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The use of ferrocement in strengthening reinforced concrete (RC) structures has increased
recently. Ferrocement has mostly been used to provide extra confinement for RC columns.
However, its performance, especially in combination with CFRP confinement has not yet been
fully understood. In this study, a total of fifteen columns were experimentally tested to investigate
the effects of using ferrocement confinement in strengthening square RC columns. The combi
nation between CFRP and ferrocement in strengthening RC columns has also been investigated. In
addition to providing extra confinement, ferrocement is used to modify the shape of square
columns to curvilinear shape, which is more effective for confinement. The parameters were (1)
the materials used for confinement (ferrocement, CFRP, or both), (2) cross-sectional shape
(square, curvilinear, or circular), and (3) the amount of confinement (full vs. partial confine
ment). The results show that ferrocement is very effective if combined with CFRP. The curvilinear
shape provided by ferrocement helps to distribute the lateral stresses and ultimately reduces
stress concentration which is usually the cause of failure for columns strengthened with CFRP
confinement. The results are analyzed and discussed, and a number of conclusions are presented.

1. Introduction
Reinforced concrete columns are one of the most common types of structural members used in constructing buildings and bridges.
Most of the old reinforced concrete (RC) structures, which were designed based on the older codes (pre-1970 s), have low-grade
concrete and poor reinforcement details. Consequently, this leads to deficient structural members that cannot sustain the demands
of a moderate to strong earthquake [1–4]. Strengthening older reinforced concrete columns by lateral confinement is one of the most
successful techniques used to improve the strength and ductility of reinforced concrete structures [5–7]. Several materials and
strengthening techniques have been implemented to confine concrete columns at the critical regions (plastic hinge locations) where
the maximum demand is usually concentrated. Steel jacket, fiber reinforced cementitious matrix (FRCM) composites, ferrocement
jacket, and FRP jacket are the most common techniques used in strengthening deficient reinforced concrete columns [8–11]. Confining
plain concrete columns with steel jacket improves the strength and ductility of the strengthened columns compared with control
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specimens [8]. More recently, FRCM composites have been used to confine concrete columns, and test results show significant im
provements in strength and ductility of the confined columns [9].
Ferrocement jackets have been utilized (especially in developing countries) as one of the strengthening techniques for reinforced
concrete members such as beams and columns [12,13]. Moreover, ferrocement is a technique used to improve the performance of
reinforced concrete columns by increasing their lateral confinement. Several experimental studies have been conducted on the use of
ferrocement jacket in confining circular and square concrete columns [12,14–19]. These studies have shown that ferrocement
confinement improves the axial strength and ductility of strengthened specimens. However, ferrocement confinement was more
effective for circular columns, as compared to square columns, due to the effects of stress concentration at the corners for square
columns[16]. Kaish et al. [16] proposed two strengthening techniques using ferrocement to overcome the effect of sharp corners in
square columns. In the first technique, the corners were reinforced with extra layers of wire mesh, while the second technique was
rounding the corners before applying the ferrocement. The results showed that the two techniques reduced the negative effects of sharp
corners. Ferrocement strengthening is considered a less expensive alternative especially in developing countries compared with steel
jacketing and FRP jacketing. Moreover, the in-plane shear strength of the ferrocement is higher than that of FRP [12], which provides
an added advantage.
FRP confinement is one of the most attractive strengthening techniques for concrete structures due to its extraordinary properties
like high strength, lightweight, high flexibility (easy to install), and high resistance to corrosion [20–22]. Due to its attractive me
chanical properties compared to other types of FRP, CFRP is the most common type of FRP used for lateral strengthening or retrofitting
of RC columns [23]. Many experimental studies have been conducted on the use of CFRP in lateral strengthening of short concrete
columns [24–26]. These studies reveal that CFRP confinement can significantly improve the axial strength and ductility of circular
concrete columns [27–29]. However, for square columns, the confinement efficiency is much less due to stress concentration at sharp
corners [30–32]. Rounding the corners of square columns is one of the practical techniques used to reduce the effect of stress con
centration at the corners [20,30,33,34]. However, the radius of rounding is limited due to the nearby locations of internal re
inforcements [35,36]. In addition, the absence of the flexural rigidity in CFRP leads to nonexistence of confinement on the flat sides of
square columns [22,37]. For the flat side, modifying the shape of square columns with circular or curvilinear shape using cement
mortar can enhance the performance of the confined columns compared with the strengthened columns without shape modification.
Several studies were conducted on using modified shapes when confining square columns with CFRP [11,38,39]. Previous studies [11,
40] have revealed that both modified circular and curvilinear shapes have improved the axial strength and ductility of square columns
confined with CFRP. However, the modified circular shape improved the axial strength more than the modified curvilinear shape due
to the uniformity of lateral confinement in circular section compared with curvilinear shape. In addition, most of the available
experimental studies have been conducted on modified shapes with full confinement. However, there are very limited studies that
investigated the performance of the modified shape with partial confinement [41]. The partial confinement is effective in enhancement
the performance of the confinement specimen in term of the axial load capacity and ductility [42–46]. Compared with fully
confinement, the partial confinement is easier in instillation and consumes less materials [42]. Zeng et al. [41] found that using partial
confinement with circular modified shape can save 50% of CFRP material compared with fully confined square columns with similar
Table 1
Labels of tested specimens and strengthening configurations.
Sample

