Fig. 2. Stress strain diagrams of engineered cementitious composite 共ECC兲 in tension under different curing period, 3–28 days water curing

material after 3 days and to overtake the ultimate tensile strength
of ECC after about 14 days. This means that, after a certain curing
period, first cracking will occur in ECC material instead of in
concrete for a specimen composed of ECC sandwiched between
plain concrete sections with the same geometric dimensions,
under uniaxial tensile load. These material characteristics are the
basic requirements for the ductile strip design in this research. A
comparison between typical plain concrete and ECC material in
terms of tensile stress strain curve at 28 days water curing is
shown in Fig. 6. It clearly indicates the contrasting tensile characteristics of plain concrete and ECC. The plain concrete has a
high tensile strength with a low strain capacity while the ECC has
a high strain capacity with a low tensile strength.

Design of Concrete Slab with Ductile Strips
The concept of placing the ECC ductile strips in a concrete slab
element such as bridge decks and pavement is to fully utilize the
multiple cracking and strain-hardening behavior as well as the
high strain capacity of the ECC material, thus minimizing or even
eliminating any damage in adjacent concrete material. The basic
principle and design method of ECC/concrete interface will be
described in this section.

Principle
Assume that a concrete bar is composed of two kinds of materials, ECC material and plain concrete with lengths l I and l II ,
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Fig. 4. Strength development with curing time of plain concrete and
engineered cementitious composite material in uniaxial tension

Fig. 3. Typical final crack patterns of engineered cementitious
composite in tension: 共a兲 14 days; 共b兲 28 days

respectively. The bar has the same cross section along the length.
Further assume that the two materials are perfectly joined together without failure at the interface under tensile load. The general dimension of the bar and the corresponding stress-strain relationship under tensile load of the individual materials are shown
in Fig. 7, where the concrete tensile strength is higher than that of
ECC. Under uniaxial tension, the overall strain capacity of the
bar,  c , is reached when the load reaches the tensile strength of
ECC. Hence,  c is
c I

冉冊 冉 冊
lI
l

 II

l II
l

(1)

where  I strain capacity of ECC; and  II strain value of plain
concrete corresponding to the tensile strength of ECC. l is the
total length of the bar. Therefore, the composite strain capacity,  c
共strain at peak stress in curve labeled I-II in Fig. 7兲, is a function
of  I ,  II and l I or l II . For given material properties,  c is influenced only by the individual element length l I or l II . Fig. 8 demonstrates the overall strain capacity  c as a function of l I with a
different given strain capacity of ECC,  I . It clearly shows that,
for a given ECC element length, the higher the strain capacity of
ECC, the higher the overall strain capacity of the composite bar.
In addition, a high composite strain capacity can also be obtained
through adjusting the length of the ECC strip. With a reasonable
combination of plain concrete and ECC strips, it is possible to
achieve a prescribed strain capacity requirement that may be
twenty or thirty times the strain capacity of plain concrete without
a loss of load-carrying capacity. In this case, cracking can be
avoided within the plain concrete section when the structure is
subject to tensile stress, such as shrinkage stress. Instead, the ECC
strip ‘‘plastically’’ yields to accommodate the imposed strain.

Design of Engineered Cementitious Composite Õ
Concrete Interface
The conventional concept of the interface in concrete and its
structures normally refers to the contact area between two materials with significantly different material properties, such as
mortar-aggregate interfaces, cement matrix-fiber interfaces, and
new concrete-old concrete interfaces. In the present study, ECC
and plain concrete can be considered as two kinds of cementitious
materials with different performance, as described above. Thus,
their contact area should be considered as a kind of interface.
However, as both materials are cast at the same time 共hot joining兲,
the ECC/concrete interface performance should be different from

Table 3. Summary of Tensile Test Results of Plain Concrete and Engineered Cementitious Composite 共ECC兲
PC
Time
共days兲
3
7
14
21
28

