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When a structure is hit by earthquake, tremendous amount of seismic energy is released and structure is subjected to reverse
loads. The mechanical properties of FRP reinforced PP ECC beams and coupon RC beam under reverse cyclic load controlled by
displacement are investigated. Curing ages, reinforcement ratio, and volume fraction of PP fiber are parameters under survey. It is
shown that multiple saturated cracking occurred in PP ECC beam and no crushing appeared. The PP ECC can enhance strength
and energy dissipation capacity which are important to evaluate the performance of structures subjected to reverse cyclic loading.

1. Introduction

During the last decade, significant efforts have been made
to develop ECC which exhibits tough, strain-hardening
behavior under tension in spite of low fiber volume fraction
[1]. ECC is a kind of ultraductile fiber reinforced cement
based composite which has metal-like features when loaded
in tension. The uniaxial stress-strain curve shows a yield
point followed by strain-hardening up to several percent of
strain, resulting in a material ductility of at least two orders
of magnitude higher than normal concrete or standard fiber
reinforced concrete [2]. ECC provides crack width to below
100 𝜇m even when deformed to several percent of tensile
strain.

An increasingly large database of mechanical (including
tension, compression, shear, fatigue, and creep) and physical
properties (including shrinkage and freeze-thaw durability)
of ECC is now being established around the world [3, 4],
yet further research is needed for this novel composite.
Anna [5] reported in Forbes self-healing phenomenon of
PVA (Polyvinyl Alcohol) ECC and commented it as a novel
composite which can bring revolution to civil engineering.
Although Fisher and Li [6] have analyzed the failure mode
of small scale connections and frames of PVA ECC, the
tremendous cost has limited its application. The cost of PVA
ECC is around 5 times that of ECC using PP (Polypropylene)

fibers.Therefore it is necessary to utilize cheap Polypropylene
fibers to produce ECC with extraordinary properties. Until
now, research work on PP ECC was only reported by Yang
and Li [7] in theworld. In this study Polypropylene fiberswith
surface improved by copolymer technology are utilized to
produce PP ECC.The chemical bond of interface is enhanced
in the microscale. The mechanical properties of PP ECC
members such as toughness, ductility, dissipated energy, and
impact resistance are improved. Figure 1 shows the four point
bending test of plain PP ECC. By substituting traditional
concrete with PP ECC, both FRP reinforcement and ECC are
deforming compatibly in the inelastic deformation regime.
The defects of low dissipated energy of concrete structures
can be avoided. In this paper, five FRP reinforced PP ECC
beams and one coupon concrete beam under reverse cyclic
loading are investigated. The effect of parameters, that is,
volume fraction of PP fiber, curing age of specimen, and FRP
reinforcement ratio on cracking pattern, dissipated energy
and stiffness degradation is analyzed.

2. Material Composition and Properties

The PP ECC contains PP (Polypropylene) fibers, cement,
fly-ash, fine aggregates (maximum grain size 0.25mm), and
water. Viscosity modification agent (VMA) and high-range
superplasticizer (SP) are used to enhance the fresh properties
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Figure 1: Four point bending test of plain PP ECC and multiple saturated cracking.
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(a) Stress-strain curve of PP ECC under compression
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(b) Stress-strain curve of PP ECC under tension

Figure 2: Stress-strain curves of PP ECC.
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Figure 3: Dimensions and reinforcement details of specimens.

Figure 4: Setup of test and data acquisition board.
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Table 1: Parameters of specimen.

Specimen number Volume fraction of fiber
(%)

Bar diameter
𝜑 (mm)

Reinforcement ratio
𝜌 (%)

𝑓cu
(MPa)

Curing age
(days)

B1 1.5 8 0.76 56 60
B2 1.5 10 1.20 56 60
B3 2.0 10 1.20 40 60
B4 1.5 10 1.20 56 30
B5 1.5 12 1.72 56 60
B6 0 10 1.20 40 30

Table 2: Property of FRP bars.

Model Density (g/cm3) Section area (cm2) Yield strength (MPa) Tensile modulus (GPa) Debonding strength (MPa)
FRP-8 3.16 0.56 707.5 64.0 >15MPa
FRP-10 3.6 0.91 1027.5 89.0 >12Mpa
FRP-12 3.21 1.31 836.6 65.3 >10MPa

of the mixture. Concrete uses coarse aggregates (maximum
grain size 10mm), cement, water, and high-range SP.

