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ABSTRACT: This paper reports the durability performance of non-air-entrained engineered cementitious
composites (ECC) when subjected to freezing and thawing cycles. ECC is a newly developed, high-
performance, fiber-reinforced, cementitious composite with substantial benefits both in terms of high duc-
tility under uniaxial tensile loading and improved durability due to intrinsically tight crack width of less than
100 ym. To evaluate the frost durability of ECC, freezing and thawing testing in accordance with ASTM
C666 Procedure A was conducted. The mass loss, pulse velocity change, and flexural parameters (ultimate
deflection and flexural strength) of specimens subjected to freezing and thawing cycles were determined in
the test. In addition, air-void parameters, in accordance with ASTM C457, modified point count method, and
pore size distribution obtained by mercury intrusion porosimetry technique were studied. To analyze the
influence of micro-fibers and high tensile strain capacity on the freezing and thawing durability of ECC, all
of the above-mentioned properties were also investigated for a control ECC matrix (ECC without fibers).
After 210 cycles of freezing and thawing, the control ECC matrix specimens were severely deteriorated,
requiring removal from the test, but still exhibited better performance than the conventional non-air-
entrained concrete, which would fail at much earlier cycles. On the other hand, ECC with fibers without
air-entrainment had excellent resistance to cycles of freezing and thawing with minimal reduction in ultimate
tensile strength and ductility. The observed superior frost durability of ECC over control ECC matrix in terms
of lower weight loss, pulse velocity change, and higher flexural load and ductility can be attributed to the
following reasons: Increase of pore volume larger than approximately 0.30 ym in diameter, intrinsically high
tensile ductility and strength due to the presence of micro-poly-vinyl-alcohol fibers.

KEYWORDS: engineered cementitious composites (ECC), ductility, flexural strength, ECC under
freezing and thawing cycles

Introduction

Concrete is the world’s most widely used construction material. Historically, structural designers have
primarily relied on concrete to carry compressive loads. However, in real field conditions, concrete is also
subjected to tensile stresses due to loading and environmental effects including shrinkage (if the shrinkage
is restrained), chemical attacks, and thermal effects. The tensile strength of concrete is only about 10 % of
its compressive strength, and its brittle failure is of particular concern in structures. Durability is vitally
important for all concrete structures, and it can be associated with the appearance of cracks when concrete
is subjected to tensile stresses.

In recent years, efforts to modify the brittle nature of ordinary concrete have resulted in ultra-high-
performance fiber-reinforced cementitious composites, which are characterized by tensile strain-hardening
after first cracking. Depending on their composition, their tensile strain capacity can be up to several
hundred times that of normal and fiber-reinforced concrete. Engineered cementitious composite (ECC) is
a fiber-reinforced cement-based composite material that is micro-mechanically tailored by the addition of
short fibers to achieve high ductility and multiple cracking under tensile and shear loading [1-6]. Unlike
ordinary concrete materials, ECC strain-hardens after first cracking, similar to a ductile metal, and dem-
onstrates a strain capacity 300-500 times greater than normal concrete. Figure 1 shows a typical uniaxial
tensile stress-strain curve of an ECC containing 2 % by volume of poly-vinyl-alcohol fiber (PVA fiber).
The characteristic strain-hardening after first cracking is accompanied by sequential development of mul-
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FIG. 1—Typical uniaxial tensile stress-strain curve and crack width development of PVA-ECC.

tiple micro-cracking and a tensile strain capacity 300-500 times that of normal concrete. Crack width
development during inelastic straining is also shown in Fig. 1. Even at large imposed deformations, crack
widths of ECC remain small; less than 80 pm. This tight crack width is self-controlled and, whether the
composite is used in combination with conventional reinforcement or not, it is a material characteristic
independent of the amount of reinforcing bars. The tight crack width of ECC is important to the durability
of ECC structures as the tensile ductility is to the structural safety at ultimate limit state. Under severe
bending load, an ECC beam deforms similar to a ductile metal plate through plastic deformation (Fig. 2).
In compression, ECC materials exhibit compressive strengths similar to high strength concrete (e.g.,
greater than 60 MPa) [7]. These properties, along with the relative ease of production including self-
consolidation casting [8,9] and shotcreting [ 10], make ECC materials suitable for various civil engineering
applications. ECC is currently emerging in full-scale structural applications [11,12].

