average compressive stress (co) of 0.51MPa was maintained, representing
the axial stress on the prototype wall with 3-story above. Cyclic lateral force was applied to the
top left end of the wall through the concrete cap beam by the horizontal electrohydraulic controlled

actuator with 1000 kN capacity in pushing and 600 kN capacity in pulling.
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Figure 3.4: Setup for In-plane cyclic load Test
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Figure 3.5: Photo of the test set-up
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Figure 3.6 shows the cyclic quasi-static loading protocol used in evaluating all specimens.

Using the horizontal actuator, the wall specimens were initially subjected to one cycle of lateral

load moving under computer load-controlled steps at a loading rate of 1 kN/sec, loaded to 40 kN.

The procedure was then switched to computer displacement-controlled steps, subjecting the

specimens first to one cycle per displacement step at a loading rate of 1 mm /min up to £2 mm and

three cycles per displacement step at a loading rate of 2 mm /min until failure.
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1 3 cycles per

- cycle displacement loading
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Figure 3.6: Loading Protocol

Table 3.2: Loading Sequence

Pattern Step Number of Cyclic Displacement
Cycles (mm)
L L 1 *40 kN
2 2 1 1
3 1 1.3
4 1 16
S 1 18
3 3] 3 2
7 3 3
8 3 4
9 3 5
10 3 6
11 3 7
12 3 3
3 Additional increments of 2

mm (until failure)
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Figure 3.7 show the displacement time histories of all wall specimens relative to the data points
taken for the completion of each cycle, also indicating the pausing periods during the test for the

recording of obtained result data.
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Figure 3.7: Displacement time history for wall specimens: (a) URW; (b) RW-1; (C) RW-2

3.4 Material Properties
3.4.1 Brick Units

According to the Kazakhstan Industry Standard used in the construction of URM buildings
in the Almaty region of Kazakhstan, solid clay brick units of 245 mm x117.5 mm x 60 mm (length
x thickness x height) dimensions were used in the construction of the URM wall specimens. The

compressive strength of the units (f) was determined by placing half length of the clay brick into
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a UTM and conducting compression strength tests on five samples according to ASTM
C67/C67M-21 [41]. The tests were conducted with rubber pads placed between the samples to
ensure uniform transfer of load on the bricks and subjecting it to axial load until a point when no
further increase in axial load is observed, as shown in Figure 3.8. The compressive strength was
evaluated by dividing the maximum load at failure by the area of contact between the sample and
machine testing plates. Five brick samples were tested, and their average strength was 11.39 MPa,
with a standard deviation of 1.45 MPa (see Table 3.3).

Figure 3.8: Compression test conducted on brick units.

fo= = (3.1)

Where f, represents the compressive strength of clay brick, F represents the peak load
applied on each brick before crushing, and A is the surface area of the brick on which load is
applied.

Table 3.3: Compressive strength of clay bricks

Compressive Average compressive

Sample Dir(nrﬁ?:,)ion ('rb‘nr:% Pezz\llzl\llc))ad Strength (fo) strength (fb)
(MPa) (MPa)
1 117x123 14391 182.76 12.70
2 117x123 14391 188.51 13.10
3 117x123 14391 142.25 9.88 11.39
4 117x123 14391 147.48 10.25
5 117x123 14391 158.29 11.00
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3.4.2 Mortar

Low-strength mortar of mix proportions 1: 3.75: 0.821 (cement: sand: water) by weight
was used in the construction of the wall specimen. During wall construction, cube samples were
taken for each layer of the wall, and standard 50 mm x 50 mm x 50 mm cube mortar samples were
produced for testing, with 6 specimens produced from each mixture made for the construction of
each wall specimen. These specimens were stored in ambient air conditions with dry curing done
to closely mimic that of the mortar used in the wall construction. Testing of mortar samples was
conducted after 28 days and on the day of wall testing using the concrete crushing machine at the
concrete construction laboratory in the concrete construction laboratory. Figure 3.9 show the

testing of mortar compressive strength being carried out in the laboratory.

The mean compressive strength, (fc mortar) Of the mortar cubes of each wall layer after 28
days and on the day of the wall testing are shown given in Table 3.4. The mean compressive
strength of the mortar used in the construction of wall specimens (URW, RW-1, & RW-2) at the
time of in-plane wall testing is 4.52 MPa, 5.61 MPa, and 5.41 MPa with coefficient of variation of
23.14%, 24.18%, and 22.64% respectively. The mortar strength results are given in Table 3.4 and
Figure 3.10.

