Available online at www.sciencedirect.com

-3’ . . Cement and
*.° ScienceDirect

Concrete
Research

ELSEVIER Cement and Concrete Research 37 (2007) 743 —750

Fatigue enhancement of concrete beam with ECC layer

Christopher K.Y. Leung **, Yin Nee Cheung ®, Jun Zhang "

* Department of Civil Engineering, Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong
® Department of Civil Engineering, Tsinghua University, Beijing, 100084, PR. China

Received 12 January 2006; accepted 11 January 2007

Abstract

The pseudo strain-hardening behavior of Engineered Cementitious Composites (ECC) is a desirable characteristic for it to replace concrete to
suppress brittle failure. This widespread use of ECC in the industry is, however, limited by its high cost. To achieve higher performance/cost, ECC
can be strategically applied in parts of a structure that is under relatively high stress and strain. In this paper, layered ECC-concrete beams
subjected to static and fatigue flexural loads were investigated by experiments. The static test results showed that the application of a layer of ECC
on the tensile side of a flexural beam increased its flexural strength and the degree of improvement increased with the thickness of ECC applied. In
addition, the layer of ECC enhanced the ductility of the beam and the failure mode changed from brittle to ductile. Under four-point cyclic loading,
the ECC layer significantly improved the fatigue life of the beam. Moreover, in comparison to plain concrete beams, layered ECC beams could
sustain fatigue loading at a larger deflection without failure. The great improvement in fatigue performance was attributed to the effectiveness of
ECC in controlling the growth of small cracks. The experimental findings reflect the feasibility of using ECC strategically in critical locations for

the control of fatigue crack growth.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete, composing of cement, water, fine and coarse
aggregates, is widely used in civil engineering construction. The
brittle behavior of concrete, especially under tensile loading, is
one of its major limitations. With the low toughness of concrete,
cracks can propagate rapidly to result in failure at a low ultimate
strain (around 0.01%) without warning. In order to improve the
failure behavior, fiber reinforced concrete (FRC) is made by
adding discrete short fibers into the concrete matrix. Fibers used
currently include steel, glass, carbon and polymer fibers. These
fibers act as bridges across the cracks to delay their propagation.
Thus, a more ductile failure mode with a significant softening
response could be attained.

Development of FRCs started in the 1970s. At that time, only
glass fiber and steel fiber were investigated. During the past
10 years, with the development of micromechanical models,
properties of fiber, matrix and fiber/matrix interface have been
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tailored to produce cementitious composites that exhibit a
pseudo-strain hardening behavior similar to that of metals.
These composites are called Engineered Cementitious Compo-
sites (ECC) [1]. With effective crack bridging provided by the
fibers, failure of ECC occurs with the formation of multiple
cracks that are very fine (the crack opening at ultimate strain is
normally below 100 pm). The ultimate tensile strain can reach a
value as high as 2—6%, which is 200 to 600 times greater than
that of concrete.

A typical mix of PVA-ECC contains about 2% of PVA
fibers. Also, the binder content is often above 1000 kg/m>. As a
result, the cost of PVA—ECC can be 4 to 5 times that of normal
concrete [2]. In order to achieve better economy, ECC should be
used selectively in parts of a structure where their advantages
can be fully exploited.

The flexural fatigue performance of concrete is important for
many applications such as highway and airfield pavements,
bridge decks and pavement overlays. Consider a plain concrete
beam subjected to cyclic flexural load. The first crack will form
when the maximum principal tensile stress exceeds the cracking
strength of the material. Crack propagation will initially occur at


mailto:ckleung@ust.hk
http://dx.doi.org/10.1016/j.cemconres.2007.01.015

744 C.K.Y. Leung et al. / Cement and Concrete Research 37 (2007) 743—750

a slow rate, and increase rapidly with crack size. The number of
cycles to failure is hence governed by the ‘small crack’ regime,
when crack propagation is slow. Once the crack propagates
beyond a certain size, it will grow very rapidly and failure
occurs after a small number of additional cycles. Following this
argument, mechanisms that can delay crack propagation at an
early stage should be particularly effective in extending the
fatigue life. The incorporation of an ECC layer (which
possesses very high resistance to crack growth) on the tensile
side of the concrete beam (where cracks will initiate) may hence
be a cost-effective alternative to improve the fatigue perfor-
mance of a concrete beam.