Much infrastructures in North America and Turkey are located in regions with severe environmental
conditions, where alternate freezing and thawing can seriously affect material/structure integrity. The
limited field performance and preliminary freeze-thaw durability study of non-air-entrained ECC indicates
that it has a superior freezing and thawing resistance [13—15]. As one of the first field applications of ECC
in United States, a concrete bridge deck patch was completed in cooperation with the Michigan Depart-
ment of Transportation (MDOT) in 2002. A complete summary of this work has been outlined by Li and
Lepech [15]. During this work, one section of a deteriorated bridge deck was repaired with ECC while the
remaining portion was repaired with a commercial concrete patching material commonly used by the
MDOT. This repair scenario allowed for a unique ECC/concrete comparison subjected to identical envi-
ronmental and traffic loads. The concrete repair material used was a pre-packaged, commercially available
repair mortar. At this writing, the repaired bridge deck has experienced more than eight complete Michigan
winter cycles of freezing and thawing, in addition to live loads. While the ECC patch repair has survived

FIG. 2—Response of ECC beam after 300 freezing and thawing cycles under flexural loading.
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TABLE 1—Chemical composition and physical properties of cement and fly ash.

Chemical Composition,

% Cement Fly Ash
CaO 61.80 5.57
SiO, 19.40 59.50
AL O, 5.30 22.20
Fe,0; 2.30 3.90
MgO 0.95 e
SO; 3.80 0.19
K,0 1.10 1.11
Na,O 0.20 2.75
Loss on ignition 2.10 0.21

Physical properties

Specific gravity 3.15 2.18
Retained on 45 pm (0.002 in.), % 12.9 9.6
Water requirement, % e 93.4

in this combined loading environment with minor micro-cracking limited to less than 50 wm, the concrete
repair portion has developed localized cracks in excess of 3.5 mm wide and required re-repair in 2005.

A proper air-void system must be maintained in normal concrete to achieve superior freezing and
thawing resistance [16]. In the case of ECC, the available information is very limited, but it seems to
indicate that in addition to the air-void system, other parameters such as high tensile strain capacity and
strain-hardening behavior are important for resisting cycles of freezing and thawing and are affected by the
presence of micro-fibers. It is therefore essential to further investigate the reasons behind the excellent
frost resistance of ECC. This study was undertaken to comprehensively investigate the freezing and
thawing durability of non-air-entrained standard ECC mixture (M45). The resulting data is important in
view of the growing use of ECC, especially for highway pavements, airport pavements, and bridge decks
in cold climate regions.

To evaluate the freeze-thaw durability of ECC, freezing and thawing testing in accordance with ASTM
C666 Procedure A was conducted. The mass loss, pulse velocity change, and flexural parameters (ultimate
deflection and flexural strength) of specimens subjected to freezing and thawing cycles were determined.
In addition, air-void parameters, in accordance with ASTM C457, modified point count method, and pore
size distribution obtained by mercury intrusion porosimetry method were studied. To analyze the influence
of micro-fibers and excellent tensile performance (high tensile strain capacity, strain-hardening, and
multiple-cracking behaviors) on the freezing and thawing durability of ECC, all of the above-mentioned
properties were also investigated for an ECC matrix (ECC without fibers).

Experimental Studies

Materials, Mixture Proportions, and Basic Mechanical Properties

The materials used in the production of standard ECC mixtures were Type-I Portland cement (C), Class-F
fly ash (FA) with a lime content of 5.6 %, micro-silica sand with an average and maximum grain size of
110 and 250 pwm, respectively, water, PVA fibers, and a polycarboxylic-ether type high-range water re-
ducing (HRWR) admixture. Chemical composition and physical properties of Portland cement and FA are
presented in Table 1. The PVA fibers with a diameter of 39 pm and a length of 8 mm are purposely
manufactured with a tensile strength of 1620 MPa, elastic modulus of 42.8 GPa, maximum elongation of
6.0 %, and the ability to strain-harden [3]. The PVA fiber tends to rupture instead of pull out in a
cementitious matrix, as a result of the strong chemical bonding with cement due to the presence of the
hydroxyl group in its molecular chains [3]. This high chemical bonding has a tendency to lead to fiber
rupture and limits the tensile strain capacity of the resulting composite. For this reason, the surface of the
PVA fibers is coated with a proprietary hydrophobic oiling agent of 1.2 % by mass to tailor the interfacial
properties between fiber and matrix for strain-hardening performance.
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TABLE 2—Mixture properties of ECC.

