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While unbonded concrete and hot mixture asphalt overlays have been commonly used for concrete pave-
ment rehabilitation, cracking due to stress concentration still limits the service life of pavement overlays.
The use of ductile concrete such as Engineered Cementitious Composite (ECC) should suppress this brittle
fracture at the base of the overlay due to existing crack/joint. Therefore, enhancement of long term per-
formance of the overlaid pavements can be expected. Herein we introduce and study the feasibility of this
concept via integration of ECC flexural fatigue behavior and finite element analysis for overlaid pavement.
The integration results in a service life model for pavement overlays, which was then employed in a life
cycle assessment model to reveal the sustainability performance of different overlays. Analysis results
suggest that ECC can greatly extend the service life of pavement overlay with less thickness compared
with concrete overlay, resulting in a more sustainable overlay.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Besides hot mixture asphalt (HMA) overlay, unbonded concrete
overlay (UBOL) emerged as another rehabilitation method viable
for deteriorated rigid pavements [1]. Typical distresses in UBOL in-
clude reflective cracking, joint spalling and faulting, fatigue crack-
ing and premature failures due to poor separator layer design,
excessive joint spacing and inadequate slab thickness [2]. Among
them, cracking due to stress concentration is one of the main fac-
tors limiting the service life of overlays [3,4]. Under repeated traf-
fic, daily/seasonal horizontal and differential vertical movements,
the preexisting joints/cracks in the substrate concrete tend to pen-
etrate the overlay with flexural, tensile and shear loading. The
overlay material responds in a brittle manner under high stress
concentration induced by the preexisting joint/crack in the sub-
strate concrete. Several techniques addressing the reflective crack-
ing problem have been attempted, which will be briefly
summarized below.

Current techniques may be grouped into at least three broad
categories using different approaches to address the reflective
cracking problem: concrete slab fracturing [4], stress-relieving
(crack relief) interlayer [5,6], and modified overlay [7]. Concrete
slab fracturing techniques include rubblization, crack and seat
ll rights reserved.
(for plain concrete pavement), and break and seat (for reinforced
concrete pavement). By creating small pieces of concrete, the frac-
turing technique minimizes one of the main mechanisms of reflec-
tive cracking, i.e., the horizontal movement of concrete substrate
due to temperature and moisture changes [4]. The second broad
category involves mainly HMA interlayer. These interlayers are
used between the concrete substrate and the concrete UBOL to re-
lieve the stress/strain concentration. The third category, the mod-
ified overlay technique, involves addition of fiber reinforcement
in the overlay and increasing the overlay thickness. If used appro-
priately, most of the current techniques can delay the onset of
reflective cracking and achieve service life comparable to those of
new concrete pavements [1,2].

While the effectiveness of current techniques in addressing
reflective cracking has been demonstrated in many cases, there
still exist certain areas that can be improved. For instance, a greater
overlay thickness is required to compensate for the reduction in
structural capacity caused by fracturing the concrete substrate
[8]. The addition of asphalt separator layer before placement of
unbonded concrete overlay can complicate the construction pro-
cess. Last but not least, UBOL may involve much shorter joint spac-
ing [9] (e.g. 1.8 � 1.8 m panels for overlay thickness less than
127 mm) to help minimize curling and warping stresses, which
also means significantly increased work for the time sensitive/con-
suming saw-cutting of the joints. This concludes the introduction
to UBOL.

http://dx.doi.org/10.1016/j.cemconcomp.2012.08.012
mailto:sqian@seu.edu.cn
http://dx.doi.org/10.1016/j.cemconcomp.2012.08.012
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Fig. 1. Typical tensile stress–strain curve of ECC.
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To overcome the aforementioned technology challenges, a
material-based solution is proposed to resolve the reflective crack-
ing problem. Specifically, in this study, an Engineered Cementitious
Composite (ECC) designed for ultra high ductility (Fig. 1) and dam-
age tolerance was considered to replace the HMA/concrete in rigid
pavement overlays, aimed at achieving a thin, durable, and cost-
effective overlay. This approach exploits the high ductility and
damage tolerance of ECC, without relying on concrete slab fractur-
ing or stress relieving interlayers. The ECC overlays can potentially
be jointless or have greatly extended joint spacing due to its duc-
tility. Special focus is placed on the high intrinsic material ductility
and fatigue resistance for suppressing the reflective cracking in ri-
gid pavement overlays.

