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The ultra-high tensile ductility of ECC provides an alternative way to enhance the ductility of
structural members by using high-ductile matrix material instead of simply increasing
reinforcements. However, the application of ECC members is still limited due to the
relatively short research time and the lack of design specifications. Being equivalent to
eccentric compressive members, a sectional analysis of RECC columns subjected to
combined lateral load and axial compression are proposed in this paper. Based on the
design theory of load capacity of eccentric compression columns and the unique
constitutive model of ECC, the calculation equations for the sectional load capacity of
RECC columns are derived. The analytical prediction of the load capacity of RECC column
is evaluated in comparison with that of experiments that confirm the capacity of the
proposed calculation method to capture the behavior of the RECC column accurately. The
strength-interaction diagrams showing the axial force-moment (N-M) interaction curves
are then constructed for analysis using the proposed calculation equations. A parametric
study is also carried out by using the proposed calculation equations, demonstrating the
effects of ultimate tensile strain of ECC, compressive and tensile strength of ECC, yield
strength of steel bar, and reinforcement ratio on the N-M interaction curves of RECC
columns. The investigations exhibited in this paper are expected to provide insight into the
design principles of RECC columns.

Keywords: engineered cementitious composites (ECC), column, eccentric compression, sectional load capacity,
axial load-moment interaction curve

1 INTRODUCTION

Reinforced concrete (RC) columns are the lateral force resistance members in frame structures,
whose seismic performance directly affects the performance of the whole structure. Modern seismic
design methodology requires structural members to possess sufficient ductility and energy-
absorption capacity. In some cases, RC short columns are unavoidable vertical load-bearing
members in concrete structures, which are used widely in various building structures (Deng
et al., 2015; Wu et al.,, 2017a, 2017b, 2020; Hu et al., 2021; Liu et al., 2021). However, RC short
columns have poor deformation capacity and high stiffness, which are at risk of catastrophic brittle
failure during earthquakes due to the intrinsic drawbacks of concrete, i.e., low tensile strength, poor
toughness, and brittle failure (Dogangiin, 2004; Li and Huang, 2014; Wang, 2008). To avoid the

Frontiers in Materials | www.frontiersin.org

1 April 2022 | Volume 9 | Article 869835


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2022.869835&domain=pdf&date_stamp=2022-04-14
https://www.frontiersin.org/articles/10.3389/fmats.2022.869835/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.869835/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.869835/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.869835/full
http://creativecommons.org/licenses/by/4.0/
mailto:changwu@seu.edu.cn
https://doi.org/10.3389/fmats.2022.869835
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2022.869835

Wu et al.

brittle failure of concrete columns from both lateral and axial
loads, the present design philosophy for RC columns is to place
massive reinforcements in the expected plastic hinge zone to
enhance the ductility of the concrete columns. However, in this
case, dense reinforcements may create difficulties during the
pouring of concrete, resulting in poor quality of concrete
members. In addition, the concrete covers cannot be confined
by the transverse reinforcements and, thus, may spall off during
an earthquake.

In the early 1990s, a new cement-based composite material
reinforced with randomly distributed short fibers called
engineered cementitious composite (ECC) was proposed by Li
(1993). Compared with conventional concrete, ECC possesses
much higher ductility in tension attributed to its multiple
cracking behavior and pseudo strain-hardening characteristics
under tension (Li and Leung, 1992; Li, 1993; Yang et al., 2008;
Zhang et al., 2011; Li et al,, 2019; Maalej et al., 1995). The ultimate
tensile strain of ECC can reach more than 3%, whereas the
opening of each crack is usually controlled to be less than
60 um when applying short fibers of less than 2% by volume
(Yang et al., 2008; Zhang et al., 2011; Yuan et al., 2013; Zhang
et al,, 2020a; Zhang Z. et al., 2021). Moreover, in recent years,
ultra-high-strength ECC has been developed with a compressive
strength of more than 210 MPa and an excellent tensile strain
capacity of 2%-11% (Huang et al. (2021); Xu et al.,, 2022). Due to
its ultra-high-tensile ductility, high-strength ECC/ECC is being
considered for replacing conventional concrete in structures in
high-intensity earthquake regions (Maruta et al., 2005; Paulay,
2005; Montesinos and Gustavo, 2005; Qudah and Mohamed,
2014; Wu et al., 2017a; Zhang et al., 2020b), which provides an
alternative way to enhance the ductility of structural members by
using high-ductile matrix material instead of simply increasing
reinforcements (Qin et al., 2020).