ECC

First Crack Strength
共MPa兲

Ultimate Tensile Strength
共MPa兲

—
—
—
—
—

2.25, 1.82
2.91, 3.93, 2.94
—
5.22, 4.77
5.40, 5.68

First Crack Strength
共MPa兲
2.30,
2.50,
2.40,
3.70,
4.12,

2.50
2.65
2.50
3.50
3.88

Ultimate Tensile Strength
共MPa兲
3.44,
4.00,
4.56,
4.42,
4.56,

3.13
3.58
3.66
4.61
5.00

Ultimate Tensile Strain
共average %兲
5.25
6.5
7.8
6.5
5.5
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Fig. 8. Overall strain capacity of engineered cementitious composite
共ECC兲-concrete composite bar as function of ECC strip length, l I
Fig. 5. Test setup and geometry of specimen of plain concrete in
tension

the case when the two materials are cast at different times 共cold
joining兲. The weak link between the two materials can be prevented in the former case due to the mixing effect in both materials in the plastic state. However, it is still necessary to design the
ECC/concrete interface to ensure that damage under tensile
stresses occurs inside the ECC strip instead of at the interface
area. If first cracking occurs at or close to the ECC/concrete interface, the multiple cracking phenomenon cannot be developed
due to the ‘‘fiber-end’’ effect at the interface area; i.e., the fiber
bridging is weak at the interface area. Therefore, the present interface design principally overcomes the fiber-end effect along the
ECC/concrete interface. In this study, a geometrical method to
enhance the ECC/concrete interface will be applied.
Fig. 9 demonstrates the idea of the ECC/concrete interface
geometric design. From stress element analysis at interface, the
normal and shear stresses at interface,  t and  s , are given by
 t  sin2 共  兲

Fig. 6. Comparison on typical tensile behavior of plain concrete and
engineered cementitious composite

Fig. 7. 共a兲 Engineered cementitious composite 共ECC兲/PC tensile bar;
共b兲 schematic stress-strain behavior of ECC and concrete bar under
uniaxial tensile load

s

(2)

1
 sin共 2 兲
2

where  overall tensile stress acting on the slab; and  angle
between ECC/concrete interface and horizontal line. From Eq.
共2兲, we can see that the normal stress  t is a function of  for a
given stress level . Fig. 10 shows the relationship between the
interfacial normal stress and the angle  under some typical stress
levels.  t is reduced significantly by lowering the angle . This
indicates that it is possible to prevent interfacial failure with a
reasonable interfacial angle for a given interfacial tensile strength.
For example, for hot joining, the general interfacial tensile
strength should be equal to the minimum value of the tensile
strength of concrete and the first crack strength of ECC. Therefore, this interfacial tensile strength at least can achieve 2–3 MPa
after 28 days curing. In this case, as  is selected to be less than
38°, interfacial failure can still be prevented even as 5 MPa over-

Fig. 9. Engineered cementitious composite 共ECC兲/concrete interface
geometric design
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Fig. 10. Influence of interfacial angle  on normal stress at engineered cementitious composite 共ECC兲/concrete interface

all stress is acting on the structure, since the interfacial tensile
stress is less than 2 MPa. On the other hand, the tensile strength
of ECC material is normally less than 5 MPa, as shown in Table
3. Therefore, the above selection of , i.e., 38°, is still conservative.

Preliminary Experiments on Engineered
Cementitious Composite Strip Design
In this section, the validity of the above plastic strip concept will
be experimentally verified through uniaxial tensile test on ECCconcrete composite specimen. In the present work, a 30° interface

Fig. 12. Tensile stress strain performance of engineered cementitious
composite-concrete composed specimen for different curing periods;
共a兲 7 days; 共b兲 28 days

angle was adopted. The same size of specimen as used in uniaxial
tensile tests of plain concrete, as shown in Fig. 5, is used in these
experiments.

