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Abstract

In this study, ten shear walls were experimentally tested to examine behaviour of ferrocement hollow shear walls
subjected to axial and lateral loads. Ferrocement mortar (FM) was used to build eight walls, while normal concrete
(NC) was used to build two controls. Walls were lateral reinforced using conventional stirrups, two layers of welded
wire mesh (WWM), and expanded steel mesh (ESM). Two specimens lacked lateral reinforcement except for one
transverse web in the center of the inner hole. Two symmetric groups of five walls each were created by dividing

the walls. While the other group was loaded laterally, one group was loaded axially. In each group, the load-displace-
ment relationship, maximum load and associated displacement, stiffness, ductility, and failure mechanism of FM

and NC walls were compared. The results showed that FM walls provided with ESM and WWM had ultimate axial
loads that were, respectively, 36% and 19% higher than NC control walls. Ultimate lateral loads and related ultimate
drifts of FM walls reinforced with two layers of WWM and ESM were, respectively, 68% and 39%, 96% and 43.5%,

larger than control NC wall. For lateral loads greater than those applied to the NC control wall, stiffness increase ratios
for FM walls ranged from 2.5% to 89.5%, and for axial loads, they ranged from 20% to 150.5%. The ductility of FM walls
increased when compared to NC walls by 58.5% and 158.8% for axial and lateral loading, respectively, when two layers
of WWM were utilized to lateral reinforce FM walls. When two layers of ESM were applied to laterally reinforce FM walls

respectively.

in comparison to an NC wall, this increased the walls’ductility under axial and lateral loads by 110.5% and 214.7%,
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1 Introduction

Because they have a high resistance to lateral seismic
stresses, shear walls are vertical structural components
of systems that resist horizontal forces and are found
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in earthquake zones. The building is safer and sturdier
thanks to the use of these walls. Studying the structural
reaction and their systems in multi-story structures
would, therefore, be highly intriguing. Shear walls need
to be sufficiently ductile to prevent brittle collapse in the
presence of powerful lateral earthquake forces (Greifen-
hagen and Lestuzzi 2005; Orakcal et al. 2009).

Various types of reinforcement for shear walls have
been studied by numerous researchers. Oh et al. (2002)
investigated the impact of boundary zone reinforce-
ment details on the behaviour of 2.0 aspect ratio struc-
tural walls. Slender shear walls were tested by Hube e
al. (2014). According to their findings, the tested walls
broke in a compressive failure manner and reserved
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their predicted flexural capability. Christidis and Trezos
(2017) conducted assessment research on shear walls
that were not designed in accordance with Eurocode
and came to the conclusion that the walls’ nonconform-
ance to contemporary standards had little to no impact
on the evaluated specimens’ ability to bear weight. With
the use of the experimental data, Christidis and Karagi-
annaki (2021) computed the shear and flexure displace-
ment components for four cantilever medium-rise poorly
reinforced concrete shear walls. On RC walls, Altheeb
(2016) carried out an experimental investigation. In con-
trast to other seismically active regions like Turkey and
Greece, the specimens used in this study only had one
layer of vertical and horizontal steel. In New Zealand’s
moderate earthquake zones, RC shear walls employed in
high-rise buildings were put to the test by Lu et al. (2017).
Although the results indicated that one or two base-level
cracks were responsible for the behaviour of the sam-
ples and that they limited the shear walls ability to drift,
bar slip was not studied and measured individually. The
effects of large-scale wall behaviour without particular
boundary features were examined by Motter et al. (2018),
who also suggested modifying the limiting parameters
used in current codes.

Recent years have seen the development of new uses
for ferrocement, including low-cost housing structures.
These applications, though, are still in their infancy. Fer-
rocement is a material that has been created with the
environment in mind. A type of thin wall reinforced con-
crete structure known as a ferrocement uses layers of
mesh with very small wire diameter that are positioned
closely together to reinforce hydraulic cement. The mesh
could be created from metal or any appropriate material.
The openness and tightness of the reinforcing system it is
intended to envelop should be compatible with the fine-
ness of the mortar matrix and its composition. Discon-
tinuous fibres could be present in the matrix (ACI, 1993;
Eltehawy, 2009; Gaba & Singh, 2008; Naaman, 2000;
Wafa & Fukuzawa, 2010; Wang et al., 2004). Due to its
advanced properties, such as its environmental friendli-
ness, tensile strength (Greepala & Nimityongskul, 2006;
Sasiekalaa & Malathy, 2012), flexibility, fine cracking,
impermeability, ductility, toughness, fire resistance, water
tightness, crack resistance, lightness, durability, cost,
time, and construction technology, ferrocement has a
very wide range of applications (Committee, 1997). Many
researches have studied the effectiveness of ferrocement
subjected to compression load (Mansur & Paramasivam,
1990; Shaheen et al., 2016; Xiong et al., 2011).

