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Abstract

Recent earthquakes severely damaged short columns due to high lateral stiffness and low ductility. Some conditions, such as
reductions in the heights of some columns compared to others on the same floor, deep beams, partially buried basements, and non-
structural walls, cause short column effects. The prominent characteristics of engineered cementitious composites (ECCs) reinforced
with polyvinyl alcohol (PVA) fibers - including their high tensile strength, micro and multiple cracks, energy dissipation, high ductility,
and strain hardening - lead to improved seismic performance and economic efficiency in structure elements. In this study, 11 ECC
columns with different fiber fractions (0-1.5%) and aspect ratios (3-7), as well as one conventional concrete column, were tested and
evaluated. The results showed that increasing fiber friction and shear aspect ratio increased the length of the plastic hinge zone and
ductility by at least 50% and 100%, respectively. Furthermore, the failure mode changed from brittle shear to ductile shear.
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1 Introduction

In recent decades, research on conventional reinforced con-
crete frame structures has revealed that the short column
conditions are a significant source of severe earthquake
damage. Intense seismic excitation affects reinforced con-
crete columns and bridge piers as the main load-bearing
structural members [1-3]. Column failure during earth-
quakes severely damages the entire structure and can cause
destruction, casualties, financial losses, and mortality.
Therefore, the safe design of columns has been the subject
of research in recent years. Reductions in the column-free
length the emergence of the short column phenomenon,
and the increasingly frequent use of cementitious compos-
ites in the industry have encouraged researchers to inves-
tigate how to eliminate the shortcomings associated with
these members, including their brittleness and non-duc-
tility. For example, Li et al. [4—7] introduced engineered
cementitious composites (ECCs), which are adequately
resistant materials in terms of their ductility and tension, as
an alternative to conventional concrete. ECCs are different
from other types of high-strength cementitious materials,

as they have a high ductility with a crack width limit of
100 um and an ultimate tensile strain capacity of 5% [8].
As shown in Fig. 1, this type of concrete can withstand
considerable tensile deformations and strain hardening; has
desirable characteristics for structural components such as
beams, columns, walls, and connections under the cyclic loads
and fatigue; and is resistant to chloride attacks and sequen-
tial freezing and melting cycles due to their integrity [9].
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Fig. 1 A tensile stress-strain curve of an ECC
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Many studies have been conducted using ECCs as sub-
sidiary material for the confinement, rehabilitation, and ret-
rofitting of all or part of various concrete or masonry struc-
tural components [10—15]. In one such study conducted
in 2003, Kawamata et al. [16] studied the behavior of the
shear elements of ECCs under cyclic loads. As expected,
the experiments showed that ECCs have higher energy dis-
sipation than conventional concrete.

In other research, Parra-Montesinos and Wight [17]
compared the behavior of beam-column connections con-
taining conventional concrete and ECCs. They found that
the hysteresis loops of the specimens made of ECCs were
more stable and larger than conventional concrete-made
columns while also showing less deterioration of resistance
and a higher energy absorption capacity. In 2002, Fischer
and Lee [18] examined failure in columns made of conven-
tional reinforced concrete and those made of ECCs with no
stirrups. They observed negligible crushing in ECC sam-
ples at large displacements and drifts, as well as increased
spalling and rupture in conventional concrete samples at
the supports. They also clearly demonstrated that ECCs
have impressive strength under blast and seismic loads.

Kim et al. [19] examined the fatigue responses of the
flexural components of ECCs in the bridge deck connec-
tions of actual scales. They found that cracks up to 0.6 mm
continuously developed in conventional reinforced con-
crete until the end of the experiment, while the cracks
observed in ECCs were limited to 50 pm. Kesner and
Billington [20] studied the behavior of wall panels made of
conventional concrete and ECCs, finding that ECCs per-
formed better and exhibited higher maximum load-bear-
ing and energy dissipation capacities under cyclic loads.

Walter et al. [21] performed an experiment on the decks
of metal bridges and ECC beams under uniform flexural
loads to investigate increases in stiffness and decreases
in cracks caused by fatigue. The results showed that ECC
beams were at least three times more resistant to the load
than the other samples.

