
Chapter 2
Durability under Mechanical Load –
Micro-crack Formation (Ductility)

Gideon P.A.G. van Zijl

Abstract A significant modification of the mechanical behaviour of cement com-
posites is brought about by fibre reinforcement. The most important feature is crack
bridging by fibres. This leads to pseudo strain-hardening in SHCC. The important
feature to be considered for durability design of SHCC, which is the focus in this re-
port, is the crack-control exhibited by this class of materials in the strain-hardening
phase. The crack control in SHCC subjected to mechanical actions leading to direct
tension, but also shear and compression is described here. Short term monotonic ac-
tions, long-term actions as well as cyclic actions are discussed. Another mechanical
degradation process, namely that of abrasion is described. Finally, self-healing of
SHCC is discussed as a promising durability feature of degradation reversal.
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2.1 Introductory Remarks

An important phenomenon of structural durability is the limitation of crack width,
whereby ingress of potentially damaging salts, through media of moisture and gases
may occur. In steel reinforced composites, the well-known danger of steel corro-
sion is a major source of rehabilitation/restoration cost in reinforced concrete (RC)
buildings. By limiting crack widths, this source of damage and associated repair cost
can be limited, or delayed, whereby repair/maintenance intervals may be increased
and life cycle cost of such structures reduced. Carino and Clifton (1995) summarise
crack widths in RC, as prescribed by various design codes for limitation of ingress.

In strain-hardening cement-based composites (SHCC) the tensile ductility is
caused by the formation of multiple cracks. This is a process of crack control. The
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crack widths are limited by the fibre pull-out resistance, whereby other matrix cracks
arise, rather than widening of existing cracks. This is in contrast to normal concrete
or normal fibre reinforced concrete that exhibits tension-softening, wherein frac-
ture localization occurs once a crack is formed, so that the crack width is unlimited
as load capacity decreases. The micromechanical requirements for optimizing this
process have been elaborated elsewhere (Li, 1998; Kanda and Li, 1998). While it is
not appropriate to repeat the micromechanical base of this class of materials here in
detail, it is essential to consider the main mechanisms and parameters which govern
the behaviour of these materials under mechanical and environmental actions. This
allows objective characterization of the durability of SHCC. In this light the influ-
ence of amongst others, fibre type and volume, fibre aspect ratio, matrix composition
for its role in determining matrix toughness and strength, as well as fibre-matrix in-
teraction is surveyed and reported. Keeping in mind these parameters, this chapter
describes the current state of knowledge of tensile deformation, the possibility of ex-
pressing it as tensile strain although it manifests as multiple cracks of finite width,
the influence such cracks have on permeability to moisture and gas penetration and
finally, the potential of crack healing.

It must be noted that SHCC is a young class of materials in a dynamic devel-
opment phase internationally. Whilst the basic principles of achieving the required,
distinguishing mechanical behaviour of SHCC have been defined, many possibilities
of ingredient choice and proportioning exist, rendering the complete characteriza-
tion of the durability of SHCC virtually impossible at this stage of development.
Nevertheless, in the light of the stated parametrisation, generality is introduced as
far as possible in the discussions of the current state-of-the-art of the durability of
SHCC.

2.2 Ductility as Compared with the Sum of Possibly Imposed
Strains

It has been pointed out above that ductility of SHCC is not due to plastic deforma-
tion (as in ductile metal attributed to dislocation movement) but due to the formation
of multiple micro-cracks. This automatically means that the material is progress-
ively damaged in the strain hardening range. This damage can be observed as a
noticeable decrease of the elastic modulus for instance. As long as the width of the
micro-cracks remains below a critical value (in many cases below 40 μm), however,
the permeability of the cement-based material is not substantially increased. In addi-
tion these fine micro-cracks will be closed under favourite environmental conditions
again by self-healing. Therefore, with respect to durability, we have to require that
the sum of all possibly imposed strains (strain-demand) does not exceed the tensile
strain at ultimate load (strain-capacity) so that fracture localization is prevented. In
addition, the micro-cracks formed during strain-hardening must not be wider than
a critical crack width. Then and then only durability is not affected by imposed
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strains. The critical crack width has to be determined experimentally for a given
type of environmental exposure.

In practice we have to distinguish mechanical strains and strains imposed by en-
vironmental actions. The maximum mechanical strain can be estimated from the
design load and accidental additional loads. Environmental actions will usually im-
pose hygral shrinkage and swelling strain and thermal strain. These environmentally
imposed strains will often be cyclic. In the long run chemically induced strains will
have to be taken into consideration in addition. Typical chemical strains are car-
bonation shrinkage, and swelling due to alkali silica reaction (ASR) and sulphate
attack.