Strengthening technique

Concrete compressive
strength, Mpa

Morter compressive
strength, Mpa

Shape Modification

Cross
section, mm

ConS
PC1
PC2
FC1
FC2
CurPCF

Control Specimen
Partially Confined with 1 layer of CFRP
Partially Confined with 2 layers of CFRP
Fully Confined with 1 layer of CFRP
Fully Confined with 2 layers of CFRP
Curvilinear shape and Partially Confined with
Ferrocement
Curvilinear shape and Fully Confined with
Ferrocement
Curvilinear shape and Partially Confined with
Ferrocement and 1 layer of CFRP
Curvilinear shape and Partially Confined with
Ferrocement and 2 layers of CFRP
Curvilinear shape and Fully Confined with
Ferrocement and 1 layer of CFRP
Curvilinear shape and Fully Confined with
Ferrocement and 2 layers of CFRP
Circular shape and Partially Confined with 1
layer of CFRP
Circular shape and Partially Confined with 2
layers of CFRP
Circular shape and Fully Confined with 1 layer
of CFRP
Circular shape and Fully Confined with 2 layers
of CFRP

19.20
21.10
21.10
19.20
19.20
22.30

–
–
–
–
–
48.2

100
100
100
100
100
126

22.30

47.60

22.30

48.2

22.30

48.2

22.30

47.60

22.30

47.60

21.10

48.20

21.10

48.20

19.20

47.60

19.20

47.60

Rounded corners
Rounded corners
Rounded corners
Rounded corners
Rounded corners
Curvilinear shape using
ferrocement
Curvilinear shape using
ferrocement
Curvilinear shape using
ferrocement
Curvilinear shape using
ferrocement
Curvilinear shape using
ferrocement
Curvilinear shape using
ferrocement
Circular shape using
mortar
Circular shape using
mortar
Circular shape using
mortar
Circular shape using
mortar

CurFCF
CurPCF1
CurPCF2
CurFCF1
CurFCF2
CirPC1
CirPC2
CirFC1
CirFC2

2

×
×
×
×
×
×

100
100
100
100
100
126

126 × 126
126 × 126
126 × 126
126 × 126
126 × 126
d = 130
d = 130
d = 130
d = 130
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level of strength and ductility improvement.
It is important to note that increasing the cross-section of square columns by modifying the shape leads to an increase in both mass
and lateral stiffness of the columns that may lead to a change in seismic performance of the strengthened structure. Moreover, it is
generally desirable to modify the shape of concrete columns while minimally altering in the natural frequency of the structure [47].
Therefore, using a curvilinear shape in modifying the square column can improve the performance with less increase in the mass and
lateral stiffness compared with a circular shape. That was one of the reasons behind investigating partial confinement technique and to
make a comparison with full confinement. In this study, a new modifying technique using ferrocement to modify the cross-section of
square columns into a curvilinear shape was experimentally investigated. Two confinement configurations, full and partial confine
ment, were examined.

