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Abstract:

Eight RC circular hollow columns (external
diameter = 220 mm, internal diameter = 100 mm,
length = 1000 mm and the hollow part = 700mm)
casted and strengthened with ferrocement fibers
composites to illustrate the behavior of these
columns under concentric and eccentric axial
compression force. Two columns where used as
reference columns, which were repaired after
failure to be tested as retrofitted columns. Six
specimens were strengthened with one and two
WWM layers as required. The variables
considered included number of the WWM layers
(N), the loading configuration and the eccentricity
value (e) of loading. The ferrocement thickness
was constant at 20 mm in all retrofitted and
strengthened specimens.

The test results revealed that the maximum
increase in the ultimate concentric loads were 67%
by strengthening the reference column with two
layers of WWM, and the maximum increase in the
ultimate eccentric load of columns was 78% by
increasing of the WWM from one to two layers.
For a constant number of WWM layers, the change
from concentric to eccentric force caused a
decrease in the ultimate load value attaining 73.5%
for one- layer WWM strengthened columns. The
failure of columns occurred by yielding of steel
reinforcement followed by concrete crushing (i.e.
tension failure).

Key Words: Hollow Columns, Ferrocement, High
Strength Concrete, Strengthening, and Repair.

1. Introduction

Failure of the most authoritative structural
elements such as columns may lead to total
collapse of a building structural frame , as they
represent the only structural elements that convey
the total vertical loads of the building to the earth.
They may lose their strength and stiffness due to
damages occurred in their service life. Therefore,
rehabilitation is necessary in case of noticeable
crack for further carrying out loads and
transmitting them to the ground [1]. There are
many configurations of strengthening reinforced
concrete structures. Jacketing is the most popularly
used method for strengthening the building
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columns. The most common types of jackets are
steel jacket, reinforced concrete jacket, fiber
reinforced polymer composite jacket, jacket with
high tension materials like carbon fiber wraps and
glass fiber wraps. The main purposes of jacketing
are (i) increasing concrete confinement especially
for circular cross-sectional columns, (ii) increasing
shear strength, and (iii) increasing flexural strength
[2].

This study, illustrats the behavior of
circular hollow columns confined by ferrocement
composite. Ferrocement is a type of thin walled
stiffener for reinforced concrete members, it is
commonly constructed of hydraulic cement mortar
reinforced with closely spaced layers of continuous
and relatively small size wire mesh [3]. The choice
of ferrocement as a strengthening material instead
of steel plates or any type of fibers, in this study
was because it was considered an alternative
solution ~ from  conventional  strengthening
techniques, because FRP materials are effected by
ultra violet and temperature changes: while steel
strips have extreme corrosion state in wet and
humid environment. Secondly, it is suggested to
rail bridge in Hit city, where that site is exposed
to highly extreme temperature changes that cause
emanation of sulphurous gases and damaging
other conventional materials.

Compared with conventional reinforced
concrete, ferrocement is reinforced in two
directions; therefore, it has homogenous isotropic
properties in two directions. Benefiting from its
usually high reinforcement ratio, ferrocement
generally has a high modules of rupture and high
tensile strength. In addition, because the specific
surface of ferrocement reinforcement is higher
than that of reinforced concrete, larger bond
forces develop with matrix resulting in average
crack spacing and crack width of magnitudes
smaller than those of conventional reinforced
concrete [4]. In (1989), Razvi and Saatcioglu [5]
investigated the behavior of small-scale reinforced
concrete columns specimens when Welded Wire
Fabric (WWF) was used as lateral reinforcement to
confine the concrete core of the column. Various
combinations of WWF and tie reinforcement have
been used as confinement steel. The experimental
results showed that the use of WWF as
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confinement reinforcement improves concrete
strength and ductility very significantly.

In (2003), Takiguchi [6] studied the
behaviour and strength of reinforced concrete
columns strengthened using ferrocement jackets.
Six identical reference columns were prepared
and tested after being strengthened with
circular or square ferrocement jackets. The main
parameters included the jacketing schemes and the
number of layers of wire mesh. The results
showed that the peak strength and ductility is
enhanced tremendously.