ECC (M45) with PVA ECC Matrix Without PVA
FA/C 1.2 1.2
W/CM* 0.27 0.27
Water (W), kg/m3 326 326
Cement (C), kg/m? 558 558
Fly ash (FA), kg/m?3 669 669
Sand (S), kg/m? 446 446
Fiber (PVA), kg/m? 26
HRWR, kg/m? 2.30 2.30
14 day compressive strength, MPa 39.2 36.1
28 day compressive strength, MPa 62.5 60.3

*CM denotes cementitious materials (cement+fly ash).

Standard ECC mixture (M45) with a fly ash-cement ratio (FA/C) of 1.2 by mass was used in this
investigation, details of which are given in Table 2. To analyze the influence of micro-fibers and high
tensile strain capacity on the freezing and thawing durability of ECC, ECC matrix (ECC without PVA
fibers) was also studied. ECC and ECC matrix were prepared in a standard paddle mixer at a constant
amount of cementitious material and constant water to cementitious material ratio (W/CM) of 0.27. All
ECC and ECC matrix materials used in this study contain no air-entraining admixture (AEA) and show
self-consolidating flow behavior in the fresh state. Previous studies demonstrated that concretes containing
HRWR often tend to have air-voids that are larger than those in conventional concrete [17-20]. Such
air-void systems tend to be less stable and have larger spacing factors. Since the same dosage of HRWR
is used in the production of ECC matrix and ECC, HRWR admixture cannot be a factor responsible for the
great differences in the frost durability of ECC and ECC matrix, which will be discussed in the next
section.

The compressive strength test results of the ECC and ECC matrix without fibers and the ultimate
tensile strain capacity of ECC are listed in Tables 2 and 3, respectively. The compressive strength was
computed as an average of three 50 mm cubic specimens. To characterize the direct tensile behavior of the
ECC mixtures, 200X 75X 13 mm® coupon specimens were used. Direct tensile tests were conducted
under displacement control at a loading rate of 0.005 mm/s. The typical tensile stress-strain curves of the
ECC mixtures at 14 and 28 days are shown in Fig. 3. As seen from Table 3, the ECC composite exhibited
a strain capacity of 2.7 % at 28 days. The strain capacity measured at 28 days of age is slightly lower than
the 14 day strain capacity (Fig. 3 and Table 3) but within the acceptable variability; and the strain capacity
exceeding 2.5 % is acceptable. Previous studies demonstrated that the tensile strain capacity seems to
stabilize after 28 days. This time dependent stabilization can be ascribed to the increase in fiber/matrix
interface properties and matrix toughness associated with the continued cement hydration process [14].

Specimen preparation and testing

From each mixture, eight 400 X 100X 75 mm? prisms were prepared for the freezing and thawing test and
determination of air-void characteristics. All specimens were cast in one layer without any compaction,
demolded at the age of 24 h, and moist cured in lime-saturated water at 23 =2°C for 13 days. Fourteen
days after casting, the beam specimens were moved into the freeze-thaw chamber in accordance with
ASTM C666 Procedure A and subjected to between five and six freezing and thawing cycles in a 24 h
period. The average flexural parameters (ultimate deflection and flexural strength) of the specimens were
obtained by testing four companion samples prior to the freezing and thawing cycles. Changes in pulse
velocity and mass loss were measured at each interval of nominally 30 cycles of freezing and thawing. The

TABLE 3—Uhniaxial tensile properties of ECC specimens at 28 days.

Tensile Strain, Tensile Strength, Residual Crack Width,
Age %o MPa pm
14 days 29*0.2 4.6*x0.5 ~60

28 days 27+0.2 51+0.3 ~48
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FIG. 3—Typical tensile stress-strain response of standard ECC mixture (M45).

number of cycles to failure for the specimens was also recorded at the time the sample fractured or split
into two parts. At the end of 300 freeze-thaw cycles, surviving specimens were tested under four-point
bending load with a span length of 355 mm and a height of 75 mm to determine their residual flexural
performances, and their load-deflection curves were recorded. Three freeze-thaw specimens were tested for
each mixture.