Hygral shrinkage strain of SHCC in a moderate climate is in the range of 0.08 to
0.12%. A temperature difference of 50◦C imposes a thermal strain of about 0.05%.
From these simple considerations it follows that SHCC must allow an imposed strain
of at least 0.2% without formation of micro-cracks wider than the critical value.
Then the sum of possibly imposed strains will not have a negative influence on
durability. In many cases a more precise estimation of the possibly imposed strains
will be necessary of course.

2.3 Average and Maximal Opening of Micro-cracks during
Strain-hardening

The multiple crack formation, accompanied by tensile pseudo strain-hardening is
illustrated in Figure 1.1 in terms of a uniaxial tension test force-displacement result,
translated to stress and strain. The notions of stresses and strains are reserved for
continua, but are commonly used for the macroscopical description of cement-based
material, despite their heterogeneous nature, containing various phases like stone,
hardened cement paste and, in the case of SHCC, fibres. Nevertheless, the SHCC
with finely spaced, spread-out, fine cracks beyond the elastic range can be treated as
a continuum when the stresses and strains in the constitutive description of SHCC
denote averages of forces and deformation over a representative volume containing
many microcracks. This is particularly justifiable when the microcrack spacings are
on the mm scale, and the constitutive laws are used to describe material behaviour
in structures on the cm or m scale. The artificial notion of “smeared cracking”,
which is conveniently used for describing localized cracking in concrete, is in fact
an actual, physical phenomenon in SHCC, justifying the expression of strain in these
materials.

In Figure 1.1 the typical crack pattern development with increased tensile de-
formation of a SHCC specimen is shown. After the first crack arises, which indicates
the end of the linear stress-strain relation, more cracks arise successively at higher
deformation levels. The eventual reduced resistance is introduced by exceedance of
the crack bridging capacity at a particular crack, at which location the deformation
subsequently localizes.
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Table 2.1 Crack width measurements in SHCC, specimen composition, size and test setup.

Crack widths have been monitored in several experimental studies. The earliest
report of crack width measurements is by Li et al. (2001), as part of a SHCC sens-
itivity study to the parameters fibre bond (varied by surface oiling), matrix tough-
ness (varied by aggregate content variation) and, to a limited degree, fibre volume
(Vf = 2.0 or 2.5%). The study used Polyvinyl Alcohol (PVA) fibres. Other studies
that included crack width measurement were reported by Weimann and Li (2003)
and Wang and Li (2006). In all of these studies PVA fibre was used. Neverthe-
less, the other ingredient and proportioning differences, which are summarized in
Table 2.1, allow some conclusions on the crack width in SHCC as influenced by the
main governing parameters. This will be discussed in the following sections.

 
Li et al. (2001)1 

Weimann 
and Li 
(2003)2 

Wang and 
Li (2006)2 

Ref. nr. 1 2 3 4 5 6 7 8 
Cement 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Water 0.45 0.45 0.45 0.45 0.45 0.45 0.51 0.51 
Sand 1.0 1.0 1.0 1.2 1.2 1.2 0.8 0.8 
Sand grading F110  F110    F110 
Fly Ash – – – – – –  1.2 
Vf 2.0% 2.0% 2.0% 2.0% 2.0% 2.5% 2.0% 2.0% 
Fibre type PVA 
Lf  (mm) 12 12 12 
df  (μm) 39  39 
Ef (GPa) 42.5  25.8 
Oiling agent % 0.3 0.5 0.8 0.5 0.8 0.8  1.2 

0 (MPa) 3.5 2.5 2.0      
Gd (J/m2) 3.0 2.5 2.0      
Jb’ (J/m2) 9.6 10.7 16.5      

tu (MPa) 4.60±0.23 4.02±0.40 4.58±0.38 3.92±0.15 4.28±0.17 5.00±0.52   
fc (MPa) 3.97±0.28 2.66±0.11 3.11±0.14 3.45±0.14 2.63±0.32 3.39±0.09   
tu (%) 1.59±0.35 3.62±0.56 3.68±1.16 1.64±0.60 2.48±1.04 4.59±0.36   

wc (μm) 44±7 52±10 71±9 45±19 50±9 58±10 Figure 2.1a Figure 2.1b 
Crack spacing 
(mm) 

 
7.5 ± 2.8 

 
3.5 ± 2.0 

 
2.5 ± 0.3 

 
6.4 ± 1.0 

 
3.9 ± 2.4 

 
1.8 ± 0.3 

  

Specimen size  
(mm): 
 Length 
 Width  
 Thickness 
 Gauge 
length 

 
 
304 
76.2 
12.7 
180 

 
 
304 
76.2 
12.7 
180 

 
 