Figure 3.9: Pictures showing the compressive strength test conducted on mortar samples
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Table 3.4: Average compressive strength of mortar for wall layers

Layer URW RW-1 RW-2
No. 28 days 59days 28 days 58 days 28 days 58 days
1L 62.04 62.04 7.61 7.61 2.56 2.66
2L 5.39 5.39 7.61 7.61 2.56 2.66
3L 3.45 3.45 7.61 7.61 3.67 5.79
4L 2.90 2.90 5.48 5.48 3.67 5.79
5L 5.28 5.28 5.48 5.48 3.67 5.79
6L 4.73 4.73 4.82 4.82 551 6.55
7L 4.24 4.24 4.82 4.82 551 6.55
8L 3.79 3.79 6.04 6.04 3.72 4.22
oL 3.79 3.79 6.04 6.04 3.72 4.22
10L 6.55 6.55 6.00 6.00 5.72 6.20
11L 6.55 6.55 6.00 6.00 5.72 6.20
12L 441 441 5.88 5.88 5.72 6.20
13L 441 441 5.88 5.88 6.84 5.22
14L 3.92 3.92 3.49 3.49 6.84 5.22
15L 3.92 3.92 3.49 3.49 5.07 5.25
16L 4.41 4.41 3.49 3.49 5.07 5.25
7.0

6.0

5.0
4.0
3.0
2.0
1.0
0.0

URW RW-1 RW-2
Wall Specimen

Compressive strength (MPa)

Figure 3.10: Average compressive strength fc mortar Of mortar on day of wall testing
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3.2.3 Lightweight Engineered Cementitious Composite (LWECC)
3.2.3.1 LWECC Design Mix Proportions

For retrofitting of masonry walls, two lightweight engineered cementitious composites
(LWECC) mix designs were prepared for retrofitting of wall specimens RW-1 and RW-2, and the
proportions are outlined in Table 3.5. The material mix proportions were selected based on mix
designs presented by Wang and Li [35], and Zhu et al [42].

Table 3.5: Mix proportions of LWECC

PVA HPMC™  SP

Mi OPC Sand S15  Wat
ix an ater (% vol) %) (%)
RF-1 1 0.165 0.60 0.40 2.0 0.15 1.0
RF-5 1 0.500 0.15 0.70 2.0 0.20 2.0

* 0% content of cement

A summary of material properties used in the preparation of LWECC can be found in Table
3.8. High-strength grade 500 Ordinary Portland Cement, OPC (CEM I 42.5) with a specific gravity
of 3.15 is used as the cementitious material of the matrix. The sand used is standard silica sand
with a specific gravity of 2.4 which is within the gradation limits of sand for mortar sand and
according to the gradation chart in Figure 3.11 falls within the upper bound of the sand gradation
(between G-Left and S-left).

GRADATION

Figure 3.11: Sand gradation



Table 3.6 show the properties of the Glass Micro-hollow Bubble represented as S15, which

was used in the partial replacement of sand as the aggregate of the LWECC to achieve the

lightweight properties of the composite. High-range polycarboxylate-based superplasticizer

(BASF Glenium ACE 80) is used as a water-reducing additive to increase the workability of the

composite. To prevent segregation and bleeding of the wet mix prior to the addition of fiber and

to ensure appropriate dispersion of fibers, industrial-grade hydroxypropyl methylcellulose

(HPMC) is employed as a viscosity modifying agent.

Table 3.6: Properties of S15

unit
Typical true specific gravity 0.15
Thermal conductivity 0.055 (W/m.K)
Particle size range 25-90 (um)
Median Particle size 55 (um)
Isostatic crush strength 2.1 (MPa)
Table 3.7: Properties of PVA fiber
Length Diameter Tensile Young's Elongation Density
(mm) (um) strength modulus (%) (kg/m?)
(MPa) (GPa)
12 40 1600 40 22.1 1300

Short Polyvinyl alcohol (PVA) fiber from Kuraray Co. Ltd, Japan which has a specific

gravity of 1.3 and consists of 1.2% oil mass surface coating to reduce chemical bonding with the

cementitious matrix was used in the reinforcing of the cementitious matrix to achieve the strain-

hardening. The properties of the PVA fiber are shown in Table 3.7.
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Table 3.8: Summary of materials properties for LWECC

Material Type Abbreviation Density
Ordinary Portland Cement CEM 142.5H OPC 15
Sand Silica sand S 2.4
Glass Bubble Micro-hollow glass bubbles S15 0.15
Water - W 1.00
Fiber Polyvinyl alcohol fiber PVA 1.30
Viscosity Modification Agent Hydroxypropyl HPMC -
methylcellulose
Superplasticizer BASF Glenium ACE 80 SP -

3.2.3.2’Mixing and Curing of LWECC

All mixtures were prepared in a pan mixer of 40 liters effective capacity. The mixing of
the LWECC was done in 3 batches of 14 liters volumes for each side of the wall face. The mixing
procedure involved mixing OPC with a mixture of SP and 50% of the required water for 1 min.
Sand, S15, and HPMC were added and mixed for 3 mins to reach the proper fluidity of the matrix.
The mixer was stopped with all samples scrapped from the sides of the mixer within 5 mins.
Finally, fibers and the remaining amount of water were added into the mortar and further mixed
for 9 mins to ensure good constituency and dispersion of the fiber. The fresh mixture was
immediately trowelled onto the surfaces of the retrofitted wall to the required thickness of 15mm
on each face with (100 mm diameter x 200 mm length) cylinder samples and 50 mm thick dog-
bone samples (with dimensions shown in Figure 3.12) cast for conducting of compressive and

tensile strength tests respectively. Table 3.9 shows the summary of the mixing process.