In (2012), Shahzada et al. [7] studied the
retrofitting of masonry columns using ferrocement.
Two sizes of columns were used. The (228.6 x
228.6) mm retrofitted columns, gave strength 1.5
times more than the strength of un-retrofitted
(228.6 x 228.6) mm columns, while (342.9 x
342.9) mm retrofitted columns gave strength 1.35
times more than the strength of un-retrofitted
columns. The test results indicated that the
ferrocement specimens having one layer of wire
mesh wrapped around showed an increase in
failure load up to (60-70)% as compared to
control specimen of simple brick masonry
columns. The cracking resistance and stable crack
growth mechanism of bare masonry columns was
improved due to the provision of ferrocement
coating. The ferrocement columns were kept in
one piece after failure unlike bare masonry
columns.

In (2013), AL-Sulyfani et al. [8] examined
the behavior of reinforced concrete short columns
subjected to combined axial load with flexure
strengthening by ferrocement. Seven columns were
tested with dimensions (150 x 250 x 2350) mm,
out of which, one is the control-unstrengthened
column tested to failure to find out their load
carrying capacities. Six columns strengthened with
ferrocement. The main objective of this work was
to investigate the effects of ferrocement thickness
and number of wire meshes on the load capacity of
those columns. The test results showed that, the
increasing wire mesh layers from 2 to 5 caused an
increase in the ultimate load of the strengthened
column with ferrocement compared with the
control column. When 20 mm ferrocement
thickness was used with 5-wire mesh layers, the
ultimate load increased by 36.8% when compared
to the control column, whereas using 30 mm thick
ferrocement within 5 wire mesh layers cased an
increase of 48%.

In (2015), Sirimontree et al. [9] focused on
the behavior of reinforced concrete columns
encased by longitudinal steel and ferrocement
under static axial loading. RC column specimens
were encased by vertical steel reinforcements,
wrapped by varying amount of wire mesh and then
covered with cement mortar. The test results
showed significant improvement of strength and
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ductility of strengthened column compared with
reference specimen. Ductility is also significantly
improved by the increase of the volume of wire
mesh. Modified ACI equation can be applied to
predict static strength of both RC column and RC
column strengthened by additional steel and
ferrocement.

2. Research Significance

Compression columns potentially support a
variety of structures such as bridge decks and floor
slabs. Columns vary in physical shape depending
on their application, although typically they are
either circular or rectangular, solid or hollow, for
the simplicity of construction. The columns are the
alone elements in structures which undergo the
vertical loads from slabs, girders and beams and
transmitted to foundation which in turn transmitted
to the earth. These elements need to be strengthen
because the deterioration of these elements cause
the total failure of this structure. From this point,
the importance of columns strengthening is
required.

In addition, the attempts of investigation of
strengthened reinforced concrete circular hollow
columns are still few. Nevertheless, ferrocement
has high potential as a retrofit or strengthening
material, for example ferrocement jackets can be
used on reinforced concrete columns. This work is
an attempt to respect reinforced concrete circular
hollow columns strengthened with ferrocement
fibers composites.

3. Experimental Work

3.1 Column description and casting

Eight reinforced concrete hollow columns
were tested under different loading systems. In all
columns, the cross section was circular with
external diameter of 220 mm and internal diameter
of 100 mm, with overall length of 1000 mm. The
hollow part inside the column was 700 mm in
length; with 150 mm length of solid concrete up
and down of the column was introduced at the top
and bottom end of each column to represent the
supports (base and head), and to prevent the failure
at supports. Six bars of 10 mm diameter steel
having yield strength of 478 MPa, and 575 MPa
ultimate strength were used as longitudinal steel
reinforcement. A 6 mm diameter bars having 578
MPa yield strength, and 641 MPa ultimate strength
were used for ties spaced at 50 mm c/c at support
region of column and 74 mm c/c at the hollow core
of column, as shown in Fig. (1).

The main variables that have been
considered in this study included the number of
welded steel wire meshes embedded in the
strengthening or repairing layer, with the loading
configurations system and the eccentricity of
eccentric loading.
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Figure (1): Reinforcement details in the specimen

Cement, fine aggregates, coarse aggregates
and reinforcing steel bars were used in casting the
columns. The cement used in this study was
Ordinary Portland Cement (OPC) type-l. The
chemical composition and physical properties
conformed to the [ASTM C150-00] [10]. The fine
aggregates (sand) and coarse aggregates (gravel
with maximum size of 10 mm) conformed to the
[ASTM C33-03] [11]. The reinforcing steel bars
were tested to comply the [ASTM A 615/A 615M -
03] [12]. The mix proportion (by weight) of
concrete materials was (1: 1.7: 2.64) (cement,
sand, gravel) with water to cement ratio (w/c)
equals 0.47 which gives slump about 100 mm,
where test was done according to ASTM C143-00
[13]. This mix gives compressive strength at (28)
days equal to 38 MPa, where this test was done
according to ASTM C39/C39-01 [14].