The fatigue performance of beams made entirely of ECC has
been investigated in the past [3,4]. As expected, the ECC beams
exhibited significantly higher fatigue life than plain concrete
members. In the present investigation, layered ECC/concrete
beams will be made with two different ECC layer thickness.
Both monotonic and fatigue flexural tests will be performed. As
control specimens, plain concrete members are also cast and
tested. The test results, including the number of cycles to failure
and the growth of deflection with cyclic loading, will be
compared for various cases and discussed.

2. Experimental details
2.1. Specimens, materials and mix

Fatigue behavior of layered ECC—concrete beam was
investigated through conducting four-point cyclic bending
tests. In each batch, six specimens with dimensions
100 x 100 x 500 mm were cast. Among the specimens, three of
them were tested under static flexural load; another three were
tested under fatigue flexural load. The strength values obtained
in the static tests were used to determine the range of fatigue
loading when conducting the bending fatigue tests. The mix
constituents and their mix proportions are shown in Table 1. As
the sand used in our investigation was much coarser than that in
other studies, no superplasticizer was required. In this study,
specimens with two different ECC layer thickness (25 mm and
50 mm) were prepared. During the beam casting, the ECC layer
was cast first at the bottom of the mould. One hour after casting
the ECC layer, concrete was added. The reason for not casting
concrete immediately after the ECC was to prevent the mixing
of the two materials. Besides the layered beams, plain concrete
beams were also cast as references. For both plain concrete and

Table 1
Mix proportion of concrete and ECC

Constituent composition ~Cement Water Sand Stone PVA

(by weight) (by volume)
Plain concrete 1 0.55 2 2 -

ECC 1 0.32 0.4 - 1.7%

Cement: ordinary Portland cement.

Sand: river sand with maximum size around 4 mm.

PVA: Polyvinyl Alcohol Fiber from Kurarey Corp. (diameter=0.04 mm,
length=12 mm, Young’s modulus=4 GPa, tensile strength=1.6 GPa).

Table 2

Types and number of specimens under investigation

Type of specimen ECC Number of Number of specimen

thickness specimen cast tested (static/fatigue)

Static concrete 1, (CON_1) 0 mm 6 3/3

Static concrete 2, (CON_2) 0 mm 6 3/3

Static concrete 3, (CON_3) 0 mm 6 3/3

Static layered 25 mm 1, 25 mm 6 373
(LAY_ECC_25_1)

Static layered 25 mm 2, 25mm 6 3/3
(LAY_ECC_25_2)

Static layered 25 mm 3, 25 mm 6 32
(LAY_ECC_25_3)

Static layered 50 mm 1, 50 mm 6 32
(LAY_ECC_50_1)

Static layered 50 mm 2, S0mm 6 3/3
(LAY_ECC_50_2)

Static layered 50 mm 3, 50 mm 6 32

(LAY_ECC_50_3)

ECC, 100x200 mm cylinders for compressive strength test
were also cast. During specimen preparation, all members were
vibrated to ensure proper compaction. After casting, the layered
specimens were kept wet in the mold for another 24 hours
before they were demolded and transferred to a curing room at
20 °C and 95% relative humidity. The type and number of
specimens cast and tested are summarized in Table 2.

2.2. Testing configuration

Standard four-point flexural test was conducted. The experi-
mental setup was as shown in Fig. 1. The loading span was
100 mm and the support span was 300 mm. During the test, both
loading and mid-point deflection were recorded. The mid-point
deflection was recorded with two linear variable differential
transducers (LVDT) and it represents the relative displacement
between the top of the beam and the loading fixture. The em-
ployed displacement sensor is of the non-contact type and
displacement measurement with this sensor is illustrated in Fig. 2.
The analog data of the mid-point deflection from the displacement
sensor was recorded and converted to digital data through an
analog-to-digital (A-to-D) card. The converted digital signal was
then transmitted to a computer for storage.