The use of steel meshes to strengthen the struc-
tural members made of ferrocement was investigated.
Research on lateral reinforcement for square short RC
columns using a single expanded metal mesh (EMM)
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layer combined, in a practical manner, with various
volumetric ratios of ties was presented by El-Kholy and
Dahish (2016). The strength and ductility of the con-
fined columns have improved noticeably with the sug-
gested lateral reinforcement. Additionally, by adding the
EMM layer, it may be possible to significantly lower the
volumetric ratio of the ties without lowering the ulti-
mate load. Shaheenet et al. (2017)’s investigation into
the behaviour of reinforced composite concrete columns
included varied ratios of metallic and nonmetallic mesh
reinforcement. The findings demonstrated that novel
reinforced concrete columns with high strength, crack
resistance, and high ductility properties could be made
using cutting-edge composite materials. Numerous stud-
ies (Ganesan et al., 2011; Kaish et al., 2013; Kaushik &
Singh, 1999; Kondraivendhan & Pradhan, 2009; Li et al.,
2018; Ravichandran & Jeyasehar, 2012; Soman & Mohan,
2018; Xiong et al., 2011) focused on the reinforcement
of columns using layers of ferrocement concrete and
steel mesh, and it was found to be an innovative way to
increase column capacity.

Since the ferrocement has superior mechanical proper-
ties and also the steel meshes improve the capacity of the
structural elements, so that it is important to study the
behavior of steel mesh-ferrocement shear wall compos-
ite. It is worth noting that the behavior of this element
has not been studied before. As a result, the objective of
the current paper is to examine the behavior of ferroce-
ment shear wall strengthened with webs and subjected
to axial and lateral loads. Ten walls with different volume
fractions of steel reinforcement (stirrups, expanded steel
mesh and welded wire mesh) were tested up to failure.

2 Research Significance

Because they have a high resistance to lateral seismic
stresses, shear walls are vertical structural components of
systems that resist horizontal forces and are found in earth-
quake zones. The building is safer and sturdier thanks to
the usage of these walls. Shear walls give buildings a great
deal of stiffness and strength, which effectively lessens lat-
eral displacement of the structure and, as a result, lessens
structural damage. Ferrocement mortar provides higher
mechanical and fresh qualities, cracking control, maximum
capacity, ductility, etc. in contrast to conventional concrete.
It can be used to reinforce ferrocement mortar, which has
the benefit of reducing the number of cracks, by encircling
the concrete core of the shear wall with steel meshes. Addi-
tionally, steel meshes rather than conventional stirrups
are utilized to laterally strengthen the wall to significantly
improve the transverse confinement and hence boost the
wall capacity. Prior research on the structural performance
of cement shear walls exposed to lateral loads was lack-
ing. All huge buildings requiring different construction
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Table 1 Grading of sand and dolomite used
Course Fine
Particle size (mm) 12 9.5 4.75 25 1.25 4.75 2.83 1.41 0.707 0.354 0.177
Pass (%) 97.1 884 13.8 32 16 97.7 89.7 67.5 49 3.8 16
Table 2 Proportions of NC mix NC has compressive and cracking tensile strengths of 37.5
Component  Portland Fine Coarse Water and 2.95 MPa after 28 days.
cement aggregate aggregate

(sand) (dolomite) 3.1.1.2 Ferrocement Mortar (FM) Table 3 lists the propor-
Weight (kg/ 350 665 1330 140 tions of the ferro?emenF mortar (FM) mix. The basic com-
m3) ponents of FM mix are silica fume, polypropylene (PP) fibre,

methods and heavy weights must have a substantial por-
tion of walls in their plans. As a result, this study aims to
comprehend how holing the wall core impacts ferrocement
walls’ behaviour. The primary factors are the type of con-
crete (normal concrete and ferrocement mortar), the lat-
eral shear reinforcement (discontinued stirrups and steel
meshes), the lateral web within the inner hole, and the type
of loading (axial and lateral).

3 Experimental Program

3.1 Materials

3.1.1 Concrete

3.1.1.1 Normal Concrete (NC) In this experiment, con-
trol shear wall specimens were cast using a common
normal concrete (NC) mix with a compressive strength
of 35 MPa. Sand, dolomite that has been crushed, water,
and regular Portland cement are combined to form the
NC mix. The employed cement has a grade of 42.5 and
complies with Portland cement type I. In the current
experiment, natural siliceous sand with a fineness mod-
ulus of 2.91, specific gravity of 2.51, and absorption of
0.50% was used. Crushed dolomite with a specific grav-
ity of 2.4, a fineness modulus of 4.9, and an absorption
of 1.50% was employed as the coarse aggregate. Sand and
dolomite grading is depicted in Table 1. The maximum
nominal aggregate sizes for sand and crushed dolomite
are 4.75 mm and 12 mm, respectively. The proportions of
the NC mix are stated in Table 2. Three cubes (150 mm
on each side) and cylinders (150X 300 mm) were taken
from the NC mix during the casting of NC specimens to
measure the compressive and splitting tensile strengths.