Each column was casted in two steps to
make the hollow core in the column. In the first
step of casting the parts of mold (the base and two
halves of cylinder, as shown in Fig. (2)) were oiled
and bonds together by bolts, the steel shaft was put
in the mold center after the steel reinforcement
placing. After that, the first part was casted. The
shaft pulls out after casting complete through (1 -
1.5) hrs. In the next cast day, the hollow part was
filled with sand, then the second part was casted as
shown in Fig. (3).

4. Ferrocement fibers

application

The ferrocement mortar used in this study is
known as Cempatch S, the high strength
cementitious repair mortar. Cempatch S is a one-
component polymer modified and fiber reinforced
repair mortar. It is a blend of dry powders, selected
aggregates and fibers (high performance fibrillated
polypropylene fibers "PP Fibers") which when
mixed with water, it produces a thixotropic mortar
which is suitable for wvertical and overhead
application. The specifications of Cempatch S and
PP Fibers have been published by the
manufacturer [15]. Table (1) shows some

composites
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properties of Cempatch S and which used in this
study. A 50 mm cube specimens of Cempatch S
were tested in the laboratory, the average
compressive strengths at (7 and 28) days were (59
and 67) MPa, respectively.

Figure (2): Steel Mold of column

3

-—

a) First part casting of
column

¢) Final casting of column
Figure (3): Stages of column specimen casting

Table (1): Technical Cempatch S properties [15]

Colour Grey and white
Compressive strength > 50 @ 7 days
(MPa) > 60 @ 28 days
Minimum application .
5°C
temperature
All  concrete  surfaces attached to

ferrocement mortar must be cleaned well to ensure
a good bond between the mortar and the concrete
surface before applying one coat of acrylic
bonding agent Cempatch AB (Acrylic bonding and
curing agent for cement mixes and concrete
repair). Cempatch AB should be left to become
tacky before applying the repair mortar. The
specifications of Cempatch AB published by the
manufacturer [15]. In addition, Cempatch AB
complies to [ASTM C1059-99, Type 1 & 2] [16],
when tested in accordance with test method
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[ASTM C1042] [17]. Cempatch AB should be
brushed vigorously into the presoaked surface
making sure to fill all pores and voids. Ensure that
the repair mortar is applied when the film is
formed and is still tacky. Table (2) shows some
properties of Cempatch AB used in this study.

Table (2): Technical Cempatch AB properties [15]
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centroid of the column specimen. The eccentric
loading system means that the load is applied at a
known distance from centroid of the column
sample. In this study, the distances were 0.2 and
0.6 of radius of the column.