Despite the number of studies conducted on ECCS,
a literature review suggests that few studies have exam-
ined structural ECC members and the seismic behavior
and failure modes of ECC square columns. Furthermore,
the few studies on this topic have mainly focused on ECCs
as auxiliary materials for the confinement, rehabilitation,
and strengthening of all or part of various concrete or
masonry structural components.

Therefore, the present study was conducted to evalu-
ate the seismic behavior of ECC square columns based on
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experimental results, including those related to displace-
ment, absorption, energy dissipation capacity, failure
modes, crack distribution, load-bearing capacity, ductil-
ity, the length of the yielding region, and other parame-
ters affecting seismic behavior. The researchers demon-
strated that ECCs' flexural members have two failure
paths, which is similar to what the reinforced ECC tension
stiffening members show under load [22]. The two fail-
ure paths were distinguished by forming single or domi-
nant cracks, and the second path occurred via the gradual
strain hardening of longitudinal reinforcing steel. The first
failure path could not compensate for the load capacity
by the hardening of longitudinal reinforcing steel, while
the second failure path achieved a higher load capac-
ity through the gradual strain hardening of longitudinal
reinforcing steel [23-25].

Shakedown analyses were presented for perfectly plas-
tic materials in 1932 and continued on indeterminate
structures in 1938 [26, 27]. These analyzes focused on
the elastic-plastic continuum [28]. Due to a lack of infor-
mation about the magnitude of plastic deformations and
residual displacements accumulated before the adaptation
of the structure, Movahedi Rad [29, 30] suggested bound-
ing theorems and approximate methods to determine the
magnitude of the plastic deformations and residual dis-
placements accumulated. Further, the mechanical models
were introduced into the extended shakedown design [31].
The new type of plastic limit design procedures considers
the influence of the limited load-carrying capacity of the
beam-to-column connections of elasto-plastic steel frames
under multi-parameter static loading and probabilistically
given conditions [32]. The plastic hinge behavior and
rotation capacity in reinforced ductile concrete flexural
members were investigated using two-dimensional finite
element models that could predict the equivalent plastic
hinge length based on variables such as shear-span, ten-
sile strength, reinforcement ratio, and the yield strength of
the reinforcement [33]. The three-dimensional finite ele-
ment method (FEM) on the behavior of plastic hinges in
cyclically loaded RC columns showed all the lengths of
the plastic hinge zones and revealed that the rebar yielding
zone and curvature localization zone were significantly
affected by loading types [34]. The researchers showed
that the lengths of beams in the plastic hinge region were
affected by the rebar yielding zone, concrete crushing
zone, and curvature localization zone. The results show
that none of the existing empirical models adequately pre-
dicts plastic hinge length [35].
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2 Experimental program

2.1 Mix design and properties of ECCs

The ECC concrete matrix included 0—1.5% fiber fraction
with high-tensile PVA fibers (as illustrated in Table 1 and
Fig. 2), ordinary Portland cement, and fine aggregates (sil-
ica with a maximum grain size of 250 um and a mean size
of 110 pum). Table 2 shows the chemical requirements of
Class F fly ash as designated in ASTM C618 [36], orig-
inating from anthracite and bituminous coal and mainly
comprising alumina and silica.

The longitudinal reinforcements in the short columns
comprised 10, 12, 16, 18, and 20 bars. The transverse rein-
forcements in the short columns and foundation beams
also comprised hoops (10 mm in diameter). Table 3 and
Fig. 3 present the tensile test results of the bars.

First, ECCs with five different fiber fractions (0—1.5%)
and one conventional concrete specimen were designed.

Table 1 Properties of PVA fibers

Fiber name RCSI15
Manufacturer Nycon

Color yellowish white
Chemical stability stable

Specific gravity 1300 kg/m?