Fig. 1. Details of the tested specimens.
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2. Experimental program
In this study, fifteen square plane concrete columns (outlined in Table 1) were prepared to investigate the effects of using the
ferrocement jacket and CFRP in modifying the shape of square columns for better confinement. The first specimen was a “Control
Specimen”, designated as ConS in Table 1. The remaining specimens were divided into four groups and were tested in four phases. In
the first phase, four specimens with rounded corners were confined, partially and fully, with one or two layers of CFRP (PCI, PC2, FC1,
and FC2). In the second phase, two specimens were confined, partially and fully, by using ferrocement only (CurPCF and CurFCF). In
the third phase, the shape of four-square columns was modified to curvilinear by using ferrocement and confined, partially and fully,
with one or two layers of CFRP. These specimens are labeled as CurPCF1, CurPCF2, CurFCF1, and CurFCF2. In the fourth phase, four
specimens were circularized by using cement mortar and confined, partially and fully, with one or two layers of CFRP. These specimens
are labeled as CirPC1, CirPC2, CirFC1, and CirFC2. The details of jacketing the tested specimens are illustrated in Fig. 1. The notations
shown in Fig. 1 are as explained above and described in Table 1.
The dimension of specimens before applying ferrocement (curvilinear) and cement mortar (circularized) was 100 * 100 mm in
cross-section, and 200 mm in length. All specimens were tested under concentric axial compressive load until failure. The following
sections describe in details the properties of materials, preparing the specimens, strengthening techniques, and methodologies used in
modifying the square columns.
2.1. Materials properties
The concrete mix design used in casting the concrete columns was designed to represent low-grades of concrete that were used in
older concrete structures (pre-1970 s). Ordinary Portland Cement (OPC), river sand, coarse aggregate, and water were used in making
concrete for all specimens. In this study, the fineness modulus of sand is 2.5 and the maximum size for the coarse aggregate was 12 mm.
The water-cement ratio was selected as 0.67 and the ratio of the cement, sand, and gravel was 1:2:4. The average compressive strength
of three concrete cylinders (100 mm in diameter and 200 mm in high) on the day of testing was 22.3 MPa. For ferrocement, the cement
mortar was made by mixing OPC, and river sand with fineness modulus of 2.5. The proportion mix ratio of mortar was 1:1.5 with water
cement ratio of 0.55. The average compressive strength of the three cubes (50 * 50 * 50 mm) at 28 days was 46.8 MPa.
In the present study, higher modulus of elasticity is desired to increase the contribution of confinement provided by ferrocement.
Based on the ACI 549 [48], the welded square mesh has a higher elastic modulus compared with woven square wire mesh and
hexagonal wire mesh. Both woven square wire mesh and hexagonal wire mesh are more stretchable than the similar wire in welded
square mesh because it is made from straight wires. The straight wires in the welded square mesh can easily be oriented in the direction
of tensile stress. Moreover, the welded square mesh provides higher increase in terms of ultimate failure load compared with expanded
mesh [49]. Several studies [14,50,51] have been conducted to investigate the use of galvanized welded square mesh with ferrocement
in strengthening reinforced concrete columns. The results show that ferrocement confinement with galvanized square mesh enhanced
the axial strength and ductility of the strengthened columns. Therefore, in the present study, galvanized welded square wire mish with
square opining of 12 mm × 12 mm and wire diameter of 1 mm was used in internal reinforcement, as shown in Fig. 2. The mechanical
properties of the wire mish were provided by the manufacturer. The yield tensile strength and modulus of elasticity were 280 MPa and
140 GPa, respectively.
A unidirectional carbon fiber reinforced polymer (CFRP) sheet was utilized in this experimental study. The mechanical properties
of the CFRP sheet were experimentally determined according to ASTM D7565 [52]. More details about CFRP coupons and tensile tests
can be found in Aules et al. [53]. Based on the tensile test results, the average ultimate strain, average ultimate tensile strength, and
average tensile modulus of elasticity were 1.34%, 3123 MPa, 233 GPa, respectively.

Fig. 2. Galvanized welded wire mish for ferrocement application.

4

Case Studies in Construction Materials 16 (2022) e01130

W.A. Aules et al.

Fig. 3. Wooden formwork.

