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Abstract. Engineered cementitious composite (ECC) can be used for strengthening of
concrete columns due to its similar structure and suitable connection to normal concrete
and its special tension behavior. In this study, to analyse the columns, finite element (FE)
method was used after verification by experimental results. Reference column was
strengthened by normal concrete and ECC jacketing. The effects of type of jacket material,
longitudinal reinforcement, compressive stress and ultimate tensile strain of ECC on
variations of eccentric load-bending moment (P-M) interaction curves were investigated.
Results showed that the use of ECC instead of normal concrete can increase load carrying
capacity of strengthened column, due to tensile strain hardening behavior of this material.
It was found that, amount of this increase depends on eccentricity of eccentric load and
varying from 0.4-23%. In ECC jacketing, tensile cracks are continuous, but in concrete
jacketing, there were discrete cracks and more quantity of damages. Due to higher load
carrying capacity and better distribution of tensile cracks in ECC jacketing than normal
concrete jacketing, the use of ECC is suitable for strengthening of reinforced concrete
columns. Load carrying capacity of columns under concentric load and pure bending
moment were calculated by theoretical method and the results were compared with FE.

Keywords: Strengthened column, ECC jacketing, eccentric load, P-M interaction cutves, finite element.

ENGINEERING JOURNAL Volume 24 Issue 5
Received 13 September 2019

Accepted 15 February 2020

Published 30 September 2020

Online at https://engj.org/
DOI:10.4186/¢j.2020.24.5.77



DOI:10.4186/¢.2020.24.5.77

1. Introduction

Concrete columns, as main members in moment
frame system should not be failed and damaged before the
beams (weak beam-strong column theory) [1], so it is
necessary to strengthened reinforced concrete columns
that to not meet new seismic provisions. There are a
variety of methods for strengthened of concrete columns
including the use of jacketing: reinforced concrete [2, 3],
fiber reinforced polymer (FRP) [4, 5], steel [6, 7], and
combination of these methods [8]. Each method has its
advantages and disadvantages. FRP jacketing increases
compressive strength and ductility in concrete column but
at eccentric load with high eccentricity or high lateral load,
FRP layers fail eatlier [9]. The use of steel jacketing can
lead to confinement for concrete core and increased
column ductility [10]. But, it is weak against corrosion and
fire. Concrete jacketing because of its similarity to
reference column material and its suitable connection may
be appropriate, but weakness of concrete in tension and
its hard application are disadvantages of this method. If
concrete-like materials were used and tensile behavior of
concrete improves, then this method of strengthened of
concrete columns can also be improved.

In the recent years, materials including engineered
cementitious composite (ECC) or high performance fiber
reinforced cementitious composite (HPFRCC) have been
introduced lacking coarse grain. ECC behavior is almost
similar to that of concrete under pressure but is quite
different from that under tension. This different behavior
of ECC or HPFRCC under tension compared to concrete
is due to presence of PVA (ploy vinyl alcohol) fibers in
structure of this material. Presence of fibers in this
material with bridging between cracks leads to strain
hardening under tension [11, 12]. As can be seen in Fig. 1,
ECC has a different behavior to normal concrete and fiber
reinforced concrete (FRC) under tension.

ECC is considered as a high-performance material
because of strain hardening behavior after initial cracking.
ECC and concrete have almost similar ranges of tensile
stress (3-6 MPa) and compressive stress (20-90 MPa), but
they are different in terms of tensile strain. Ultimate strain
in ECC is equal to 2-8%, attributing to failure of concrete
in a brittle behavior of primary cracking, but in ECC, after
primary cracking, stress increases until reaching ultimate
strain and then it has a softening behavior [13].

Numerous studies have been done on members made
of ECC or HPFRCC. Yuan et al. compared columns made
of concrete and ECC under eccentric load in terms of load

carrying capacity by experimental and theoretical methods.

They showed a difference between load carrying capacity
of the two columns at low eccentricity close to each other
and it increased at high eccentricity [14]. Quang et al.
applied axial load and horizontal biaxial load on concrete
columns and HPFRCC, and evaluated both flexure and
shear failure modes for column.

Fig. 1. Comparison of tension stress-strain curve of
normal concrete, fiber reinforced concrete (FRC) and
ECC [12].

They showed an increase in lateral load capacity by
40 and 10% ductility in the column made of HPFRCC
compared to the concrete column [15]. Jinlong et al. using
finite element (FE) and theoretical methods studied ECC
column under eccentric load. Maximum error between
these methods for ECC column was equal to 8.2% [10].
Hemmati et al. Using experimental methods and finite
element by ABAQUS software studied the effect of
HPFRCC on frame by considering three frames of normal
concrete, HPFRCC, and the frame consisting of normal
concrete and HPFRCC. Difference between amount of
lateral load in experimental methods and finite element
results was obtained as 4.5 and 2.8%, respectively for
concrete and HPFRCC frames [17]. Use of ECC due to,
strength capacity under tension, ductility [15, 17], and
durability (due to lack of coarse grain) [18, 19] increased
than normal concrete, as ECC was applied instead of
concrete for strengthened of concrete members. Also due
to similarity of ECC structure to concrete, a strong
connection can be made between ECC jacketing and
primary concrete body. Shim et al., Meda et al used
HPFRCC (ECC) jacketing for strengthened of reinforced
concrete column under lateral load. They showed that, this
technique is suitable for repairing and strengthening of
reinforced concrete columns [20, 21].