Table 3.9: Summary of LWECC mixing process

Steps Mix ingredients for each step Duration (S)
Step 1 OPC + 0.5W + SP 60

Step 2 Sand + S15 + HPMC 180

Step 3 Stop and scrape the sides of the mixing bowl 300

Step 4 0.5W + PVA 540

To closely attain the same properties between the LWECC samples and that trowelled on

the masonry wall, the cylinder, and dog-bone samples were constantly moistened every day with
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water sprayed on the LWECC samples and stored under normal room temperature until the day of
testing. Figures 3.13 & 3.14 show both dog-bone and cylinder samples prepared for testing during
the mixing of the LWECC for the retrofitting of RW-1 and RW-2.
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Figure 3.12: Schematic diagram of dog-bone samples

Figure 3.14: Cylinder samples cast during retrofitting of wall specimens
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3.2.3.3 Mechanical Properties of ECC

Compressive Strength Test

The compressive strength of the design mixes was measured using uniaxial compression
tests on the cylinder samples, performed a day before wall testing to obtain the compressive
strength of the composite at the time of the wall test. The tests were performed with a 2000kN
hydraulic servo universal testing machine in accordance with the procedure described in ASTM
C39/C39M-21 [43]. As shown in Figure 3.15, two linear variable differential transformers
(LVDTs) were used to monitor the uniaxial deformation on both sides of each sample while testing.
Displacement mode of load control was employed as the loading method with a loading rate of
Imm/min. The average compressive strength, fc Lwecc obtained for the LWECC retrofits (RF-1 &
RF-5) are 27.10 MPa, and 11.13 MPa with a coefficient of variation of 1.49% and 8.38%

respectively, and is displayed in Figure 3.19. Figure 3.16 show the compression stress-strain curves

for each mix.
g i .-~“:: -,'f" Wi ; %‘% A . T— | #_ "
Figure 3.15: LWECC uniaxial compressive strength testing
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Figure 3.16: Compression Stress-Strain curves for Cylinder samples: (a) RF-1; (b) RF-5
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Direct Tensile Test

To evaluate the tensile properties of the LWECC specimens, direct tensile tests were
performed on three samples a day before wall testing to obtain the tensile strength of the composite
at the time of the wall testing. Direct tensile testing was chosen to test for the composites’ tensile
strength so the strain-hardening behavior of the composite can also be obtained. The specimens
were air-dried for 24 hours before testing to eliminate the influence of moisture during testing. The
tensile tests were carried out using a displacement-controlled mode on a 1,000 kN hydraulic servo
universal testing machine with a loading rate of 0.5 mm/min, with both ends of the extensometer
exactly positioned at the top and lower border of the testing region depicted in Figure 3.17. The
maximum tensile forces each sample could withstand were measured by the load cell while an
extensometer of 100mm gauge length measured the tensile/axial strain of the dog-bone samples.
The ends of the dog-bone samples were strengthened with instant hardening epoxy glue to avoid

cracking outside the measured region.

Figure 3.17: Direct tensile strength testing on dog-bone samples

The average tensile strengths of RF-1 & RF-5 are 3.75 MPa, and 2.63 MPa with a
coefficient of variation of 6.00% and 14.32% respectively, and are presented in Figure 3.19. The

tensile stress-strain curves for both LWECC mixes are presented in Figure 3.18, indicating high
strain-hardening capacities with average ultimate tensile strain capacities (€t,) of 1.48% and 1.80%

for RF-1 and RF-5 respectively.
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3.5 Wall Instrumentation

The test walls were instrumented with five linear variable differential transformers
(LVDTs) and four string potentiometers to measure the horizontal top displacements, all
deformations, uplifts, and crack propagations experienced by each wall specimen. The locations

of the test instrumentations are shown in Figure 3.20.

String potentiometers 1 & 2 were installed along both transverse sides of the wall to
measure transverse deformations undergone by each wall during testing. String potentiometers 3
& 4 were installed at the wall sides from the top beam to the top of the foundation beam to quantify
the uplifts at both sides of each wall specimen. LVDT 1 & 2 were installed near the wall edges 80
mm above the bed joints to measure uplifts at both ends of the wall toes induced by the rocking
failure. LVDTs 3 & 4 were mounted at the ends of the foundation beams to monitor any possible
sliding of the foundation beams during the wall test, and LVDT 5 was mounted at the top left end
of the wall opposite to the horizontal actuator to measure the horizontal top displacement of each

wall specimen.
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Figure 3.20: Instrumentation setup for wall specimens before conducting of wall test
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Chapter 4: Results and Discussions
4.1 Force-displacement response

The lateral force-displacement response of tested wall specimens URW, RW-1, and RW-2
are illustrated in Figure 4.1 in the form of hysteresis loops. The hysteretic response of all wall
specimens was approximately linearly elastic in behavior from the initial loading until the peak
load. The shape of the hysteresis loop widened due to the occurrence of cracks within the walls.