304 
76.2 
12.7 
180 

Test age (days) 30   28  
Curing 24h in mould, 28 d in water, 1 day air dry   
Test speed 0.15 mm / minute 0.3  

mm/minute 
0.3 
mm/minute 

Crack 
measurement 

50 x magnifier, after unloading1 Single 
crack 
continuous2 

Single 
crack 
continuous2 

1The reported crack widths were measured after unloading, i.e. in the residual tensile deformation state. 
2Individual cracks were monitored by video microscope during loading, at various strain levels. 
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2.3.1 Crack Width Evolution with Tensile Strain

Also shown in Figure 1.1 is the crack width evolution with tensile strain. It should
be noted that the crack width in that figure is that of a single crack, which was
monitored throughout a uniaxial tensile test. This was done on a small rectangular
tensile specimen, of dimension given in Table 2.1, as tested by Weimann and Li
(2003). Similar observations were done by Li et al. (2001) and Wang and Li (2006),
as shown in Figure 2.1. Note that due to fibre dispersion non-uniformity, it may be
expected that crack width may vary from one crack plan to another, so that crack
width on a given specimen is not a single number, but shows a statistical distribution.

It appears that, for the particular types of SHCC tested thus far, all containing
PVA fibres in the range 2.0% ≤ Vf ≤ 2.5% and similar matrices as indicated in
Table 2.1, the crack width is arrested at a strain level of less than 1% at an average
value in the range of 50–60 μm. Subsequently, more cracks arise in the specimen
upon increased tensile straining, while widening of the existing cracks is negligible.
It is postulated that a crack width increase must take place to develop the higher
crack bridging resistance demanded at increased tensile strain, to realise the pseudo
strain-hardening behaviour. Either fibre slip or fibre stretching or both can lead to
such increased resistance. From the shown crack measurements this effect appears
to be insignificant.

2.3.2 Fibre Volume

The only direct comparison is possible from the research results of Li et al. (2001),
who tested similar PVA-SHCC specimens with Vf = 2% and Vf = 2.5%, as listed
in Table 2.1 under reference numbers 5 and 6. Whereas the fibre volume increase led
to increases in both the ductility, in terms of the ultimate tensile strain, and the ulti-
mate tensile strength, the crack width changed insignificantly. Note that these crack
widths were measured on specimens in the unloaded state, after a monotonic tensile
test up to and beyond the ultimate strength. This means that the crack widths on the
lower fibre volume specimens occurred at a significantly lower residual tensile strain
level, in the region of 2%, than the higher fibre volume specimens (in the region of
4%).

This result agrees with the concept of crack width arrest in SHCC, after which
more cracks arise, rather than widening of individual cracks. Arguably, at a higher
fibre volume the crack opening displacement to achieve the required crack bridging
strength for subsequent cracks to form will be lower, due to a larger number of fibres
bridging the crack in a matrix otherwise identical. If fibre interaction is ignored, the
crack width reduction should be proportional to ratio of the fibre volumes, i.e. the
crack width for Vf = 2.5% should reduce to 80% of that for Vf = 2.0% at the
same stress level. This remains to be confirmed in future test programs.
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(a) Li et al. (2001)

(b) Wang and Li (2006)

Fig. 2.1 Width evolution of an individual microcrack under uniaxial tension.

2.3.3 Fibre Bond Strength

Evaluation of this influence is possible by comparison of the results for specimens
with reference numbers 1–3 in Table 2.1. For these specimens, the frictional fibre
bond (τ 0) was reduced from τ 0 = 3.5 MPa (0.3% coating) to τ 0 = 2.0 MPa (0.8%
coating), while the chemical bond (Gd ) was reduced from 5.0 to 2.5 J/m2 for the
coinciding increased oil coating level. These results were established by single fibre
pull-out tests (Li et al., 2001). This realises in an increased complementary energy
of the fibre bridging stress-crack opening response (J ′

b), Figure 2.2.
From the resulting crack width and spacing measurements in Table 2.1 for these

specimen types it is clear that the reduced fibre bond leads to a reduced crack spa-
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Fig. 2.2 Fibre bridging stress-crack opening complementary energy (J ′
b) increase with PVA fibre

oil coating level increase (Wang and Li, 2006).

cing (from 7.5 to 2.5 mm), although the average crack width is increased from 44
to 71 μm. It must be noted once again that the crack widths were measured after
removal of the load, which means that the residual tensile strain level was signific-
antly lower (εtu = 1.6%) for specimens with the high fibre bond than for those with
weaker fibre bond (εtu = 3.7%).

It is postulated that the fibre bond strength governs the ductility for this class of
SHCC, rather than the crack width in the strain hardening phase. Thus, for object-
ive characterisation of the influence of the fibre bond strength on the crack width
evolution in SHCC, crack width measurements should be done at the same strain
levels.