In this study, reinforced concrete column is
strengthened by concrete and ECC jacketing. The effects
of variables including type of jacket material, longitudinal
reinforcement, compressive stress of ECC, and ultimate
tensile strain of ECC, on eccentric load—bending moment
(P-M) interaction curve is investigated in strengthened
columns. To more exactly evaluate P-M interaction curve
in region of pressure, region of tension and balance point,
each column is subjected to concentric load, pure bending
moment and different eccentric loads.

2. Review of Experimental Study and FE
Analysis

Due to high number of columns and low distance of
eccentricity in eccentric loads (about 20 mm), the finite
element method was used to analyse the columns. To
verify modelling of concrete, ECC, and steel
reinforcement in software, first finite element results need
to be compared and verified by experimental results.
Finally, finite element results are compared with
theoretical results for circular columns under concentric
load and pure bending moment.
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2.1. Detail of Experimental Columns and Loading
System

Yuan et al. made reinforced concrete (called as C) and
reinforced ECC (called as E) columns. Column length was
equal to 1200 mm (consisting of two haunch connections
for applying eccentric load and main column length) and
effective cross section was equal to 200¥250 mm as shown
in Fig. 2. Columns under eccentric compression load had
an eccentricity of 120 mm. Test results showed that peak
of compressive stress of concrete and ECC was equal to
32.28 and 46.08 MPa, respectively. Longitudinal
reinforcement was 4d16 and transverse reinforcement
was @8@100 mm. Table 1 presents mechanical propetties
for steel reinforcement. Figure 3 shows stress-strain curve
of ECC under tension [14].

In Table 1, D is diameter of steel reinforcement, fy is

yield stress of steel reinforcement, fi, is ultimate of steel

reinforcement and Eg is elastic module of steel

reinforcement.
2.2. Material Modelling and Stress-Strain Curves

In general, the ABAQUS software [22] can be used
to define nonlinear behavior of concrete and cement
composites from three behavioral models in the software.
These methods include: 1- concrete smeared cracking, 2-
brittle cracking, and 3- have used this software to simulate
concrete and ECC applied concrete damaged plasticity
[23]. In this model, it is possible to enter different points
of stress-strain curve of normal concrete and ECC under
compression and tension [24, 25]. Here in, two concrete
failure mechanisms were predicted: the first one is tension
cracking and the second one is compression cracking.
Compression behavior of concrete and ECC is almost
similar to each other but it has different under tensions.
Figure 4 shows stress-strain curve (compression and
tension) for concrete, ECC, and steel. Solid element was
used for modelling of concrete and ECC. Truss elements
were used to model steel reinforcements [26 - 28].

Equation (1) shows stress-strain relationship for
concrete under compression. Eq. (2) and Eq. (3) are
related to stress-strain relationship for ECC under
compression and tension, respectively. Equation (4) is
related to steel under compression and tension [14, 16].

For concrete: (under compression)
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Fig. 2. Detail of experimental columns(C&E) [14].

Table 1. Mechanical property of steel reinforcement in C
and E columns [14].

D fy fu E
(mm) (MPa) (MPa) (GPa)

8 359 525 195

16 527 621 201

Tensile stress (MPa)
-

Strain (%)

Fig. 3. Tension stress-strain curves of ECC [14].
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Fig. 4. Stress-strain curves for: (a) concrete under
compression; (b) ECC under compression and tension; (c)
steel under compression and tension.
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For ECC: (under compression)
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For steel: (under compression and tension)
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In Eq. (1) to Eq. (4), 0.¢ is compressive stress of
concrete, € is strain of material, fZ is peak compressive
stress of unconfined concrete, Sé is compressive strain of
unconfined concrete at peak stress, &4, is ultimate
compressive strain of unconfined concrete, 0. is
compressive stress of ECC, f;o is maximum elastic
compressive stress of BECC, &,y is maximum elastic
compressive stain of ECC, f¢p, is peak compressive stress
of ECC, &) is compressive strain of ECC at peak stress,
feu is ultimate compressive stress of ECC, &, is ultimate
compressive strain of ECC, og, is tensile stress of ECC,

fto is initial cracking tensile stress of ECC, &, is inital
cracking tensile strain of ECC, fi,, is ultimate tensile stress
of ECC, &, is ultimate tensile strain of ECC, 0y is stress
of steel reinforcement, &, is yield strain of steel
reinforcement, &,is ultimate strain of steel reinforcement.
In linear elastic regime, the Young’s modulus of concrete
(E;) and ECC (Eg ) was calculated using Eq. (5) and Eq.
(6), respectively [16, 29, 30].