2.2. Specimens preparation
2.2.1. Preparing plain concrete columns
A wooden formwork has been prepared to cast 15 columns at the same time, as shown in Fig. 3. A rounded piece of wood was added
at each corner in the mold to provide a rounded corner in the column with a radius of 19 mm. After pouring the concrete into the mold,
a piece of a plastic sheet was used to cover the specimens to trap the water inside the concrete during the first 3 days of curing. The
mold was open after three days, and specimens were covered with wet burlap. The burlap was watered every day for up to 28 days.
2.2.2. Ferrocement – curvilinear shape
In this study, a ferrocement confinement technique was implemented to modify the shape of the square columns into a curvilinear
shape. After 28 days of curing, the specimens were cleaned from the loos particles by using a grinder and air pressure to remove the
dust. To increase the bonding between the column and the cement mortar, concrete surface was roughened by thin transverse groves.
In this study, the ferrocement strengthening was applied in two configurations; partial and full confinement.
For partial confinement, the wire mesh was cut into strips that are 28 mm wide and 550 mm long. The length of the stripe was
chosen to provide an overlap equal to 100 mm; to be consistent with the overlap provided for CFRP confinement [54]. The process of
applying the ferrocement on the square column is illustrated in Fig. 4. Before applying the wire mesh strips, pieces made from rubber
were prepared with a specific dimension to control the spaces between strips and the shape of modifying specimens, as shown in
Fig. 4a. In this study, epoxy was used to glue the rubber on the sides of the square column to support them during the process of
applying the ferrocement (Fig. 4b). After that, the wire mish strips were wrapped in between the rubber pieces, as shown in Fig. 4c. A
clear space of 10 mm at both ends of the modified specimens was unmodified to avoid the contact between the mortar and the applied
compression load. The final step was applying the cement mortar in space between the rubber and using a trowel to smooth the surface
of ferrocement. Fig. 4d shows the final product. For the fully confined specimens, the same process was followed except that the width
of the wire mesh was 180 mm and two pieces of rubber at both ends were supported to control the shape of the surface. After 24 h of
applying the ferrocement on the specimens, all the specimens were wrapped by wet burlap for 28 days.
2.2.3. Modified circular shape
Cement mortar was used to circularize the shape of the square column. For partially modified specimens, the same procedure was
followed in preparing the partial ferrocement confinement, except the pieces of rubber were designed for a circular section instead of
curvilinear section. For the fully confined specimens, the process started by preparing a metal sheet with two clamps that were
wrapped around the square column to form the mold for a circular shape, as shown in Fig. 5. To ensure that cement mortar filled all the

Fig. 4. Partial confinement with ferrocement.
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Fig. 5. Mold for modified circular shape.

space between the original square column and the mold, a small vibration table was used to vibrate the mix inside the mold. After
supporting the mold, the specimens were placed on the vibration table, and then the cement mortar was poured inside the mold in
three layers. The molds were opened after 24 h, and specimens were wrapped with wet burlap for 28 days.
2.2.4. CFRP strengthening
The first step of applying the CFRP confinement on the specimens is preparing the surface of the columns by using a hand grinder
and air pressure. For the partially modified specimens, the pieces of rubber were removed by using a screwdriver. After preparing the
surface, CFRP sheet was applied using a wet layup procedure. The orientation of CFRP sheet was kept parallel to the hoop direction. In
addition, the ends were confined with two layers of 10 mm of CFRP sheet to avoid the early local compression damage at the ends. The
length of the overlap was 100 mm [54]. For the partial confinement, the stripes were cut in width equal to the width of the ferrocement
(for specimens strengthened with ferrocement) or mortar cement strip (for specimens strengthened with circular shape modification
and confinement).
2.3. Test setup, instrumentations, and loading protocol
All specimens were tested using a compressive loading machine with a capacity of 1000 kN, as shown in Fig. 6. The compressive
load was applied monotonically at a constant rate of 1.5 mm/min to all specimens up to failure. Based on ASTM C-39 standards [55]
the recommended loading rate for testing concrete cylinders is 1.0 mm/min. However, based on previous studies [28,56,57] con
ducted on testing concrete column confined with FRP, loading rates of more than 1 mm/min were used. In two studies, Yan et al. [56,
57] used a loading rate of 1.3 mm/min to test columns modified into circular and ellipse shapes. Moreover, Mirmiran et al. [28] used a