Table (4): Strengthening and retrofitting details of
the column samples

Colour White emulsion N
Tensile bond strength 2.5 @ 7 days § corumn | o, of
MPa b . _
( ) g_ Symbol | WWM Brief Description
The strengthened and retrofitted specimens ©
were jacketed with ferrocement fiber composite SAD 0 Asial loadi
mortar, and the thickness of mortar was 20 mm in g 2 xiafloading
. . c @
all of the strengthened .and retrofitted specimens. 8 g Eccentrical loading
The layers of welded wire meshes fabricated from S 8| SE02r0 | 0 (Eccentricity = 0.2 radius of
single strand filaments were used as reinforcement E o column)
for ferrocement jacket. The wire is of 0.6 mm _ _
diameter forming 12 mm square mesh, It was SA 1 1 | Axialloading w/one layer of
created volume fraction as shown in Table (3). : WWM_
Except the reference samples, some of samples Eccentrical loading w/one
strengthened with one layer of WWM and the SEO.2r1 | 1 | 'averof WWM (Eccentricity =
; ; < 0.2 radius of strengthened
others with two layers of WWM, see Fig. (4) and : g
column)
Table (4). ” . 4
5 Eccentrical loading w/one
Table (3): Volume fraction of wire mesh layers £ | seoera| 1 | 'averof WWM (Eccentricity =
Volume 2 0.6 radius of strengthened
Thickness of . & column)
No. of layers | . ) fraction B - ;
jacketing (mm) c Axial loading w/two layers of
(Vf %) o SA2 2 WM
1 20 0.117 =2 : -
2 20 0.235 o Eccentrical loading w/two
- 7g} SE02r2 | 2 layers of WWM (Eccentricity =
. . ’ 0.2 radius of strengthened
After (_:ompletmg the surfaces preparation, column)
the weld_ed wire meshes were wrapp_ed around the Eccentrical loading w/two
column in one or two layers as required as shown layers of WWM (Eccentricity =
in Fig. (5), where the overlap, in layer, was at least SE06r2 | 2 0.6 radius of strengthened
120 mm. Cempatch S can be applied by trowel or column)
hand. The mixed mortar should be applied using Axial loading w/one layer of
firm pressure to fully compact the mortar to ensure ze| RAL 1 WWM
good adhesion with the_stee_l remforgemepts and %E Eccentrical loading w/one
the substrate, as shown in Fig. (6). Finishing and 2% REO2r1 | 1 | 1aver of WWM (Eccentricity =
leveling should be carried out initially by wooden A7) 2f 0.2 radius of retrofitted
or plastic float. Final finishing should be carried column)
out using steel float.
Felrccer;;rrlrt‘:\ckness Where,
E e il N e Axial loading system
: § £ £ | eEccentrical loading system
ETE E g
E g Jeeten A section 8 W | °Retrofitted sample
& | \/ eradius of sample ]
Welded wire meshes 9} eStrengthened sample ]
Figure (4): Cross section in the ferrocement £ :
. *No. of welded wire meshes J
jacketed column A 4

Tests of the samples were achieved by
applying line load in concentric and various
eccentric locations to reach failure. The concentric
loading system means that the loads applied in the
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Figure (5): Welded wire mesh wrapping around
the column

Figure (6): Ferrocement application around the
column

5. Test setup and procedure

The universal testing machine which was
used in the present study consisted of a self-
supporting steel frame with a hydraulic jack of 250
Ton capacity as shown in Fig. (7). To represent the
line load, two steel shafts with (25) mm diameter
were used. These shafts were attached to circular
steel plates (20) mm thickness at top and bottom to
transmit the load to the column surface uniformly
and consequently the premature (local) failure
which occurs because of stress concentration will
be avoided.

The total load on the test column sample was
equal to the applied load of the universal test
machine. At each load stage, the vertical and
horizontal displacements were recorded and the
cracks were noticed where all the columns were
painted white for better observation of crack
propagation. The self-weight of the steel plates,
and the column sample itself were ignored. As the
failure was reached, the failure load was recorded,
and the load was removed to allow taking
photographs of the final cracked column sample.

6. Results and discussion

Table (5) provides a summary of the
measured loads at first cracking and measured
loads and horizontal displacements at first yielding
of steel reinforcement and ultimate for all column
specimens.

a) Test layout

b) Loading system shows sample
under compression

Figure (7): Testing of column specimen
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1000 mim

700 mm

Hollow section .

Load

Circular steel plates ¢ 260 mm and
. 20 mm thickness :
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Table (5): Summary of test results for all column
specimens

2 ~ —~~ C_U ~
g | 3 EE| 2 | gE

e a ] o o k] N
& o S~ | B ¢S < 5 ¢
-z = Q@ o = [3)

c S Tx | 8¢ © o £

= 8 2 8 T = 3

= s | > == = £
o — —_ O = —_ O
&) &2 > @ = = .2
i S - Do

SAOQ 80.1 450 1.74 640 6.86
SE0.2r0 | 70.9 450 2.59 640 4.98
RA 1 70.7* 640 243 990 5.05
REO0.2r1 | 55.3* 640 3.51 750 4.56
SA1l 130.5 630 181 1020 491
SE0.2r1 | 55.1 640 2.85 930 5.14
SE0.6r1 | 50.6 235 2.59 270 3.21
SA 2 150.8 640 16 1070 4.37
SE0.2r2 | 120.4 640 291 1049 4.76
SE0.6r 2 | 100.2 410 25 480 45
* These values had taken after finishing of

reference specimens retrofitting.
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7. Load
curves
7.1 Effect of Welded Wire Mesh
Layers on the Load (L)-Horizontal
Displacement (HD) Curves