ECC is a class of fiber reinforced strain hardening cementitious
composites, invented by Li and co-workers based on microme-
chanics design theory in 1990s [10]. As shown in Fig. 1, above
4.6 MPa, ECC shows a distinct strain-hardening response of about
2.5% strain. In contrast, normal concrete fails at 0.01% strain. ECC
attains high ductility with relatively low fiber content (2% or less
of short randomly oriented fibers) via systematic tailoring of the fi-
ber, matrix and interface properties, guided by micromechanics
principles [11]. An example composition of ECC is shown in Table 1.
In this mixture ECC has a compressive strength of 46 MPa, with an
elastic modulus of about 20 GPa. Due to its extreme tensile ductil-
ity, the flexural strength of ECC can be three to five times compared
with its tensile strength [12]. The unit cost of ECC is about three
times compared with that of normal concrete [13].

Previous research [14] in using ECC as a repair layer on cracked
concrete substrate involved the study of monotonic and/or fatigue
behavior of ECC/concrete layered beams (Fig. 2 [14]). The mode of
deformation in these specimens provides valuable insights into
what might be anticipated in ECC pavement overlays. Highlights
of the results of these studies are therefore summarized here. De-
tails of these experiments can be found in the aforementioned
references.

The ECC effectively diffused stress concentration by extensive
microcrack damage development at the base of the ECC layer
(Fig. 2c). By suppressing brittle fracture, the load capacity doubled
compared to that of a control specimen with concrete overlay. The
corresponding stiffness of the strain-hardening material is reduced
by at least two orders of magnitude resulting in a highly non-linear
load–deflection response. This automatic response of ECC to high
stress-concentration offers the possibility of designing rigid pave-
ment overlays that can effectively eliminate reflective cracking in
the overlay. Control studies using common tension-softening FRC
in the repair layer show that the system stiffness is maintained un-
til a sudden quasi-brittle spalling crack is formed, causing failure of
the FRC overlay. Thus, the automatic stiffness step-down response
is unique to materials that strain-harden [14].
2. Overall research framework

The sustainable infrastructure material design framework pro-
posed by Keoleian, Li and coworkers [15] provides a powerful plat-
form for designing material to achieve optimal sustainability for
the infrastructure systems. This framework has established the
critical connections among material design, structural application,
and sustainability modeling. To achieve the goal of sustainable
infrastructure, appropriate waste material substitutes are incorpo-
rated into the composite material and engineered to achieve de-
sired material composite properties for specific infrastructure
applications. Furthermore, a complete life-cycle analysis of the
modified infrastructure system is performed to examine the effect
of the new green material on the system sustainability. Finally,
these results are used as feedback for identifying different substi-
tution materials to further improve system sustainability.

For rigid pavement overlay application, the critical material
property considered in this investigation is flexural fatigue re-
sponse of the ECC material under traffic loads. The shear loading
scenario corresponding to differential vertical movements of the
slabs across the joints/cracks is not covered in this study. Further-
more, the potential thickness reduction of ECC overlay may be very
crucial in enhancing the sustainability of the overlay system. This
is because large amount of materials will be utilized in overlay
construction. Given the above consideration, this investigation fo-
cuses on the examination of the flexural performance of ECC mate-
rials under fatigue loading via experiment, along with FEM analysis
of ECC overlaid rigid pavement to reveal the influence of overlay
thickness on the structural response. From these investigations, a
fatigue stress – fatigue life (r–N) relation and a maximum tensile
stress – overlay thickness (r–H) relation is obtained (Fig. 3). Com-
bining these relations results in an overlay thickness – fatigue life
(H–N) relation. This relation provides design guideline for future
ECC overlay field application and also facilitates the life cycle anal-
ysis of the rigid pavement overlay incorporating ECC materials.
3. Experimental testing on fatigue performance of ECC

3.1. Experimental preparation

Table 1 reveals the mix proportion and mechanical properties of
ECC investigated in this study. In addition, concrete from fatigue
experiment of Oh [16] was included for comparison. Furthermore,
this concrete mixture has a modulus of rupture (MOR, i.e., flexural
strength) typically used in pavement [1]. Basic uniaxial tensile,
compressive and flexural properties were determined for the ECC
at 28 days. Uniaxial tensile testing used coupon plate specimens
with dimensions of 304.8 � 76.2 � 12.7 mm. The compressive
properties were obtained from cylinder specimens (75 mm by
150 mm in diameter and height, respectively). It should be noted
that cracking strength of the concrete was derived from compres-
sive strength based on Mindess et al. [17].