The air-void parameters of hardened ECC and ECC matrix (without fiber) were determined by modi-
fied point count method according to ASTM C457. Mercury intrusion porosimetry was also used to
characterize the pore size distribution of the ECC and ECC matrix. An instrument capable of producing
pressures up to 414 MPa and assuming a contact angle of 130° was used for pore size distribution analysis
by the mercury intrusion method. Specimens were dried to constant weight at 50°C prior to testing. All
tests included at least two identical specimens tested at the same time.

Results and Discussions

Air-void parameters

The results of the determination of air-void characteristics of the hardened concrete (air content, specific
surface and spacing factor), according to ASTM C457, are shown in Table 4, along with the air content
measured on the fresh state (as measured by ASTM C231), and total intruded porosity values obtained
with the mercury intrusion porosimetry technique. The freeze-thaw durability of concrete has a close
relationship with its air-void parameters. The American Concrete Institute (ACI) recommends that frost-
resistant concrete should have a calculated spacing factor of less than 0.2 mm and a specific surface greater
than 24 mm™' [21].

As seen in Table 4, although no AEA was added to the ECC and ECC matrix mixtures, the air contents
of these mixtures in the fresh state gave values of 7.3 % and 5.9 %, and in the hardened state, as measured
by ASTM C457, gave values of 8.2 % and 7.3 %, respectively. These amounts seemed to be adequate for
freeze-thaw durability [21]. The higher air content in these mortar mixtures may be due to the lack of
coarse aggregate and the higher viscosity of the mortar matrix during the fresh state [22]; the fine particles

TABLE 4—Air-void characteristics and porosity.

ECC (M45) with PVA ECC matrix without PVA
Fresh air content (%) 73 5.9
Hardened air content (%) 8.2 73
Specific surface (mm™") 25.6 53.0
Spacing factor (mm) 0.241 0.129
Total intruded porosity (%) 23.7 19.2

Volume of pores >0.30 pwm diameter (%) 5.0 0.75
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FIG. 4—Typical air-voids in a non-air-entrained ECC specimens (without and with fiber).

and high viscosity tend to prevent some of the air bubbles from rising to the surface during placing
operations. Moreover, the air contents measured during the fresh state of the ECC mixture show that this
phenomenon is amplified after the addition of PVA fiber to the mixtures (Table 2). When PVA is added to
the ECC matrix, it increases the viscosity of the fresh ECC mixture compared to the ECC matrix [23],
which further increases the amount of entrapped air-voids inside the matrix.

In the case of hardened ECC, it is interesting to note that the addition of the PVA fiber can result in a
significant increase in spacing factor (see Table 4). Moreover, specific surface is significantly higher for
ECC matrix, which indirectly implies that the average bubble size is smaller in ECC matrix. This is likely
due to the fact that the randomly distributed PVA fibers could possibly form a network that provides a path
for the air bubbles to coalesce, thus creating large entrapped air-voids instead of finely distributed air-
voids, which can be clearly seen in Fig. 4. It would be necessary to further investigate the reasons behind
the increase in spacing factor and reduction in specific surface with the addition of PVA fiber.

Although the spacing factor value (0.241 mm) and specific surface value (25.6 mm~') of ECC slightly
exceed the generally acceptable value of 0.200 mm and 25 mm™! for good freeze-thaw durability, the
apparent lack of an ideal air-void characteristic has not adversely affected resistance when ECC is sub-
jected to freezing and thawing cycles, as discussed in the following section.