Length 8 mm
Configuration Resin-bundled copped fiber

VO 1L IIWII[I'lIlIlII]HII fuwlm[umnupum

1234

Fig. 2 RCSI15 polymer fibers

Table 2 Chemical composition of Class F fly ash

Property ASTM C618 Requirements (%)
SIO,+Al,0,+Fe 0O, 70
SO, 5
Moisture content 3
Loss on ignition 6

Table 3 Tensile test results of the bars

10 78.5 475 510
12 113.04 463 542
16 419 419 495
18 665 465 545
20 406 406 471

Fig. 3 Tensile test of reinforcing bars

Six samples were tailored to verify the compression
strength of ECC admixtures, as well as some other param-
eters. Finally, 12 cubic compression specimens (six bend-
ing specimens and six Brazilian splitting tensile spec-
imens) were tested; and several cubic specimens with
dimensions of 100 x 100 x 100 mm prepared with concrete
and ECCs were tested under compression. The reinforced
ECC specimens were tested on day 28 + 2 days.

The difference between the estimated compressive
strengths of the concrete and ECC specimens was reduced
by allowing the reinforced concrete specimen to cure longer
— these samples were tested on day 56 + 2 days. The com-
pressive strength of the concrete and ECC specimens were
35.40 and 38.56 MPa, respectively. Fig. 4 depicted the sam-
ple test. Table 4 and Fig. 4 represent the ECC sample test
and ECC mix design by weight, respectively.

The density of the concrete used was 1900 kg/m?, and its
water-to-cement ratio was 0.63. The standard mix sequence
was adjusted to increase viscosity and improve fiber dis-
persion. The deformation of fresh ECCs was investigated
on-site to ensure proper self-consolidation behavior. Fig. 5
shows the sequence of on-site material charging.
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Fig. 4 The ECC sample test

Table 4 ECC mix design by weight
Fly Ash Sand Water HRWR"
1 1.2 0.8 0.63 0.012

Cement Fiber (%)

0-1.5%

"High Range Water Reducer

Fig. 5 Sequence of on-site material charging

2.2 Preparing the specimens

This study tested several column specimens to investi-
gate the seismic behaviors of reinforced concrete and ECC
short columns with different aspect ratios and fiber per-
centages (Table 5).

The ECC material was cast into the connection part
of the foundation beam to avoid weakening the interface
between the column and foundation beam (Fig. 6).

Moreover, Table 5 and Fig. 7 present the specimens’
details and layout, respectively. The 12 reinforcement
concrete specimens were moist cured for seven days
and allowed to cure at room temperature until testing.
Longitudinal bars and transverse bars were monitored
with six and three strain gages, respectively, with 0.15H*,
0.20H*, and 0.45H*, H* representing the height of the col-
umn. Seven concrete strain gages were affixed on concrete
specimens (Fig. 6).

2.3 Test equipment and loading procedure

As illustrated in Fig. 8, loading conditions were established
by fixing the bottom stub of each specimen to the base.
This loading configuration was selected to promote flex-
ural deformation in all specimens and investigate the effect
of the ECC material on the expected plastic hinge region.
Lateral loads were applied using a reaction wall equipped
with a 250-kN actuator following a predetermined dis-
placement-controlled loading sequence. Fig. 9 illustrates
the cyclic lateral loads applied to the specimens [37].

3 Experimental results

3.1 Failure mechanism

During strong earthquakes, plastic deformation is local-
ized to a small area. The performance of the plastic hinge
zone is critical, as it governs the load carrying and defor-
mation capacities of the member. In this zone, longitu-
dinal steel yields, and the concrete is severely cracked
and spalled. Park and Paulai [37] and Mortezaei [38] and
Mortezaei and Mothagi [39] expressed the total displace-
ment of columns in terms of curvature, column height,
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Table 5 Geometry and reinforcement of the column specimens

Specimen Material Cross section Height (mm) Aspect ratio Fiber (%) Longitudinal bars  Transverse bars
SP1 ECC 250 x 250 750 3 0 8010 5010
SP2 ECC 300 x 300 900 3 0 812 5010
SP3 ECC 350 x 350 1050 3 0.3 14012 6D10
SP4 ECC 400 x 400 1200 3 0.3 16012 6d10
SP5 RC 400 x 400 1200 3 0.0 16012 6d10
SP6 ECC 200 x 200 1000 5 0.6 8010 7010
SP7 ECC 250 x 250 1250 5 0.6 812 8010
SP8 ECC 350 x 350 1750 5 0.6 8D18 10010
SP9 ECC 300 x 300 1800 6 1.0 8D16 10010
SP10 ECC 350 x 350 2100 6 1.5 8020 10010
SP11 ECC 200 x 200 1400 7 1.0 8010 10010
SP12 ECC 250 x 250 1750 7 1.5 8d16 10010

steel strain gage 100% H
A oo —w— T =] :
LVDT-2
//[
50%H
Ancher (wxi | e wora
25%H —+ =
— Concrete stain gage
S%H — .- >