E, =4730,/f, ©)
f
Ee =— ©)

2.3. Simulations C and E Columns for FE Analysis

Column simulation in software was performed
according to experimental conditions. To apply boundaty

conditions on the column, top and bottom columns were
selected and rotation and displacement (in
accordance with experimental conditions) were free. For
loading, axial displacement of 10 mm/sec was applied to
reference points of the column with a certain eccentricity.
To perform FE analysis, the column should be meshed. It
is noteworthy that, dimension of the mesh can influence
results of column analysis, highlighting dependency to the
mesh dimension [25]. If the mesh size is very large, the
concrete or ECC will face with late tensile cracking and
resistance and ductility of the column will be more than
reality, and if the mesh size is too small, concrete will soon
face with tensile cracking and resistance and ductility of
the column will be less than reality [31]. Figure 5(a) shows
boundary conditions and position reinforcement for C
and E columns. In this study, due to applying finite
element analysis for similar column [27], meshing sizes is
equal to 50 mm for analysis of columns as shown in Fig.
5(b).

As steel reinforcements often have a small diameter
and area, distribution of stress is usually uniform. As a
result, their behavior can be modelled by one-dimensional
elements with a one-axial stress theory (truss). It is clear
that, degrees of freedom of rebar should not be
independent of degrees of freedom for its surrounding
concrete or ECC. To accommodate this, a property called
embedded is included in the software [26]. Using this
property, a piece can be placed in the other part so that,
degrees of freedom of inner parts are determined using its
surrounding degrees of freedom.

axial

2.4. Verifications FE Results for C and E Columns
with Experimental Results

Columns C and E were analysed using finite element
method and were compared with experimental results for
verification of results. Figure 6 shows axial load—axial
strain curve of columns. Axial strain measures the point
under eccentric load. Figure 7 shows eccentric load-lateral
deflection curves. Lateral deflection measures mid-height
(f) of the column. As shown in Fig. 7, in elementary parts
of eccentric load-lateral deflection curve, simulated sample
results are harder than experimental results, the reason of
to lower degrees of freedom in simulation models than
experimental samples [32]. Figures 8 and 9 show
compressive and tensile damages of the two columns C
and E, respectively, as well as comparison of results
obtained from experimental and FE methods.
Degradation of elastic stiffness in was
determined by two damage variables, namely damage
compact (dc) and damage tensile (dt), which are functions
of plastic strain, temperature, and field variables [28].
These damages in column C were also greater than in
column E in terms of surface of cracks and quantities of
damages. There was close difference between compressive
damages of the two columns, due to similarity of behavior
between concrete and ECC under pressure. Due to
different behavior of two materials under tension, tensile
damages for C column were discrete and for E column,

columns
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were continuous. Acceptable conformity was found
between compressive and tensile damages of two columns
as obtained by experimental and FE methods.

In general, as illustrated in Fig. 7, numerical simulation
method is not capable of simulating load loss and
downward branching of load-displacement curve under
present conditions and the solution diverges immediately
after crushing of concrete or ECC under compact. To
simulate drop load and descending branch of curve, it is
necessaty to use the theories of fracture mechanics and to
apply higher viscosity values. However, as shown in Fig. 7,
upward branch of load-displacement curve has been well
simulated and peak load and its corresponding
displacement has been correctly determined. Error for
peak load was equal to 0.8 and 5.2%, respectively as
obtained for FE method compared to experimental
method for concrete and ECC columns, indicating
accuracy of FE method.

In addition, the experimental and numerical axial
load-displacement curves shown in Fig. 6 and Fig. 7 are
also in good agreement. On this basis, it can be concluded
that the methods and theories used are able to simulate the

behavior of the columns until the process of corrosion of
the concrete and ECC, failure of columns, and load
carrying capacity of columns.

Fig. 5. Simulaton C and E columns: (a) boundary
conditions and reinforcement position; (b) mesh size.
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Fig. 6. Eccentric load—axial strain curves: (a) C column; (b)
E column.
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Fig. 7. Eccentric load—lateral deflection curves: (a) C
column; (b) E column.
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Fig. 8. Crack pattern and damage quantification at
compact for: (a) C column; (b) E column.
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Fig. 9. Crack pattern and damage quantification at tensile
for: (a) C column; (b) E column.

3. Analytical Models

Purpose of this study is investigating eccentric load-
bending moment (P-M) interaction cutve, so the columns
were considered short. Therefore, the reference reinforced
concrete column (R) was 1000 mm long with 250 mm
diameter, in which the effect of buckling in the column
was ignored. According to ACI 318 [29], the reference

. kly. . .
column slenderness ratio (Tu) is equal to 16. Because, this
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value is below 22, the reference column is considered a
short column.

Compressive stress concrete of R column was equal
to 25 MPa. Figure 10(a) shows amount and position of
longitudinal and transverse reinforcement in the reference
column. The R column was strengthened and named using
normal concrete or ECC jacketing as shown in Fig. 10(b)
and Table 2. The @ value, which is ratio of total area of
longitudinal reinforcement to area of the column,
longitudinal reinforcement in the reference column is
designed so that, p value (1.4%) should not be less than
recommended value of ACI (1%) [29]. In strengthened
columns, amount of longitudinal reinforcement is
designed such that, o value should be equal to the
reference column. But for columns, in which the effect of
longitudinal reinforcement is studied on behavior of
strengthened column, o value must be changed. Cover on
longitudinal reinforcement for reference column and

strengthened columns are equal to 25, 30 mm, respectively.