horizontal displacement

Fig. (8) shows the effect of WWM layers on the
(L-HD) curves of columns with eccentricity equal
to zero. The results showed that the (L-HD) curves
of these columns were approximately identical
until the load reached 400 kN with low difference
in the mid height displacement. After that, the
columns were in disunity till their ends. The
columns (SA 1 and SA 2) remained close to each
other with low differences in displacement to the
ends, where the change of WWM layers from one
to two layers resulted in decreases of 28.4% and
36.3% of the ultimate HD, respectively, with
respect to reference column (SA 0). However, the
(L-HD) curve of retrofitted column (RAL) was quit
to the other columns after a load of (450) kN
approximately linearly to the end of test, whereas
the retrofitted of (SA 0) with one layer of WWM
(RA 1) results in a decrease of (26.4%) of the
ultimate HD with respect to reference column (SA
0). All these significant differences occurred due to

the confinement of strengthening layer by
ferrocement meshes.
1200
1100
1000
900 )
-
= 70
x _——
- 600 —
8 s / ——SA0
400 RA1
300 / ~—SA1l
200 / SA2
wo |/
i
0
1] 1 2 3 4 5 & 7 g

Horizontal displacement (mm)

Figure (8): Effect of WWM layers on the (L-HD)
curves withe =0

Fig. (9) shows the effect of WWM layers
on the (L-HD) curves of columns with eccentricity
equal to (0.2r). The results show that the (L-HD)
curves of these columns were approximately
identical until the load reached 400 kN with low
increase and decrease in the mid height
displacement. After that, the columns were in
disunity till their ends. The straight horizontal
segment of each curve refers to the point at which
the curve converted from elastic to plastic
behavior. In other words, this was the yield point
of column, whereas at the test, it was observed that
the load was approximately constant with the
increase of mid height and vertical displacement.
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The columns (SE0.2r 0 and REO.2r 1, together)
and (SEO0.2r 1 and SEO0.2r 2, together) remained
close to each other with low difference in
displacement to the end. It is clear form Fig.9 that
the addition of WWM layers does not have
obvious effect on the ultimate HD, but the effect
on the ultimate load is clear. That means, that the
eccentric loading with the kern area has
approximately ~ same ultimate horizontal
displacement of the specimens, whereas the
ultimate load increased with parallel results.

1200

1100
1000
500
200
= 700
=
= 600
§ 500
——SE0.2r 0
400
——REQ.2r 1
300
—SE0.2r 1
200
——SE0.2r2
100
[}
0 1 2 3 4 5 6
Horizontal displacement (mm)
Figure (9): Effect of WWM layers on the (L-HD)

curves with e = 0.2r

Fig. (10) shows the effect of WWM layers
on the (L-HD) curves of columns with eccentricity
equal to (0.6r). The results showed that the (L-HD)
curves of these columns behave linearly from the
beginning with separate form to the load of (250
kN), where the (SEO0.6r 1) failed at (270 kN, 3.21
mm). Continual increase of the load and HD was
detect for column (SEOQ.6r 2), where it converted
at yield point (410 kN, 2.5 mm) to less slope to the
failure at (480 kN, 4.5 mm). Its horizontal
displacement was less than that of the column
(SEO0.6r 1) at the same load, but it ultimate HD was
the maxima. The increase of WWM layers from
one layer (SEO0.6r 1) to two layers (SEOQ.6r 2)
resulted in a (40%) increase in the ultimate HD.
The main differences of the eccentric results may
be because the loading points are out of kern area
region. Also the confinement stress of two layers is
more than one layer repairing ferrocement
composites.

7.2 Effect of Eccentricity on the Load (L)-
Horizontal Displacement (HD) Curves

Fig. (11) shows the effect of eccentricity on
the (L-HD) curves of columns with zero layer of
WWM (reference columns). The results showed
that the horizontal displacement of (SEO0.2r 0)
column was greater than (SA 0) column from
beginning until the load reaches (570) kN, because
the transition zone of stresses between the main
core and strengthened layers. In this comparison
the difference in the horizontal displacement at all
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load stages was very little, and we can say that the
eccentricity has low effect on the horizontal
displacement of these two column, when it
changed from axial loading to eccentrical loading
with (e = 0.2r). The ultimate load of each column
was (640) kN, that means that there is no effect of
the change from axial loading to eccentric loading
with (e = 0.2r) for reference columns on the
ultimate load, but it resulted in a decrease of
(27.4%) of the horizontal displacement.