Some efforts have been made to investigate the mechanical
performance of reinforced ECC (RECC) columns or RC/RECC
composite columns (Cai et al., 2018; Zhang Y. et al,, 2021; Li L. Z.
et al,, 2019; Yuan et al,, 2019; Li F. et al,, 2019; Li et al.,2020).
Previous investigations by the first author (Wu et al., 2017a)
indicate that replacing concrete with ECC material can improve
the shear strength and energy dissipation capacity of the short
columns. Pan et al. (2020) investigated the seismic behavior of
RECC/C composite through experimental and
numerical approaches. Results show that RECC/C composite
columns had better shear capacity and higher ductility as
compared with the RC column. Zhang et al. (2019) investigate
the performance of RECC short columns, RC columns, and
H-steel reinforced ECC short columns. Results show that the
RECC columns had better crack control capacity, shear strength,
and energy capacity than that of RC columns. Several studies have
been done for investigating the behavior of reinforced ECC
columns under eccentric compression (Yuan et al, 2018;
Adnan and Mashshay, 2020; Cai et al., 20205 Li et al., 2019).

However, the application of ECC members is still limited due
to the relatively short research time and the lack of design
specifications. Per the code of concrete structures in China
(GB50010-2010) (China’s National Standard), the calculation
theory of the strength of compression members has been
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mature. A similar method is provided in the Technical
Specification for Fiber Reinforced Concrete Structures (CECS
38: 2004) for calculating the sectional load capacity of steel
fiber-reinforced  concrete  members under  eccentric
compression. However, these specifications are not perfectly
suitable for ECC members. Recently, studies on the calculation
of flexural strength were more mature in the case of RECC beams
(Cuietal, 2021; Qiao etal.,, 2021; Wang et al., 2021). In the case of
RECC columns, Li L. Z. et al. (2019) study the behavior of
reinforced, high-strength ECC columns under eccentric
compression experimentally, and an analytical model is
proposed for the load-bearing capacity of RECC columns
under large eccentric compression. Yuan et al. (2018) tested
eight steel-reinforced columns with various longitudinal
reinforcement ratios and load eccentricities under eccentric
compression; in addition, a theoretical model is proposed to
predict the moment-curvature response of the RECC column.

In this paper, according to mechanical characteristics, the
critical section of an RECC column subjected to vertical axial
compression and horizontal load is equivalent to a critical section
of an eccentric compressive member. Based on the design theory
of the load capacity of eccentric compression columns and the
unique constitutive model of ECC, the calculation equations for
the sectional load capacity of RECC columns were derived. The
analytical prediction of the load capacity of RECC columns was
evaluated in comparison with that of experiments that confirm
the capacity of the proposed calculation method to capture the
behavior of RECC columns accurately. The strength interaction
diagrams showing the axial force-moment (N-M) interaction
curves were then constructed for analysis using the proposed
calculation equations. A numerical parametric study on the
flexural performance of RECC columns was also carried out
by using the proposed calculation equations, which was
expected to provide insight on the design principles of RECC
columns.

2 CALCULATION METHOD

2.1 Basic Assumptions
The following assumptions are used in the analysis of load
capacity of the critical cross-section of RECC columns:

1) The normal strain distribution along the cross-section of the
specimen conforms to the plane cross-section assumption.

2) The tensile strength of ECC is not neglected after cracking.
The ultimate tensile strain of ECC usually could reach more
than 3% (Li et al.,, 2001; Mishra and Yu, 2019; Huang et al.,
2021), which is much larger than the yield strain of the tensile
steel bar (about 0.2%). Columns are less likely to be damaged
due to ultimate tensile strain of ECC materials. Therefore, the
contribution of ECC in the tensile zone should be considered
in the entire loading history.

3) Steel bars and ECC can work together and deform
coordinately. Li (Li et al, 2019) confirms through
experiments that, compared with ordinary RC beams, the
deformations of steel bars and ECCs are more coordinated. It
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FIGURE 1 | Simplification of ECC stress distribution in the tensile zone. (A) Trilinear model for the tensile stress-strain relationship of ECC. (B) Simplified bilinear
model for the tensile stress-strain relationship of ECC. (C) Uniform distribution of the stress in tensile zone.

is reasonable to ignore the relative slip between steel bars and
ECCs in theoretical analysis.

4) The “second order effect” is ignored. Because RECC short
columns with [y/h < 5 are analyzed in this paper, the influence
of the second order effect can be generally ignored.

5) The ideal elastoplastic model is adopted for the constitutive
relation of steel bars. The constitutive relation expressions of
steel bars are as follows.

o, = { Ee (ssgssy) 1)

fy (ssy <s££5u)

where f, is the yield strength of steel bars; &, and ¢, are the yield
strain and ultimate strain of steel bars, respectively; and E; is the
modulus of elasticity of steel bars.

