Introducing Ductile Strip for Durability Enhancement
of Concrete Slabs

Jun Zhang'; Victor C. Li, FASCE? Andrzej S. Nowak, FASCE?; and Shuxin Wang*

Abstract: This paper presents an experimental study on the potential applications of the fiber-reinforced engineered cementitious
composite ECC) in concrete slabs, such as concrete bridge decks and pavements. It is recognized that cracking due to concrete shrinkac
and temperature gradient in the transverse direction in concrete slabs strongly influences the fatigue service life of the slabs. In the prese
study, attempts at localizing cracks, especially shrinkage cracks, into designated strips, where ECC material with strain-hardening an
high strain capacityup to 5% and high fatigue crack resistance behavior is used, were carried out. As a result, while microstructure
damage exists in the ECC strip, the concrete remains intact. This is demonstrated by simulating the shrinkage in concrete under restraine
conditions as tensile load acting on a specially designed specimen. Experimental results show that it is possible to achieve the targete
deformation mode with a certain design on the ECC/concrete interfaces and a certain curing period on the ECC-concrete composite sla
Due to the special material properties of ECC, the strain energy produced by shrinkdge restrained conditionsf hardened cement

and temperature changes can be released by the high strain ability of ECC material so that cracking in plain concrete can be avoide
Thus, the fatigue durability of concrete slabs can be improved, resulting in a longer service life. The proposed design concept may b
implemented by placing ECC as periodic special joints or “ductile strip” between stretches of concrete slabs. By replacing standard joints,
common deterioratiore.g., D-cracking problems associated with joints may be also eliminated.
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Introduction Deterioration of concrete slabs is a common cause requiring
repair, rehabilitation, or replacement of pavement and bridge

Reinforced concrete slabs have been widely used in modern transstructures. Therefore, innovative technology for repair and for

portation engineering, such as highway and airport pavements andleéw construction of concrete slabs is urgently needed.

bridge decks. The average life of a concrete slab is determined by The deterioration of concrete slab is caused by concrete

many factors, including initial design details, material properties, shrinkage, temperature changes, freeze and thaw cycles, and re-

traffic load and frequency, environment, salt application, presencePeated loading. The various stages of concrete slab deterioration

and effectiveness of protective systems, and maintenance prac{Szerszen et al. 1999nay be summarized as follows:

tices, among others. All these factors influence the developmentl. Initial cracks due to shrinkage and temperature change: Con-

of cracks in slabs during service. Cracking in slabs reduces the crete shrinks as the cement paste hardens. The value of

load capacity and has been linked to fatigue fail(Perdikaris shrinkage can be reduced by using concrete with the smallest
and Beim 1988; Perdikaris et al. 1989; Matsui 1997; Kumar and possible amount of water and cement compatible with other
GangaRao 1998 In addition, cracks allow water and other requirements, such as strength and workability, and by
chemical agents, such as deicing salt, to go through the cover =~ moist-curing for sufficient duration. However, no matter

layer and come into contact with the reinforcements, leading to ~ What precautions are taken, a certain amount of shrinkage is
reinforcement corrosion and rupture. usually unavoidable. If a slab of moderate dimension rests

freely on its supports, it can contract to accommodate the
shortening of its length produced by shrinkage. Usually,
however, slabs and other members are jointed rigidly to
other parts of the structuré.e., top flange of girders in
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example, in Michigan there are about 10 freeze-thaw cycles Table 1. Properties of Fiber used in this Study
per year. Freezing Wgter expends, and thi; results in addi- E, o d L
tional damage, an increase of crack width and depth. 1,e (GPa (MPa) (mm) (mm)
Cracked slab surface is linearable to touch traffic loads. Each
passage of a heavy wheel may cause a strain/stress concerf20lyethylene 120 2,700 0.038 19.05
tration which leads to further cracking and disintegration of Note: E;=fiber modulus;o¢=fiber tensile strengthd;=fiber diameter;
the slabs. In addition, further development of concrete Li=fiber length.
shrinkage or temperature change also leads to the growth of
the transverse cracks. These factors working together lead t
the formation of through-thickness cracks.
Water, particularly water containing chlorideslt used as

a deicing agenf penetrates the cracks and, when it reaches
the reinforcing steel, may cause corrosion. Corroded steel
expands, which results in additional cracking and disintegra-
tion of cracked slabs.