The flexural specimens have a dimension of 356 mm (length),
50 mm (height) and 76 mm (width), with a span between two sup-
ports of 305 mm. Four point bending test was conducted at a con-
stant moment span length of 102 mm. The MOR (flexural strength)
of ECC and concrete was determined using elastic beam theory.
The monotonic test was conducted under displacement control at
a rate of 0.5 mm per minute, considering the very large deflection
capacity of ECC due to its high tensile ductility. According to Lep-
ech and Li [18], the ECC shows no sign of size effect in flexural test
of span up to 2.8 m due to its high ductility, with the crack pattern
being the same for thin and thick specimens.

For the fatigue specimens, a static preloading stage (to 0.5 MOR
level) and a subsequent fatigue loading stage were applied. The



Table 1
Material properties and mix proportion of ECC and concrete (mix by weight (fiber by volume)).

Material etu (%) fcr (MPa) ftu (MPa) f 0c (MPa) MOR (MPa) C S CA FA W SP PVA fiber

ECC 2.5 ± 0.5 4.6 ± 0.3 5.3 ± 0.6 46.0 ± 0.4 10.9 ± 0.9 1.0 0.8 0 1.2 0.59 0.012 0.02
Concrete 0.01 3.2 – 27.0 4.6 – – – – – – –

etu: tensile strain capacity; fcr: cracking strength; ftu: ultimate tensile strength; f 0c: compressive strength; MOR: modulus of rupture (flexural strength); C: cement; S: sand; CA:
coarse aggregate; FA: fly ash; W: water; SP: superplasticizer; PVA fiber: KURALON K-II REC15; hyphen ‘‘–’’: data are not available in the literature.).
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Fig. 2. Comparison of high stress concentration effects on concrete and ECC repair materials, showing (a) brittle fracture in concrete layer, and (b) ductile strain-hardening
response in ECC layer. This strain-hardening zone is enlarged in (c) to show microcrack arrests inside the ECC layer. The final failure was due to exhaustion of the flexural
capacity of the ECC layer not related to any crack tip effect. Note spalling is suppressed in the ECC.
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Fig. 3. Integration of FEM analysis and material fatigue test result into design chart (r critical tensile stress in FEM analysis and maximum fatigue stress in beam fatigue test;
H: thickness of overlay; N: fatigue life of overlay).
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preloading used displacement control at a rate of 0.5 mm per min-
ute. No microcracks were observed using portable microscope dur-
ing the preloading stage. After preloading, fatigue cycles began
using load control with sinusoidal waveform at a frequency of
8 Hz. The fatigue load ratio (maximum flexural stress, rmax over
MOR) was chosen to be 0.7, 0.8 and 0.9. The minimum flexural
stress, rmin, was kept to 20% of the maximum flexural stress. The
fatigue life (product of frequency and fatigue testing time in sec-
onds) recorded for a given maximum flexural stress was then used
to construct the r–N relation.

3.2. Experimental results

From the monotonic flexural tests, ECC showed an MOR (flex-
ural strength) approximately doubled that of normal concrete,
and deformation capacity at least one order of magnitude higher
compared with concrete (Fig. 4). This drastic improvement in
bending behavior largely comes from the ductile tensile behavior
of ECC (Table 1), as found by Maalej and Li [12].

ECC reveal multiple cracking behavior both under monotonic
and fatigue loading while concrete always fails by sudden fracture
localization, as shown in Fig. 5. As the fatigue stress level decrease,
the number of microcracks also decrease in ECC. This observation
suggests that when the fatigue load level decrease, it is more diffi-
cult for ECC beam to reach saturated multiple cracking since the
corresponding tensile stress at the bottom of the beam may be very
close to the cracking strength. This phenomenon was also observed
by Matsumoto et al. [19]. The number of cracks developed during
fatigue loading should influence the ultimate deformation level
of the beam at fatigue failure. The more cracks developed during
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fatigue loading, the larger the deformation achieved at fatigue fail-
ure. The fatigue failure is a result of fracture localization of one of
many microcracks at the final stage.

Under fatigue loading condition, ECC also shows great enhance-
ment in fatigue stress – fatigue life relation when compared with
the concrete. The fatigue stress – fatigue life relation (r–N relation)
is shown in Fig. 6, where concrete from Oh [16] is also shown as
reference. As clearly seen, with the same fatigue life, the fatigue
stress sustained by the ECC is about twice that of the concrete. It
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Fig. 6. Fatigue stress–fatigue life relations for ECC and concrete.
is expected therefore, that the introduction of ECC will greatly en-
hance the service life of concrete pavement overlay. The relatively
larger scatter of the ECC compared with those of the concretes in
the r–N plots suggests that the material variation in the ECC could
potentially be higher due to fiber non-uniform distribution. This
concern should be addressed by more rigorous quality control of
ECC or accounted for in an actual pavement overlay design.