——SED.6rl
——S5E0.6r 2

Load (kN)
g

200

100

]

o

1 4 5

2 3
Horizontal displacement (mm)

Figure (10): Effect of WWM layers on the (L-HD)
curves with e = 0.6r
700
- —
500
g 400
g 1300 ——SA0
= ——SE0.2r0
200
100
o
o 1 2 [] 7 8

3 4 5
Horizontal displacement (mm)

Figure (11): Effect of eccentricity on the (L-HD)
curves with zero layer of WWM

Fig. (12) shows the effect of eccentricity on
the (L-HD) curves of columns with one layer of
WWM. The results showed that the (L-HD) curves
of retrofitted columns were approximately
identical until the load reached 400 kN with low
decrease in the mid height displacement of (RA 1)
column. The curve slope of the retrofitted columns
converts  different load and  horizontal
displacement, but the HD of (RA 1) column was
uppermost. The horizontal displacement of the
(RA 1) column was less than that of (RE0.2r 1)
column at the same load level from the beginning.
Then, at final the change from axial loading to
eccentrical loading with (e = 0.2r) for retrofitted
columns results in a decrease of (9.7%) of the
ultimate HD.

The strengthened columns except (SEO.6r
1) column were approximately identical from the
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beginning until the load reached 260 kN, the HD
of the (SA 1) column was the least after the load of
260 kN until the end, but there was no obvious
effect of eccentricity (0.2r) of the one layer of
WWAM strengthened columns on the ultimate HD.
The (SE0.6r 1) column was separated from the
strengthened columns from the beginning until the
failure with linear behavior. The change from axial
loading and eccentric loading with (e = 0.2r) to
eccentric loading with (e = 0.6r) resulted in a
decrease of (34.6%) and (37.5%) of the ultimate
HD respectively. Finally, the retrofitted columns
were somewhat weaker than the corresponding

strengthened columns, in other words, the
retrofitted columns can upgrade to the
strengthened columns.

1100

1000 —

900 >y - -

800 /-"""'-/

700 /

600 RA1

Load (kN)

500

400

300

200

——RE0.2r 1
SA1

——SE0.2r1

——SE0.6r 1

100

0

1] 1 6

2 3 ]
Horizontal displacement (mm)

Figure (12): Effect of eccentricity on the (L-HD)
curves with one layer of WWM

Fig. (13) shows the effect of eccentricity on
the (L-HD) curves of columns with two layers of
WWM. The results showed that the (L-HD) curves
of all columns were separated from each other,
where the large difference of the HD for each
column was very clear, and the horizontal
displacement of the (SA 2) column was less than
that of the (SEO0.2r 2) column as well as the
(SEO0.6r 2) column from the beginning at the same
load level. The vyield load of each column was
different, and the maximum value was taken for
the (SA 2) column which was equal to 640 kN.
The effect of the change from axial loading to
eccentrical loading with (e = 0.2r) and (e = 0.6r)
results in an increase of (8.9%) and (3%) of the
ultimate HD respectively. The effect of the
eccentricity on the ultimate load for these columns
was clear with converting from axial to eccentrical
loading with (e = 0.6r), but there was low effect
with converting from axial to eccentrical loading
with (e = 0.2r).

From all previous effects, the increasing
percentages of horizontal displacements reported
because the secondary moment effects with
eccentric loading. However, there lead to
significant of increasing eccentricity, within a
same strengthening technique.
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1200

1100

Load (kN)

SA2

1000
900
800
700
600
500
400
300

—SE0.2r2
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/" ——SE0.6r 2

100 |-

0

0 1 5
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Figure (13): Effect of eccentricity on the (L-HD)
curves with two layers of WWM

It can be shown that the behavior of the
control columns (SA 0) and (SEO.2r 0) is typical
example of an unstrengthened reinforced concrete
column specimen, showing similar behavior up to
yielding of reinforcement (where YHD measured
(1.74 and 2.59) mm) followed by a change in
stiffness and increased deformation until failure
(640 kN, with corresponding displacement of (6.86
and 4.98) mm as UHD).