When producing PPECC, the sand and cement aremixed
dryly first approximately for 30–60 seconds until the mixture
becomes homogeneous. Then water, fly ash, SP, and VMA
are added orderly. SP and VMA are used only when the
mixer cannot mix further. At the end the fibers are added
but the mixture can be mixed for only 30 s, otherwise it will
be very clumpy. Stress-strain curves of PP ECC from this
composition under uniaxial tension and compression were
demonstrated in Figure 2.

In this paper, a selection of five PP ECC and 1 concrete
beams involving FRP bars as reinforcing material is pre-
sented. FRP reinforcing bars with diameters of 8, 10, and
12mm are arranged symmetrically in the beams of cross
section of 150 × 200mm as longitudinal reinforcement. The
parameters under survey and specimen number are listed in
Table 1. The parameters include volume fraction of PP fiber
(1.5%–2.0%), curing age of specimen (30 and 60 days), and
FRP reinforcement ratio.

FRP bars of 8, 10, and 12mm diameter, respectively,
with characteristic yield strengths of 707.5MPa, 1027.5MPa,
and 836.6MPa were used as conventional reinforcement
satisfying the requirement of design code for minimum
reinforcement. The property of FRP bars is shown in Table 2.
Flexural failure of the beam was ensured by providing
necessary shear reinforcement (stirrup of 6mm diameter
with 200mm space). The geometry of the test specimen and
reinforcement details are shown in Figure 3.

3. Test Specimen

The behavior of FRP reinforced PP ECC beams was exper-
imentally investigated and compared to FRP reinforced
concrete beam.All the flexuralmembers were of cross section
of 150 × 200mm and a clear span of 1.2m. A clear protection
cover of 25mm was provided in all specimens

In this study, reinforced PP ECC beams with different
fiber volume fractions, bar diameters, and curing ages are

named as B1 to B5. A total of 5 PP ECC beams and 1 concrete
beam were cast with ECC mix proportions given in Table 3.
The coupon specimen of reinforced concrete beam is named
as B6.

4. Experimental Setup and Testing Procedure

Cyclic tests were performed using MTS Hydroplus Machine
withmaximum capacity of 100 kN in static loading and 80 kN
in dynamic loading. Schematic diagram of the experimental
setup is shown in Figure 4. This loading configuration was
chosen to promote a flexural deformation mode in all
specimens. In this way, the effect of PP ECC properties on
the expected plastic hinge region can be learned.

Lateral loading was applied through a MTS actuator
according to a displacement-controlled reverse cyclic loading
sequence. The loading rate was kept at 0.2mm/second for
imposed deflection. For each cycle, the imposed deflection
increased by 2mm or 4mm before or after it reached 24mm,
respectively. The experiment stopped once the applied load
dropped to 85% of the ultimate load.

In PP ECC specimen B1 with transverse reinforcement
(Figure 5), flexural cracking formed during the initial loading
cycles and extended up to 720mm specimen height at 28mm
drift. The debonding between FRP bars and ECC started
to occur. The approximate crack spacing was 40mm and
maximum crack width was below 0.1mm. Then the number
of flexural cracks increased significantly with crack forma-
tion up to 950mm specimen height. At this loading stage,
neither localization nor bond splitting of flexural cracks was
observed. The average crack spacing reduced to 20mm with
a maximum crack opening of 0.2mm at the cantilever base.
However, few minor shear cracks formed in the midsection
of the cantilever. At 32mm drift, the number of flexural
cracks stabilized and cracking localized at the cantilever base;
shear failure was not observed. Additional cracks extended
to 1080mm height at a 45 degree angle and interconnected
crackswhich already existed. Beyond 48mmdrift, a tendency
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Table 3: Mix proportions of ECC.

Cement Silica sand Fly ash Water Superplasticizer Fiber volume fraction (%) VMA
1.0 0.8 1.2 0.66 0.013% 2.0 0.03%

Table 4: Degeneration factor of load bearing capacity.

Degradation Displacement
24mm 28mm 32mm 36mm 40mm 44mm 48mm 52mm

Specimen
B1 0.91 0.91 0.96 0.93 0.9 0.87 0.89 0.91
B2 0.9 0.91 0.92 0.8 0.96 0.9 0.78 0.8
B3 0.9 0.92 0.88 0.82 0.85 0.91 0.9 0.9
B4 0.93 0.92 0.91 0.95 0.92 0.92 0.9 0.9
B5 0.92 0.93 0.93 0.92 0.9 0.91 0.92 0.93

Figure 5: Failure modes of PP ECC specimen.