In the proposed service life model for pavement overlay in the
present feasibility study, only the r–N regression equations are
used for integrating the fatigue test and FEM analysis results, while
statistical variation term R2 is not considered for simplicity. For
better prediction of the pavement overlay service life and conduct-
ing life cycle analysis on a probabilistic base, it is desirable to
incorporate the statistical distribution consideration for r–N rela-
tion. An extensive fatigue experimental program is needed to gain
meaningful insight on statistical distribution of fatigue life at dif-
ferent fatigue stress level, which is beyond the scope of this study.
Furthermore, the fatigue behavior tested in the laboratory should
be calibrated, e.g. via a shift function, for field conditions in the fu-
ture once ECC overlay is implemented.
4. FEM analysis of pavement overlay

An FEM program specifically developed for pavement applica-
tion, JSLAB2004 [20] was used for the characterization of critical
tensile stress in the ECC overlay under traffic loading. The critical
tensile stress is the stress at the bottom of ECC overlay above the
underlying crack in concrete substrate under an equivalent sin-
gle-axis load (ESAL) of 80 kN (Fig. 3). Plate elements based on Kir-
chhoff’s theory (small deformation theory) were used in the
analysis with linear elastic behavior assumed. Furthermore, soft
elements (element with zero modulus of elasticity) were adopted
in the concrete substrate layer to simulate the joint/crack in the
existing pavement. The same approach has been adopted by Port-
land Cement Association (PCA) in an earlier study to develop a de-
sign guideline for rigid pavement overlay [3].

JSLAB2004 was specially developed for rigid pavement analysis,
and able to analyze jointed pavements under self-weight, traffic
and thermal loads. JSLAB2004 can handle up to two layer (either
fully bonded or fully debonded) pavement with a limitation of up
to nine slabs (three slabs in each direction). The joints can be mod-
eled with uniformly or non-uniformly spaced, circular or non-cir-
cular dowels/tie bars, and aggregate interlock. Since the
developers had to minimize the use of computer memory, the fi-
nite element model of the layered pavement-system (overlay and
existing PCC slab) was condensed to just one layer; that is, the stiff-
ness associated with the degrees of freedom of the underlying
layer were added to the stiffness matrix of the top layer [21].

A linear elastic behavior is assumed for ECC in the FEM analysis
to be consistent with the elastic beam theory assumption used in
the calculation of flexural strength in the previous experimental
study of r–N curve of ECC and concrete beams. This simplification
should result in a higher computed flexural stress level and there-
fore a shorter fatigue life, and is therefore conservative in predict-
ing service life of ECC overlay.
4.1. Finite element model for ECC unbonded overlay analysis

JSLAB finite element model for ECC overlay analysis is shown in
Fig. 7. In this investigation, the overlay system is simulated by two
layers of materials (ECC and concrete) without bond in between.
The slab dimension chosen is 6.1 m by 3.66 m. The top and bottom
layers are ECC overlay slab and existing concrete slab, respectively.
The crack in the existing slab is modeled by soft elements with zero
stiffness. The bottom of the slab was constrained vertically by a
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spring at each node with the surface A fixed in both horizontal
directions.

The subgrade support was modeled by Winkler foundation,
with the force-deflection relationship characterized by an elastic
spring [4]. The spring stiffness (k: modulus of subgrade reaction)
is varied between 27–81 MN/m3 (equivalent to 100–300 pci in
US customary units), which is directly adopted from Tayabji and
Okamoto [3] for comparison purpose. To facilitate future design
based on these FEM analysis results, an ESAL of 80 kN was evenly
applied over four rectangular areas, each having edge length of
230 mm by 158 mm. The edge of the loading area coincides with
the long edge of the overlay slab. The maximum tensile stresses
at the bottom of the overlay slab directly underneath the loaded
edge thus determined are summarized below.
0 50 100 150 200 250 300
Concrete substrate thickness (mm)

(b)
Fig. 8. Comparison of JSLAB analysis with PCA results on the relation of overlay max
stress with concrete substrate thickness for (a) modulus of subgrade reaction
k = 27.1 MPa/m and (b) k = 81.3 MPa/m (OL = overlay).
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Fig. 9. Effect of substrate pre-existing crack on the overlay bottom maximum
tensile stress with thickness relation (concrete substrate thickness = 250 mm;
concrete substrate modulus of elasticity = 20.7 GPa and k = 27.1 MPa/m).
4.2. Model validation, analysis results and discussions

To validate the modeling, a simple pavement slab was modeled
using JSLAB2004 to compare the computed response with the clas-
sical Westergaard solution [4] under edge loading. The results from
FEM modeling agree well with the Westergaard solution. For more
details of the validation, readers are referred to Qian [22].