2.2 Simplified Uniaxial Tensile and
Compressive Stress-Strain Relationship of

Engineered Cementitious Composite

The tensile stress—strain relation of ECC can be expressed with
the trilinear model and divided into three stages: linear elastic,
strain hardening, and strain softening stages, as shown in
Figure 1A. In this paper, the stress—strain relationship of
ECC is simplified to a bilinear model, and the tensile stress is
conservatively taken as the cracking strength, f,, as shown in
Figure 1B. The strain-hardening stage is assumed to be flat,
ignoring the increasing of the stress for two reasons. First, the
assumption could reduce a little accuracy, but the result is
conservative, and the error is very small, which is acceptable
from the design perspective. Second, the ideal elastoplastic
model can significantly simplify the calculation and is easier
to handle by engineers in the structural design. In addition, a
similar simplified stress—strain relationship of ECC is also used
by other researchers (Zheng et al., 2016; Ge et al., 2018; Wang
etal., 2021), and they obtain reasonable results. The relationship
of strain and stress of ECC can be written as Eq. 2. The
simplified bilinear model used in this paper can make the
calculation results conservative, which is suitable for design
purposes.

Ao

fel-—

|
0 Ec  Ecu &

FIGURE 2 | Simplification of compressive stress—-strain curve of ECC.

Otens = { Ee(s = EtO) (2)

fto (e <e<é&y)

where & and ¢, are the cracking and ultimate strain of ECC,
respectively, and E is the modulus of elasticity of ECC.

The cracking strain ¢ is basically a very small magnitude and
the tensile stress distribution along the cross-section of the ECC
member in the tensile zone can be further simplified to a uniform
rectangular stress diagram as shown in Figure 1C.

In the calculation of the cross-sectional bearing capacity of
RECC members, the compressive stress—strain relationship curve
of ECC defined in reference Wu et al. (2016) is employed and
further simplified as shown in Figure 2. The simplified
compressive relationship of stress and strain can be expressed as

€ e’
Geomp = fc[(<8—5>+ (1—C)<£—C> ](egsc) 3)

fe (ec<e<eq)

where f. and ¢, represent the peak stress and strain, respectively;
€, represents the ultimate compressive strain; and { is the
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FIGURE 3| Strain distribution of the cross-section under balance failure.

parameter controlling the initial stiffness. For concrete, ( is taken
as 2 and for ECC, ( can be approximated to 1.5.

2.3 Derivation of the Bearing Capacity of
Eccentric Compression Reinforced
Engineered Cementitious Composite

Column

According to different loading conditions, eccentric compression
members can be divided into large and small eccentric
compression. In large eccentric compression, with the increase
of load, the steel bar away from the eccentric force side is first
yielded, and then ECC at the edge of the compression zone near
the eccentric force is crushed, resulting in the failure of the
member. In small eccentric compression, most or even the
whole cross-section of the member is under compression. The
steel bar away from the eccentric force side does not yield, even in
tension, whereas the ECC at the edge of the compression zone
near the eccentric force side crushes. Because the small eccentric
compressive failure is brittle, it is generally avoided in design. In
GB50010-2010, the axial compression ratio is limited to prevent
the occurrence of small eccentric compression failure.

For the compression-bending members, regardless of whether
they are in the state of large or small eccentric compression, ECC
in the compressive zone near the eccentric force side would be
crushed at the ultimate load. This indicates that the column
reached the ultimate bearing capacity. Therefore, it is assumed
that, when the RECC member reaches the ultimate bearing
capacity, the compressive strain of ECC at the edge of the
compressive zone reaches its ultimate compressive strain,
namely, € = g,

2.3.1 Determination of Large and Small Eccentric
Compression

It can be seen from the definition of large and small eccentric
compression failure that the main difference between them is
whether the steel bars in the tension zone away from the eccentric
force are loaded to yield when the member is damaged. Therefore,
the boundary between both failures can be defined as the
condition when the stress of the steel bars in the tensile zone

Sectional Analysis of RECC Columns

reaches their yield strength, the strain at the edge of ECC near the
eccentric force reaches the ultimate compressive strain (eg,),
simultaneously, as seen in Figure 3. According to the plane
cross-section assumption, it can be expressed as

e, hy—x
= (4)
Ecu Xcb
where ¢, is the yield strain of the steel bar, hy is the effective depth
of the cross-section, and x,, is the critical compressive height.
The critical compressive height can be obtained by Eq. 4 as
follows:
1 1
ﬁho = Hif_yho ©)

Eeu Eséecu

Xeb =

where f, is the yield stress of the steel bar and E; is the elastic
modulus of the steel bar.

The large and small eccentric compression can be
distinguished by the critical compressive height (x.). When
the actual compressive height (x.) is smaller than the critical
compressive height (x,), the cross-section is in the state of large
eccentric compression. Conversely, when x, > x, the cross-
section is in the state of small eccentric compression.

2.3.2 Cross-Sectional Bearing Capacity Under Large
Eccentric Compression
Figure 4 shows the strain and stress distribution of the cross-
section. In the figure, A, and A’ are the area of tensile and
compressive steel bars, respectively; g, and o’ are the stress of the
tensile and compressive steel bars, respectively; ¢, and &', are the
strain of the tensile and compressive steel bars, respectively; h is
the height of the cross-section and hy, is the effective height of the
cross-section; a, and a', are the distance from the center to the
edge of the steel bar in the tensile and compressive zones of the
cross-section, respectively; C, and C, are the resultant force of
ECC stress in the tensile and compression zones, respectively; x,
and x; are the height of the compressive and tensile zones of ECC,
respectively; and y, is the distance from the stress resultant point
of the compressive zone to the edge of the compressive zone.