-~

Fig. 6 Manufacturing process of the column specimens
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Fig. 7 Column reinforcement layouts
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Fig. 8 Test setup of the specimens

and yield zone length. Since plastic hinge length is diffi-
cult to estimate using computer programs, it is often esti-

mated based on experimental data using empirical equa-

tions. The length of the plastic hinge is affected by various

factors, such as shear stress, the compressive strength of

the concrete, moment gradient, and axial load. This study

examined the effects of the fiber content and aspect ratio.

o

: . Fig. 10 presents the cracking patterns observed in the
1000 2000 3000 4000 5000 6000 7000

Time (sec) specimens. There were many similarities between the three
Fig. 9 Displacement-controlled cyclic lateral loads specimens without fiber fractions (i.e., Spl, Sp2, and Sp3).

Fig. 10 Cracking patterns of the specimens after failure
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When the dominant cracks formed, specimens underwent
material softening and failed due to the decreased tension
stress.

Increasing the external load caused diagonal cracks to
spread at the base of the column in the fiber-free speci-
mens (i.e., S1, S2, and S5). It also caused concrete fail-
ure through severe spalling in cover and concrete materials.
Shear cracks also exposed stirrups and longitudinal rein-
forcements at the base of the columns. The longitudinal bar
yielded, and localized cracks occurred at 410 mm and 250
mm from the bottom of the ECC (SP4) and conventional
concrete (SP5) specimens, respectively. Yielding was not
observed in the transverse bar of the ECC column in this
region. Fig. 11 shows the final cracking patterns of SP4 and
SPS5.In some specimens (Sp4, Sp6, Sp7, Sp8, Sp9, Spl0,
Spl1, and Sp12), cracking manifested as horizontal flexural
cracks with no diagonal (shear) cracks due to the inherent
shear strength provided by the ECC composite itself.

Fiber bridging increases stress until a second crack
forms at the location of the next weakest plane in the
matrix. Fiber bridging across the micro-crack width in the
reinforced ECC specimens facilitated strain accumulation
in the reinforcing bars; thus, steel's plasticity contributed
to more energy dissipation in ECC specimens than in con-
ventional concrete specimens. In Spl, Sp2, and Sp3, the
width and length of splitting cracks increased.

S3-S4 and S6-S12 failed in their flexural mode, with
multiple fine cracks distributed away from the base of the
column. Also, increasing the fiber fraction and aspect ratio
improved the plastic hinge zone. Shear cracking and buck-
ling were observed 0.2—1.0 D* from the column base in
longitudinal reinforcing bars in SP5 (D* is the dimension
of column).

Table 6 presents the load characteristics, including crack
load P_, yield load Py, peak load P_, and ultimate load P,
along with their corresponding displacements obtained
from the hysteretic loops of the specimens. Moreover,
0, = A/H was used to evaluate ductility and deformation

capacity.

RC/ECCHT

Fig. 11 Failure patterns of SP4 and SP5

Table 6 Displacement values and ductility coefficients of specimens

Specimen S4 S5
P (kN) 69.84 37.44
A, (mm) 8.17 7.41
P (kN) 159.08 85.28
A, (mm) 22.36 30.03
P, (kN) 194 104
A, (mm) 43 39
A, (mm) 54.90 48.36
,=A/H 0.0645 0.0403
u=AJA 2.46 1.61
3.2 Hysteresis loops

Hysteresis loops express cyclic loads in terms of lateral
displacement. Fig. 12 shows the hysteresis loops of S4
and S5, for which the hysteresis loops showed noticeable
pinching effects, suggesting more brittle failure and less
energy absorption in the conventional concrete specimen
than S4. The shear cracks that developed in S5 during the
loading process rapidly decreased the lateral stiffness of
the specimen and significantly intensified the pinching
effect. The stability of S4 was significantly higher than
that of S5, and its hysteresis loops were more complete.