Fig. 6. Test setup and instrumentation.
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rate of 5.6 mm/min for testing square and circular shape columns confined with FRP. In this study, the available testing machine
worked best with a rate that is slightly higher than 1 mm/min, and the authors considered the rate of 1.5 mm/min as reasonable
because it lies between ASTM recommendation and what was used in previous studies. Two LVDT’s were mounted in a mid-height and
on two opposite locations to measure the compressive axial strain. To measure the hoop strain in CFRP during the test, uniaxial strain
gages were mounted on the surface of CFRP parallel to the direction of the fibers.
3. Experimental results and discussions
3.1. Failure modes
The failure modes for all columns are shown in Fig. 7. The failure mode for the control specimen was concrete crushing after
achieving a compressive strength of 18.3 MPa. Strengthening the columns with ferrocement (partial and full confinement) resulted in
improvement in the ultimate strength; 71% for partial and 83% for full confinement. The failure mode for CurPCF was concrete
crushing and rapture of ferrocement layer at the bottom of the column. For CurFCF, the ferrocement layer started cracking from the top
and bottom, and then the crack continued longitudinally until the entire layer opened up rupturing ferrocement steel wires. For the
columns that were strengthened with CFRP only, the failure almost always initiated and occurred at the corners. However, the failure
modes for columns confined with two layers of CFRP (FC2 and PC2) were associated with explosions. The columns strengthened with
ferrocement and CFRP failed by concrete crushing followed by rupture of ferrocement layer at the mid-height of the column. However,
the failure of CurFCF2 was located at the bottom of the column (Fig. 7). The failure modes for columns strengthened with modified
circular shape and CFRP was concrete crushing followed by CFRP rupture. The failure zone of these columns was distributed over a
larger area, especially for the fully confined columns. In general, the failure of the columns strengthened with partial confinement
occurred at one of the strips, while the failure for those with full confinement was spread over a broader area.

Fig. 7. Failure modes.
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Fig. 8. Effects of CFRP confinement; (a) without shape modification, (b) with modified circular shape.

3.2. Effects of CFRP wrap
As expected, Fig. 8(a) shows that CFRP confinement increases the compressive strength and ductility, the ultimate displacement
divided by the yield displacement as explained in more details in Section 3.4, of short concrete columns. As expected, more CFRP
confinement led to higher strength and ductility. The compressive strength increased by 86% and the ductility was almost 14 times
higher when the columns were partially confined with one layer of CFRP (PC1). The improvement in strength and ductility was greater
with full CFRP confinement (FC1). Moreover, if the same columns (PC1 and FC1) were confined with two layers of CFRP instead of one
(PC2 and FC2), the compressive strength and ductility increased by greater amount. It can be observed that increasing strength and
ductility with increasing CFRP confinement is in agreement with the findings reported by previous investigators [58–62]. Fig. 8(b)
shows that the improvement in strength was much higher if the columns were modified to circular shape. That is mostly related to the
fact that CFRP confinement is more effective for circular columns compared to the square columns [16,22,30,63–66]. The results of
this study show that the strengths of columns with modified circular shape were greater than their comparable square columns.
However, if the comparison is based on ductility, the ductility of square columns (PC1, FC1, PC2 and FC2) was greater than those of
columns with modified circular shape (CirPC1, CirFC1, CirPC2 and CirFC2). The reason is more likely not because square columns are
more ductile than circular columns, but because the strength of circular columns tested in this study reached a high level of strength
and required more confinement to keep up with their higher strength. For example, CirFC2 achieved strength of 1141 kN (86 MPa),
and it seems that more confinement is required to help the confined columns deform under such high strength. This can also be