The total mercury intruded porosities for the various pastes are shown in Table 4. Typical pore size
distribution curves are shown in Fig. 5 for the ECC and ECC matrix (without fiber) samples. The ECC
exhibited a higher total porosity when compared with the ECC matrix. However, total porosity is not a
good indicator of quality (i.e., freeze-thaw durability) since very small gel pores would not negatively
influence concrete durability [24]. The radius and size distribution of pores determine the freezing point of
pore solution and the amount of ice formed in pores [25]. According to current literature, while a uniform
relationship between freeze-thaw resistance and pore size distribution obtained by mercury intrusion
technique has not been found, in general, a larger volume of coarse pores (greater than approximately
0.30 pm diameter [26-31]) results in higher freeze-thaw resistance. The volumes of pores larger than
0.30 pm diameter are also given in Table 4, which shows that due to PVA fiber incorporation, there is a
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FIG. 5—Cumulative pore size distributions of non-air-entrained ECC specimens (without and with fiber).
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TABLE 5—Freezing and thawing resistance of ECC and ECC matrix.

ECC matrix without PVA ECC (M45) with PVA
Number of cycles completed 210 300
Change in mass (%) -7.3 -1.3
Pulse velocity change (%) -30.9 —-2.2

significant difference in pore size distribution, mainly in sizes larger than 0.30 pwm diameter. The addition
of PVA fiber to the matrix significantly increased the volume of these large-size pores and the total
porosity, which is favorable to improved frost resistance.

Freezing and Thawing Resistance

The deterioration of specimens during the freezing and thawing cycles was assessed by the computation of
mass loss. To measure the internal damage caused by freezing and thawing cycles, the changes in pulse
velocity through a prism were also measured. Normally, ASTM C666 specifies the use of the resonant
frequency method, not the pulse velocity method. However, previous studies have shown that pulse
velocity test method can also be used to measure the deterioration of specimens during freezing and
thawing cycles [32].

The freeze-thaw durability test results are summarized in Table 5. Figure 6 shows the data for the
relative pulse velocity change (V;/V,) and relative mass change (M;/ M) with the number of freezing and
thawing cycles. V; and M, are the pulse velocity and mass, respectively, after a specific number of freezing
and thawing cycles, and V|, and M|, are initial pulse velocity and mass, respectively, prior to any freezing
and thawing cycles. As seen in Fig. 6, the mass and pulse velocity losses of ECC matrix increase with the
number of freeze-thaw cycles. After 210 cycles, the ECC matrix specimens had severely deteriorated [Fig.
7(a)], requiring removal from the freeze-thaw machine, as mandated by the testing standard. However, as
seen in Table 5, the ECC prisms showed excellent performance when exposed to freezing and thawing
cycles, even after 300 cycles. A maximum of only 1.3 % and 2.2 % mass and pulse velocity losses,
respectively, were measured for the ECC specimens. This can also be observed in Fig. 6, where the
relationship between relative pulse velocity/relative mass loss and number of freezing and thawing cycles
is shown for ECC specimens that were subjected to 300 cycles. At the end of 300 cycles, very little scaling
was observed on the ECC prism surface [Fig. 7(b)].

There are a number of possible explanations for the excellent performance of these non-air-entrained
ECC samples. A proper air-void system is needed in normal concrete to avoid internal cracking due to
freezing and thawing cycles. As discussed in the preceding section, the pore size distributions of ECC
matrix are much finer (i.e., fewer coarse pores) than ECC. To make a general conclusion regarding the
influence of pore size distribution on frost resistance, large pores (generally larger than 0.3 pm in diam-
eter) are beneficial to frost resistance of concrete, whereas small and intermediate pores are detrimental
(see “Air-Void Parameters” section).

Another possible reason for the ECC’s excellent frost resistance, which is favored by the authors, can
be attributed to its superior tensile properties (see “Flexural Performance” section). It is well known that
upon freezing, water in capillary pores expands. If the required volume is greater than the space available,
the pressure build-up could reach the tensile strength of the material, resulting in local micro-crack
formation, brittle rupture and scaling. Therefore, the high tensile strength—and particularly fracture resis-
tance in ECC—could lead to its higher frost resistant characteristic. The influence of micro-fiber addition

~ECC ~+-EcC
& ECC matrix B ECC matrix

0 30 60 9 120 150 180 210 240 270 300 0 30 60 9 120 150 180 210 240 270 300
Number of freezing and thawing cycles Number of freezing and thawing cycles

locity change (%)
& 2 8
Relative mass change (%)