Furthermore, the FEM model for overlay analysis, a two layered
slab system incorporating the effect of crack in concrete substrate
(Fig. 7), was also validated with the analysis results from a PCA
study [3]. As shown in Fig. 8a and b, comparison between these
two studies indicates reasonable agreement (within 6% difference)
when the concrete substrate thickness, overlay thickness and mod-
ulus of subgrade reaction are varied.

After model validation, the stress concentration effect induced
by the pre-existing crack in the substrate concrete on the overlay
maximum tensile stress was investigated. Two concrete overlay
scenarios, i.e., with and without the existence of a crack in the con-
crete substrate, were simulated for this purpose. The maximum
stress is computed at the base of the ECC overlay on top of the ver-
tical crack in the concrete substrate.

As shown in Fig. 9, the existence of a crack in the substrate con-
crete does have significant influence on the overlay maximum ten-
sile stress with overlay thickness relation. When the crack is not
present, the overlay maximum tensile stress slightly reduces with
the decrease of overlay thickness, caused by the shift of load from
the overlay to the substrate (the thickness ratio between overlay
and substrate reduced from 1:1 to 1:5). In the case of cracked sub-
strate, the overlay maximum tensile stress increases rapidly and
non-proportionally with the decrease of the overlay thickness
due to the stress concentration effect induced by the existing crack.
In the analysis, the modulus of elasticity of concrete substrate
(20.7 GPa) is significantly lower compared with that of concrete
overlay (24.6 GPa). This is to take into consideration of the reduced
quality of concrete substrate, similar to the approach adopted by
PCA [3]. It should also be noted that the very high max. tensile
stress in cracked substrate case for overlay thickness of 50 mm is
due to the linear elastic material assumption adopted in the model.
It suggests the propensity of a substrate crack to penetrate the
overlay.
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The concrete and ECC overlay have modulus of elasticity of
24.6 GPa and 20.7 GPa, respectively. The overlay maximum
stress/deflection with overlay thickness relation was shown in
Figs. 10 and 11 for concrete and ECC overlay. Due to reduced mod-
ulus of elasticity, the maximum tensile stress induced in the ECC
overlay is slightly lower compared with that of concrete overlay,
while the maximum deflection shows a reverse trend.

Additionally, the effect of the subgrade quality (modulus of sub-
grade reaction: k) on the ECC overlay maximum tensile stress with
overlay thickness relation was investigated (Fig. 12). The results re-
veal that the maximum tensile stress with overlay thickness rela-
tion shifted downward when k increases, with the reduction of
maximum tensile stress more pronounced when ECC is relatively
thin. This suggests that high quality subgrade is important in the
case of ECC overlay application, particularly in the case of thin
ECC overlay.

5. Integration of experimental investigation and FEM analysis

Results of the experimental investigation and the FEM analysis
were integrated into a deterioration model as schematically illus-
trated in Fig. 3. The sketched left hand side picture (r–N curves,
Fig. 3) is replaced with the actual experimental results from the
flexural fatigue test (Fig. 6). The sketched right hand side picture
(r–H curve, Fig. 3) is now replaced with the results from the
FEM analysis (Fig. 10). Assuming certain fatigue life, a correspond-
ing allowable fatigue stress level for each material can be obtained
via the r–N curve. With the same stress level in the overlay slab,
the required overlay thickness corresponding to that stress level
can then be derived from the r–H curves. This process can be re-
versed to find the fatigue life for a material with given overlay
thickness.

The integration process resulted in an overlay thickness with fa-
tigue life relation (H–N curve), as shown in Fig. 13. From the figure,
it is observed that the concrete overlay requires a thickness about
three times that of ECC overlay to achieve a similar fatigue life. This
increase in required concrete overlay thickness is mainly driven by
the less favorable fatigue behavior of concrete compared to ECC.

Assuming a certain design life for concrete or ECC pavement
overlay, the corresponding fatigue life of pavement overlay in
terms of equivalent single-axle load (ESAL) can be derived once
traffic pattern is specified. With the fatigue life known, the re-
quired overlay thickness (concrete or ECC) can be derived from
the H–N design curve. The following assumptions are made to
facilitate the calculation: design life of 20 and 40 years for concrete
and ECC overlay; average daily truck traffic (ADTT) of 5600 (annual
average daily traffic (AADT) 70,000 vehicles with 8% heavy duty
trucks) and annual growth rate equals to 5%. The total number of
ESAL derived is then 2 � 107 and 8 � 107 based on above traffic
pattern and design life for concrete and ECC overlay, respectively.
It should be noted that the desired fatigue life (total ESALs over de-
sign period) increases exponentially with the service life due to the
effect of annual growth rate. From the H–N design curves, the re-
quired overlay thickness for concrete and ECC is about 175 mm
and 65 mm, respectively. The typical range of overlay thickness
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used in Michigan is about 150–200 mm with a design life of about
20 years according to MDOT [1]. Hence the model prediction for
concrete overlay agrees reasonably well with current practice in
Michigan.