After the peak lateral force, the shape of the loop curves for URW became quite wide,
especially in the application of positive lateral force. This resulted from the presence of wall uplifts
at both sides of the wall and toe crushing at the west end of the wall. There was also a sudden loss
of lateral strength at the last cycle of 20mm displacement due to no more adequate shear resistance
in the wall which resulted in the termination of the test for safety purposes. However, RW-1 and
RW-2 were able to undergo more cycle loading after the occurrence of cracking and attainment of
maximum lateral force resulting in the gradual widening and tilting of the hysteresis loop to the
horizontal axis. When the LWECC retrofit stripes began experiencing shear cracking, the pattern
of the hysteresis loops became similar to the pattern of the un-retrofitted wall specimen but was
able to under more loading resulting in more cycles in the hysteresis loop. This was possible as
there was no significant and/or sudden failure in the LWECC retrofit even after the attainment of
the maximum lateral force which was expected due to the high displacement capacity of the
LWECC stripes resulting in the termination of the test for RW-1 and RW-2 at 16 mm and 22 mm
displacement loading respectively.

Figure 4.1 shows that URW was able to attain a maximum lateral force resistance of 237.9
kN and 272.03 kN on the positive and negative sides respectively. RW-1 was able to attain a
maximum lateral force resistance of 258.51 kN and 281.42 kN on the positive and negative sides
respectively, while wall RW-2 attained maximum lateral force resistance of 272.47 kN and 281.37
kN respectively. This shows an approximately symmetrical behavior in both the positive and
negative directions for all wall specimens with an increase of 6.06% and 8.98% in the lateral force

resistance for RW-1 and RW-2 respectively.



41

Drift [%5] Drift [%]
.67 083 0 0.83 167 - .
300 300 1'.67 0.‘83 0 0'8.3 1.§?
(a) (b)
= =
= 100 ¢ @ 100
= o
S )
w 0 L 0
m ™
E 100 ¢ E -100
m ©
— 200 ¢ =1 .200
300 L— : - : : -300 — : :
-20 -10 0 10 20 20 10 0 10 20
Displacement [mm] Displacement [mm]
Drift [%]

-1.§T -0.83 0. 0.83 1.67

300
200 |

100 |

=100 |

Lateral Force [kN]
(=]

-200 |

-300 : - - :
=20 -10 0 10 20
Displacement [mm]

Figure 4.1: Hysteretic curves of the wall specimens: (a) URW; (b) RW-1; (c) RW-2

The hysteresis loop for each wall specimen is divided into stages of elasticity and presented
in Figures 4.1-4.3, with pictures of the wall for positive and negative loading at the end of each
elasticity stage shown. URW exhibited elastic behavior from initial loading until 0.25% drift,
plastic behavior after 0.25% drift until 0.42% drift when the wall achieved maximum lateral load
then large deformations exhibited by large hysteresis loops until ultimate failure at 0.83% drift.
Similarly, RW-1 exhibited elastic behavior until 0.25% drift, but the LWECC retrofit (RF-1)
extended the plastic region to 0.67% drift where it achieved maximum lateral load after which
large hysteresis loops were observed indicating large deformations until ultimate failure at
1.35%drift. Retrofitting of specimen RW-2 with RF-5 retrofit resulted in the wall exhibiting elastic

behavior until 0.67% drift when the wall achieved maximum lateral load before switching to



42

plastic behavior and exhibiting expanded hysteresis loops from 1.01% drift, which appeared to be
narrow than previous walls until ultimate failure at 1.85% drift.

Figure 4.2: URW hysteresis loop stages
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Stage 3: 6 — 9 mm displacement
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Figure 4.3: RW-1 hysteresis loop stages
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Stage 2: 3 -10 mm displacement
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Figure 4.4: RW-2 hysteresis loop stages
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Stage 3: 12 -20 mm displacement
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The lateral load—displacement responses for each wall specimen are presented in the form
of backbone curves and are shown in Figure 4.5a. The backbone curves are derived from the
hysteresis loops by connecting each point of maximum load for the force-controlled stage and the

maximum displacement for the displacement-controlled stage during the first cycle of each loading

step.
300 T " . : .
;( e I:max __________
— 200 £ A |
P4 s E L |
= 4 u " 0.85F I
o 100 ¢ b § | max|
o * | |
S o 0.7F_ | ! |
L magx | | |
— - | |
©
o -100 | 52 |/ | |
© o o [ [
-200 r i 45 | | |
—— RW-1 S |k | |
RW-2 | | |
-300 L— : :
-20 -10 0 10 20 A0.7Fm AFmax Au
Displacement [mm] Displacement [mm]
(@) (b)

Figure 4.5: (a) Backbone curve of wall specimens; (b) Idealization of backbone curve

The in-plane wall response parameters were computed from the backbone curves and a

brief of the calculated parameters is presented in Table 4.1. The response parameters are presented
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for both the positive and negative cycles. The backbone curves were used to obtain parameters at
key points along the backbone curves of the wall specimens and this key parameter is illustrated
in an idealized curve shown in Figure 4.5b. The ultimate shear resistance F, for each wall is
determined at a lateral load corresponding to 85% of Fmax (Equation 4.1), where Fmax is the
maximum load attained by the backbone curve. The walls’ ultimate displacement capacity Ay was
computed as the displacement corresponding to 15% Fmax Strength degradation (Equation 4.2). The
ultimate drift capacity of each wall specimen is represented as the ratio between the ultimate
displacement capacity and height of each wall specimen, expressed in percentage (Equation 4.3).
The effective stiffness ke denotes the experimental backbone curve’s secant stiffness at the
development of the first major cracks that alter the curve’s slope. Different research in the past has
proven that such cracks typically occur at approximately 60-80% of the shear strength [24], [44].
Therefore, the effective stiffness was determined from the secant of the experimental backbone
curve at 0.7Fmax according to Equation 4.4 and reported in Table 4.1.