Relative pulse vel

FIG. 6—Relative pulse velocity and mass loss changes as a function of number of freezing and thawing
cycles.
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(a) ECC matrix (ECC without fiber) after 210 freezing and thawing

cycles

Ty P TN T ST P TSL

(b) ECC (with fiber) after 300 freezing and thawing cycles

FIG. 7—ECC specimen surface appearance after freeze-thaw cycles.

on frost resistance of conventional concrete has also been examined by other researchers [33,34] and is in
agreement with what is found in this study. When PVA fiber is incorporated into ECC matrix, both the
pressure-releasing effect [due to larger pore size (see “Air-Void Parameters” above)]| and the crack-
resisting effect contribute to the ability to resist deterioration during freezing and thawing cycles. Further
experimental studies are needed to clearly understand the relative contributions of each factor discussed
above on the frost resistance of ECC.

Flexural Performance

Table 6 provides the test results in terms of flexural strength (modulus of rupture) and ultimate mid-span
beam deflection at peak stress before and after freezing and thawing deterioration. Typical flexural stress-
mid-span deflection curves of ECC and ECC matrix (without fiber) specimens before and after freezing
and thawing deterioration are shown in Fig. 8. Each result in Table 6 is an average of three to four
specimens.

As seen in Table 6, the average flexural strengths were 4.42 and 11.44 MPa for ECC and ECC matrix,
respectively, prior to freezing and thawing cycles. The ECC shows a substantially higher ultimate flexural
strength than the ECC matrix. This may be attributed to the fact that micro-fibers inhibit the localization
of micro-cracks into macro-cracks and consequently, the tensile strength of the ECC matrix increases with
the formation of multiple micro-cracks during inelastic deformation. In all of the ECC specimens with/
without freezing and thawing deterioration, prismatic specimens showed multiple cracking behaviors with
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TABLE 6—Flexural properties of ECC (M45) prisms before and after 300 freeze-thaw cycles.

Ultimate Deflection, Flexural Strength, Residual Crack Width,

Specimen type mm MPa pwm
ECC matrix (without fiber) 0.68 4.42
. . [0.24] [0.79]
Cured 21 days moist curing ECC (with fiber) 523 11.44 ~61
[0.16] [0.54] [~13]
Subjected to 300 freezing and thawing cycles ECC (with fiber) 491 9.70 ~70
[0.40] [0.19] [~28]

Note: Numbers in brackets are standard deviations.

small crack spacing and tight crack widths (<0.1 mm). The first crack started inside the mid-span at the
tensile face. The flexural stress increased at a slower rate, along with the development of multiple cracks
with small crack spacing and tight crack widths. Micro-cracks developed from the first cracking point and
spread out in the mid-span of the flexural beam, as shown in Fig. 9. Bending failure in the ECC occurred
when the fiber-bridging strength at one of the micro-cracks was reached, resulting in localized deformation

-
(=]

ECC matrix
[ECC w/o fiber]

|

ECC [Before
F&T Cycles (virgin)]

ECC
[After 300 F&T Cycles ]

Flexural Stress (MPa)
(-]

0 1 2 3 4 5 6
Mid-span Beam Deflection (mm)

FIG. 8—Effect of freezing and thawing cycles on flexural behavior of ECC.

10 mm

FIG. 9—Typical multiple crack pattern on the bottom tensile surface of ECC beam specimen after flexure
load applications.
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(Fig. 9) once the modulus of rupture was approached. On the other hand, because of their low tensile
properties and brittle nature, the ECC matrix beams failed catastrophically with a single crack under the
four-point bending test.

Flexural stress-mid-span deflection curves obtained for the ECC prism specimens exposed to 300
freezing and thawing cycles are shown in Fig. 8. The typical flexural stress-deflection curves of ECC
specimens after frost deterioration show that the influence of 300 freezing and thawing cycles on the
flexural stress-mid-span deflection curves is fairly minor. This result is consistent with the earlier results of
mass and pulse velocity losses of ECC specimens after 300 freezing and thawing cycles (Fig. 6). As seen
in Fig. 8, the first-cracking strength of the ECC specimens after cyclic exposure falls below the first-
cracking strength of the virgin ECC specimens (control specimens prior to freezing and thawing cycles).
The slope of the load-deflection curve represents the stiffness of the beams; Fig. 8 shows that the slope
decreases with frost deterioration, thereby indicating a slight reduction in the stiffness of the ECC beams.
Nevertheless, no significant reduction in the flexural strength and deflection capacities of the ECC speci-
mens exposed to 300 freezing and thawing cycles was detected.