Figure 6: Failure modes of concrete specimen.
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Figure 7: 𝑃 − Δ hysteresis curve of FRP reinforced PP ECC and concrete specimen.
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Figure 8: Influences of different parameters on 𝑃 − Δ hysteresis curve.

of rotational sliding and grinding between the foundation
and cantilever section along with interconnected flexural
crack plane occurred, while only minor crushing of ECC
observed.

The deformation behavior of Specimen B2–B5 was very
similar to that of specimen B1. A concentration of flexural
cracking was observed at the cantilever base and no obvious
crushing of ECC occurred. All the crack width remained
below 0.3mm. However, the distribution of flexural cracking
was more uniform with a larger average spacing and less
significant shear crack formation. As the load surpassed the
bearing capacity of the specimen, the width of the crack
increased until a horizontal main crack appeared in the
tension face near the cantilever base. Simultaneously, sound
of the PPfibers being pulled out and ruptured from thematrix

can be clearly heard. Upon unloading, all the crack width
returned to the state of initial loading cycles.

In beam B6 of reinforced concrete (Figure 6), nomultiple
cracking was observed and flexural cracking initiated at
the cantilever base in the first loading cycle. Individual
cracks propagated from the tension side and formed con-
necting crack paths upon reverse load. At deflection of
2mm, only flexural cracking was observed at an approx-
imate spacing of 100mm. The maximum crack width of
1mm was found on the tension face near the base of the
specimen.

As the load increased, the number of flexural cracks
slightly increased. Also the cracks extended to 840mm
height of the specimen with a maximum crack opening
of 2mm at the cantilever base. Additional cracks initiat-
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Figure 9: Influences of parameters on stiffness.

ing at the intersection of existing flexural cracks or lon-
gitudinal reinforcement became apparent at deflection of
4mm. Then the cracks propagated along the FRP rein-
forcement under the influence of compressive stress in the
reverse half-cycle. Due to further crushing of concrete in
the initial half-cycle at deflection of 10mm, the longitudi-
nal FRP reinforcement experienced excessive compressive
strain and ruptured by tension in the reverse half-cycle
(Figure 6).

Spalling of concrete cover is a common problem with
structural element subjected to reverse cyclic loading,
because each element comes alternatively in compression and
tension. In this experiment, the spalling of PP ECC cover
did not occur. However the spalling of concrete cover was
severe. It is due to the fact that before fibers break or slip from
the matrix, they always hold the cementitious matrix tight by
bridging the cracks. Reduction in the spalling of concrete by
the use of PP fibers in structural member subjected to reverse
cyclic loading can lead to less maintenance and rehabilitation
cost after earthquake.

5. Hysteretic Response

Structures are expected to enter elastoplastic range under
dynamic loading or strong earthquake, so hysteresis curve
is useful for analysis of seismic elastoplastic response.
Hysteresis loops (𝑃 − Δ) are load-displacement relation-
ships of structures under cyclic loading. Figure 7 shows
the lateral force (𝑃) versus top displacement (Δ) rela-
tionship for beams B1 to B6. For all specimens, maxi-
mum load during each cycle of imposed deflection was
recorded.

The hysteretic curve is linear at the initial loading cycle
for PP ECCbeams B1–B5. At 60%–70% load bearing capacity,
the hysteretic curves behaved nonlinearly as the specimens
entered elastoplastic stage. When the drift Δ equals 30mm,
the hysteretic loop changed from spindle to reversed S shape.
After that the loops began to flatten out, showing that less
force was required to maintain the same displacement in the
beam. Throughout the whole test, the loops became fatter
and fatter as the load increased.The enlarged hysteretic loops
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Figure 10: Influences of parameters on dissipated energy.

indicated an increase in energy dissipation. For reinforced
concrete beam B6, no obvious pinching phenomenon can be
observed in the hysteretic loop. As the top displacement Δ
reached 10mm, almost all the concrete protection cover near
the base are crushed.

6. Skeleton Curve

The influence of reinforcement ratio, curing age, and volume
fraction of PP fiber on skeleton curve is shown in Figure 8.
It is found in Figure 8(a) that the load bearing capacity of
PP ECC beams increased with higher reinforcement ratio. In
Figure 8(b), it is shown that the load bearing capacity of beam
B2 is higher than B3; however the ductility is obviously lower.
Therefore it can be stated that the longer curing age of PP
ECC, the higher load bearing capacity and lower ductility. It
is observed in Figure 8(c) that there is nomuch difference for
the skeleton curves of specimens B2 and B4. So the different
volume fraction of fibers 1.5% and 2% does not have much
effect on the ductility and load bearing capacity of reinforced

PP ECC beam. However, the shapes of skeleton curves of
specimens B2 and B6 are different. The top displacement of
PP ECC beam B2 especially is almost 3 times that of concrete
beam B6.Therefore, it is obvious that the ductility of PP ECC
is far better than concrete.