3.  Water penetration and wearing out of the through cracks: Engineered Cementitious Composite Material
Water gradually moves downward through the cracks, creat- Performance under Uniaxial Tension
ing efflorescence on the bottom surface of the slab. Under
repeated traffic load, the through crack faces are gradually
worn out, leading to the loss of load distribution in the lon-
gitudinal direction. As a result, the slab does not behave as a
plate any longer, but acts as transverse beam. The presenc
of water accelerates the wearing out procedure. In addition,
when the water, in particular that containing chloridsalt
used as a deicing agenteaches the reinforcing steel, it may

Oion describes the tensile behavior of plain concrete and ECC.
Because of the different time dependence of strength development
in ECC and concrete, the curing time effect will be focused on in
this study. The principles of inserting a plastic strip in continuous
reinforced concrete slabs will be described in the following.

ECC is a cement based composite reinforced with a low volume
percentagdusually less than 2—3%of short, randomly oriented
fibers. The composite has been microstructurally engineered to

train-harden via multiple cracking in uniaxial tensign 1993,

998. ECC exhibits macroscopic strain-hardening after the first
crack. For the ECC containing polyethyleffeE) fibers used in
this study, strain at its peak load at 28 days is approximately 5%,

cause corrosion. Corroded steel expands, which results inas compared with 0.01-0.02% tensile strain capacities in regular
additional cracking and disintegration of cracked slabs. congrete. During st.rain-hardening: multiple cragks .develop with
4. Slab failure in shear, delamination and spalling: Finally, pas- continuously reducing crack spacing u_ntll localization occurs at
sages of truck wheels on the cracked slabs result in forma- € of t.hese cracks. The fracturq site is nqt necessarily the first
tion of potholes, delamination, spalling, and reducing and/or ¢rack site. The evolution of multiple cracking appears to be a
terminating the ability to carry traffic. stochastic process assqmated with d|strllputed |n|t|_al flaw sizes

The deterioration stages summarized above indicate that, in(Wu and Li 1995. In this study, the tensile behavior of ECC
reinforced concrete slabs, the initial shrinkage cracking and sub-Mmaterial und_er different curing period is investigated. The details
sequent through slab-thickness crack propagation under repeate@f the experiments are described below.
traffic load are the principle reasons for limiting the service life of ) ) o
the structures. Fatigue durability is as important as corrosion du- Materials, Specimens, and Mixing Procedures
rability in governing slab service life. Furthermore, previous in- !N the present investigation, type | ordinary portland cement and
vestigations(Matsui 1997 show that the integrity of steel rein-  Silica sand with an approximate particle size of 0.1-0.3 mm were
forced concrete bridge decks is the key for improving the Used to form the matrix. Polyethylene fibeé3pectra 90pwas
durability of bridges. Therefore, the prevention of fatigue failure €MPployed and the fiber properties are listed in Table 1. Mix pro-
in reinforced concrete slabs is crucial, and the sequence of thePortions adopted in this study are given in Table 2. The tensile
four stages described above has to be interrupted before final deciéPecimen is in the form of a rectangular coupon of size 304.8
failure. Hence, reducing shrinkage cracks and enhancing fatigue 76-2<12.7mm. The molds used to cast the specimens were
crack growth resistance of the material become critical objectives Made of plexiglass. The mixing procedure of the composite ma-
to prolong the service life of steel reinforced concrete slabs.  terial consists of the following steps: _

In the present study, an attempt at localizing cracks, especiallyl- Matrix preparation: The matrix was prepared in a Hobart
shrinkage cracks, into designated ductile strips is investigated. In ~ type mixer. First, the cement and silica sand were mixed
these strips between regular concrete slabs, a special kind of  together for 2 min at low speed. Then, water with superplas-
fiber-reinforced cementitious composite, with strain-hardening
and high strain capacity and high fatigue crack resistance as com- ) ) ) )
pared with concrete, is applied. Shrinkage tensile stresses inducd@ple 2. Mix Proportions of Plain Concrete and Engineered
microcrack damage in these strips. To implement this concept, anCementitious CompositECO)
engineered cementitious composiEECC) with 5% tensile strain Components PC ECC
capacity is selected. The strain energy produced by shrinkage
(under restrained conditionsf hardened cement and temperature C.e'ment 0.9 1