To make a better comparison between normal
concrete and ECC, thickness of the jacket in strengthened
columns was constant and equal to 50 mm. Value of
vielding and ultimate stress for longitudinal reinforcement
was equal to 320 and 500 MPa, respectively, and transverse
reinforcement was equal to 220 and 380 MPa, respectively.
Elastic modulus of steel reinforcement was equal to 200
GPa. Transverse reinforcement in jacketing of
strengthened column was equal to ®8@150 mm. Based
on results obtained from experimental studies on ECC or
HPFRCC [14, 16, 33], mechanical properties of ECC
regarding simulation in the software under compression
and tension were provided in Table 3.

Each column was subjected to loads: 1- concentric
load, 2- eccentric load with eccentricity of 40, 80, 100, 120,
140, 175, and 220 mm, and 3- pure bending moment. All
the points mentioned in previous section for modelling of
columns C and E are true here.

It is noteworthy that, interaction effect is between
body of the main column with jacket around the column
in reality and its correct simulation in the software.

Connection of a core column with a concrete jacket
in reality was achieved by clearing and sandblasting of
periphery of the core column. As a result, connection
between the core column and the concrete or ECC jacket
was made perfectly [2].

To simulate this behavior in the software, proper
interaction between these two surfaces should be done so
as to model it without the need for separation and real
behavior. As shown in Fig. 11, interaction between these
two surfaces (body of the reference column and concrete
or ECC jacketing) was made through module interaction
and by creating new constraint in model and tying them
together [20].

Boundary conditions and teinforcement position for
reference and strengthened circular columns were shown
in Fig. 12. Meshing size was equal to 50 mm for analysis
of columns. To apply boundary conditions to the column,
a reference point was defined at top and bottom of the
column. The column boundary conditions must be

82

changed to apply load to the column. To apply concentric
load, pure bending moment the reference point of axial
displacement, rotation of 10 mm/sec, 5 rad/sec,
respectively should be entered. For eccentric load, the
reference point must be changed into amount of
eccentricity of load.

6®12
®8@150mm

250 mm

@)

Fig. 10. Detail of circular columns: (a) reference (R)
column; (b) strengthened columns with reinforced
concrete or ECC jacketing.

Table 2. Strengthened columns with normal concrete or
ECC jacketing. (*: longitudinal reinforcement in jacketing
of strengthened column).

Column material f. f,, LR* g%
jacketing (MPa) (MPa)

RJRC Concrete 35 - 612 1.4
RJRE1 ECC1 - 35 68 1
RJRE2 ECC1 - 35 612 1.4
RJRE3 ECC1 - 35 6d20 2.7
RJRE4 ECC2 - 25 612 1.4
RJRE5 ECC3 - 35 612 1.4

Table 3. Mechanical property of ECC at compression and
tension (all unites for stress is MPa).

ECC ECC1 ECC2 ECC3
f.o 235 185 235
Eco% 0.1 0.08 0.1
fep 35 25 35
Ecpo 0.22 0.2 0.22
fou 14 12 14
€.y 0.32 0.3 0.32
fro 3.7 3.1 3.7
Ero% 0.021 0.015 0.021
fru 5 45 5
Een’o 45 45 3
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Fig. 11. Modelling element columns in software: (a) core
column; (b) concrete or ECC jacketing.
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Fig. 12. Simulation of circular columns; boundary
conditions, reinforcement position and mesh size for: (a)
reference column; (b) strengthened columns.

The confinement effect on strengthened columns
with concrete or ECC jacketing is due to lateral pressures
caused by transverse reinforcement of column [34]. In
strengthened column with ECC jacketing, in addition to
transverse reinforcement, the fibers in ECC jacketing are
also effective in enhancement of confinement effect [12].
Confinement effect leads to increased compressive stress
and compressive strain of concrete in confined area. There
are several equations for modelling increase in
compressive stress of confined concrete by transverse
reinforcement [34]. In this study, FIB model code [35] was
used according to Eq. (7) and Eq. (8). The diameter of
confined area by transverse reinforcement in circular
column is obtained from this relation (d; — %) [36].

Campione considered the effect of fibers on
enhancement of confinement in fiber reinforced concrete
with a fictitious reduction of space between transverse
reinforcement. It has been stated that, amount of this
fictitious reduction depends on length (lf), diameter (Dy)
and volume percentages (Vr) of fibers [36]. In this study,

l
due to geometrical properties (D—ff = 120) and volume

percentages (Vr = 2%) of PVA fibers in ECC jacketing,
the space between external transverse reinforcement
fictitiously reduced by 16%.

DOI:10.4186/¢.2020.24.5.77

In Eq. (7) and Eq. (8), fie is lateral pressure of stirrups
and for circular columns with conventional stirrups, it is
calculated from Eq. (9), the value of k; is equal to 4.1 [36].

f.="f|1+ 3.5(%)"-75 )

A 1+5k fIe 0.7

Eee = &L+ 1(f_ (8)
2

(= Poubaly s ©)

° s5d, d,

In Eq. (7) to (9), foc is peak compressive stress of
confined concrete, &4 is compressive strain of confined
concrete at peak stress, Agy is area of transverse
reinforcement, fy,; is yielding stress of transverse
reinforcement, d; is diameter of circular stirrups, S is clear
spacing between stirrups, S; is clear spacing between
stirrups after fictitious reduction. To apply confinement
effect in finite element analysis, stress-strain curve of
concrete in confined area (diameter of confined area for
strengthened columns is almost 250 mm) must be
modified according to Eq. (7) and Eq. (8). As can be seen
in Eq. (9), amount of lateral pressure depends on space
and diameter of stirrups. If space of stirrups is large and
diameter of stirrups is small, then this pressure is
minimized in confined concrete area.