Fig. 9. Effects of Ferro-cement confinement; (a) Partial, (b) Full confinement.
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observed when CirFC1 is compared with CirFC2, or if CirPC1 is compared with CirPC2. It is recommended that future investigations
verify this observation by testing similar columns with 3 or more layers of CFRP confinement.
3.3. Effects of ferrocement confinement
It can be observed in Fig. 9 that ferrocement confinement can also improve the strength of short concrete columns. Improvement in
ductility, which equals to the ultimate displacement divided by the yield displacement as will be explained in Section 3.6, was also
observed for columns strengthened with ferrocement confinement, but the improvement was not as much as what was observed with
CFRP confinement. It is expected that thicker steel wires in the ferrocement confinement could have had a better improvement in terms
of strength and ductility. Both partial (Fig. 9a) and full (Fig. 9b) confinement with ferrocement improved the strength and ductility of
the concrete columns, but with only slight difference between the two approaches.
Fig. 10 shows that significant improvement in strength and ductility could be achieved if both ferrocement and CFRP were used.
The improvement in strength (if ferrocement and CFRP are combined) ranged from 266% to 465%, but the improvement in ductility
was at least 820% and at most 1020% (10 times). Therefore, in addition to the significant improvement in strength, combining both
ferrocement and CFRP seems to be very effective in increasing ductility of concrete columns. It was also observed that the effects of
partial confinement with ferrocement and two layers of CFRP (CurPCF2) was approximately similar to strengthening columns with full
confinement of ferrocement and one layer of CFRP (CurFCF1). Such a conclusion could have been rechecked if both columns were
similar except the volumetric ration of FRP. However, CurPCF2 had two layers of CFRP but partially confined with ferrocement and
CFRP, while CurFCF1had one layer of CFRP but fully confined with CFRP and ferrocement. It is true that the volumetric ratio of CFRP is
higher for CurPCF2, but the confinement was partial which means that confinement was not provided along the entire length of the
column. CurFCF1 had only one layer of CFRP but along the entire length of the column. This observation could provide options for
designers and engineers when selecting an appropriate strengthening technique.
3.4. Full confinement vs. partial confinement
The three methods are compared in Fig. 11 by means of their axial stress vs. axial and lateral strains. Fig. 11 (a) compares the
columns that were strengthened with one layer of CFRP. It can be observed that strengthening square concrete columns with one layer
of CFRP only (FC1) can improve the behavior of the columns (Fig. 11a). The improvements in strength and ductility were 228% and
1330%, respectively. However, the improvement (especially in strength) is significantly higher when CFRP confinement was used with
modified circular shape (CirFC1) or with ferrocement (CurFCF1). The strengths of CirFC1 and CurFCF1 were 3.45 times and 3.46 times
higher than the control column, respectively. In terms of ductility, the ductility of the modified circular shape (CirFC1) was 9.1 times
higher than that of the control column, while the ductility of ferrocement column (CurFCF1) was 8.2 times higher than that of the
control column. In fact, columns with modified circular shape or ferrocement had almost similar response. Therefore, instead of
choosing the option of modified circular shape when strengthening square concrete columns with CFRP, designers may choose fer
rocement plus CFRP.
Fig. 11 (b) shows comparisons similar to the discussion above, but for columns with two layers of CFRP instead of one layer
(Fig. 11a). With full confinement, it appears that CFRP with ferrocement or modified circular shape achieved similar results. For two

Fig. 10. Effects of ferrocement combined with CFRP confinement.
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Fig. 11. Stress vs. axial and lateral strains for concrete columns fully confined with CFRP, ferrocement, and modified circular shape.

layers of CFRP, although columns with ferrocement had higher stiffness, they had about the same strength but lower ductility
compared to the columns with modified circular shape. The ultimate deformation was higher for columns with ferrocement, but the
yield strain or transition strain, at which the load-deformation curve changes its slope, was also higher, which decreased the ductility
(ductility = ultimate strain/ transition strain).
Fig. 12 (a) compares the columns that were partially confined with ferrocement, modified circular shape, and one layer of CFRP. It
can be observed in Fig. 12 that combining ferrocement and CFRP achieved the highest strength, which was even higher than CFRP plus
modified circular shape. Moreover, the ductility for columns with ferrocement and one layer of CFRP (CurPCF1) was also higher than
that of columns with modified circular shape (Fig. 12a). Therefore, for partial confinement, ferrocement showed better performance
than the method of modified circular shape. However, for two layers of CFRP (Fig. 12 b), columns with ferrocement showed higher
strength but lower ductility than the columns with modified circular shape. In general, strengthening columns with ferrocement and
CFRP appears to be a viable method or alternative solution to improve the strength and ductility of concrete columns.
3.5. Stress vs. dilation behavior
Past research shows that the volume of typical concrete columns reduces with increasing the applied load (stress) until the load
reaches 90% of its strength, and that is when the volume starts to expand (dilation) with the load until failure [28]. Research also
shows that confinement can reduce the dilation or control the instability that leads to catastrophic failure [67]. In order to see the
effects of the confinement methods used in this study, the volumetric strain was plotted against axial stress (Fig. 13). The volumetric