. . . I Silica fume 0.1 —
gradient can be released by the high deformation within the ECC Sand 162 05
material; therefore, cracking in concrete can be avoided. Thus, the ' '

fatigue durability of concrete slabs can be improved, resulting in Stone 1.62 T
a longer service life. Water 031 0.32
Superplasticizér 0.027 0.02
. . Methyl cellulose — 0.0007
Material Properties Antifoamer . 0.0005
To realize the above design concept, the tensile properties of bothSpectra fiber — 1.5% in volume

concrete and ECC material must be carefully tailored. This sec- ®ater content in superplasticizer is 66%.
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LVDT Holder level are listed in Table 3. From these experimental results, first
we can see that the strength development of ECC material, in-
cluding both the first cracking strength and the ultimate tensile
strength, is characterized by a fast development period, around 3
days, which is the minimum curing time in the present study,
followed by a relative slow development period, as shown in Fig.
4. Second, the ECC material already starts to show significant
multiple cracking and strain-hardening behavior at 3 days water
curing, even though the minimum critical curing time for this
behavior still needs to be determined. These results are consistent
with the single fiber pullout result&Chan and Li 199¥, which
indicate the saturated bond strength of polyethylene spectra fiber
and cement matrix can be achieved approximately 2 days after
casting. The first crack strength and ultimate tensile strength
76.2 Unit: mm 12.7 slightly increase with curing time due to the development of ce-
ment hydration and its influence on the frictional stress between
fiber and matrix. However, the rate of increase is lower than that
of the plain concrete, which will be demonstrated in the next
section.

304.8

LVDT Holder

Fig. 1. Test setup of engineered cementitious composite in tension

ticizer (polymelaming and a viscous ager(methyl cellu- )
lose mixed in were gradually added, and mixing was con- Strength Development of Plain Concrete under
tinued for 2 min, resulting in a uniform fluid matrix. Within ~ Uniaxial Tension
this period, the bottom of the mixing bowl should be scraped ) ]
manually to ensure that no solid materials stick to the bot- Materials, Specimen, and Test Procedure
tom. After such scraping, the matrix was mixed at a higher In order to study the tensile strength development of concrete
speed for 1 min before addition of fibers. with curing time, a loading holde(Fig. 5 used for studying the
2. Addition of fibers: The fibers were gradually spread into the Cracking behavior of ECCanda and Li 1998was adopted. The
mixer by hand as the matrix was mixed at a slow speed. The holders were made of aluminum allqy. One was fixed to Fhe load
fibers must be added slowly to ensure proper distribution Cell and the other to the actuator with standard MTS grips. The
with no fibers bundled together. tensile load was transmitted to the specimen by the anchor action
3. Casting and curing: The composite material was carefully between holders and the enlarged ends of the specimen. To further
cast into the mold in two layers. First, about half the material prevent failure due to stress concentration at the loaded ends of
was placed. Then the mix was vibrated for about 1-2 min to the concrete specimens, two steel boltdweté mmdiameter and
ensure that the material was well compacted. Next, the sec-2 12 mm length were used to reinforce the specimen ends. One
ond half of the mold was filled by the composite in the same end of each bolt was connected with a nut and the other end was
manner. After smoothing the surface, the specimens werefastened to a 11845x7 mm steel plate through another nut.
covered with a polyethylene sheet to prevent loss of moisture Thus, the failure of the specimen under tensile load can be en-
and stored for 24 h at room temperature prior to demolding. sured to be within the central position with a uniform cross sec-
Then all specimens were removed from their molds and put tion. The minimum cross section of the specimen was 76
into water at 23°C for curing until tensile testing was carried X45 mm. The overall uniaxial tensile strain was measured with

out. two LVDTs, one on each side of the specimen. The details of the
experimental setup and the geometry of the test specimen are
Testing Procedures shown in Fig. 5.

The specimens were tested in uniaxial tension with displacement In the present investigation, type | ordinary portland cement
control in a 250 kN capacity MTS 810 material testing system and silica fume, natural sand with an approximate patrticle size of
with hydraulic wedge grips. Aluminum plates were epoxy glued 0.3—4 mm, and crushed natural stone with a maximum particle
onto the ends of the specimens to enhance the ends for grippingsize of 10 mm were used. The mix proportions are given in Table
The actuator displacement rate used for controlling the test was3. The casting and curing procedures are similar to the ECC
0.0025 mm/s. The strain was measured by two linear variable specimens.

differential transducer$LVDTs) mounted on the surface of the All tests were carried out under displacement control with a
specimen. The measured gauge length of LVDTs was 190 mm.prescribed rate of 0.005 mm/s in a 250 kN capacity MTS 810
The specimen with LVDTs mounted is shown in Fig(L1 et al. material testing system.