7. Degradation of Load Bearing
Capacity and Stiffness

The factor of load bearing capacity degradation is defined
as 𝜆 = 𝑃

2max/𝑃1max, namely, the ratio of peak load value
at 2nd cycle to that of 1st cycle at the same drift level. The
factor of load bearing capacity degradation of each hysteresis
curve is shown in Table 4. The difference for 𝜆 of the five
PP ECC specimens is not obvious, with 8% reduction at
most. So the parameters including volume fraction of PP fiber
(1.5%–2.0%), curing age of specimen (30 and 60 days), and
FRP reinforcement ratio do not havemuch effect on 𝜆.This is
mainly due to the fact that no coarse aggregates are utilized in
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PP ECC and more fibers are pulled out and ruptured during
the 2nd loading cycle.

Stiffness of the beam under reverse cyclic load decreases
as the load cycle number increases. Factor of stiffness degra-
dation can be defined as 𝐾 = ∑𝑃

𝑖
/∑Δ

𝑖
, namely, the ratio of

the sum of peak load value to the sum of top displacement
during every adjacent two cycles of the same drift. The
relationship of top displacement Δ and factor of stiffness
degradation𝐾 is shown in Figure 9.

It is obvious that lower reinforcement ratio corresponds
to lower stiffness of the beams. The degradation of PP
ECC and concrete beams started at 10mm and 18mm drift,
respectively. However the volume fraction of PP fiber does
notmakemuch difference to the stiffness degradation. Before
yielding, the stiffness degradation of the PP ECC beam is
almost the same at curing ages of 30 and 60 days. After
yielding, the stiffness degradation of PP ECC beams with
30 days curing age is more obvious than that of 60 days.
It is calculated that the original stiffness of concrete beam
is around 5 times that of PP ECC beams. However the
degradation of concrete is more serious at later stage.

8. Cumulative Dissipated Energy

Energy dissipation in a loading cycle is the area that hysteresis
loop encloses in the corresponding load-deflection curve.The
cumulative dissipated energy E is then determined by adding
the energy dissipated in consecutive loops throughout the test
(Figure 10). Overall speaking, the value of dissipated energy
is greater for specimens with FRP bars of bigger diameter.
The value of dissipated energy for specimens with different
volume fractions of fiber (1.5% and 2%) does not have much
difference. The value of dissipated energy for specimen of
longer curing age (60 days) is greater than that of shorter
curing age (30 days).The dissipated energy for concrete beam
is more than that of PP ECC specimen before the drift Δ
reached 10mm. The drifts Δ of beams B2 and B6 at load
bearing capacity are 35.8mm and 4.3mm, respectively. The
total dissipated energy of PP ECC beam is around 3.2 times
of coupon beam.

9. Conclusions

Through visual observations, it was found that reduction of
flexural crack width in PP ECC beams occurred. Moreover,
No spalling or crushing of ECC cover was observed. The top
displacement Δ of PP ECC beams upon yielding is around
3 times that of concrete beam. The bigger the diameter
of FRP bars, the bigger the load bearing capacity and the
energy dissipation capacity of PP ECC beam. The difference
of volume fraction of fiber does not have much effect on the
ductility, stiffness degradation of reinforced PP ECC beam.
However, the longer the curing age (60 days) of PP ECC, the
higher the load bearing capacity and the lower the ductility.
The curing age has limited effect on the stiffness degradation
and dissipated energy.The dissipated energy of PP ECC beam
is 2.9 times that of coupon concrete beam. Moreover, less
damage is observed in PP ECC since fibers always try to hold
the cementitious matrix by crack bridging.

During an earthquake, the structures are always required
to withstand seismic forces without significant reduction in
the strength and serviceability limit state. After the earth-
quake, rehabilitation and maintenance cost should be as
low as possible. It is obvious that FRP reinforced PP ECC
can improve load bearing capacity and energy dissipation
capacity of the beams. Therefore, PP ECC is promising for
future structures to behave more effectively against seismic
action.
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