The greater number of hysteretic loops maintained
under cyclic loads in S4 (and their smaller and narrower
areas before cracking) suggest that the columns remained
in the elastic stage. The higher pick load and plastic defor-
mation capacity of SP4 also suggest that the failure mode
of the ECC short column can change from brittle flex-
ure-shear failure to ductile flexural failure.

In Spl, Sp2, and Sp3, crushing was observed upon
the first negative excursion (7%) and eventually led to
abrupt failure. During the first positive excursion (10%),
Sp5 developed a major diagonal crack in the plastic hinge
region, which led to lateral translation, cover spalling, and
the debonding of concrete from the steel reinforcement.

300
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Load (kN)
(=]

-100
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——— SP5

-300
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Fig. 12 Hysteresis loops of SP4 and SP5]
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Fig. 13 shows the hysteresis responses of the 12 spec-
imens listed in Table 5. The cracks observed in the ECC
columns were fine and more horizontal (indicating flex-
ural strength) than those observed in the conventional con-
crete specimen. Spalling was also more prominent in the
reinforced concrete specimens than in the reinforced ECC
columns owing to the fibers in the ECC columns. The fine
cracks in the ECC specimens facilitated better bonding
to the fiber reinforcement than in the reinforced concrete
specimens.

The increased bond toughness of the ECC columns
also led to more rapid strain accumulation. Strain was
higher in the steel reinforcements of the ECC specimens
than in the concrete specimens. Moreover, the pinching
of the hysteresis loops was more pronounced in the rein-
forced concrete than in reinforced ECC specimens. ECC
columns underwent strain compatibility beyond yield,
whereas SP5 did not.

Strain in the steel reinforcements was localized and
accumulated differently between specimens of different
materials, as well as in different sections. Fig. 14 shows
the first yielding recorded displacements of the specimens
observed when longitudinal reinforcement yielding began.
More fine cracks and cases of plastic deformation were
observed in the reinforced ECC specimens than in the con-
ventional concrete specimens, which led to a difference in
the amount of normalized energy dissipated per cycle.

SP1SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 SP10 SP11 SP12
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o
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Fig. 14 Yielding displacement of longitudinal reinforcement

The strain gages installed on transverse bars did not
exceed the yield strain. The length of the plastic hinge is
summarized in Table 7 based on the strain gage data, which
is used to monitor the strain of longitudinal bars and the
surfaces of specimens. The test showed that the length of
the plastic hinge doubled after increasing the aspect ratio
and fiber fraction. The distribution of micro-cracks in SP12,
SP11, SP10, and SP9 was higher than in SP7, SP6, and SP4.

4 Conclusions

In this study, 11 ECC columns with different fiber frac-
tions (0—1.5%) and aspect ratios (3—7), as well as one con-
ventional concrete column, were tested and evaluated. The
main findings of this research are as follows:

1. Increasing the aspect ratio from 3—7 and the fiber per-
centage from 0%—1.5% caused the plastic hinge zone
of ECC specimens to reach twice that of the conven-
tional concrete specimen with the same geometry
and reinforcing bars ratio.

2. Due to the micromechanical properties of ECCs and
fiber bridging, the plastic joints of ECC specimens
were twice as long as those of the ordinary concrete
specimen with the same geometry and rebar ratio.

3. According to the strain-gage data, which was used
to monitor transverse bars, the strains remained in
the elastic state, which indicates the desirable perfor-
mance of ECC specimens.

4. Reinforced ECC specimens dissipated more energy
than reinforced concrete specimens. They also exhib-
ited more ultimate drift and resistance to splitting
and spalling with the same amount of transverse steel
reinforcement.

The ECC columns continued to carry loads beyond

yielding due to strain hardening and fiber-bridging, whereas
the conventional concrete specimen did not.

Table 7 Length of the plastic hinge

Aspect ratio Fiber fraction Length of the plastic hinge

0-0.3% 1.0 D*
0.6% 1.5 D*
1-1.5% 2D*

D* represents the dimension of column
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