Table 3 Proportions of FM mix

regular Portland cement, water, sand, and superplasticizers.
To reach the desired compressive strength of 35 MPa, the
amount of each element in FC mix is determined in accord-
ance with ACI 549.1R-93 (1997).

It is generally known that this FM mix contains a sub-
stantial amount of cement and is devoid of coarse aggre-
gate. Condensed silica fume in powder form with a light
grey hue was used in place of some of the cement to make
a high-strength mortar. It was used to substitute silica fume
for 10% of the cement’s weight. Fibres without reprocessed
hydrocarbon components that are specifically crafted to
the optimal gradation used as secondary reinforcement in
concrete. A minimum of 0.9 kg per cubic meter must be
applied. Typically, fibres are used to stop cracking caused
by thermal expansion and contraction as well as drying
shrinkage. It was also used to add fibres to concrete, which
increased the concrete’s toughness and residual strength,
decreased concrete’s permeability, increased impact
strength, raised shatter resistance, and improved abra-
sion resistance. To keep the threads from sticking to one
another, polypropylene (PP) fibre was employed in this pro-
ject and gradually added to the FM mix (agglomeration).
Fig. 1 displays the PP fibre in use. PP fibre has a diameter
and length of 0.012 and 18 mm, respectively, according to
the manufacturer. As a superplasticizer, a high-range water
reducer (type A and F) is used (Data sheet of Sika VisCo-
crete 3425 2024). To produce high-quality concrete and
give the concrete mix the necessary workability, superplas-
ticizers are used. The admixture used is a brown liquid with
a density of 1.18 kg/liter at room temperature. The weight
of the superplasticizer is found to be equal to 1% of the
weights of the binder (cement+silica). During the casting
of the specimens, three cubes (150 mm on each side) and

Component Portland cement Silica fume

Fine aggregate (sand)

Water Superplasticizers PP Fiber

Quantity (kg/m?) 650 65

1310

225 7.5 0.9
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Fig. 1 PP fiber used in this work

cylinders (150300 mm) were taken from the FM mix to
gauge the compressive and splitting tensile strengths. After
28 days, FM obtained respective compressive and splitting
tensile strengths of 38 and 3.8 MPa.

3.1.2 Reinforcing Steel Bars

Both the NC and FM specimens used high tensile steel
longitudinal reinforcing rebars (HTS). Based on tension
tests, the three HTS samples’ average test results revealed
that the material’s proof stress and ultimate strength were
551 MPa and 670 MPa, respectively. As shear reinforce-
ment, mild normal steel (NMS) stirrups with diameters
of 8 mm and 6 mm were employed for the tested speci-
mens, which had nominal yield stresses of 240 MPa and
350 MPa, respectively.
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(a) Expanded steel mesh ESM

Fig. 2 Steel meshes used
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3.1.3 Reinforcing Steel Meshes

Expanded steel mesh and welded wire mesh were the two
types of steel mesh used. A diamond-shaped expanded
steel mesh (ESM) was measured 31 mmx16.5 mm and
weighed 1.5 kg/m? As seen in Fig. 2a, this kind is con-
structed using steel sheets with a 1.25 mm thickness that
was employed as reinforcing elements. One strand has a
cross-sectional area of 1.25 mm X 1.25 mm. The mechani-
cal properties of three mesh samples were examined
using the Universal Testing Machine. The mesh has an
elastic modulus of 120 GPa, an ultimate strength of 350
MPa, and a proof stress of 250 MPa. As seen in Fig. 2b,
welded square galvanised steel mesh (WWM) with
12.5%12.5 mm dimensions and 0.45 kg/m? weight was
used. The WWM has an elastic modulus of 170 GPa, a
proof stress of 400 MPa, and an ultimate strength of 600
MPa.

3.2 Shear Wall Specimens

The experimental program is composed of ten shear
walls. All specimens had same size. The cross-section was
150 800 mm and the height was 1500 mm. Ten specimens
were divided into two identical groups, V and H. Each
group consisted of five specimens. Specimens of group V
are subjected to vertical loads whilst specimens of group
H are carried by horizontal load. Reinforcement details of
each specimen in group H is similar to one specimen in
group V, so only details of five specimens will be explained
in this section. Group V is composed of one control shear
wall made from normal concrete (NC) and four specimens
made from ferrocement mortar (FM). All five specimens
included an inner hollow 50x700 mm that continued in