It should be noted that the residual ultimate flexural load-deflection curves of frost deteriorated ECC
beams (Fig. 8) obtained following induced accelerated freeze-thaw cycling (up to six freezing and thawing
cycles were achieved in a 24 h period) provide a conservative estimate of their residual flexural properties
in actual structures. These accelerated deterioration periods are equivalent to a time span of many years in
real structures, even those located in regions with harsh winters. This difference in accelerated and normal
frost deterioration periods should have a significant influence on the residual flexural properties of ECC
because in the long term, deterioration in ECC as a result of freezing and thawing cycles can easily be
closed due to a self-healing process [31]. Thus the flexural performances of ECC summarized in Table 6
are underestimated.

Table 6 summarizes the flexural strength (modulus of rupture) and total mid-span deflection at the peak
stress of ECC specimens exposed to 300 freezing and thawing cycles. The total deflection of the ECC
beam, which reflects material ductility, exposed to 300 freezing and thawing cycles is 4.91 mm, which is
slightly lower than that of ECC mixture prior to undergoing freezing and thawing cycles. Compared to
control ECC specimens cured in laboratory air, the test results (Table 6) indicate that the ECC specimens
exposed to freezing and thawing cycles showed reductions of nearly 15 % in flexural strength at the end
of 300 cycles; this may be attributed to the effects of damage on the fiber/matrix interface and matrix
micro-cracking.

Table 6 also shows the residual crack width of ECC mixtures at different ages. The term “residual
crack width” indicates that crack width was measured from the unloaded specimen after the four-point
flexural test by using a portable microscope with an accuracy of 5 pm. Both frost-deteriorated and virgin
ECC specimens reveal saturated multiple cracking (Fig. 9) with crack width at ultimate flexural load
limited to below 100 pwm. Crack width control is of primary importance for many reinforced concrete
applications since it is believed that there is a close relationship between mean or maximum crack widths
and the durability of the structure. Moreover, the lower magnitude of the crack width is expected to
promote self-healing behavior, and thus the transport properties in cracked composites [35-38]. In terms of
permeability and diffusion, crack width less than 100 wm generally behaves like sound concrete [35,39].
Based on experimental results, Sahmaran et al. [35], Evardsen [40], and Reinhardt and Jooss [41] proposed
that cracks with a width below 100 pwm can be easily closed by a self-healing process. Consequently, in
the serviceability limit state, a mean or maximum crack width less than about 0.1 mm is usually prescribed
[39.40].

Conclusion

In this study, the frost resistance of ECC assessed by alternate freezing and thawing cycles in accordance
with ASTM C666 Procedure A, air-void parameters determined by the modified point count method
(ASTM C457), and the pore size distribution obtained by mercury intrusion porosimetry technique were
compared with ECC matrix (ECC without PVA fiber). While the control ECC matrix specimens rapidly
failed in freezing and thawing (ASTM C666 Procedure A), ECC easily survived 300 cycles. Apart from
the slight reduction in ultimate flexural strength and ductility, the test results presented in this study
confirm that ECC provides excellent frost protection compared to ECC matrix. Despite a slight reduction
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in ductility and flexural strength, after 300 freezing and thawing cycles, ECC samples are found to retain
tensile ductility more than a few hundred times, with residual crack width less than 100 pm on reloading,
which is that of normal concrete and fiber-reinforced concrete with no environmental exposure. Further, it
is important to note that this superior durability performance of ECC under freezing and thawing cycles
was achieved without deliberate air-entrainment. For this reason, it is expected that the ECC investigated
is suitable for long-term application under severe environmental conditions of alternate freezing and
thawing cycles, if the structure is designed based on long-term mechanical properties.

Experimental evidence indicates that the excellent frost durability of ECC was due to the increase of
pore volume larger than approximately 0.30 wm diameter, and intrinsically high tensile ductility and
strength attained as a result of micro-mechanically based design principles. The presence of micro-PVA
fibers critically contributes to the higher crack resistance and larger pore volume, and resulting pressure-
releasing effects under freeze-thaw conditions.
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