For large eccentric compression members, the steel bars on
one side of the tension zone far from the eccentric force reaches
the yield strength (f,) in the ultimate state, and the stress of the
compression steel bar near the eccentric force is related to the
height of the compression zone. Therefore, in the ultimate state,
the strain of the compressive steel bar can be expressed as

, x.—as
gy =——¢au (6)
Xc

To ensure that the compressive steel bar reaches the yield
strength in the ultimate state, the height of the compression zone
should satisfy the following inequality:

1 .
TS

Ecu Egecy

X > a's (7)

According to the results of the ECC compressive test, ¢, can
be conservatively taken as 0.006. The yield strain of the HRB400
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FIGURE 4 | Stress and strain distribution.
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steel bar (ey)’) is taken as 0.002, and x, > 1.54,' can be obtained by
inserting ¢, into the right end of Eq. 7. For eccentric compression
members, this condition can generally be satisfied; therefore, in
this paper, the compressive steel bar near the eccentric force side
yields when it reaches the ultimate state.

According to the equilibrium condition of cross-section force
shown in Figure 4, the equations of axial force (N) and flexural
moment (M) under large eccentric compression can be
expressed as

N=C.-C, (8)
h h h X
_ ! o ! o o _C
M—fyAS<2 as)+fyA5<2 as>+CC<2 yC>+Ct2
9)

The resultant force of ECC compression zone can be
expressed as

Xc
C. = 10
g 1o

According to the plane cross-section assumption, the strain at
any position (y) in the height of the compression zone can be
expressed as

= lscu (11)
Substituting Eqs 3, 11 into Eq. 10 for integration, the following
formula can be obtained:

1 1 &
C. = fbx.{1 [7 ~(1- —1]— 12
fx{+2(+3( 9 Ecu} (12)
The resultant force of ECC in the tensile zone (C,) can be
expressed as

Xt
C = 13
=, ooty )

Because the crack strain of ECC is very small, the stress
distribution of ECC in the tensile zone is simplified to
uniform distribution; that is, the stress values along the height
of the tensile zone is f,y. Thus, C; can be rewritten as

C = Jo bO1ens (€)dy = frobx; = frob(h - x,) (14)

The distance y, from the resultant force of the compressive
zone to the edge is provided as follows:

[ b0y ()ydy

C. (15)

Ye = Xc
Substituting Eq. 3 and Eq. 12 into Eq. 15 for integration, it can
be obtained that:
2
[ a-0- ()

Ecu

L[ ia-0-1] &

Ye =X (16)

Both N and M in the equilibrium equation of the force can be
expressed as a function of the height of the compression zone. If
the axial pressure (N) is known, the expression of the height of the
compressive zone (x.) can be obtained by substituting Eq. 12, and
Eq. 14 into Eq. 8 as follows:

B N + fibh
feb{i+ Lo+t -0 -1] &} + fob
Substituting Eq. 17 together with Eq. 16 into Eq. 9, the flexural

capacity (M) of the RECC column under the axial pressure (N)
can be obtained.

17)

Xc

2.3.3 Cross-Sectional Bearing Capacity Under Small

Eccentric Compression

According to the stress distribution of the failure cross-section,
the bearing capacity of the section under small eccentric
compression can be divided into two cases: compression in the
partial cross-section (Figure 5A) and in the full cross-section
(Figure 5B). The stress distribution of the former is similar to that
under large eccentric compression except that the steel bar on the
side away from the eccentric force does not yield in tension. The
stress distribution of the latter has no tensile zone. The steel bar
on the side away from the eccentric force is compressed, and its
compressive stress is smaller than that on the side near the
eccentric force. Whether the steel bar yields or not is
determined according to the height of the compressive zone.
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FIGURE 5 | Calculation diagram of RECC normal cross-section bearing capacity under small eccentric compression. (A) Partial cross-section compression. (B)
Full cross-section compression.

1) Compression on partial cross-section

When the cross-section is partially compressed, the stress
distribution is similar to that under large eccentric
compression. However, the steel bar on the side away from
the eccentric force does not yield in tension. Therefore, the
calculation formula of axial force and bending moment can be
obtained from the equilibrium condition of force. C,, C,, and y,
can be obtained by Eq. 12, 14 and Eq. 16, respectively.