Specimen Preparation

Fig. 11. 共a兲 Casting device for inclined engineered cementitious
composite/concrete interface; 共b兲 view of specimen after casting
共ECC has a slightly darker color than concrete兲

In order to cast the concrete sections and the ECC strip at the
same time and to ensure an inclined angle of 30° for the ECC/
concrete interface, a special casting device was developed, as
shown in Fig. 11共a兲. The device consists of two vertical movable
steel plates and another two movable steel plates that can slide
along the direction with a prescribed inclined angle. This is realized by fixing two polymeric foam blocks with a path for sliding
of the steel plate along the designed angle. The width of the steel
plates is fixed to the mold width. The polymeric foam blocks were
fixed at the top of the mold by glue.
The specimen casting procedure can be described as follows.
First, with the vertical and inclined steel plates in place, the fresh
concrete and ECC are carefully cast into the plexiglass mold to
form a 10 mm thick layer. Then the mold is vibrated for about
half a minute. Next, the vertical steel plate is gradually raised
until out of the layer with the vibrating table running. Concrete
and ECC are then poured into the respective sections to fill out
the rest of the mold. The specimen is further vibrated and attention is paid to all corners of the mold until no more air comes out.
Then, the inclined steel plates are slowly pulled out of the mold.
During movement of the plate, the vibrating table is kept running
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This is the final goal of the present investigation. Furthermore, in
the present dimension of the specimen, the strain attained 1.4% at
peak load 共3.5 MPa兲. A view of the specimen after cracking in
ECC section is shown in Fig. 13.

Conclusion and Future Work

Fig. 13. View of cracking in engineered cementitious composite
共ECC兲 strip of ECC-concrete composite specimen 共close-up view of
cracking zone shown in insert兲

to prevent induction of air. After that, vibration is continued for
another minute. After smoothing the surface, the specimens are
covered with a polyethylene sheet and stored for 24 h at room
temperature. Then the specimens are removed from their molds
and put into water at 23°C for curing until the date of testing. The
overview of the specimen after casting is shown in Fig. 11共b兲.

This paper presents an experimental study on the potential applications of fiber-reinforced engineered cementitious composite in
continuously steel reinforced concrete slabs, such as concrete
bridge decks and pavement, for the purpose of eliminating cracks
in concrete. It is found that a composite slab containing both plain
concrete and ECC strips, with proper design at the ECC/concrete
interfaces and careful selection of material properties 共i.e., to assure that the tensile strength of concrete higher than that of ECC
material兲, it is possible to localize tensile cracks into the ECC
strip instead of in the concrete section. The current concrete mix
satisfies the above condition after 14 days of water curing. Due to
the strain-hardening performance of the ECC material with a high
strain capacity 共up to 5%兲 as well as a high fatigue crack resistance behavior, the overall strain capacity and the integrity as well
as the fatigue durability of the composite slab can be significantly
improved. In the present study, the overall strain capacity of the
test specimen achieves 1.4% at peak load.
Further experiments with larger scale specimens are needed in
order to apply the design concept explored in the present work to
more realistic field situations. The present investigation does not
involve continuous steel reinforcement. However, it is expected
that the inclusion of steel reinforcement will further enhance the
ductile strip concept explained in this study.

Acknowledgment
Results and Discussion
The above tensile specimens were tested at 7 days and 28 days
after casting, respectively. The test procedure was the same as that
used for the tensile test on plain concrete. The tensile test results
on the specimens with ECC strip are shown in Figs. 12共a and b兲
in terms of tensile stress versus strain diagrams. From these results, we can see that, for the specimen cured only for 7 days, the
specimen failed in a brittle manner even though the first crack
already occurred in the ECC strip in one of the two specimens.
However, the final failure occurred in the concrete section of this
specimen. This is expected, since at 7 days curing the first crack
strength of ECC and the tensile strength of plain concrete are very
close; see Fig. 4. Therefore, even if the first cracking occurs in the
ECC strip, as load increases, the stress in the concrete section
may reach the concrete tensile strength, resulting in failure in the
concrete section instead of further development of new cracks in
the ECC strip.
For the specimen cured for 28 days, the situation is totally
different. In this case, the concrete tensile strength is much higher
than the first crack strength of ECC and even higher than the
ultimate tensile strength of ECC. Therefore, as the specimen is
loaded in tension, first cracking will occur in the ECC strip and
multiple cracking can be developed in it due to sufficient difference between the ultimate tensile strengths of ECC and concrete.
As a result, the tensile behavior shown in Fig. 12共b兲 is obtained.
Cracking with crack widths less than 0.1 mm was successfully
localized into the ECC strip instead of in the concrete section.
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