4. Results and Discussion
4.1. Concentric and Eccentric Load

Each column was analysed by finite element method.
In this section, results are presented, and columns were
compared with each other. Figures 13 and 14 shows
concentric load-axial displacement curve and eccentric
load-eccentricity curve of each column, respectively. After
crushed of columns under pressure, downward branch of
the load-displacement curve dropped, this behavior was
also observed in column analysis by finite element method
in study of Elchalakani et al. [27]. Reason of this solution
was diverged. But the purpose of this study is to determine
peak load of columns before was crushed one can be sure
of the results. Due to similar behavior of concrete and
ECC under compression, and geometrical and mechanical
properties of the two columns of RJRC and RJRE2,
concentric load-axial displacement curve of these two
columns was matched as illustrated in Fig. 13. Tables 4 and
5 present exact amount of axial load and bending moment
for each column, respectively. As shown in Table 6, load
carrying capacity of each strengthened column was
compared with the reference column. Means e=
presented in Tables 5 and 6 denotes pure bending moment
(P,=0) on columns. Amount of load carrying capacity in
strengthened columns increased compared to the
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reference column. Amount of this increase is variable and
depends on type of strengthened and eccentricity of
eccentric load. Because, in each level of strengthened of
column, a longitudinal reinforcement was applied in the
column jacketing and in four levels of strengthened of
columns, ECC was used as internal material of the jacket
that increases bending capacity is more than axial
compressive load capacity. Such that, by increasing
eccentricity of eccentric load in a particular strengthened
of column, load carrying capacity difference becomes
larger than the reference column. The effect of
longitudinal reinforcement and ECC material on the jacket
in increasing load carrying capacity of the reference
column in bending mode is more than compressive mode.
In all columns with increasing eccentricity, the value of
eccentric load decreases. The reason is creation of a
bending moment in addition to the axial load in large of
eccentricity.

The difference between columns of RJRC and
RJRE2 in Fig. 14(a) is visible at large eccentricity. When
eccentricity of axial load increases, tension occurs at the
cross-section of the columns. As a result, the difference
between concrete and ECC is evident at this time. The
tensile behavior of ECC varies respect to the concrete. In
ECC unlike concrete after the first tensile crack was
formed, the tensile strain hardens. That causes it load
carrying capacity in RJRE2 column between 0.4 and 23%
higher than is RJRC column. The increase in the amount
of longitudinal reinforcement in the column jacketing, is
effective both at large and small eccentricity (Fig. 14(b)).
The effects of compressive stress and ultimate tensile
strain on ECC are important at small and large eccentricity,
respectively (Fig. 14(c) and Fig. 14(d)).

4.2. P-M Interaction Curves

Figure 15 shows eccentric load-bending moment (P-
M) interaction curves for the reference column and
strengthened columns and their comparison with each
other.

P-M interaction curve is composed of three main
points: concentric load (Py), eccentric load in eccentricity
of balance (Pp), pure bending moment (My), and two
regions of pressure control and tension control. In a
balance state, pressure and tensile failure to occur together
in the column. Ultimate compressive strain of concrete or
ECC under pressure reachesggy, ot €4, tespectively, at the
same time, tensile strain of tensile steel reinforcement and
ECC under tension is &, and &, , respectively. At
eccentricity less than balance eccentricity (pressure control
region), failure occurs under pressure and the column has
more compressive behavior. But, at eccentricity more than
balance eccentricity (tension control region), failure occurs
under tensile and the column has more bending behavior.
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Fig. 13. Concentric load-axial displacement curves.
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Fig. 14. Eccentric load-eccentricity curves: (a) the effect
type of jacketing material; (b) the effect of longitudinal
reinforcement; (c) the effect of compressive stress;
(d) the effect of ultimate tensile strain.

84 ENGINEERING JOURNAL Volume 24 Issue 5, ISSN 0125-8281 (https://engj.org/)



If the member undergoes a pure bending moment
before yielding tension for steel reinforcement, and an
axial load is added to it, compressive stresses induced by
this load will reduce tension stresses and sum of the two
stresses will be lower than yielding steel reinforcement rate.
As a result, an additional bending moment can now be
added to the cross section to an extent that steel
reinforcement stress resulted from axial load and bending
moment increases and reaches amount of yielding,
explaining the fact that, why increasing eccentric load
increases section's moment capacity in tension control
region, while in pressure control region, the opposite is
true. Given that appearance of axial compression load in
tension control region adds to bending capacity of the
section, in calculating bending capacity of the cross section,
amount of axial load, which is 100% available should be
considered.

Figure 15(a) shows difference between concrete and
ECC in the jacket material used for strengthened of
reinforced concrete column. To make a more correct
comparison between these two jacket materials, variables
including jacket thickness, compressive stress, number
and diameter of steel reinforcement are constant in two
columns of RJRC and RJRE2. In pressure region of P-M
interaction curves, load carrying capacity of these columns
is almost similar. In balance point and tension region of P-
M interaction curves, as ECC showed hardening in tensile
behavior after the first tension crack the concrete was not
resistant under tension (change in tensile behavior of
concrete than ECC), that led to bridging of tensile cracks
of ECC by existing fibers, and increased load carrying
capacity of RJRE2 column than RJRC column. Due to
higher tensile strength of column RJRE2 than RJRC,
balance eccentricity becomes higher in P-M curves.
Balance eccentricity of columns of RJRC and RJRE2 is
equal to 100 and 140 mm, respectively.