1996. The raw data consisted of time, load, position of the pis-
ton, and displacement from each LVDT. The tensile behavior can Experimental Results and Discussions

then be determined from these test data. The tensile strength of concrete at different curing time is listed in

Table 3. The tensile strength versus curing period diagram is
Test Results of Engineered Cementitious Composite in shown in Fig. 4. By comparing the results between plain concrete
Tension and ECC, it can be found that at 3 days curing, there is almost no

The typical uniaxial tensile test results, in terms of stress-strain difference between plain concrete and ECC on the first cracking
diagrams, with different curing periods from 3 to 28 days are strength. However, after 3 days, the tensile strength of concrete
shown in Fig. 2. The typical crack patterns at 21 days and 28 daysdevelops at a faster rate than that of ECC, probably due to the
are shown in Fig. 3. The corresponding first cracking strength and contribution of the coarse aggregates. The tensile strength of con-
the ultimate tensile strength as well as the corresponding straincrete starts to overtake the first cracking strength of the ECC
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Fig. 2. Stress strain diagrams of engineered cementitious comp&€) in tension under different curing period, 3—28 days water curing

material after 3 days and to overtake the ultimate tensile strengthDesign of Concrete Slab with Ductile Strips
of ECC after about 14 days. This means that, after a certain curing

period, first cracking will occur in ECC material instead of in | h as bridge deck d . fully utilize th
concrete for a specimen composed of ECC sandwiched betweerf eMent such as bridge decks and pavement is to fully utilize the
multiple cracking and strain-hardening behavior as well as the

plain concrete sections with the same geometric dimensions,h_ h . itv of the ECC ial th SR
under uniaxial tensile load. These material characteristics are the "9 strain capacity of the material, thus minimizing or even

basic requirements for the ductile strip design in this research. Ae"_m'F‘a“”g any da_lmage in adjacent concrete mfaterlal. The_ basic
comparison between typical plain concrete and ECC material in principle and design method of ECC/concrete interface will be

terms of tensile stress strain curve at 28 days water curing isdescnbed in this section.
shown in Fig. 6. It clearly indicates the contrasting tensile char-
acteristics of plain concrete and ECC. The plain concrete has a
high tensile strength with a low strain capacity while the ECC has Assume that a concrete bar is composed of two kinds of materi-
a high strain capacity with a low tensile strength. als, ECC material and plain concrete with lengthsand I,

The concept of placing the ECC ductile strips in a concrete slab

Principle
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Fig. 4. Strength development with curing time of plain concrete and
engineered cementitious composite material in uniaxial tension

wheree, = strain capacity of ECC; and,, = strain value of plain
concrete corresponding to the tensile strength of ECIS.the
total length of the bar. Therefore, the composite strain capagity,
(strain at peak stress in curve labeled I-1l in Fig, i& a function

of ¢, g, andl, orl,, . For given material properties, is influ-
enced only by the individual element lendttor |, . Fig. 8 dem-
onstrates the overall strain capacity as a function of, with a
different given strain capacity of ECG; . 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.

Fig. 3. Typical final crack patterns of engineered cementitious
composite in tensionta) 14 days;(b) 28 days

) ) Design of Engineered Cementitious Composite  /
respectively. The bar has the same cross section along the lengthconcrete Interface

Further assume that the two materials are perfectly joined to- . . . )
gether without failure at the interface under tensile load. The gen- T"€ conventional concept of the interface in concrete and its
eral dimension of the bar and the corresponding stress-strain re-Structures normally refers to the contact area between two mate-
lationship under tensile load of the individual materials are shown als with significantly different material properties, such as
in Fig. 7, where the concrete tensile strength is higher than that of Mortar-aggregate interfaces, cement matrix-fiber interfaces, and
ECC. Under uniaxial tension, the overall strain capacity of the N€W concrete-old concrete interfaces. In the present study, ECC

bar, &, is reached when the load reaches the tensile strength of2nd plain concrete can be considered as two kinds of cementitious
ECC. Henceg, is materials with different performance, as described above. Thus,

their contact area should be considered as a kind of interface.
S (h) . ('n) 1) However, as both materials are cast at the same (tioigoining),
c— <l 1l

T T the ECC/concrete interface performance should be different from

Table 3. Summary of Tensile Test Results of Plain Concrete and Engineered Cementitious Cortiposite

PC ECC

Time First Crack Strength Ultimate Tensile Strength  First Crack Strength Ultimate Tensile Strength  Ultimate Tensile Strain
(days (MPa (MP3) (MPa) (MPa) (average %