(b) Welded wire mesh WWM
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overall height. All five specimens had the same longitudinal
reinforcing rebars, which each specimen was reinforced by
three 12 mm-HTS bars (3012) positioned at each shorter
side as well as two 10 mm-HTS bars (210) positioned at
each longer side (Fig. 3). Longitudinal reinforcement of
shear walls was selected to be larger than the minimum
limit stated in the Egyptian code (El-Kholy & Dahish,
2016). Table 4 lists details of all five shear walls. Shear rein-
forcements were either stirrups (Nv, Nh, Fv0 and FhO) or
steel meshes (rest specimens). Stirrups are 8 mm-NMS bar
spaced at 200 mm. Specimens Fv,web and Fh,web do not
have any shear reinforcement but include one transverse
web with 50 mm thickness inside the inner hollow (Fig. 3b).
FvE and FhE were provided by two layers of ESM while
FvW and FhW were provided by two layers of WWM.
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Equations (1) and (2) were used to estimate longitudinal
and lateral reinforcement for all specimens. Two solid parts
(200 mm thickness) were conducted at the specimen ends
to a void local failure due to loading concentration.

As

= A 1)

ul
where A, is the steel area in longitudinal direction and A,
is net area of the cross-section.

Vs

=V (2)

s
where V is the total volume of the shear reinforcement
within overall height of the specimen and V/ is the net
volume of the specimen.

> 8@200mm
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(c) FVE or FhE (d) FvW or FhW
Fig. 3 Specimens cross-sections, dimensions in mm
Table 4 Specimens geometry
Specimen ID Lateral web Longitudinal bars Lateral reinforcement
Short side Long side Ratio y, (%) Stirrups Steel meshes Ratio , (%)
Nv or Nh No 3012 2010 117 @8@200 mm No 0.535
Fv0 or FhO No 3012 2010 117 ?8@200 mm No 0.535
Fv,web or Fh,web With 3012 2010 1.17 No No 0
FYW or FhW No 3012 2010 1.17 No 2 layers of WWM 0.27
FVE or FhE No 3012 2010 117 No 2 layers of ESM 0.81

First letter N and F is referred to specimen cased from NC and FM. The second letter v and h denoted to loading type either vertical (v) or horizontal (h). Third letter; 0
means that this specimen was reinforced with conventional stirrups and with no ESM or WWM, web means that inner hole was provided with lateral web, E refers to

ESM and W refers to WWM
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The specimens were prepared and cast over the course
of various stages. Wooden shapes were first created. Sec-
ond, the use of reinforcement bars was made. Thirdly, the
inner hollow was made using low-density foam blocks.
Fourth, the necessary ESM and WWM layers were fully
encircled around the reinforcing cages. Finally, con-
crete mixtures made of NC or FM were cast inside the
specimens.

3.3 Test Setup and Measurements

The test setup and instruments are shown in Fig. 4. A
hydraulic jack with a 5000 kN capacity provided the ver-
tical load for the tested column’s top. Also, a hydraulic
jack with a 3000 kN capacity provided the lateral hori-
zontal load for the tested column’s top. Load cells were
attached to the jacks to record the applied loads during
testing. At the two ends of the shear wall, rigid steel caps,
with 200 mm depth, were installed to prevent local con-
crete crushing and well distributed the applied loads. The
vertical load was acted on a steel spreader beam. Two
roller supports were used between a steel spreader beam
and the top cap to allow free horizontal displacement of
the specimen. To prevent rotation of the specimen base
and serve as a fixed support, the bottom cap was securely
fastened to a robust steel beam using bolts. As previously

Rigid steel beam
Hydraulic Jack

Rigid
steel

column

Hydra

(a) Schematically diagram

Fig. 4 Test setup and instruments
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indicated, group V’s five specimens underwent axial
loading, while group H'’s five specimens underwent incre-
mental horizontal loading after being subjected to a con-
stant vertical force of 15% of its ultimate vertical loads.
The vertical displacement (shortening) of the specimen
was determined using two displacement transducers
(DT) positioned vertically on the shear wall crown. Two
transducers’ average (Av) was taken into consideration.
Additionally, DT was used to measure the horizontal
displacement of the specimen’s top in the long direction
(Ah). To computerize the recording of all data, all DTs
and load cells were connected to a data logger. Each spec-
imen of a shear wall also has its crack patterns marked.

4 Results and Discussion

4.1 Load-Sharenting Response

Fig. 5 shows axial load-shortening (Pv-Av) curves of
group V-specimens. It was seen that the relationships
were similar rather. From beginning to around 30% of
ultimate load, the linear behavior occurred. After that,
specimens exhibited a nonlinear relationship up to the
peak. Whenever the load increased from beginning to
the peak, the curve slope (stiffness) declined, especially
after 60—75% of the peak due to the occurrence of ver-
tical cracks. Once the load reached the peak, the curve