In the static test, deflection control was used; the loading rate
was 0.15 mm/min. Fatigue testing, on the other hand, was
conducted under load control. A typical load vs time curve for
the fatigue test is shown in Fig. 3. The load was first ramped up
to the maximum value P,,,,. Cyclic loading with a sinusoidal
waveform was then applied with a loading range of (Pax—Prmin)
and at a frequency of 3 Hz or 10 Hz. The types of specimen
tested and the corresponding stress level and loading frequency
are shown in Table 3. The stress level, SL, is defined by:

_Pmax

SL = 1
Pult ( )

where P is the maximum load during the loading cycle, and
Py is the static ultimate load of the member.
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Fig. 1. Experimental set-up for four-point bending fatigue tests.

Among the six beams cast for each specimen type, three of
them were tested under static four-point bending, and P, was
obtained as the averaged flexural load capacity. The minimum
load (Pyin) applied in the fatigue test is given by:

Prin = 0~2*Pmax (2)

Note that a non-zero minimum load, P,,;,, was applied to
ensure that the beam would not be unloaded during the cyclic
bending test. For plain concrete specimens, the 3 Hz-loading
rate was high enough to finish the test within a reasonably short
period of time. However, when layered ECC beams were under
investigation, if the loading rate was kept at 3 Hz, it would take
a long time to complete the test. Hence, a higher frequency
(10 Hz) was employed for these specimens. In order to verify
that the change of loading frequency would not affect the results

aluminium strip attached to the top

lx l (3Hz/10Hz fatigue load)

computer A \ A
displacement sensor for
measuring deflection

(30Hz/100Hz recording frequency)

Fig. 2. Data recording and converting system used in bending test.
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P
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Fig. 3. Loading procedures used in fatigue test.

significantly, a set of concrete specimens was also tested at
10 Hz and a stress level of 80%. The results were then compared
to similar specimens tested at 3 Hz. The fatigue life of plain
concrete beam in logarithmic scale was found to be between 3.6
to 4.9 at 3 Hz, and between 4.3 to 5.2 at 10 Hz. Since the two
ranges are comparable, it is acceptable to replace the loading
rate of 3 Hz by 10 Hz.

During the fatigue test, the data acquisition card collected the
data (including both load and displacement) at frequencies of
30 Hz and 100 Hz for loading frequency of 3 Hz and 10 Hz
respectively. There were hence 10 data points for each loading
cycle. The test was terminated either at the time of failure of the
specimen or when the number of applied loading cycles reached
million.

3. Results and discussion

3.1. Layered ECC—concrete beam under static flexural loading
Static load-deflection curves for the different kinds of beams

are displayed in Fig. 4. The values of compressive strength for

the materials in each batch are given in Table 4. In Table 5, the
static flexural strength (or modulus of rupture) of the beams is

Table 3

Type of specimens under fatigue tests and the frequencies applied

Type of specimen ECC Stress level Frequency

thickness (Prmax/Pa)/% applied/Hz

Fatigue concrete 1, (CON_1) 0 mm 90 3

Fatigue concrete 2, (CON_2) 0 mm 80 3

Fatigue concrete 3, (CON_3) 0 mm 70 3

Fatigue layered 25 mm 1, 25 mm 93 10
(LAY_ECC_25_1)

Fatigue layered 25 mm 2, 25 mm 80 10
(LAY_ECC_25_2)

Fatigue layered 25 mm 3, 25 mm 70 10
(LAY_ECC_25_3)

Fatigue layered 50 mm 1, 50 mm 95 10
(LAY_ECC_50_1)

Fatigue layered 50 mm 2, 50 mm 90 10
(LAY_ECC_50-2)

Fatigue layered 50 mm 3, 50 mm 83 10

(LAY_ECC_50_3)
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Fig. 4. Flexural stress versus deflection diagrams of layered ECC—concrete
beams under four-point bending load, (a) plain concrete beams, (b) 25 mm ECC
layered beams, (¢) 50 mm ECC layered beams.

compared. The average flexural strength of concrete beam was
4.4 MPa. With the addition of ECC, the average flexural
strength increased to 5.2 MPa for the 25 mm ECC layer and
6.3 MPa for the 50 mm layer. The percentage of strength
improvement relative to the plain concrete member is 18.2% for
the 25 mm layer and 43.2% for the 50 mm layer. As expected,
the addition of ECC layer could improve the flexural strength.
In addition, the percentage of improvement increased with the
thickness of ECC layer applied.