Fu - 085Fmax (41)
Ay= A0.85Fmax (4.2)
T
8y = 3 3)
.7F,
k, = 0.7Fmax (4.4)
Bo.7Fmax

Where 0.85F;,,, corresponds to 85% of the maximum lateral force, Aggsp,,,, is the
displacement corresponding to 15% drop of the maximum lateral force on the backbone curve,
hw is the wall height, 0.7Fmax correspond to 70% of the maximum lateral force from start of the
backbone curve, and A gsr,, .. is the displacement corresponding to 15%drop in the maximum

lateral force.

4.2 Displacement ductility capacity

The determination of the walls’ displacement ductility factor is the ratio of the wall’s final
displacement over the yield/elastic displacement (Equations 4.5), in accordance with the method
adopted by Mahmood and Ingham [10]. It allows for the description of a structural component

beyond its elastic range.
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Ay

» (4.5)

H:

where Ay is the ultimate displacement calculated for each wall specimen. Ae is the
displacement required to reach the ultimate lateral force and is defined as the ratio of the ultimate

shear resistance, Fy, to the effective stiffness, ke.

The ductility capacity varied significantly among all evaluated wall specimens (Table 4.1,
with a high percentage increase in the retrofitted wall specimen to average values of 151.91% and
151.18% for RW-1 and RW-2 respectively. The high increase in displacement ductility value is
an indication of the high efficiency of hand-trowelled cementitious composite in significantly
improving the displacement capacity of URM walls, confirming the conclusion presented by Lin
et al. about having higher ductility for hand-trowelled retrofit compared to when the shotcrete is

sprayed [31].

Table 4.1: In-plane wall responses parameters for wall specimens

% % % %
Wall Fmax Fu Au Ou Ke Ae M . . . .
; o i increase increase increase increase
Specimen (kN) (kN)  (mm) (%) (KN/mm) (mm)  [] in . in A in Ke in
+ve 23790 20194 9.20 0.77 63.36 319 289 - - - -
URW
-ve 272.03 226,53 9.07 0.76 46.67 485 187 - - - -
+ve 25851 219.73 1501 1.25 94.49 233 6.46 8.81 63.12 49.15 123.58
RW-1
-ve 28142 239.21 16.00 1.33 78.28 3.06 5.24 5.60 76.43 67.73 180.24
+ve 27247 23160 2200 1.85 76.59 3.02 728 14.69 139.06 20.89 151.99
RW-2
-ve 281.37 239.16 18.73 1.57 59.74 400 4.68 5.58 106.50 28.01  150.37

4.3 Failure mode and damage development

The full progression in crack patterns and damage development for all three wall specimens
are shown in Appendix A. Generally, the wall specimens exhibited two flexural failure modes
(toe-crushing and rocking). URW illustrated in Figure 4.6 URW experienced an initial rocking
failure that extended across the entire length of the wall with the uplift occurring from the base at

both ends of the wall until the cracks along the wall base met at the center. This led to crushing at
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the toe towards the west of the wall specimen. At a large wall drift, in-plane sliding was observed
around the toe which resulted in instability from out-of-plane movement (Figure 4.6¢) due to the
loss of constraint between the wall and its foundation.

Figure 4.7 show key points of damage development during the wall testing with flexural
cracks appearing along both sides of the wall beds at 0.25% drift, the flexural crack progressed
inwards to through the point when the wall experienced until 0.5% drift when the cracks had
progressed to meet causing the wall to begin experiencing crushing at the left toe with some

amount of out-of-plane sliding.

Figure 4.6: Failure mode of URW
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Figure 4.7: Damage progression for URW specimen
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RW-1 experienced limited rocking behavior, crushing of toes on both sides of the wall,
with spread-out damage cracks across the wall’s body (Figure 4.8) but due to constraints provided
by the LWECC retrofit, there was no out-of-plane moving by the wall. Flexural cracks were fully
developed and distributed over the entire length of the wall with the specimens acting as a rigid
body rotating about the toes. As the lateral load continually rose, both toes also continuously
became crushed resulting in the instability of the wall.

RW-2 exhibited similar rocking behavior as the URW, followed by less severe toe damages
at a much larger drift and few shear cracks across the wall (Figure 4.9). The presence of fewer
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fully developed cracks distributed over the entire wall indicated the retrofit’s weak capacity in
resisting flexural stress resulting in rocking failure and same as with RW-1, the LWECC retrofit
prevents an out-of-plane movement of the wall. This results from the low-strength, super
lightweight RF-5 material having more seismic displacement capacity due to its lower stiffness
and high tensile strain-hardening properties. The key stages in the progression of damage
development for the retrofitted wall specimens corresponding to applied lateral force and drift
capacity are shown in Figures 4.10 and 4.11.