While fatigue behavior is very important, the control of overlay
maximal deflection is also critical for pavement application. As can
be seen in Fig. 11, the maximal deflection is 0.85 mm for ECC over-
lay of 65 mm thick, which is significantly larger compared with
0.57 mm for concrete overlay of 175 mm thick. According to a
FHWA funded study [2], a minimum thickness of 100 mm is
needed for unbonded overlay. It is therefore proposed to adopt a
thickness of 100 mm instead of 65 mm for ECC overlay to achieve
40 years of service life in the LCA and LCC analysis to be conserva-
tive. In this case, the difference of maximal deflection between ECC
and concrete overlay is within 0.1 mm, which is expected to be fur-
ther reduced due to jointless or much extended joint spacing in
ECC overlay construction.
6. Service life modeling and sustainability results

6.1. Service life modeling

Given the integrated deterioration model shown above, there is
still a need to develop a service life model for ECC in order to facil-
itate the life cycle assessment (LCA) and life cycle cost (LCC) anal-
ysis. MDOT [1] has developed service life models for UBOL and
HMA overlay on rubblized concrete (Fig. 14) for LCC use. Before
developing a new service life model for ECC, it is useful to gain in-
sights from the existing service life models, such as current MDOT
models.

As shown in Fig. 14, an MDOT service life model is developed in
the form of distress index (DI) with pavement age relation. The dis-
tress index is an index that quantifies the level of distress that ex-
ists on a pavement section based on 161 m (0.1 mile) increments.
The dominant distress types in DI for composite pavement overlay
are transverse crack and transverse joint deterioration [23]. The
scale starts at zero and increases numerically as distress level in-
creases (pavement condition worsens). Once the DI reaches 50,
the pavement is considered to have exhausted its service life. The
service life for UBOL and HMA overlay is 21 and 20 years,
respectively.

These maintenance schedules reflect the overall maintenance
approach that has been used by MDOT for a specific fix (UBOL
Ye
of

Year zero: construction  
of UBOL 

Short term repair 

Unbonded concrete overlay 

Fig. 14. Distress index and pavement age relations for unbon
and HMA overlay) based on historical maintenance and pavement
management records. The only maintenance for the UBOL is during
the year 11 after the construction of UBOL. This short term repair
for UBOL typically include joint resealing, crack sealing, joint/crack
associated concrete patch repairs, and dowel bar retrofit. In case of
HMA overlay, there is one major repair – thin HMA overlay and
two short-term repairs (typically including crack sealing, chip seal-
ing, etc). In thin HMA overlay repair the top surface (25–50 mm) of
the original HMA overlay is usually milled and replaced with new
HMA overlay.

From the discussions in the previous section, ECC overlay can
sustain a service life of 40 years with a thickness of 100 mm, which
is consistent with the ongoing movement toward longer service
life requirement. Therefore, as a first attempt, 40 years service life
of ECC overlay is used in analysis. Future research can be con-
ducted to determine the optimum service life of ECC overlay from
life cycle analysis viewpoint.

Given 40 years service life for ECC overlay with 100 mm thick-
ness, the analysis period for the LCA and LCC is therefore set to
be 40 years to coincide with the service life of ECC overlay. In the
new DI – age relation (Fig. 15), the DI-age relations for both HMA
overlay and UMOL are exactly the same as that shown in Fig. 14
for their service life (20 and 21 years). After that, a new construc-
tion of HMA overlay or UBOL is assumed to take place; therefore
the DI-age relations for HMA overlay and UBOL repeat themselves
ar zero: construction  
 HMA overlay 

Short term repair 
Thin HMA  
overlay 

HMA overlay on rubblized concrete 

ded concrete overlay and HMA overlay used by MDOT.
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from year 20 to 40. In case of UBOL, the duplication is not complete
since its service life is 21 years. Assuming the increase of DI repre-
sents the development of reflective cracking (deterioration mecha-
nism) of UBOL, the DI-age relation for ECC overlay (service life of
40 years) is therefore ‘‘stretched’’ from that of UBOL case (service
life of 21 years), meaning the DI of ECC overlay develops at much
slow (half of the speed) compared with that of UBOL, considering
the service life of UBOL is about half of that of ECC overlay. The cor-
responding timeline and maintenance schedule for LCA–LCC use
are shown in Fig. 16.