N=f'A,-0A+C.-C, (18)

h h h ”

M= f,sA/s(E_a,s) + 05A5<5—a5) + Cc<5—yc> + Ct7
(19)

According to the plane cross-section assumption, the
relationship between the stress of the steel bar away from the
eccentric force side and the height of the compression zone can be

obtained as follows:
hy — x. h
O—xEsecu = <_0_ 1>Es£cu
Xc Xc

If N is known, Eqs 12-16, 20 are substituted into Eq. 18 to
obtain the quadratic equation about x,, and the height of the
compression zone (x.) can be obtained by solving the equation.
Then, the value of x, is substituted into Eq. 19 to obtain the
normal cross-section bearing capacity of the RECC column.

o = E& (20)

2) Compression on full cross-section

When the cross-section is fully compressed, the steel bar
away from the eccentric force side is compressed and the
compressive stress can be obtained by the plane cross-
section assumption.

h
o, = (1 —x">E5smsfy
C

Therefore, the calculation formula of axial force (N) and
bending moment (M) can be obtained from the equilibrium
condition of force.

21

N=f' A +0,A+C, (22)

h h h
_ ! ! ) _ o o
M=f'A S<2 a s) aSAS<2 a$> +Cc<2 yc> (23)

Under the fully cross-sectional compression, the theoretical
height of the compressive zone may exceed the actual height of
the cross-section. Therefore, the resultant force of the
compressive zone can be expressed as

h
C.= 24
¢ L bocomp (€)dy (24)
According to the plane cross-section assumption, the
strain at any position (y) in the cross-section can be
expressed as
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s:<1—h_y>sm (25)

Xec

Substituting Eq. 25 into Eq. 24, C, can be obtained as
1 2\( & 1 (€ n\
C. = febxq1 (7 _7)7 -6l — 1-—
f x{ ’ 6( 3 <ecu> ZC<£0)< xc)
2 3
1 Ecu h
So-o(3) (-4) | e
& X

The distance (y,) from the resultant force of the compression
zone to the edge is

h
| obOeomp (€)ydy

C. (27)

Yye=h-

Substituting Eqs 3, 26 into Eq. 27, it can be obtained that

G
yc—ch (28)
in which
1, 2\(&\ 1,.(¢u hy
F=1 —(-=)—])-=(—1-—
+<6( 3 <sm> 25(50>< xc>

1 e\ AN 3h
-0 (1-2) ()

If N is known, Eqs 24-28 are substituted into Eq. 22 to obtain
the cubic equation about x,, and the height of the compression
zone (x.) can be obtained by solving the equation. Then,
substitute x. into Eq. 23 to obtain the normal cross-section
bearing capacity of the RECC column.

2.4 Code Equations for N-M Interaction
Curves for Reinforced Engineered
Cementitious Composite Columns

The calculation formula of the normal cross-section bearing capacity
of the RECC column under large and small eccentric compression is
derived in the previous section. The formulas for calculating the
normal cross-section bearing capacity of the column under different
pressure zone height (x,) are summarized as follows.

When x.< 1+#‘g_yho, the member failures due to the large
eccentric compreéssion and the bearing capacity can be
expressed as

Sectional Analysis of RECC Columns

N=C.-C

h h h X
M = fyA’S<§_ a'5> + fyAs<E - a$> + CC(E - yc> + Ct?
1 C. = fbx.B

C = ftOb(h - Xc)

(1-3)
c = Xc -
3 B

When ﬁho <x.<h, the member failures due to the small

(29)

eccentric compression under the partial cross-sectional
compression and the bearing capacity can be expressed as

N = f’sAIS - O'sAs +Cc - Ct

h h h Xe
M = f’SA’S<2—a’S> + 05A5<2—as) +Cc<z—yc> + CtE
o, = (E - 1>Essw
J x.

C.= fbx.B
C, :ftob(h—xc)
+(1-5)
| Ve =X B

(30)

When x. > h, the member failures due to the small eccentric
compression under the full cross-sectional compression and the
bearing capacity formulas are as follows.

N=f'A +0,A+C,

M = f’SA’5<g—a'S> - 05A5<§— as> + Cc<g— yc>

] 05:<1—@>E55m§f}, (31
X¢
C.= fbx.F
G
=X
Ye= X

where parameters B, D, F, and G can be calculated by the
following equations, respectively.

B=1+B(+§(1—()—1] 5—0

1 71, 1 11/ &\
D:§+[§C+Z(1_()_E]<sm>
1 2 &) 1 Ecu h 2
F:1+(g(_§)<scu>_§(<so><1_x_c>
1 Ecu 2 n\’
S0-0(%) (-3)
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TABLE 1 | Values of cross-section size, steel bar, and material parameters.

Material parameters

Parameters ECC Concrete Steel bar
& 0.005 0.002 —
fo 45 MPa 45 MPa —
Eou 0.006 0.0033 —
fio 4.0 MPa 0 —
¢ 1.5 2 _
fy, £/ — — 400 MPa
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For eccentric compression members and compression-
bending members with given cross-section size, steel bar and
material parameters, the ultimate bearing capacity can be
obtained under different combinations of axial force and
bending moment. Axial force and bending moment under all
possible ultimate states are plotted as curves, namely, the N-M
interaction curve, which is the envelope of the ultimate state of
eccentric compression members.