Fig. 12. Stress vs. axial and lateral strains for concrete columns partially confined with CFRP, ferrocement, and modified circular shape.
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Fig. 13. Axial stress vs. volumetric strain; (a) Full confinement and one layer of CFRP, (b) Full confinement and two layers of CFRP, (c) Partial
confinement and one layer of CFRP, and (d) Partial confinement and two layers of CFRP.

strain is equal to the axial strain plus 2 times the lateral strain (εvolumetric = εaxial + 2 ∗ εlateral ). In Fig. 13, positive volumetric strain
represents expansion (dilation), and negative volumetric strain represents reduction in volume. It can be observed in Fig. 13 that the
results of this study are in agreement with the previous findings [27,28,67]. Columns strengthened with two layers of CFRP had much
lower dilation than the columns with one layer of CFRP. Fig. 13 (a) shows that all specimens fully confined with ferrocement, modified
circular shape, and one layer of CFRP failed while the volumetric strain was positive (dilation). On the other hand, all similar columns
with two layers of CFRP (Fig. 13 b) failed while the volumetric strain was negative (volume reduction). Fig. 13 (c) and (d) do not show
a clear pattern, but show that columns with two layers of CFRP had smaller dilation.
3.6. Energy absorption and ductility
One of the methods to test the ability of a structural element or frame is to measure the energy absorption, which is the capacity of
the member or structure to absorb the energy and deform under the load. In this study, the energy absorption (kN.mm) was measured
by calculating the area under the load (kN) vs. deflection (mm) curve. Table 2 presents all the values for energy absorption for all
specimens. The enhancements in energy absorption, which equals to the energy absorption of a specimen divided by the energy
absorption of the control specimen, are also shown in Table 2. Ferrocement by itself (partial or full confinement) improved the energy
absorption by 520–870%. However, combining ferrocement and CFRP achieved the highest improvement in energy absorption ca
pacity (7140% for CurFCF2). Another observation is that adding another layer of CFRP confinement improved the energy absorption of
the columns. This was always true for all tested specimens whether for columns with CFRP only, ferrocement or for modified circular
shape.
Another way to evaluate the ability of a structural system or a member to deform before failure is to examine its ductility. The
ductility index of confined columns can be determined by dividing the ultimate displacement by the yield displacement. In the present
study, the yield displacement is the displacement at the transition state of the bilinear curve shown in Fig. 14, and the ultimate
displacement is the maximum achieved displacement. For the columns the load-displacement response of which decreased after the
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Table 2
Summary of results.
Sample

Ultimate compressive
strength, Mpa

Enhancement in
compressive strength

Energy
absorption, kN.
mm

Enhancement in
Energy absorption

Ductility

Enhancement in
Ductility

Stiffness,
Mpa

ConS
PC1
PC2
FC1
FC2
CurPCF
CurFCF
CurPCF1
CurPCF2
CurFCF1
CurFCF2
CirPC1
CirPC2
CirFC1
CirFC2

18.30
34.00
51.41
41.81
65.55
31.30
33.50
48.74
69.85
63.24
85.12
43.62
65.85
63.12
86.26

1.00
1.86
2.81
2.28
3.58
1.71
1.83
2.66
3.82
3.46
4.65
2.38
3.60
3.45
4.71

38
820
2005
1071
2150
196
332
1157
1503
1568
2713
744
1563
1278
1832

1.0
21.6
52.8
28.2
56.6
5.2
8.7
30.4
39.5
41.3
71.4
19.6
41.1
33.6
48.2

1.29
17.65
19.32
17.11
18.40
2.96
4.62
13.18
11.07
10.56
12.06
12.22
13.21
11.67
17.65

1.0
13.7
15.0
13.3
14.3
2.3
3.6
10.2
8.6
8.2
9.4
9.5
10.3
9.1
13.7

-5075
514
804
841
1103
-1592
-954
836
1473
1295
1384
1371
1213
1806
2650

Fig. 14. Typical stress-strain curve with definition of first-stage stiffness (E1) and second-stage stiffness (E2).