- I8
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-
« s |
. Displacement = ! l

Figure 4.9: Failure mode of RW-2




Figure 4.10: Damage progression for RW-1 specimen
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Figure 4.11: Damage progression for RW-2 specimen
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Force:
+214.8kN

Drift:
1.85%

4.4 Flexural failure

Measurements from the string potentiometers 3 & 4 fixed at both sides of the wall
specimens as displayed in Figure 3.20 from the instrumentation setup measured the uplifts (vertical
displacements) experienced by the walls at both sides with uplift at the west and east side denoted
as wall uplifty and wall uplift. respectively. Figure 4.12 illustrates the wall uplifts of URW, RW-
1, and RW-2 respectively. URW was able to attain a maximum wall uplift of approximately 5 mm
and 7.5 mm before the ultimate failure of the wall specimens for the negative and positive loading
directions respectively. RW-1 and RW-2 attained wall uplifts of approximately 6 mm, 19.5 mm,
and 11 mm, 18 mm for the negative and positive loading directions respectively.
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Measurements from LVDTs 1 & 2 installed 80 mm above the bed joints of the wall
specimens as shown in the instrumentation setup in Figure 3.20 measured the vertical uplifts at the
wall toes with toes uplift at the west and east side denoted as Toe uplifty and Toe uplift,
respectively. Figure 4.13 illustrates the toe uplifts of URW, RW-1, and RW-2 respectively. URW
shows a negative uplift of 2 mm for toe uplift; indicating the presence of toe-crushing at the west
part of the wall bed while toe uplift. shows a limited negative uplift signifying the non-occurrence
of toe-crushing toward the east of the wall bed. RW-1 showed negative uplifts at both sides
indicating the toe-crushing failure at both ends of the wall beds.

Using the uplifts results, the wall and toe rotations (&) were determined following Equation
4.7 by dividing the difference between uplifts from both sides of each wall specimen by the length
of the wall specimen. The rotation was calculated using both the wall and toe uplifts. The moment
resistance Mg from the experiments was determined according to Equation 4.6 by multiplying the
lateral force (F) applied to the wall specimen with the total height (hw) of the wall specimen. All
specimens were able to withstand approximately equal moments before failure, but RW-1 and
RW-2 exhibited larger rotation capacities of an approximate average capacity of 100 % and 266.67
% respectively. This further confirms the ability of the LWECC retrofits used in the strengthening

of the wall to improve the deformation capacity of URM walls.

_ Up-U;
o= Ul @

Where, 6 represents wall and toe rotations and U1 and U2 represent wall and toe uplifts at

the west and east of the walls respectively, and L represents the length of wall specimens.
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Figure 4.14: Moment vs. rotation graphs for wall specimens: (a) URW; (b) RW-1; (c) RW-2
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Figure 4.15 indicates the influence of the different failure modes experienced by the wall
specimens. URW having large and sudden rotations after the displacement at which the wall
experienced its maximum lateral load (6mm) indicates sudden failures resulting from large
changes in the relative height of the wall at both sides due to lifts and toe crushing of the wall.
Sudden drops in displacement are also observed, indicating the presence of sliding within the wall
as was shown in section 4.3 with the wall moving out-of-plane. RW-1 (Figure 4.15b) showed large
changes in the rotation due to the presence of rocking failure from wall uplifts and toe-crushing
failure on both sides of the wall but the presence of the LWECC retrofit was able to prevent these
failures till the point when 10mm displacement-loading was applied to the wall. RW-2 (Figure
4.15c) showed no sudden change in rotation at any applied displacement loading with a uniform
displacement-rotation slope, indicating a pure rocking failure mode experienced by the wall. No
sudden drop in displacement is observed at each rotation confirming that the retrofitting of the wall

prevented any form of sliding of the wall.

RW-1 showed less rotation at each displacement compared to URM verifying the limited
rocking behavior of the wall while RW-2 showed larger rotation verifying the concentrated rocking

behavior of the wall.

4.5 Shear deformation

To probe for the shear deformation of the wall specimens, a graphical representation of the
shear stress vs shear strain relationship is presented as shown in Figure 4.16. Shear stress, T and
shear strain, y? experienced by the wall were calculated according to Equations 4.8 respectively.
The calculation for the shear strain was done using information gotten from the string

potentiometer 1 & 2 installed diagonally to the wall specimens.

T = A_s (4.8a)

Vi’ = a;—ag (4.8b)
2 2 72

a = cos™ ! (%) (4.8¢)

Where F denotes the lateral force applied to the wall at the time of shear stress

determination, As is the surface area of load application, H represents the difference in height
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between the string potentiometers, W denotes the horizontal length of the string potentiometers,
and L is the diagonal length of the string potentiometers. H, W, and L are all determined at each

time of lateral load application representing the change in the deformation of the wall.

RW-1 showed more shear deformation compared to other walls due to the presence of
diagonal shear stresses that created more spread-out shear cracks across the wall. RW-2 had more

shear deformation compared to URM from a few shear cracks shown on the wall but less than

RW-1 due to the rocking failure experienced by the wall.
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Figure 4.16: Shear stress vs. shear deformation graph: (a) URW; (b) RW-1; (c) RW-2

4.6 Stiffness Degradation

Stiffness degradation is a crucial measure needed for assessing masonry walls' cyclic

response and seismic performance. Masonry is an inelastic structural material and does not exhibit
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elastic behavior, even when subjected to minor deformations. However, the masonry walls’
stiffness was practically defined as the slope of the first cycles of the hysteresis loop, calculated as

the ratio of lateral loads to displacements.