In addition to the flexural strength improvement, there is also
significant ductility improvement for the beams. A comparison

Table 4
Compressive strengths of plain concrete and ECC used in layered beams

Type of specimen Material ~ Curing days Average compressive
strength (MPa)

Static concrete 1, (CON_1) Concrete 56 54.8

Static concrete 2, (CON_2) Concrete 56 54.7

Static concrete 3, (CON_3) Concrete 56 59.6

Static layered 25 mm 1, ECC 114 66.2
(LAY_ECC_25_1) Concrete 114 52.8

Static layered 25 mm 2, ECC 112 71.9
(LAY_ECC_25_2) Concrete 112 59.2

Static layered 25 mm 3, ECC 56 62.4
(LAY_ECC_25_3) Concrete 56 44.2

Static layered 50 mm 1, ECC 112 67.3
(LAY_ECC_50_1) Concrete 112 55.5

Static layered 50 mm 2, ECC 89 77
(LAY_ECC_50_2) Concrete 89 57.3

Static layered 50 mm 3, ECC 66 74.6
(LAY_ECC_50_3) Concrete 66 47.4

on the deflection reached at ultimate load by different types of
beam specimens is shown in Table 6. As indicated in Table 6,
for the plain concrete beam, the average deflection at ultimate
load was 0.11 mm. With the 25 mm ECC layer, this value
increased to 0.18 mm, which is a 64% increase. Furthermore,
the addition of a 50 mm ECC layer brought this value up to
about 0.33 mm, representing a 200% increase over the plain
concrete member. The increase in ductility is associated with a
change in the failure mode. For plain concrete members, there is
only one major crack propagating from the bottom of the beam.
For the layered beams, multiple fine cracks are formed in the
ECC layer first. Eventually, one of these cracks will open more
widely than the others and propagate into the concrete layer.
(Note: these observations are also found in the fatigue tests.)
Multiple cracking enables large straining in the ECC layer
before its failure, therefore leading to a higher ultimate
deflection value and a ductile failure mode.

3.2. Layered ECC concrete beam under constant amplitude
fatigue loading

The results of the fatigue tests under varying maximum
flexural stress level (SL) are summarized in Fig. 5 where

Table 5
Flexural strength comparison of different types of beam
Type of Flexural Average Average value Percentage
specimen strength flexural for each increase
(MPa) strength for type of compared
each batch  specimen to concrete
1 2 3
H @ 6 (MPa) (MPa) (%)
CON_1 44 44 48 45 4.4 0
CON_2 47 40 37 4.1
CON_3 45 50 45 47
LAY_ECC_25_1 55 56 5 54 5.2 18.2

LAY_ECC_25_2 53 55 6 56
LAY_ECC_25.3 5 45 47 47
LAY_ECC_50_1 6 6.6 89 7.1 6.3 43.2
LAY_ECC_50_2 59 74 64 6.6
LAY_ECC_50_3 52 6.5 45 54
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Table 6
A comparison on the deflection at peak load for different types of beam
Type of Deflection at Average value Average Percentage
specimen ultimate load of the valuefor  increase
(mm) deflection each compared
m (mm) type‘of to
specimen concrete
(mm) (%)
CON_1 0.11 0.12 0.12 0.12 0.11 0
CON_2 0.08 0.09 0.13 0.10
CON_3 0.11 0.13 0.1 0.11
LAY_ECC_25_1 0.17 0.17 026 0.20 0.18 64
LAY_ECC_25_2 0.12 0.11 0.15 0.13
LAY_ECC_25_3 0.12 0.30 — 0.21
LAY_ECC_50_1 0.31 0.36 044 0.37 0.33 200