The former calculation formulas were adopted to investigate
the difference of the N-M interaction curves between RECC and
RC columns. The values of cross-section size and steel bar and
material parameters used are shown in Table 1.

Figure 6 shows the N-M interaction curves of RECC and RC
columns. It can be seen that

1) When the balance failure occurs, the M of the RECC column is
larger than that of the RC column and the N of the RECC
column is smaller. The reason is that the small eccentric
compression failure is similar to the over-reinforced failure
in flexural members, and the ECC tensile zone still works,
which is equivalent to adding reinforcement in the tensile
zone. Therefore, compared with the RC column, it is easier for
the RECC column to enter the small eccentric compression
state. However, for RECC columns, even if a small eccentric
compression failure occurs, it can generally still have good
ductility.

2) When large eccentric compression failure occurs, the bearing
capacity of the RECC column is larger than that of the RC
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FIGURE 6 | N-M interaction curves of RECC and RC columns.

column under the same axial force. It indicates that the fiber
bridging effect of ECC can effectively improve the flexural
bearing capacity of the specimen.

3) When small eccentric compression failure occurs, the bearing
capacity of the RECC column is smaller than that of the RC
column under the same axial force. This is because, under
small eccentric compression, the height of the tensile zone is
small or even no tensile zone. Therefore, the excellent tensile
properties of ECC cannot be well-utilized. The elastic modulus
of ECC is low, and the peak compressive strain and ultimate
compressive strain are larger than those of concrete. Under
the same axial force, to balance the axial force of the section,
the height of the compression zone is larger than that of the
RC column, resulting in the flexural bearing capacity of the
RECC column being smaller than that of the RC column.
Because the compressive strength of the two materials is
assumed to be the same, the bearing capacity of the two
materials under axial compression is the same.

3 EXPERIMENTAL VERIFICATION

3.1 Experimental Program

Experiments of seven short columns reported in reference Wu
et al. (2017a) were selected to evaluate the accuracy of the above
calculation method. The tested columns, including one RC
reference column (C1) and six RECC columns (C2~C7), were
loaded under constant axial compression and lateral cyclic
loading. All the columns have a cross-section of 300 mm X
300 mm. The schematic diagram of the tested column is
shown in Figure 7. The column heights were 500, 600, and
900 mm, and the corresponding shear span-to-depth ratios were
1.42, 1.75, and 2.75, respectively. The longitudinal reinforcement
ratio of all the specimens was 1.4%. The test matrix is shown in
Table 2, in which the shear span-to-depth ratio, axial force, and
transverse reinforcement ratio are taken into account as variables.
The detailed mechanical properties of ECC are listed in Table 3,
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FIGURE 7 | Schematic diagram of an RECC column (unit: mm).
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TABLE 2 | Test matrix of the columns.

that analytical predictions of the load capacity are in good
agreement with the experimental values in columns C3, C4,

Specimen Material H (mm) A N (N) psv (%) C6, and C7, whose relative errors are less than 10%.
c Concrete 600 175 350 0.45 Considering the deviations in experiments, the relative errors
c2 ECC 500 1.42 350 0.45 between analytical and experimental results are acceptable in
cs ECC 600 1.75 350 0.45 engineering applications. However, the analytical load capacity of
c4 ECC 900 275 850 045 column C2 is around 19% lower than the experimental values.
C5 ECC 600 1.75 700 0.45 Th is that th 1 hibited sh fail ther th

o6 Foo 600 175 350 0.0 e reason is that the column exhibited shear failure rather than
c7 ECC 600 175 350 0 flexural failure at the ultimate load, and consequently, the force

Note: H s the column height; A is the shear span-to-depth ratio; N is the axial force; ps, IS
the transverse reinforcement ratio.

the average yield stress of the longitudinal steel bars is 498 MPa,
and the stirrup yield stress is 408 MPa.

The base mat of each specimen was completely fixed while the
top of the specimen could be free to move horizontally. In the
loading process, the vertical load was first applied on the centroid
of the free-end section of the specimen, and then, the transverse
load provided by the horizontal actuator (with force and
displacement control system) was applied on the top of the
column. The detailed test setup and loading configuration are
described in reference Wu et al. (2017b).

3.2 Comparison Between the Calculated
and Measured Flexural Strength

The analytical and experimental values of load capacity of the
RECC columns are shown in Table 4. All the tested columns
yielded in the tensile zone at the ultimate load, so the calculation
method of the bearing capacity of the cross-section under large
eccentric compression was adopted. It can be seen from Table 4

transmission mechanism of the column C2 is different from that
of the specimens failed by flexure. Moreover, the obvious
principal diagonal cracks led to the inapplicability of the plane
section assumption, resulting in calculation error. In addition, the
flexural strength of column C5 under high axial compression (N =
700 kN) is seriously underestimated (the test result is 50% higher
than the analytical result). This may be attributed to the
constraint effect at the end of column due to the loading
configuration of the axial compression because the high
compression restrained the rotation of the free end of the column.