(b) Lab photo



Shaheen et al. Int J Concr Struct Mater (2024) 18:48

3000
2500
2000
Z
£1500
>
a
1000 Nv —Fv0
500 —Fv,web —FVW
= FVE
0
0 2 Ay(mm) 4 6

Fig. 5 Vertical load versus shortening (Pv-Av) relationships

quickly dropped. But the decline post peak slightly took
placed in two shear walls FvW and FvE due to use of
steel meshes. The behavior of ferrocement shear wall
(Fv0) was slightly better than that of a normal concrete
one (Nv) despite the absence of coarse aggregate. Dem-
onstrating the efficiency of ferrocement shear walls
compared to normal concrete shear walls. It may be due
to the existence of the fibers that may have delayed the
occurrence of the vertical cracking. When the lateral
stirrups were removed and the transverse web was con-
ducted inside the inner hollow in specimen Fv,web, the
behavior nearly identical with specimen FvO with stir-
rups. Demonstrating the big role of transverse web inside
inner hollow in preventing lateral distorted of the thin
walls of specimens. Also Fig. 5 shows that Fv,web had
slightly better performance than FvO which could be due
to the additional area of concrete due to the presence of
the web. It was known that the use of lateral reinforce-
ment caused passive confinement of the concrete core,
hence. Its compressive strength increased, hence the
shear wall capacity increased. Lateral reinforcement ratio
(p) used in specimens Nv, Fv was 0.535% (separated stir-
rups @8@200 mm) while 1, used in specimens FvW and
FvE was 0.27% and 0.81%, respectively, (continued steel
meshes within height). Although specimens Nv, Fv had a
higher lateral reinforcement ratio more than that of Fv\W,
behavior of FvW was clearly improved better than Nv,
Fv due to continuity of steel mesh increased the confine-
ment. Also, the behavior of FVE, with 1, equal 0.81%, was
higher than that of FvW, with y, equal 0.27%. Showing
that as lateral reinforcement and vertical reinforcement
due to the presence of the vertical component of the steel
mesh ratios increased, the specimen behavior improved
more.

Fig. 6 shows the lateral load-horizontal displacement
(Ph-Ah) curves of group H-specimens. These specimens
were vertically loaded by 15% of its ultimate vertical
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Fig. 6 Lateral load versus horizontal displacement of the shear wall
top

loads before beginning lateral loading. It was seen that
the relationships were rather similar. From the beginning
to around 60-65% of ultimate load, the linear behavior
occurs. Up to this loading level, the cross-section of the
shear wall resisted compression stresses at all sides. Once
the first crack occurred, the displacement increments
clearly increased, causing a horizontal part in the curve.
In this stage, the cross-section of the shear wall became
subject to tension at one side as well as compression at
other side. Due to weakness of concrete tensile strength,
a horizontal part took placed in the curve. Once the load
reached the peak, the curve quickly dropped. The behav-
ior of ferrocement shear wall (Fh0) was better than that
of a normal concrete one (Nh) demonstrating of the fer-
rocement shear walls compared to normal concrete shear
walls. The ultimate load and stiffness of FhO increased by
22% and 2.5%, respectively, than Nh because adding fib-
ers in FM delayed the occurrence of the cracks and pre-
vented opening and lengthening the crack track. When
lateral stirrups were removed and the transverse web
was conducted inside inner hollow in specimen Fh,web,
the behavior slightly improved compared with speci-
men FhO with stirrups due to continuity of steel mesh
increased the confinement. Although specimens Nh, Fh
had a higher lateral reinforcement ratio more than that
of FhW, the behavior of FhW was clearly improved better
than Nh, Fh due to continuity of steel mesh increased the
confinement. Also, the behavior of FhE was higher than
that of FhW, showing that as lateral reinforcement ratio
increased, the specimen behavior improved more.

4.2 Ultimate Load

Ultimate vertical load (Pvu), ultimate shortening (Avu),
stiffness (kv), and energy dissipation capacity (EDCv)
were obtained from Pv-Av as shown in Fig. 7 and listed
in Table 5. Increase ratios in the Pvu of all specimens
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referenced to control specimen (Nv) were calculated
(Table 5) and drawn in Fig. 7a. Three specimens, Nv, Fv0
and Fv,web achieved similar Pvu, approximately. These
results showed the feasibility of using FM instead of NC
to create shear walls. Also, they showed the feasibility
of using webs inside a hollow instead of lateral stirrups.
Use of WWM (with p,=0.27%) as a lateral reinforcement
instead of lateral stirrups (specimen FvW) increased the
Pvu by 19% compared to Nv. Additionally, use of ESM
(with 1, =0.81%) as a lateral reinforcement instead of lat-
eral stirrups (specimen FvE) increased the Pvu by 36.1%
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compared to Nv. Showing a combination of FM and steel
meshes to create shear walls is considered an excellent
alternative to NC shear walls reinforced with separated
disconnected stirrups because steel mesh achieved con-
tinuity in concrete confinement through whole column
height.