Figure 15(b) shows the effect of longitudinal
reinforcement on P-M interaction curves. Effect increased
longitudinal reinforcement at the jacket layer in both
pressure and tensile regions of P-M interaction curve are
evident. However, the effect of this increase is greater in
tensile region of P-M curve than pressure region. For
example, in RJRE1 and RJRE3 strengthened columns, the
area of longitudinal reinforcement was found to increase
by 6.25 times. Concentric load and pure bending moment
increased by 19 and 92%, respectively. This is due to
greater effect of longitudinal reinforcement on flexural
strength of the column than its compressive strength. For
this reason, by increasing longitudinal reinforcement,
balance eccentricity becomes larger in P-M interaction
curves.

For columns of RJRE1, RJRE2, and RJRE3,
eccentricity of balance is equal to 120, 140, and175 mm,
respectively.

Figure 15(c) shows the effect of compressive stress
(fep) in ECC on P-M interaction curves. By decreasing
compressive strength of ECC to 10 MPa, concentric load
and bending moment in column RJRE4 reduced by 9.1
and 5.6%, respectively compared to column RJRE2. Of
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course, there is a need for careful consideration of these
two columns, as the decrease in the compressive strength
of the jacket ECC caused a decrease in initial cracking of
ECC under tensile stress (fio) by 19%. For this reason,
difference between P-M interaction curves of these two
columns is evident both in pressure and tension control

regions.
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Fig. 15. Eccentric load-bending moment (P-M) interaction
curves: (a) the effect type of jacket material; (b) the effect
of longitudinal reinforcement; (c) the effect of
compressive stress; (d) the effect of ultimate tensile strain.
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For investigating the effect of ultimate tensile strain
value &, decreased from 4.5% in column RJRE2 to 3%
in column RJRE5. Decreased ultimate tensile strain was
ineffective in pressure control region of P-M interaction
curves as shown in Fig. 15(d). But, in tension control
region with decreases this factor, load carrying capacity in
the column decreases, such that reduced by 5.3 % in pure
bending moment of column RJRES5 relative to column
RJRE2. Ultimate tensile strain of ECC than longitudinal
reinforcement and compressive stress of ECC had the
least effect on P-M interaction curves.
Tensile

4.3. Compressive and of

Strengthened Columns

Damage

Figures 16 and 17 show compressive and tensile
damage of two RJRC and RJRE2 strengthened columns

for eccentric load with eccentricity 175 mm. Quantity of
compressive and tensile damages for column RJRC is
greater than of column RJRE2. Due to the same
geometrical properties, and nearly similar behavior of the
concrete and ECC materials in stress-strain curve under
pressure, difference between the compressive damages is
close for the two columns (Fig. 16(a) and Fig. 16(b)), but
tensile damages in the columns more varies resulting from
difference in tensile behavior for the jacket material (Fig.
17(a) and Fig. 17(b)). Tensile cracks vary in terms of both
quantity and distribution of crack. In ECC jacket, tensile
cracks were continuous, but in concrete jacket, there were
discrete cracks and more of damages.

Table 4. Peak load of columns under concentric or eccentric load (all unites for force is kN).

e(mm) Pr Prirc PRiRrE1 PRiRrE2 PRiRrE3 PriRre4 PRIRES
0 1342.5 3016.7 2883.1 3019.3 3449.2 2756.2 3019.8
40 733.3 2207.3 2100.7 2208 2537.6 1953 2207.5
80 436.5 1554.81 1493.8 1571.6 1890.7 1434.5 1571.5

100 355 1300.81 1280.5 1359.6 1584.2 1229.6 1359.5
120 285.7 1063.5 1073 1163.7 1378.4 1040.6 1163.5
140 228.9 894.89 916 1000.9 1200.6 902.3 1000.7
175 177 673.1 698.3 771.4 992.8 702.8 770.8
220 132.3 495.77 500.5 583 783.6 532.5 560.5

Table 5. Peak moment of columns under eccentric load or pure bending moment (all unites for moment is kN.m).

e(mm) Mg MR]RC MR]REl MR]REZ MR]RE3 MR]RE4 MR]RES
40 29.3 88.3 84 88.3 101.5 78.1 88.3
80 34.9 124.4 119.5 125.7 151.3 114.8 125.7
100 35.5 130 128 136 158.4 123 136
120 34.3 127.6 128.8 139.6 165.4 124.9 139.6
140 32 125.3 128.2 140.1 168.1 126.3 140.1
175 30.9 117.8 122.2 135 173.7 123 134.9
220 29.1 109 110.1 128.3 172.4 117.2 123.2
00 23 67.5 67.8 82.8 130.6 78.3 78.4
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Table 6. Comparison between reference column and strengthened columns.