With the degree of stiffness degradation dependent on the damage of the wall specimens,
the secant stiffness kg, for each cycle of the wall specimens was estimated with the intention of
analyzing the development of damage during loading. According to the relationship in Equation

4.9, the secant stiffness at each loading cycle, kg, was determined.

_ (HFil+H=FiD)
SET (140l +1=04]) (4.9)

where +F; represents the positive and negative peak lateral force of the first cycle of the it
loop and +A; denotes the equivalent displacement under the it loop. The relative secant stiffness,
calculated as the ratio of the secant stiffness to the initial secant stiffness was derived also using
the lateral secant stiffness. Figure 4.17 shows the wall stiffness and relative secant stiffness at each

displacement level.

100 : ; 1.2
—o— URW @ —o— URW
80 | ——RW-1 || 21 —o—RW-1 |1
RW-2 & RW-2
(7] "“ - 0 8 L ]
(7] on Y-
g 60 £
£ \ 506
7] \ o
% 40 + N »n Q
E \V\\ 204 N\
20 | TN K
BN o 0.2
14
0 : : : : : : 0 : : : : : :
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Displacement [mm)] Displacement [mm]
(@) (b)

Figure 4.17: (a) Stiffness curves of wall specimens; (b) Relative secant stiffness curves of wall

specimens

Figure 4.17a show higher stiffness for RW-1 and RW-2 than URW at their corresponding
displacement with the retrofitted specimens being able to reach lower stiffness before failure. RW-

1 had higher initial stiffness, increasing the wall’s resistance to the flexural stresses generated at
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the bottom of the walls, resulting in the creation of distributed shear stress across the wall. Figure
4.17b which represents the stiffness degradation of each wall specimen indicating that RW-1 and
RW-2 had a lower reduction in stiffness at the same displacement, invariably causing an increase
in the displacement capacity. The reduced rate of stiffness degradation for the retrofitted specimens
resulted from the ductile properties of the applied LWECC overlays improving the strain capacities

of the walls according to the stain capacities of its overlays.

Figure 4.17 showed that URW had lower initial stiffness with higher degradation of the
stiffness which resulted in the sudden failure of the wall. The retrofitted wall specimens had higher
initial stiffness with low stiffness degradation due to the application of LWECC which improved
the ductility and displacement capacity before the ultimate failure of the wall even at lower
stiffness. Despite RW-1 having higher initial stiffness due to the higher strength of its LWECC
retrofit, RW-2 had lower stiffness degradation which resulted in the specimen having more
displacement capacity than RW-1. It confirms the approach of retrofitting URM walls with
LWECC is effective in preventing the sudden failure of URM walls even at extremely low
stiffness, decelerating the rate of damage to the walls.

4.7 Energy dissipation capacity

The walls’ ability to dissipate energy is an essential parameter in evaluating their seismic
performance by calculating the cumulative energy dissipation in the first loop of each displacement
loading cycle of the hysteresis curves. The energy dissipation is the ratio of the area enclosed by
the hysteresis loop (Ep) loop created for each first cycle to the input energy (the horizontal distance
moved by the horizontal actuator from the positive to the negative applied displacement) as shown
in Figure 4.18a.

The cumulative dissipated energy of all wall specimens is shown in Figure 4.18b. All wall
specimens displayed similar energy dissipation at the initial stage of cyclic loading before the
occurrence of any form of failure. The control wall specimen displayed superior energy dissipation
capacity at corresponding displacement to the retrofitted walls after the control wall attained peak
lateral force while the retrofitted walls experienced lower energy dissipation compared to URW

due to LWECC overlay absorbing part of the stresses witnessed by the walls.
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This results from URM walls being able to dissipate more energy through the occurrence
of significant damage caused by shear-induced failures like the rocking and toe-crushing failure
which occurred in the control wall specimen, whereas the retrofitted wall specimens only
generated slightly distributed damages across the walls which was limited to toe crushing and

rocking failures for specimens RW-1 and RW-2 respectively.
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Figure 4.18: (a) Schematic diagram on the determination of dissipated energy; (b) Cumulative

energy dissipation curves of wall specimens

RW-1 showed more energy dissipation as compared to RW-2 due to the spread-out damage
cracks observed across the wall’s body. RW-2 showed the least energy dissipation resulting from
rocking failure experienced by the wall with the wall rotating about its toes.

The cumulated energy dissipation of RW-2 was lower than that of RW-1 at the same
displacement and increased much more slowly due to RW-1 having its damage spread out more
evenly over the wall’s body while RW-2 had concentrated rocking damage. This can be attributed
to the combined rocking and toes-crushing failures of the RW-1 and the flexural-dominated
rocking failure mode of the RW-2, resulting from RF-5 being able to absorb more shear force to
achieve larger displacements before failure. These results suggested that the energy dissipation
capacity of the specimens is related to the failure modes.
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Chapter 5: Conclusions and Recommendations
5.1 Conclusions

Masonry buildings across history have been one of the most seismically vulnerable
structures. Considering the severe damage from earthquakes, researchers are studying varying
retrofitting techniques to prevent the negative consequences of seismic occurrences. This study
presents the technique of retrofitting URM walls against seismic load through the trowelling of 15
mm thick layers of LWECC on both surfaces of the masonry when subjected to in-plane cyclic
loads. Chapters 1 and 2 highlight how URM walls have poor performance to shear loads especially
those created by seismic activities, and this can be significantly enhanced using appropriate
retrofitting material and methods. Large consideration is placed on the use of LWECC layers for
strengthening URM walls in a typical masonry residential building against in-plane actions

resulting from earthquake loads to earthquake loads.