The comparison above indicates that the proposed equations
are able to predict the load capacity of RECC columns whose
failure modes are governed by flexure with reasonable accuracy.

4 PARAMETRIC ANALYSIS

The effects of the ultimate tensile strain of ECC, compressive and
tensile strength of ECC, vyield strength of steel bars, and
reinforcement ratio on the N-M interaction curves of RECC
columns are investigated by using the proposed calculation
equations. The detailed analysis is provided below.

TABLE 3 | Mechanical properties of ECC.

Material fe., (MPa) f. (MPa)< E (GPa)

ECC 49.7 45.0 22.2

&0 (%) f 10 (MPa) &1 (%) f ¢+ (MPa)

0.023 3.44 4.46 4.39
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TABLE 4 | Comparison of analytical and experimental results.

Specimens Vi/kN Viest/KN Viest/Vm
c2 362.4 432.3 1.19
C3 293.4 299.5 1.02
C4 186.7 187.3 1.00
C5 348.8 536.5 1.54
C6 293.4 283.0 0.96
c7 293.4 263.4 0.90

Note: V,, is the equivalent shear force, calculated as M/H, which reflects the load capacity
of the column; Viest IS the experimental load capacity of RECC column.

4.1 Effect of Ultimate Tensile Strain of

Engineered Cementitious Composite

The ultimate tensile strain of ECC has little effect on the sectional
bearing capacity of RECC columns. Under small eccentric
compression, the steel bars in the tensile zone do not yield, so
the ECC at the edge of the tensile zone cannot reach the ultimate
tensile strain. The edge of the tensile zone of the RECC column
under large eccentric compression generally does not reach the
ultimate tensile strain either.

We assume that, when the RECC column failed, the
compressive strain at the edge of the compressive zone
reached the ultimate compressive strain ¢, and the tensile
strain at the edge of the tensile zone reached the ultimate
tensile strain &,,. The height of the compressive zone can be
deduced according to the plane section assumption as
follows:

B 1
T 14

Ecu

X, (32)

Therefore, as long as the height of the compressive zone (x,)

satisfies the inequality x> =z h, ECC at the edge of the tensile

i
zone will not reach the ultimate tensile strain. In other words, the
column will not fail due to tensile damage. The eccentric
compressive member is designed to easily satisfy the yield of
the compression steel bar yields under the ultimate state,
ie., Xx; 21 lf,y a's. Tt is sufficient to satisfy Eq. 33 so that the
tensile strain at the edge of the tensile zone does not easily reach
the ultimate tensile strain & when the RECC column fails.

—a', (33)

It can be further deduced from Eq. 33 that

!
h '
Etu = a Eeu — —&u
as E;

Assume that the ultimate compressive strain of ECC (e,,) is
0.005, the strength of the steel bar (fy') is 450 MPa, the elastic
modulus of the steel bar (E,) is 2 x 10°> MPa, the height of the
RECC column section (k) is 300 mm, and the distance between
the position of the steel bar to the edge (a,’) is 35 mm. The
inequality &, > 0.026 can be obtained by substituting the
parameters above into Eq. 34. The ultimate tensile strain of

(34)
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FIGURE 8 | N-M interaction curves with different ECC compressive
strengths.

ECC is generally more than 0.03; therefore, for RECC columns
under eccentric compression, as long as the ultimate tensile
strain of the prepared ECC is large enough, i.e., &, satisfies Eq.
34, the edge of the tensile zone generally will not reach the
ultimate tensile strain at the ultimate load. It also proves that it
is feasible to ignore the effect of ultimate tensile strain of ECC
in calculation.

4.2 Effect of Compressive Strength of

Engineered Cementitious Composite

Figure 8 plots the N-M interaction curves of the RECC column
with different ECC compressive strength ranging from 30 to
50 MPa. The tensile strength of ECC is 4 MPa. The tensile
strength of the longitudinal steel bar is 400 MPa, and the
reinforcement ratio is 1.5%.

It can be seen that the area enveloped by the N-M curve
increases with the increase of compressive strength, which
indicates that the sectional load capacity increases with the
increasing compressive strength. When the axial force N is less
than 500 kN, the N-M interaction curves of the RECC columns
with different compressive strength are very close. With the
increase of axial force N, the difference of the N-M interaction
curves gradually becomes more obvious. When the RECC
column enters the small eccentric compression state, the
sectional load capacity is mainly controlled by the
compressive properties of the material. Therefore, the area
enveloped by the N-M interaction curve increases with the
increase in ECC compressive strength. The N-M interaction
curves in the conditions of small eccentric compression are
almost paralleled and extend outward with approximately
equal intervals. Observing the N and M at the balance
failure point of each curve, it can be seen that both axial
force and flexural moment increase with the increasing ECC
compressive strength. The connecting line of the balance
failure point of each column is basically a straight line
extending to the upper right corner.
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FIGURE 9 | N-M interaction curves with different ECC tensile strengths.
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FIGURE 10 | N-M interaction curves with different tensile strengths of
the steel bar.