3 — 2.25,1.82 2.30, 2.50 3.44, 3.13 5.25

7 — 2.91, 3.93, 2.94 2.50, 2.65 4.00, 3.58 6.5
14 — — 2.40, 2.50 4.56, 3.66 7.8
21 — 5.22, 4.77 3.70, 3.50 442, 4.61 6.5
28 — 5.40, 5.68 4.12, 3.88 4.56, 5.00 5.5
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Fig. 8. Overall strain capacity of engineered cementitious composite
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v

Fig. 5. Test setup and geometry of specimen of plain concrete in

tension the case when the two materials are cast at different tioes
joining). The weak link between the two materials can be pre-
vented in the former case due to the mixing effect in both mate-
rials in the plastic state. However, it is still necessary to design the
ECClconcrete interface to ensure that damage under tensile
6.00 T T T T T T T 1 stresses occurs inside the ECC strip instead of at the interface
5.00 _ - j area. If first cracking occurs at or close to the ECC/concrete in-
: '}ESCJ - terface, the r_nultiple cracking phenemenon cannot_be devel_oped
;_a; 400 / I WMN ‘ /Wﬂf*ﬂmﬂv ] due to the “fiber-end” effect at the interface area; i.e., the fiber
= i W ‘ ,/I,Y/L/ f V MWW | ! 4 bridging is _weak_at _the interface area. Therefore, the present in-
< 300 ﬂ V | / L/ { ‘ V i terface design principally overcomes the fiber-end effect along the
& - ECClconcrete interface. In this study, a geometrical method to
5 2.00 - enhance the ECC/concrete interface will be applied.
T Fig. 9 demonstrates the idea of the ECC/concrete interface
1.00 7 geometric design. From stress element analysis at interface, the
0.00 LT normal and shear stresses at interfaceandrg, are given by
0.00 1.00 2.00 3.00 4.00 5.00 =0 Si
Strain (%) 0= Sirf(4) )
1
Fig. 6. Comparison on typical tensile behavior of plain concrete and TsT50 sin(2¢)

engineered cementitious composite

whereo = overall tensile stress acting on the slab; a@nd angle
between ECC/concrete interface and horizontal line. From Eq.
; (2), we can see that the normal stressis a function ofd for a
given stress leveb. Fig. 10 shows the relationship between the
F — F interfacial normal stress and the angleinder some typical stress
| ECC | , PC levels. o is reduced significantly by lowering the angle This
I | L indicates that it is possible to prevent interfacial failure with a
I . i 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. There-
Give fore, this interfacial tensile strength at least can achieve 2—3 MPa
1 after 28 days curing. In this case, &ds selected to be less than
38°, interfacial failure can still be prevented even as 5 MPa over-

I-II

PC ECC

®)

¢
Strain / i o

| / [, & 4_& .
Fig. 7. (a) Engineered cementitious compodECC)/PC tensile bar; T ‘

(b) schematic stress-strain behavior of ECC and concrete bar underFig. 9. Engineered cementitious composiEgaCC)/concrete interface
uniaxial tensile load geometric design
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In this section, the validity of the above plastic strip concept will
be experimentally verified through uniaxial tensile test on ECC-
concrete composite specimen. In the present work, a 30° interface_.
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®)

Fig. 11. (a) Casting device for inclined engineered cementitious
composite/concrete interfac€b) view of specimen after casting

(ECC has a slightly darker color than concpete

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

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. 11a). 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 real-
ized 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 atten-
tion 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(3.5 MPa. A view of the specimen after cracking in
ECC section is shown in Fig. 13.

Conclusion and Future Work

This paper presents an experimental study on the potential appli-
cations 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, to as-
sure that the tensile strength of concrete higher than that of ECC
materia), 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(up to 5% as well as a high fatigue crack resis-
tance 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
to prevent induction of air. After that, vibration is continued for More realistic field situations. The present investigation does not
another minute. After smoothing the surface, the specimens arelnvolve continuous steel reinforcement. However, it is expected
covered with a polyethylene sheet and stored for 24 h at room that the inclusion of steel reinforcement will further enhance the
temperature. Then the specimens are removed from their moldsductile strip concept explained in this study.
and put into water at 23°C for curing until the date of testing. The
overview of the specimen after casting is shown in FigblL1l

Fig. 13. View of cracking in engineered cementitious composite
(ECQO) strip of ECC-concrete composite specinmetose-up view of
cracking zone shown in insért
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