LWECC was chosen as a promising retrofitting composite due to its high tensile strain-
hardening properties capable of significantly improving the ductile performance of URM walls
due to its lower stiffness when compared to normal-weight engineered cementitious composite.
An additional benefit of the use of LWECC is its multifunctional features which include
lightweight, low thermal conductivity, and high sound absorption ability. The LWECC design
used in this project was selected from the literature to include two mixes of high-strength and low-
strength LWECC whose results were presented in Chapter 3. The LWECC was used to strengthen
two URM walls subjected to in-plane cyclic tests and compared to a plane URM control wall. The
behavior of a series of 0.55 aspect ratio masonry wall specimens retrofitted using one 15 mm thick
LWECC layer on each of both faces of the wall specimens was investigated experimentally and
presented in Chapter 4. The following findings are drawn from the retrofitting of the URM walls
with the LWECC:

» The failure of the URW initiated with rocking, followed by damage at the toes. In-
plane sliding was observed near the toe region at a large wall drift. This sliding also

causes out-of-plane instability and failure of the wall.



68

Trowelling of the LWECC on both faces of the URM wall prevented toe sliding and
out-of-plane instability. Therefore, the wall can undergo more drift without significant
strength reduction and becomes more ductile.

When the strength of applied LWECC is as low as 11 MPa, the wall exhibited similar
rocking behavior as the URW, followed by toe damages at a much larger drift.

For the wall retrofitted with a higher strength (28MPa) LWECC, the rocking is limited
by the higher tensile strength of the LWECC. More spread-out damage cracks were
observed across the wall’s body, which indicates a mixed diagonal shear and rocking
behavior. Although this behavior has a lower deformation capacity of the wall, it shows
much more plastic response and energy dissipation as compared to the wall retrofitted
with the lower strength LWECC.

The LWECC showed good bonding with the URM wall with the material fully bonded
to the walls during and after the wall testing.

The LWECC retrofitting was only applied to the wall surface without proper anchoring
to the foundation since it was not feasible to realize. Therefore, the strength of the
retrofitted walls has only a slight increase as compared to the URW.

The LWECC reinforced wall specimens indicated a considerable increase in the
ductility capacity ranging between 123.58% - 180.24% for RW-1 with the higher
strength LWECC and 151.99% - 150.37% for RW-2 retrofitted with lower strength
LWECC.

The application of the LWECC overlay allowed for an average increase of 69.78% and
122.78% in the ultimate displacement capacity of the walls retrofitted with the higher
and lower strength LWECC respectively. The increase in displacement capacity
resulted from the walls being able to undergo more displacement-controlled loading
before failure. For URW, it was able to attain its ultimate load capacity at an average
displacement of 9.58 mm (0.8% drift). RW-1 reached an average displacement of
15.85 mm (1.32% drift) before ultimate failure. RW-2, experienced ultimate failure at
an average displacement of 20.37 mm (1.7% drift).

The increase in the ultimate lateral load-carrying capacity was less considerable,
achieving an increase in wall shear capacity within 5.60% - 14.69% when each

retrofitted masonry wall was strengthened with RF-1 and RF-5 LWECC samples.
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» RW-1 and RW-2 respectively had increased initial wall stiffness compared to URW
by average values of 58.44% and 24.45%. Relative stiffness degradation comparison
among the wall specimens shows high degradation for the un-retrofitted wall
confirming the brittle nature of URM walls while the application of LWECC (with
good ductile properties) to the walls increased the ductility of the walls resulting in a
reduced rate of stiffness degradation. The increased initial stiffness and reduced rate
of stiffness degradation of the retrofitted wall specimens showed good effectiveness in
improving the displacement and ductility capacities of the masonry walls.

Overall, the experimental results show that lightweight engineered cementitious
composites can significantly enhance the ductility, deformation, and displacement capacity of the

wall, resulting in better seismic performance.

5.2 Recommendations for further research

Consideration should be made to test for the performance of LWECC to shear-dominated
failure modes such as diagonal shear failure by developing wall specimens with other aspect ratios
and axial load combinations. Setup can be made to have adequate anchoring of the LWECC overly
into the foundation to test for improved performance of the retrofit to resist flexural stresses at the
wall’s base, also improving the shear strength capacity. LWECC can also be considered as a
seismic retrofitting material for other structural elements such as slabs and columns. Lastly, a study
on the seismic performance of URM walls retrofitted with green LWECC developed from

sustainable industrial byproducts is vital to also have an eco-friendlier retrofitting technique.
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Appendix A

Figure A.1: Deformation history of URW wall specimen
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Figure A.2: Deformation history of RW-1 wall specimen
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Figure A.3: Deformation history of RW-2 wall specimen
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