The cracking load was generally apparent
from the curves for strengthened specimens,
although a slight change in the slope at roughly
(130.5 kN) was noticed for SA 1 column and
(150.8 kN) for SA 2 column, for instance, which
was higher than the cracking load observed in the
control specimen (80.1 kN). The yield load of the
strengthened and retrofitted columns except
(SEO.6r 1 and SEO0.6r 2) columns was
approximately 640 kN which in turn the failure
load of reference columns, with different
horizontal and vertical displacements, where the
least YHD was (1.6) mm for (SA 2) columns. This
was attributed to the contribution of the WWM
and ferrocement composite action, which increased
the stiffness, giving smaller displacements at the
yield of steel. At ultimate stage, the difference in
the ultimate horizontal displacements was very low
except the (SA 0, RA 1, SE0.6r 1 and SEOQ.6r 2)
columns. However, the strengthened specimens
achieved higher load capacities than the
unstrengthened specimens, the two WWM layers
strengthened columns were the highest. The
strengthened specimens also exhibited
substantially large displacements beyond the
yielding of steel. All the strengthened specimens
exhibited an approximately bilinear load
deformation response characteristic with the
change in the slope of each plot occurring at a
point corresponding to the yield of the steel.

8. Modes of Failure of the Specimens

As in beams, failure of the columns may be
one of three cases depending on the eccentricity
value. These cases are, (Park and Paulay, 1975):
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» Balanced failure, occurs when the tension
steel just reaches the yield strength and the
extreme fiber concrete compressive strain
reaches 0.003 at the same time.

Tension failure, occurs when e > e, which
means that the failure occurs when the steel
reaches the yield strength before the extreme
fiber compressive strain reaches 0.003. After
that the column will arch with increasing of ¢
until the concrete reaches the ultimate strain
and results in crushing of concrete. In this
case ¢ < ¢, which means P, < Py,
Compression failure, occurs when e < e
which means that the failure occurs when the
extreme fiber compressive strain reaches
0.003 before the steel reaches the yield
strength. In this case ¢ > ¢, which means P,, >
Pnb-

Where: e = eccentricity, e, = eccentricity
for balanced failure, ¢ = distance from extreme
compression fiber to neutral axis, ¢, = distance
from extreme compression fiber to neutral axis for
balanced failure, P,, = nominal axial load, and P,
= nominal axial load for balanced case. The
figures (14) to (23) explain the failure modes of
all columns.

Figure (14): Failure mode of SA 0 column
(crushing of concrete)

Figure (15): Failure mode of SE0.2r 0 column
(crushing of concrete with moderate tension face
failure)
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Figure (16): Failure mode of RA 1 column
(yielding and partially pull off of strengthened
layer)

Figure (19): Failure mode of SE0.2r 1 column
(crushing of concrete with yielding main
reinforcement)

Figure (17): Failure mode of REO.2r 1 column

(Crushing of concrete and yleldlng) Figure (20) Failure mode of SE0.6r 1 column

(tension failure)

Figure (18): Failure mode of SA 1 column Figure (21): Failure mode of SA 2 column
(Partially pull off with concrete crushing) (aggressive crushing of concrete)

633



NJES Vol.20, No.3, 2017

Figure (22): Failure mode of SEO0.2r 2 column
(crushing of concrete with yielding in tension face)

Figure (23): Failure mode of SE0.6r 2 column
(tension failure with crushing of concrete)

8. Conclusions

1. Initial cracking was observed at loads ranging
from 5.9% for (SE0.2r 1) column to 20.8% for
(SEQ.6r 2) column of the column ultimate load.

2. Steel vyielding load was varied between
59.8% for (SA 2) column to 87.03% for
(SE0.6r 1) column of the ultimate load. The
strengthened specimens also exhibited
substantially had large displacements beyond the
yielding of steel.

3. At ultimate stage, the difference in the ultimate
horizontal displacements was very low except the
(SA 0, RA 1, SE0.6r 1 and SEO0.6r1212 2)
columns. However, the strengthened specimens
achieved higher load capacities than the
unstrengthened specimen, the two welded wire
mesh layers strengthened columns being the
highest.

4. For both the one-layer welded wire mesh
columns and the two-layer ones, the load-
displacement curves were almost identical from
beginning until the load reaches ultimate stages,
where the two-layer welded wire mesh columns
showed higher strengths and lower displacement at
same load level.

5. The two welded wire mesh layers strengthened
columns have improvements over the one layer
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ones. In terms of ultimate loads, the increase was
approximately;

»  (5%) for axially loaded columns.

» (13%) for eccentrically loaded columns
with e =0.2r.
(78%) for eccentrically loaded columns
with e = 0.6r.
In average, approximately 32% increase in
ultimate strength was gained by strengthening with
an additional welded wire mesh layer.

>
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