Ultimate horizontal load (Phu), ultimate displacement
(Ahu) at the top of the shear wall, stiffness (kh), and
energy dissipation capacity (EDCh) were obtained from
Ph-Ah shown in Fig. 6 and listed in Table 6. Increase
ratios in the Phu of all specimens referenced to control

40 7 Specimen
FvO Fv,web  FvW FvE
35 1 ==Pvu ——Poly. (Pvu) 0 : : :
30 T
& 25 1 -10
3 —
g 20 %"_-20 7 ---H
215 0 | RS
= g -30 .
10 Q
Q i N
5 0 -40 S
. . . . -50 | I Avu- - - Poly. (Avu)
FvO Fv,web FvW FVE ]
Specimen -60
(a) Pvu (b) Avu
160
o 120
140 K sesses Poly. (k) W EDC
120 100 Poly. (EDC)
< K eeceee Poly. .
€100 - 80
© 80 % 60 :
g 3
g 60 g 40
40 et £ 20
sall | v N AW ew
v
o _20 ceceeec’®
FvO Fv,web FvW FVE -40
Specimen Specimen
(©) k (d) EDC

Fig. 7 Change in performance of axial loaded FM shear walls compared to control NC specimen (Nv)
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Table 5 Results of axial loaded shear walls (group V)

Specimen Pvu (kN) Increasein  Avu (mm) Decline in Kv (kN/mm) Increase in k (%) EDCv (kN mm) Changein
Pvu (%) Avu (%) ECDv (%)

Nv 1848 0.0 25 0 1000 0.0 3517 0.0

FvO 1859 0.6 2 20 1200 200 2530 —28.1

Fv,web 1900 2.8 19 24 1356 356 2691 —235

FvW 2200 19.0 1.7 32 1667 66.7 5575 58.5

FVE 2515 36.1 13 48 2505 150.5 7404 110.5

specimen (Nv) were calculated (Table 6) and drawn in
Fig. 8a. As expected, the effect of using FM-steel meshes
composite on the Phu was more significant than axial
loading because the lateral loading creates tensile stresses
acting on the shear walls, especially at high loading levels.
The Phu of FM shear wall FhO was 22% higher than NC
shear wall Nh showing feasibility of using FM instead of
NC to create shear walls especially in the case of lateral
loading (seismic). The Phu of FM shear wall Fh,web was
10.4% higher than NC shear wall Nh due to the existing
web despite the absence of stirrups. Use of WWM (with
K,=0.27%) as a lateral reinforcement instead of lateral
stirrups (specimen FhW) increased the Phu by 68% com-
pared to Nv. Additionally, use of ESM (with p,=0.81%) as
a lateral reinforcement instead of lateral stirrups (speci-
men FhE) increased the Phu by 96% compared to Nv.
Showing a combination of FM and steel meshes to create
shear walls is considered an excellent alternative to NC
shear walls reinforced with separated disconnected stir-
rups. For two main reasons; the first is that steel mesh
achieved continuity in concrete confinement through
whole column height and the second is that the addition
of fibers delayed the cracking.

By comparing the results of the two groups V and H,
it was found that the methods used in the current study
were more effective in the case of horizontal loading than
vertical loading. The maximum increase in ultimate ver-
tical load reached 96% in the case of horizontal loading,
while the maximum increase reached 36% in the case of
vertical loading.

Table 6 Results of lateral loaded shear walls (group H)

4.3 Ultimate Deformation

After showing the positive effect of the methods used on
the maximum load, it is necessary to know the effect on
the maximum displacement. At any loading level, it was
seen that the vertical (Av) and horizontal (Ah) displace-
ments of each FM shear wall are less than that of con-
trol NC specimen (Nv or Nh), as shown in Figs. 5 and 6.
This is an evidence that the deformation of ferrocement
mortar is less than normal concrete under the influence
of vertical and lateral loads. Results of ultimate vertical
(Avu) and horizontal (Ahu) displacements of tested shear
walls are listed in Tables 4 and 5, respectively. For speci-
mens of group V that were axially loaded, it was noticed
that all FM specimens achieved Avu less than that of
NC one (Nv), where decline ratios ranged from 20 to
48%. Avu of Fv0, Fv,web, FvW and FvE were 20, 24, 32
and 48%, respectively, less than that of Nv (Fig. 8b). Per-
haps the reason for this is that the FM mix is less porous
and therefore denser, and this leads to a decrease in
compressibility compared to NC. Also, the use of fibers
reduces strain and restricts compressibility. Moreover,
the use of metal meshes (FvW and FvE) prevents acci-
dental straining and leads to shortages of shortening.