LAY_ECC_50_2 0.28 0.40 0.29 0.32
LAY_ECC_50_3 0.41 030 0.22 0.3l

maximum flexural stress in the fatigue experiment is plotted
against the logarithm of number of cycles to failure. Along
with the data points, linear least square fits are shown for each
beam type. In performing the regression, the lifetime for any
specimen that does not fail after 2 million cycles is taken to be
2 million cycles. As mentioned above, P, is set at 0.2 P .«
for all the tests. In Fig. 6, the results for each beam type are
shown in the normalized form, by dividing the value in Fig. 5
with the corresponding average static flexural strength for the
same batch of specimens. For example, if the specimens are
taken from the batch CON_1 (see Table 5), the fatigue load is
divided by 4.5 MPa. However, if the specimen is from batch
CON_2, the fatigue load is divided by 4.1 MPa instead. Fig. 7
shows typical variation of mid-point deflection with time
during the test. At a particular time, the mean value of mid-
span deflection is calculated as the average over the time
period (1—0.5 s to +0.5 s). For specimens with different ECC
layer thickness, the variations of this mean mid-point
deflection with the number of cycles (in logarithmic scale)
are shown in Figs. 8—10.
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Fig. 5. Maximum stress versus fatigue life diagrams for different beam types,
linear fits showing the trends of fatigue sustainability of the beams.
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Fig. 6. Maximum fatigue stress level versus fatigue life curves of different beam
types, linear fits showing the trends of fatigue sustainability of the beams.

From Figs. 5 and 6 the effects of ECC layer on the fatigue life
of concrete beam can be evaluated in two different ways,
depending on whether the improvement in static performance is
taken into account or not. If the change in static performance is
not considered (Fig. 5), i.e. comparing beams under the same
magnitude of maximum flexural stress, it can be concluded that
the ECC layer significantly improves the fatigue life and that the
fatigue life is improving with increasing ECC layer thickness.
When taking the static strength improvement into account (by
normalizing the results as in Fig. 6), that is, comparing results
for specimens under similar relative stress levels (e.g. 90%, 93%
of the static strength), an increase in the fatigue life was also
observed in specimens with a layer of ECC applied. In addition,
with a thicker layer of ECC applied, the fatigue life at the same
stress level was higher. Specifically, one can look at the results
in Fig. 6. The regression lines indicate that the rate of strength
deterioration with number of cycles decreases when the ECC
layer thickness is increased. As an example, in comparison to
the plain concrete beam under 90% stress level, the application
of'a 25 mm ECC layer increased the fatigue lifetime by almost 2
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Fig. 7. Mid-point deflection (mean value) and the corresponding time record in
second.
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(a) Deflection vs log(no. of cycles) for CON_1 under 90%
fatigue stress level.
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(c) Deflection vs log(no. of cycles) for CON_3 under 70%
fatigue stress level.
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Fig. 8. Mid-point deflection versus fatigue cycles (in log) diagram for concrete
beam under different fatigue stress level, (a) SL=0.90 (b) SL=0.80 (c)
SL=0.70.

orders of magnitude and a 50 mm ECC layer increased the
fatigue lifetime by about 3 orders of magnitude. In addition,
according to Figs. 5 and 6, three specimens with 25 mm ECC
layer subjected to 70% stress level and one specimen with
50 mm ECC layer subjected to 83% stress level reached
2 million fatigue cycles without failure. On the other hand, none
of the concrete specimens, even for the ones subjected to 70%
stress level, could reach 2 million cycles without failure. Hence,
the addition of an ECC layer on the lower portion of the beam is

shown to be effective in decreasing the rate of crack propagation
in the member and thus improved the overall fatigue
performance of the beam.

Actually, while the ECC layer can improve the static strength
(as shown in the previous section), the enhancement of fatigue
performance is even more impressive. This finding is in support
of our argument that the delay of crack propagation at its earlier
stage (by the ECC layer at the lower part of the beam) is
particularly helpful in extending the fatigue life. Figs. 8—10
show the mid-point deflection (mean value) against fatigue

(a) Deflection vs log(no. of cycles) for LAY_ECC_25_1
under 93% fatigue stress level.
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(b) Deflection vs log(no. of cycles) for LAY_ECC_25_2
under 80% fatigue stress level.
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Fig. 9. Mid-point deflection versus number of cycles (in log) diagram for 25 mm
ECC layered beams under different fatigue stress level, (a) SL=0.90 (b)
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(a) Deflection vs log(no. of cycles) for LAY_ECC_50_1
under 95% fatigue stress level.
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(b) Deflection vs log(no. of cycles) for LAY_ECC_50_2
under 90% fatigue stress level.
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(c) Deflection vs log(no. of cycles) for LAY_ECC_50_3
under 83% fatigue stress level.
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Fig. 10. Mid-point deflection versus number of cycles (in log) diagram for
50 mm ECC layered beams under different fatigue stress level, (a) SL=0.95 (b)
SL=0.90 (c) SL=0.83.