In the case of ECC overlay, the current service life model as-
sumes there is only one short term repair event at year 22. This
assumption can be warranted if indeed the reflective cracking
resistance of ECC is demonstrated and much extended joint spac-
ing can be realized for the ECC overlay, considering short term re-
pair for UBOL includes joint resealing, crack sealing, joint/crack
associated concrete patch repairs, and dowel bar retrofit. The
reflective cracking resistance mechanism of ECC overlay is re-
ported in Qian [22]. Due to its high tensile ductility capable of
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accommodating temperature and shrinkage effects, it is very likely
that ECC can greatly extend the joint spacing and/or even totally
eliminate the expansion joint. A similar idea has been demon-
strated in a bridge deck link slab in Michigan [24] and a completely
jointless steel/ECC composite bridge deck in Japan [25]. From the
above discussions, it seems logical to assume that less frequent re-
pair (once in service life) is needed for ECC overlay.

6.2. LCA–LCC analysis and results

As aforementioned, a life-cycle model was used to evaluate the
overall sustainability performance for different overlay systems.
This analysis incorporated all components of service life. A sche-
matic of the complete life cycle model is shown in Fig. 17 [26]. Life
cycle analysis and modeling work for large scale infrastructures
has been proposed and undertaken by Keoleian and coworkers
[15,26]. The life cycle assessment includes the following sub-mod-
els: material production model, construction model, distribution
model, traffic model and fuel economy model.
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Within the life cycle cost model, economic costs are broken into
two major categories, agency and social costs. Agency costs are
those borne directly by the government agency (i.e. department
of transportation) undertaking the construction work. While some
agencies have already incorporated the life cycle concept into deci-
sion making processes for their long-term capital investments,
such as pavement reconstruction, social costs which are borne by
society are typically not accounted for. These include societal pol-
lution damage costs, additional vehicle operational costs, user de-
lay costs, etc. These costs can quickly exceed agency costs over the
Table 2
Comparison of life cycle cost for different overlay systems.

Concrete overlay ECC overlay HMA ov

Agency cost $10.1 $6.22 $14.8
User cost $61.9 $37.4 $84.2
Environmental cost $0.9 $0.7 $1.11
Total cost $72.9 $44.3 $100

Note all units of cost are in millions.
service life of infrastructure [26]. The details of this LCA–LCC anal-
ysis process is beyond the scope of this study and can be found in
related literature [26].

Results from the life cycle modeling which examined an exist-
ing concrete pavement overlay constructed by MDOT have been
detailed by Zhang et al. [26]. Key parameters for this analysis in-
cluded overlay length 10 km, traffic flow 70,000/day (two ways
with four lanes), assumed pavement overlay thickness and service
life estimates at given traffic flow from Figs. 11 and 13. The design
of overlay structure for HMA overlay and UBOL is from MDOT [1].
Analysis of material production energy impacts reveals that due to
the higher cement content and petroleum energy embodied within
the PVA fibers, same volume of ECC requires 220% more energy to
produce than that for plain concrete (Fig. 18). Similar results are
obtained for global warming potential, and other environmental
indicators per unit volume of ECC material. While this very high
environmental burden is alarming, a complete assessment can only
be made by examining the full life cycle of ECC material in a spe-
cific infrastructure application, such as an ECC overlay.

Building from ECC overlay deterioration and service life models
and combining these with construction data, user data, and na-
tional agency and social discount rates, a full assessment of ECC
overlay system shows significant benefits for using ECC (Figs. 19
and 20). Due to greatly reduced thickness, much extended service
life and less frequent repair events, ECC overlays were found to re-
duce total primary energy consumption by 75% compared with
HMA overlay and slightly less than UBOL even though its material
energy intensity is more than three times that of concrete. Simi-
larly, the global warming index is reduced by 32–37% compared
with UBOL and HMA overlay. The results suggest that ECC overlay
system performs significantly better compared with the other two
overlay systems in most of the categories, such as PM10, SOx,
Ammonia, etc. These results suggest that the comparison of sus-
tainability of different materials can only be meaningful from the
system viewpoint.