e(mm) P(RJRC/R) P(RJRE1/R) P(RJRE2/R) P(RJRE3/R) P(RJRE4/R) P(RJRE5/R)
or or or or or or
M(RJRC/R) M(RJRE1/R) M(RJRE2/R) M(RJRE3/R) M(RJRE4/R) M(RJRE5/R)

0 2.25 2.15 2.25 2.57 2.05 2.25
40 3.01 2.86 3.01 3.46 2.67 3.01
80 3.56 3.42 3.6 4.33 3.29 3.6
100 3.66 3.66 3.83 4.46 3.46 3.83
120 3.72 3.76 4.07 4.82 3.64 4.07
140 3.9 4 4.38 5.25 3.94 4.38
175 3.81 3.95 4.37 5.62 3.98 4.36
220 3.75 3.78 4.41 5.92 4.03 4.24
o0 2.93 2.95 3.6 5.68 3.4 3.41

5. Theoretical Equations of Concentric Load strengthened column. When strengthened column is
and Pure Bending Moment for Circular under pure bending moment (Mp), distribution of forces
Columns on section column is calculated by Eq. (13) according to

Fig. 18 and Fig. 19.
Theoretical equations are according ACI318-14 [29]

and equations Hemmati et al. [37]. Value of concentric

load was calculated for reference column and

strengthened columns by Eq. (10) and Eq. (11),

respectively.
' 7ZD2 | pAmAGEC
Po=a f.(——A)+ fy'Asi (10) e
4 i
P0 =a, fcc'(Tl_ Asi)+aj fcj [Z (Dsz - Diz) - Asj]+ fy'(Asi + As;) Eéégéggé
+0. +00
1n (@)

In Eq. (10) and Eq. (11), Py is concentric load of

circular column, D; is diameter of reference column, Ag; Fig. 16. Crack pattern and damage quantification at
is total area of longitudinal reinforcement in reference compact for (e=175mm): (a) RJRC column; (b) RJRE2
column, Dy is diameter of strengthened column, fcjis  column.
peak of compressive stress for jacket material, Ag; is total
area of longitudinal reinforcement in jacket of
strengthened column, coefficient of reduction of
compressive stress (@) is obtained by converting stress
state from cutrvature to linear. This coefficient for ECC is
a function of peak compressive strain and ultimate p——
compressive strain in ECC [37]. Based on ACI318-14 [29], ey
this coefficient for concrete is equal to 0.85 and for ECC;
it is calculated from Eq. (12) as introduced in the study by
Hemmati et al. [37].

[2/3¢,,+0.925.(c,, — &, )
“ 22/3¢,¢,, +0.925.(,, — &) —5/125Cpz = (60 = €,)(0.925¢,, +2.716(¢,, ~ &,)]

cp©eu

|__BERSEEEN |

L +45280-02
+0000e+00

@)

(12) Fig. 17. Crack pattern and damage quantification at
a. Is coefficient reduction of compressive stress for  tension for (e=175mm): (a) RJRC column; (b) RJRE2

concrete of reference column and @; is coefficient —column.

reduction of compressive stress for jacket material of
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Fig. 18. Distribution of forces on strengthened column
under pure bending moment.

As can be seen in Fig.18, concrete has no resistance to
tension, but ECC has a resistance to Tj. Value of My
obtained from simultancous solution of two
equations. Y, F, = 0, is sum of forces around of y-axis
equal to zero, Eq. (14), and ), M; = 0 is sum moment
around of point t equal to zero, calculated by Eq. (15).

In Eq. (15), L is distance of each force to point t.
Value of stress in steel reinforcement (under pressure or
tension) after calculating strain in steel reinforcement will

be calculated according Eq. (16).

D/2 cosé

]: D/2 sin6

Fig. 19. Characteristics of geometric sector of a circle.

To calculate strain, one should consider linearity of
strain variations in height section. In Fig. 18, x is length of
the pressure zone. In this regard, to convert curvature of
the stress to the line, length of x must be reduced to length
of Bx (Whitney block) [38]. Value of 8 for concrete and
ECC is calculated by Eq. (17) and Eq. (18), respectively
[37].

For calculating pure bending moment of cross
section, length of pressure zone of the jacket is column
Bjx and for reference column is B.(x —¢;) . Bj Is
coefficient f for jacket of strengthened column, . is
coefficient B for concrete of reference column and ¢; is
thickness of jacket

Geometric properties of circular sector are calculated
by Eq. (19) and Eq. (20) according to Fig. 19. Table 7
shows exact amount of concentric load (Py) and Table 8
shows exact amount of pure bending moment (My) for

reference column and strengthened columns obtained by
theoretical and finite element methods. Results obtained
from these two methods were also compared.

C. :ac.fclc.,% . G, =ozj.fq-.ACj
Tj = ftO'A\j > CS = Zﬂc'fs

T, = ZAst'fs

13)

In Eq. (13), A,c is area of reference column in
compressive zone in length Bc(x —t;) under pure
bending moment, A; is area of jacketing in compressive
zone in length Bjx under pure bending moment, Ag; is
area of jacketing in tensile zone under pure bending
moment, Ay is area of a longitudinal reinforcement in
compressive zone of column under pure bending moment,
Agy is area of a longitudinal reinforcement in tensile zone
of column under pure bending moment, C. is compressive
force of reference column under pure bending moment,
Cj is compressive force of jacket column under pure
bending moment, Tj is tensile force of jacket column under
pure bending moment, Cg is compressive force of a
longitudinal reinforcement under pure bending moment,
T is tensile force of a longitudinal reinforcement under
pure bending moment.