For specimens of group H that laterally loaded, it was
noticed that all FM specimens achieved Ahu higher
than that of NC one (Nh), where rising ratios ranged
from 11.3% to 43.5%. This is the opposite of what hap-
pened with the Avu that the Nh spacemen achieved
Avu higher than that of FM specimens. Because
the horizontal displacement does not depend on

Specimen Phu (kN) Increasein  Ahu (mm) Rise in Ahu (%) k (kN/mm) Increasein  EDCh (kN mm) Changein
Phu (%) k (%) ECDh (%)

Nh 250 0.0 23 0.0 18.05 0.0 4890 0.0

Fho 305 220 256 1.3 18.5 2.5 6372 303

Fh,web 276 104 259 126 182 0.8 6023 232

FhwW 420 68.0 32 39.1 254 40.7 12,655 158.8

FhE 490 96.0 33 435 34.2 89.5 15,390 214.7
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Fig. 8 Change in performance of lateral loaded FM shear walls compared to control NC specimen (Nh)

compressibility in the concrete, but it depends on the
bending capacity of the shear wall. It is worth noting
that the shear wall section bears compression and ten-
sion together. Therefore, it is expected that the stronger
a specimen, the greater the horizontal displacement.
Ahu of FhO, Fh,web, FhW and FhE were 11.3, 12.6,
39.1 and 43.5%, respectively, bigger than that of Nh

(Fig. 9b). Perhaps the reason for this is that the FM mix
is less porous and therefore denser, and this leads to an
increase in capacity compared to NC. Also, the use of
fibers increases the capacity. Moreover, the use of metal
meshes (FhW and FhE) prevents accidental straining
and leads to increase in confinement and leads to a rise
of the capacity.



Shaheen et al. Int J Concr Struct Mater (2024) 18:48 Page 11 of 14

W.F.C.H.1B 333 1

(c) Fv,web

(g) Fh,web

Fig. 9 Failure modes of shear walls

4.4 Sstiffness defined as the resistance to a force causing a member to
Stiffness is the extent to which an object resists defor- bend. Stiffness and strength of shear walls are the most
mation in response to an applied force. Stiffness is important characteristics for evaluation analysis of the
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structural behavior. After showing the effect of the meth-
ods used on the ultimate load and deformations, it is nec-
essary to understand stiffness behavior of FM shear walls
compared to NC one. In this study, stiffness of each spec-
imen was estimated by slope of the linear part at begin-
ning the load-displacement curve. Values of vertical
(kv) and horizontal (kh) stiffness of tested shear walls of
group V and H are listed in Tables 5 and 6, respectively.
For both specimens that were axially and laterally loaded,
it was shown that vertical (kv) and horizontal (kh) stiff-
ness of FM were higher than those of NC specimens (Nv
and Nh). Where increase ratios ranged from 20 to 150.5%
in group V and it ranged from 2.5 to 89.5% in group H.
For specimens of group V that axially loaded, kv of FvO0,
Fv,web, FvW and FvE were 20, 35.6, 66.7 and 150.5%,
respectively, higher than that of Nv (Fig. 7c). Not only the
FM walls achieved an increase in the maximum load, but
also they achieved an increase in the stiffness. FVE was
reinforced with the highest ratio of lateral reinforcement
(H=0.81%) so it achieved the largest increase (150.5%)
compared to all specimens.

Despite the large increasing percentage of stiffness (kv)
that occurred with axially loaded walls, it is important
to know the increasing percentages of stiffness (kh) that
occurred with laterally loaded, because the walls mainly
resist earthquakes not gravity loads. For specimens of
group H that axially loaded, kh of FhO, Fh,web, FhW and
FhE were 2.5, 0.8, 40.7 and 89.5%, respectively, higher
than that of Nh (Fig. 8¢). It was seen that effect of using
FM instead of NC had an unnoticeable role on horizon-
tal stiffness (kh). Also, the web inside the inner hollow
had an unnoticeable role in the kh. In contrast, using two
layers of WWM in specimen FvW enhanced the kh by
40.7% compared to Nh. Additionally, FhE was reinforced
with the highest ratio of lateral reinforcement (p,=0.81%
and two layers of ESM) so it achieved a largest increase
(89.5%) compared to Nh.

4.5 Energy Dissipation Capacity

The ductility is an indication of the plastic deformation
amplitude in the tested specimens. Two strategies were
implemented to compute the column ductility coefficient
examined in Emara et al. (2021). The first strategy (ductil-
ity index) depends on the vertical displacement, so it was
computed by the ratio between both vertical displace-
ment at yielding and the maximum displacement (Emara
et al.,, 2021; Walid & Fayed, 2021). The second strategy
(energy dissipation capacity, EDC) is the total area under
the P-A curve (Hadi, 2006, 2007). In this study, EDC cal-
culated for all the tested walls is listed in Tables 5 and 6
for group V and H, respectively. The ductility index was
not calculated as the laterally loaded walls failed due to
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the diagonal tensile crack (shear failure) before yielding
of longitudinal bars.