The results from life cycle cost analysis [27] also suggest that,
despite of unit material cost as high as three times that of concrete,
the ECC overlay reduces total life cycle cost significantly compared
with that of UBOL and HMA overlay (Table 2). This is again due to
greatly reduced thickness, much extended service life and less fre-
quent repair events. The ECC overlay reduces agency cost, user cost
and environmental cost by 38.4%, 39.6% and 22.2% when compared
with UBOL, and 58.0%, 55.6% and 36.9% when compared with HMA
overlay. Overall, this results in a decrease in life cycle cost from
$72.9 and $100 million for the UBOL and HMA overlay to $44.3 mil-
lion for the ECC overlay, a 39.2% or 55.7% reduction in total costs.
While only a small portion of these, approximately 14%, are borne
directly by the transportation agency, the reduction in overall costs
borne by society as a whole are substantial when using the ECC
overlay.

In the current construction practice, the comparison of new
material with current materials is often based on dollar per volume
basis (e.g $/m3), which results in the immediate rejection of new
material in most cases. The notion that using a higher unit cost
material will be economically disadvantageous may be a miscon-
ception, particularly in the case of ECC. As revealed in the previous
erlay ECC overlay cost advantage
over concrete overlay (%)

ECC overlay cost advantage
over HMA overlay (%)

38.4 58.0
39.6 55.6
22.2 36.9
39.2 55.7
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calculation, ECC overlay may outperform concrete UBOL and HMA
overlay in terms of life cycle cost and sustainability performance
due to great reduction of material usage (via thinner overlay),
much extended service life and/or minimized repair events.
7. Conclusions and future works

This paper presents research results on the influence of concrete
material ductility and fatigue resistance on rigid pavement overlay
performance from a life cycle viewpoint. The overall findings sug-
gest that ECC overlay may be feasible as an alternative technology
from those currently used, and shows promise to effectively ad-
dress the economics, maintenance requirements, and durability
performance of rigid pavement overlays. The following specific
conclusions can be drawn:

1. ECC is a promising alternative material for a rigid pavement
overlay application due to its high fatigue and ductility perfor-
mance. It was found that ECC can double the service life with
greatly reduced thickness compared with that of concrete over-
lay. The stress concentration induced by the preexisting crack/
joint in concrete substrate can be diffused by microcracking
process in the ECC overlay and therefore reflective cracking is
not expected to occur in the ECC overlay.

2. While the existence of a crack in the concrete substrate does not
influence the critical tensile stress for thick overlays signifi-
cantly, it greatly increases the critical tensile stress for thin
overlays due to stress concentration effect. The critical tensile
stress in ECC is slightly reduced compared with that in concrete
due to lower modulus of elasticity of ECC. High quality subgrade
(high modulus of subgrade reaction) can reduce the level of crit-
ical tensile stress experienced by ECC.

3. The deterioration and service life models for ECC overlay are
successfully developed based on the integration of experimen-
tal work and FEM analysis results. These models have proven
to be critical in the full life cycle modeling of the ECC overlay
system. These models can also be useful for guiding the design
of ECC overlays in the future.

4. Results from life cycle analysis suggest that ECC overlay has sig-
nificant advantages over UBOL and HMA overlay systems due to
reduced thickness, extended service life and/or less frequent
repair events. A 39.2% or 55.7% reduction in total costs can be
achieved when using ECC overlay compared with concrete
UBOL or HMA overlay. ECC overlay is found to reduce total pri-
mary energy consumption by 75% compared with HMA overlay
and greenhouse effect is reduced by 32–37% compared with
concrete UBOL and HMA overlay. Despite the much higher
material energy intensity and material cost per unit volume
(three times compared with those of concrete), ECC overlay per-
forms much better both economically and environmentally.
This suggests that a more meaningful comparison between dif-
ferent materials can be achieved through a life cycle modeling
of the overlay system that accounts for material performance,
volume and costs.

Beyond this feasibility study, significant work is needed so that
ECC overlay technology can be ready for deployment in the field.
For example experimental study of reflective crack suppression
and evaluation of fatigue performance in realistic overlay configu-
rations are essential prior to full scale applications. Furthermore,
once the ECC goes into strain-hardening, the effective stiffness of
the material will be reduced. The effect on the overlay system
needs to be investigated. ECC overlay system response to addi-
tional loading types beyond flexure, such as temperature variation
and shear loading, also needs to be clarified. The rheology of ECC
will likely need to be modified to be compatible with common
pavement slip-form construction approach. Finally, validating
ECC thickness estimates should be a priority in future work, e.g.
through demonstration projects.

Aside from the UBOL application, ECC technology may also be
applied in airfield paving or other heavy load pavements. Given
the substantially thicker unbonded overlays that are used, a reduc-
tion in thickness of overlay would be beneficial economically and
environmentally provided the ECC material can withstand the
combined mechanical and thermal loads. Ultra-thin whitetopping
of roadway pavements is another potential application of interest.
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