ZFY:O:CC+CJ-+CS—T] ~T,=0 (14)

th :OjMO :Cc'lcc +Cj'lcj +Z:Asc'fs'lsc _Tj'lTj _ZAst'fs'lst (l 5)

Stress in a steel reinforcement (f) (under pressure or
tension):
¢ it
fo=—1,«—>¢ <¢,

g
y bl

(16)
Value of B for concrete :( f is expressed in MPa)

B=0.85¢"-f <28MPa
f.—28
7
B=0.65<"—f >56MPa

a7

3=0.85-0.05.( )«—>28MPa< f  <56MPa
Value of 8 for ECC:

5 A, 09855, ~51126," (s

opCeu W

£,)(0.925¢,, +2.716(¢,, - )]

£,[213¢, +0.925.(¢, - ¢,,)]
(18)

Geometric properties sector of circle:
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In Eq. (19) and Eq. (20), A, is area of sector of
circular, U is from centre to centre of circular and sector
of circular (Fig. 19).

According Table 7, difference between results
obtained from finite element and theoretical methods is
between 2-8% for columns under concentric load.
Difference between results can be logical and acceptable.
This difference according Table 8 between results for
columns under pure bending moment was between 10-
14%. This difference may be due to post yielding increase
in tensile reinforcement, converting stress surfaces from
curvature to line with coefficients of @ and f (Whitney
block), complete ignoring of concrete under tension and
considering a constant value for tensile stress of ECC (fg),
while varying between fyg and fp,.

With all simplifications made in theory equations for
columns under pure bending moment, this amount of
difference can be logical and reliable regarding accuracy of
results obtained from finite element and theoretical
methods for reference column and strengthened columns.

Table 7. Comparison Theo. and FE results for circular
columns under concentric load (all unites are kN for Pp).

Column Py(Theo. Py (FE) Py(Theo./F
s ) E)

R 1228.5 1342.5 0.92
RJRC 2868.4 3016.7 0.95
RJRE1 2840.2 2883.1 0.98
RJRE2 2948.6 3019.3 0.97
RJRE3 3296 3449.2 0.95
RJRE4 2523.4 2756.2 0.92
RJRE5 2948.6 3019.8 0.97

Table 8. Comparison Theo. and FE results for circular
columns under pure bending moment (all unites are kN.m

for My).

Column M, M, M,
s (Theo.) (FE) (Theo./FE)
R 20.5 23 0.89
RJRC 58.6 67.5 0.87
RJRE1 59.8 67.8 0.88
RJRE2 73.3 82.8 0.89
RJRE3 112.4 130.6 0.86
RJRE4 68.1 78.3 0.87
RJRE5 71.2 78.4 0.9
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6. Conclusions

The use of ECC for strengthened of reinforced
concrete columns is interesting, due to its similar structure
and strong connection to concrete. The following
conclusions can be drawn according to study on
strengthening of reinforced concrete columns:

1- Strengthened methods used in this study increased
load carrying capacity of the reference column from 2 to
5.92 times. Exact value of this increase depends on type
of strengthening and eccentricity of eccentric load. Also,
by increasing eccentricity of eccentric load due to bending
moment in addition to axial load, loading capacity
decreased in the column. Value of this reduction for the R
column at eccentric load with eccentricity 220 mm is one
tenth of the concentric load.

2- In columns strengthened with concrete or ECC
jacketing, due to almost similar compressive behavior of
concrete and ECC and geometrical properties of the
columns, the concentric load-axial displacement curves of
the two columns coincide. Difference in the column
loading capacity begins when there is considerable tension
in the column. By increasing eccentricity from eccentric
load, load carrying capacity in column strengthened with
ECC jacketing increased from 0.4-23% times similar to the
strengthened of column with concrete jacketing,
attributing to occurrence of tensile strain hardening
behavior of this material after formation of the first tensile
crack in ECC. Difference between of compressive
damages is close in jacketing concrete and ECC, but in
tensile damages more vary in terms of both quantity and
distribution of crack. In ECC jacketing, tensile cracks are
continuous but in concrete jacketing, there are discrete
cracks and more damages.

3- Effect of increasing compressive stress of ECC in
jacketing layer was greater in pressure region than tensile
region in P-M interaction curve. By increasing
compressive strength of ECC jacketing from 25 to 35 MPa,
eccentric load at eccentricity of 40 mm and pure bending
moment increased to 13 and 5.6%, respectively.

4- With an approximately 2.8-time increase in the area
of longitudinal reinforcement at ECC jacketing, load
carrying capacity increased, that it is value varies. In
concentric load, it creased to 13%, and in pure bending
moment, it increased to 58%. Effect of increasing
longitudinal reinforcement in ECC jacketing in tension
control region was greater than pressure control region in
P-M interaction curve.

5- Ultimate tensile strain of ECC was effective on load
carrying capacity of strengthened column. Importance of
this variable is obvious in eccentric compression load with
high eccentricity. Also, compared to other variables
studied, this wvariable had the least effect on P-M
interaction curve.
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