Fig. 7d shows change in EDCv of specimens of group
V. It was noticed that energy dissipation capacity (EDCv)
of two specimens, FvO and Fv,web was slightly declined
compared to that of NC wall (Nv). use of two layers of
WWM increased EDCv of FvW by 58.5% compared
to that of NC wall (Nv). While using two layers of ESM
increased EDCv of FVE by 110.5% compared to that of Nv.
based on results of EDCy, to achieve an increase in the
capacity, stiffness and ductility of the walls, it is not nec-
essary to use FM reinforced with steel meshes. Because
the task of shear walls is to resist earthquakes, it is
important to know the ductility of group H. Fig. 8 shows
changes in EDCh of laterally loaded FM shear walls com-
pared to control NC specimen (Nh). It was found that the
EDCh of all FM walls was significantly enhanced with
respect to NC wall (Nh). The EDCh of Fh0, Fh,web, FhW
and FhE were 30.3, 23.2, 158.8 and 214.7%, respectively,
higher than that of Nh. So, use of FM, transverse web,
two layers of WWM and two layers of ESM had a signifi-
cant effect on the EDCh. Therefore, it is recommended
that the methods used in this work are effective in resist-
ing earthquakes.

4.6 Failure Modes

In Fig. 9, the cracking pattern of the tested walls is
depicted. For group V, the first cracks appeared near the
side of the specimens. The load increased, causing the fis-
sures to spread vertically and produce new cracks. The
cracks began to spread diagonally as the specimen neared
its failure load. The modes of failure for all specimens of
group V are compression failure and they accompanied
with local spalling and crushing of the concrete cover
for the Nv and Fv0. On the faces of the walls, a signifi-
cant vertical crack formed upon failure. Compared to FM
walls, the NC wall had fewer formed cracks. Although
the crack width for two walls, FvW and FvE was not
measured, it was noted that the dispersion of the steel
wire reinforcement was the cause of the wide cracks. The
failure of the specimens occurred in the laterally loaded
walls of group H (Fig. 9f—n) due to reaching the ultimate
shear stresses, and a substantial diagonal shear crack
developed and contributed to the failure due to the hol-
low core’s weak shear resistance. The modes of failure for
all specimens of group h are flexural-shear cracks.

5 Conclusion

Ten shear walls were tested in this article; five of them
under axial compressive load and five under lateral load.
Eight walls were constructed using ferrocement mor-
tar (FM), while two controls were constructed using
normal concrete (NC). The wall was 150 mm wide, 800
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mm thick, and 1500 mm in height. A 50700 mm inner
longitudinal hole that went through the wall height was
made. While transverse reinforcement varied in type and
ratio, longitudinal reinforcement used high tensile bars
with a constant ratio of 1.17% for all ten walls. Traditional
stirrups were used to lateral reinforce two control NC
walls and two FM walls with a ratio of 0.535%. Two lay-
ers of welded wire mesh (WWM) with a ratio of 0.27%
were used to lateral reinforce two FM walls. With a ratio
of 0.81%, two layers of expanded steel mesh (ESM) were
used to lateral reinforce two FM walls. Two remaining
specimens had one transverse web in the middle of the
inner hole but were otherwise free of lateral reinforce-
ment. Walls were separated into two symmetric groups
(V and H), each of which contained five walls. Group V
was loaded axially, whilst group H was loaded laterally.
In group V, it was looked into how FM walls compared
to NC walls in terms of their load-shortening response,
ultimate axial load and corresponding ultimate shorten-
ing, stiffness, ductility, and failure mechanism. Investi-
gated in group H were the stiffness, ductility, and failure
mode of FM walls in comparison to NC walls, as well as
the load-lateral drift response, ultimate lateral load, and
corresponding ultimate drift. According to the findings,
the following observations can be made:

(1) Load-displacement relationship, ultimate axial load
and corresponding ultimate shortening of FM walls,
with stirrups and with web instead of stirrups,
slightly improved (maximum change ratio 24%)
more than control NC wall in two loading systems
(axial and lateral). Use of WWM/ESM significantly
improved load—displacement relationships of FM
walls more than control NC wall in two loading sys-
tems.

(2) FM walls reinforced with WWM and ESM had ulti-
mate axial loads that were, respectively, 19% and
36%, higher and related ultimate shortenings that
were, respectively, 32% and 48%, lower than control
NC walls.

(3) FM walls reinforced with WWM and ESM had
ultimate lateral loads and related ultimate drift that
were, respectively, 68% and 39%, 96% and 43.5%,
higher than control NC wall.

(4) Increase ratios in the stiffness of FM walls ranged
from 2.5% to 89.5% in the case of lateral loading,
more than the control NC wall and from 20% to
150.5% in the case of axial loading.

(5) As two layers of WWM were used to laterally rein-
force FM walls, the ductility increased when com-
pared to NC walls by 58.5% and 158.8% for axial
and lateral loading, respectively. In comparison to
NC wall, the application of two layers of ESM to
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laterally reinforce FM walls increased their ductility
by 110.5% and 214.7%, respectively, under axial and
lateral loads.

(6) Lateral reinforcement and vertical reinforcement
due to the presence of the vertical component of
the steel mesh ratios increased, and the specimen’s
behavior improved more.
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