cycles. All the figures could be divided into three stages, the
ramp-up stage, the crack development stage and the final failure
stage. In the ramp-up stage, the specimen was loaded up to the
maximum applied load, P,,.«. Since ultimate failure under static
loading occurs after the crack has propagated, loading up to a
certain percentage of the static strength can result in nonlinear
damage of the member. The deterioration state of the loaded
specimen was indicated by the specimen deflection at the end of
the ramp-up stage. If the specimen attained a larger deflection

than other specimens of the same type, more initial deterioration
had occurred. The beam was then subjected to fatigue loading as
shown in the second portion of the graph up to the final failure
as shown in the last portion. All beams exhibited a similar trend
of development, in which the second portion of fatigue
development was stable with little increase in deflection. The
final failures of all the beams were indicated by a rapid increase
in the ultimate deflection. In addition, it is shown in the figures
that layered ECC beams under the same relative stress level
(SL) reached a greater deflection at the final fatigue stage as
compared to plain concrete beams. In other words, layered ECC
beams could sustain fatigue loading at a greater deflection
without failure. This indicates that the fatigue ductility is also
improved by applying the ECC layer.

A general concept for concrete under cyclic loading is that of
an envelope curve which provides a bound for compressive
stress and strain values that can be attained under more general
loading conditions [5—8]. Most authors agree that this envelope
either coincides with the monotonic loading curve, or is at least
very close to this curve for plain concrete. This concept may be
applicable for fatigue in compression, but is inapplicable for
fatigue in flexure or tension [9]. Fig. 11 displayed the rela-
tionship between deflection at the end of the second stage of
fatigue failure (see Figs. 8-10), which is the maximum
deflection that can be sustained before rapid crack growth,
and the stress level. In the figure, the deflection value at peak
load in the static test is represented by the point with SL=1.
From the figure, one can observe that with the decrease of
fatigue stress level, the deflection decreases slightly. Also, the
deflection is closer to the value at peak load in the static test than
the value on the descending branch of the static load-deflection
curve that corresponds to the maximum load in the fatigue test
(see Fig. 4). The above findings agree well with the theoretical
predictions based on crack bridging degradation mechanism
under fatigue load [9]. Under fatigue loading, crack-bridging
stress degrades in the fracture zone [10,11]. This implies that the
toughness of beam is gradually reduced with the number of
cycles. Thus, it may be concluded that the deformation capacity,
such as deflection, at fatigue failure will be less than the values
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Fig. 11. Critical deflections at different stress level, showing test results of
different kind of beam.
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that can be attained under monotonic case. Again, from the
figure we can conclude that the application of ECC layer can
greatly enhance the ductility at fatigue failure. The degree of
improvement is proportional to the thickness of the layer of
ECC applied.

4. Conclusion

A thorough experimental investigation on the static and fa-
tigue behaviors of ECC layered composite beam was performed
through the conduction of four-point bending tests. From the
static tests, it was found that the application of a layer of ECC on
the tensile side of a flexural concrete beam increased its flexural
strength and the degree of improvement increased with the
thickness of ECC applied. From fatigue tests, it was found that
the application of a layer of ECC was very effective in increasing
the fatigue lifetime (e.g. at a stress level of 90%, the increase is
around 2 orders of magnitude for a 100 mm beam with a 25 mm
ECC layer and 3 orders of magnitude for a member with 50 mm
ECC layer). The high ductility and multiple cracking capability
of ECC are responsible for such an improvement. In addition,
layered ECC beams could sustain fatigue loading at a larger
deflection without failure. The ductility under cyclic loading is
hence also improved. Based on our results, while the use of ECC
layer can increase the static strength, its improvement on fatigue
performance is even more impressive. The present investigation
reveals the potential of the layered ECC/concrete beam as a cost-
effective component for practical applications.
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