4.3 Effect of Tensile Strength of Engineered

Cementitious Composite

Figure 9 plots the N-M interaction curves of the RECC column
with different ECC tensile strengths ranging from 2.0 to 6.0 MPa.
The compressive strength of ECC is 40 MPa, and the tensile
strength of the steel bar is 400 MPa. The steel bar ratio is taken
as 1.5%.

In Figure 9, the sectional load capacity increases with the
increase of tensile strength, and the spacing of N-M curves is
basically equal when the columns fail under large eccentric
compression. The N-M interaction curves under small
eccentric compression are almost unchanged with the
increasing ECC tensile strength. The reason is that the
tensile area of the cross-section is large under large
eccentric compression, and the tensile strength of ECC can
be fully employed, resulting in the increase of flexural
strength of RECC columns along with the increasing
tensile strength when the axial compression stays. In the

case of small eccentric compression, the cross-section is
mostly compressed, and the tensile properties of ECC
cannot be fully exerted, so the ECC tensile strength has an
insignificant effect on the bearing capacity of the section. The
balance failure point of each column moves to the lower right,
indicating that RECC columns with higher ECC tensile
strength enter the state of smaller eccentric compression
earlier with the increase of axial force. Owing to the
higher ductility of ECC under compression compared with
normal concrete and the confinement effect due to the
randomly distributed fibers in ECC, the RECC columns
are not prone to brittle failure even under small eccentric
compression.

4.4 Effect of Yield Strength of Steel Bar

Figure 10 plots the N-M interaction curves of RECC columns
with different tensile strengths of the steel bar ranging from 300 to
500 MPa. The compressive strength of ECC is 40 MPa, and the
tensile strength is 4.0 MPa. The steel bar ratio is 1.5%.

The area enveloped by the N-M interaction curve of the RECC
column increases under both large and small eccentric
compression as seen in Figure 10. It indicates that the
sectional load capacity increases with the increasing yield
strength of steel bars. Comparing the N and M at the balance
failure of each curve, it can be seen that the balance failure point
of each column moves to the lower right. It indicates that as the
strength of the steel bar increases, the flexural moment increases,
but the axial force gradually decreases. This is because the failure
under the small eccentric compression is similar to the over-
reinforced failure. The increase of the strength of the steel bar
makes the member more prone to the “over-reinforced”
phenomenon.

4.5 Effect of Steel Bar Ratio

Figure 11 plots the N-M interaction curves of RECC columns
with different reinforcement ratios of steel bars ranging from 1%
to 3%. The compressive strength and tensile strength of ECC is
taken as 40 and 4.0 MPa, respectively. The tensile strength of steel
bar is 400 MPa.
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As shown in Figure 11, the area enveloped by the N-M interaction
curve of the RECC column increases under both large and small
eccentric compression with the increase of the reinforcement ratio. It
indicates that the sectional load capacity increases with the increase of
the reinforcement ratio. Comparing the N and M at the balance failure
of each curve, it can be seen that the connection line of the balance
failure point of each member is almost a horizontal straight line. With
the increasing reinforcement ratio, the moment at the balance failure
point increases, but the axial force remains unchanged. It indicates
that the increase of the reinforcement ratio can not only improve the
flexural capacity of the column, but also delay the column into the
small eccentric compression state.

5 CONCLUSION

In this paper, based on the design theory of the load capacity of
eccentric compression columns and the unique constitutive
model of ECC, the calculation equations for the sectional load
capacity of RECC columns subjected to combined lateral load and
axial compression are derived. Strength interaction diagrams
showing the axial force-moment (N-M) interaction curves can
be constructed by using the proposed calculation equations. A
numerical parametric study was then carried out, demonstrating
the effects of ultimate tensile strain of ECC, compressive and
tensile strength of ECC, yield strength of the steel bar, and
reinforcement ratio on the N-M interaction curves of RECC
columns. The following conclusions can be drawn:

1) The comparison between the calculated results with the proposed
equations and the test results of RECC columns under combined
lateral load and vertical axial compression show that the relative
errors between calculated and measured load capacities of
columns C3, C4, C6, and C7, which were failed by flexure,
are less than 10%. It indicates that the proposed equations are
able to predict the load capacity of RECC columns whose failure
modes are governed by flexure with reasonable accuracy.

Theoretical analysis demonstrates that the ultimate tensile strain
of ECC has little effect on the sectional bearing capacity of the
RECC column. As long as Eq. 34 is satisfied, the edge of the

2)
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