peak load (ConS, CurPCF, and Cur_FCF), the ultimate displacement was chosen as the displacement at 20% drop in strength [68,69].
Table 2 lists the ductility indices for all tested columns. It also shows the enhancements in ductility for all specimens. In general, all
strengthening techniques used in this study significantly increased the ductility. Specimens strengthened with CFRP only achieved the
highest ductility compared with other techniques. Confinement with ferrocement (+CFRP) or modified circular shape (+CFRP) had
similar effects on the ductility, except for CirFC2 which achieved a ductility that was 46% higher than that of CurFCF2. Finally, it can
be concluded from Table 2 that the amount of ferrocement used in this study for strengthening CurPCF and CurFCF (ferrocement
without CFRP) was not enough to improve the ductility by a significant amount. Thicker steel wires or more layers of ferrocement
could be expected to have a better effect on ductility due to the common knowledge that more confinement increases the ductility of
short columns. Thicker wires or additional layers of CFRP will increase the confinement, and ultimately increase the ductility.
Additional tests would have to be conducted in order to know the optimum thickness and number of CFRP layers.
3.7. Stiffness
As shown in Figs. 11, 12, and 14, the first-stage stiffness (k1) values are similar for all specimens as they mainly depend on the
concrete compressive strength. In this study, the comparison focused on the second-stage stiffness (k2) of the column specimens as it
changes with strengthening configuration and the number of CFRP layers. To determine the second-stage stiffness, the blue dashed line
(k2-line) in Fig. 14 was created. K2-line divides the second-stage stress-strain curve into two areas; area above the curve and area under
the curve. This line (k2) ensures that both areas are equal. The x-coordinate of the first point (left-side) of k2-line represents the
transition strain, where the curve changes from k1 to k2. Then, the other coordinates will automatically be generated to make the areas
(above and below the curve) equal. Table 2 presents all k2 values for all tested specimens. The k2 value for the control specimen was
large and negative, which means that the second-stage stiffness represented a sudden drop in strength and ultimately failure. I can also
be observed that specimens with ferrocement only (CurPCF and CurFCF) had negative k2 stiffness values as well. Adding an extra layer
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of CFRP increased k2 stiffness for all specimens, except for CirPC1 and CirPC2. Moreover, specimens with full confinement showed
higher stiffness than those with partial confinement. Finally, the results showed that specimens with modified circular shape achieved
the highest k2 stiffness, followed by specimens with ferrocement confinement, and then those with CFRP confinement only.
4. Conclusions
This experimental investigation was conducted to evaluate the possibility of using ferrocement and CFRP in strengthening short
square concrete columns. Four different strengthening configurations were investigated; (1) CFRP confinement, (2) ferrocement, (3)
ferrocement and CFRP, and (4) modified circular shape with CFRP confinement. The following conclusions can be drawn, but it should
be noted that the conclusions are based on limited data, and more tests are required to confirm the results.
1. The ultimate compressive strengths for columns with modified curvilinear and circular shapes that were fully confined with one
layer of CFRP were almost similar to the ultimate strengths of their comparable un-modified specimens fully confined with two
layers of CFRP. Accordingly, columns with modified shapes consume less CFRP materials compared with the columns without
shape modification for the same demand of ultimate compressive strength.
2. Columns with curvilinear modified shapes and full confinement achieved the highest energy absorption.
3. Ferrocement by itself may improve the strength and ductility of short concrete columns, but combining CFRP and ferrocement
achieved much better results in terms of strength, ductility, and energy absorption.
4. For specimens with partial confinement, shape modification always increased the ultimate strength of square columns. One-layer of
CFRP with partial confinement and curvilinear or circular shape modification achieved higher ultimate strengths compared with
one layer of CFRP with full confinement but without shape modification.
5. The second-stage stiffness (k2) was significantly affected by the amount and type of confinement used. The highest second-stage
stiffness was achieved when the columns were strengthened with modified circular shape and CFRP confinement.
6. The dominant observed failure mode for all the confinement specimens was concrete crushing followed by CFRP rupture.
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