2.3.4 Influence of Matrix Composition

From the current level of micromechanical understanding and modelling, the gov-
erning parameters in the mechanical response of SHCC are the fibre factors such as
fibre volume Vf , fibre length Lf , fibre diameter df , fibre strength and stiffness, the
matrix factors such as strength, matrix toughness and maximum aggregate size (ini-
tial flaw size), and the fibre-matrix interfacial properties reflected by the frictional
and chemical bond. In each of these groups of parameters, several variations are
possible. In this section the influence of the matrix composition on the crack width
is discussed.

Note that reference is often made to the fibre factor (FF), which combines fibre
volume, length and diameter as follows

FF = Vf

Lf

df

(2.1)
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2.3.4.1 Aggregate Content

Whereas the role of aggregate in the tensile mechanical behaviour of certain types
of SHCC has been studied intensely (Li et al., 1995, 2001; van Zijl, 2005), not suffi-
cient crack measurements are available to draw conclusions on its influence on crack
width evolution. It has been clearly demonstrated that the matrix strength, expressed
by the first cracking strength (σf c), and toughness, expressed by the crack tip tough-
ness (Jtip), are increased with increased sand content. Thereby tensile ductility is
reduced for a given fibre factor. It has been demonstrated theoretically that the ratio
between the complementary energy (J ′

b) of the fibre bridging stress-crack open-
ing, to the matrix crack tip toughness must be larger than one for strain hardening,
i.e. J ′

b/Jtip > 1. However, the requirement for this ratio has been measured to be
J ′

b/Jtip ≥ 3 (Kanda and Li, 1999) for multiple cracking saturation, reflecting mater-
ial variability not accounted for in theoretical models.

From the available data in Table 2.1, in particular specimens numbers 2 and 4,
the reduced tensile ductility is confirmed with even a slight increase in aggregate to
cement proportion from 1.0 to 1.2. Nevertheless, the average crack width is insigni-
ficantly changed, keeping in mind the different residual strain levels at which they
were measured. However, the crack spacing is nearly doubled with this increase in
aggregate content.

2.3.4.2 Cement Replacement by Fly Ash and Slagment

The role of fly ash (FA) in the mechanical behaviour of certain classes of SHCC has
been studied by several research groups, for example Peled and Shah (2003), Song
and van Zijl (2004), Wang and Li (2006). Cement replacement with FA has been
shown to reduce the matrix strength, seen in Figure 2.3 for specimens with FA/C =
1.4. It has been postulated that the fibre-matrix interfacial zone is modified, leading
to improved fibre slip from the matrix instead of fibre breakage. Measurements show
reduced chemical bond but higher frictional bond with increase of fly ash. Thus
both matrix and interface properties are modified, illustrated by the increased ratio
J ′

b/Jtip in Figure 2.4 (Wang and Li, 2006).
In contrast, cement replacement with large quantities (up to 50% by mass) of

ground granulate Corex slagment (slag), led to a strong matrix (Figure 2.3). Of
importance here is the crack patterns associated with these classes of SHCC. Al-
though the crack widths were not measured, it is clear that the crack width and
spacing are significantly larger for the slag-SHCC than for FA-SHCC. Note that
the mix design for these specimens was otherwise similar in terms of fibre type
(PVA, Lf = 12 mm, df = 40 μm) and volume (2.5%), aggregate content (aggreg-
ate/binder = 0.5) as well as water content (water/binder = 0.4).

Consider the crack width measurements for the specimens with reference number
8, Table 2.1 and Figure 2.1b. These specimens, containing large quantities of FA,
show comparable crack widths with those of specimens without FA. As a general
indication, the large stress fluctuations seen in Figure 2.3 (top) are indicative of lar-
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Fig. 2.3 Tensile stress-strain responses of FA-SHCC and slag-SHCC (Song and van Zijl, 2004).

ger crack widths. This may even occur in matrices without slag, but for composites
with fibre volume approaching the critical level for pseudo strain-hardening.

2.3.5 Age at Loading, Curing

It must be noted that the crack width determination was on relatively young spe-
cimens, loaded 28 days after casting. There is evidence that SHCC becomes more
brittle with aging, as found in the results of direct tensile testing at various ages of
PVA-SHCC by Wang and Li (2005), as well as Lepech and Li (2005). Due to the
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Fig. 2.4 FA content driven improvement of complementary energy: toughness ratio, critical for
multiple, fine cracking (Wang and Li, 2005). The mix contained PVA fibre at Vf = 2%, 1.2% oil
coating.

Fig. 2.5 Reduction in tensile strain capacity with aging of SHCC by (top) Wang and Li (2005) and
(bottom) Lepech and (Li 2005).
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delicate balance of binder matrix, fibre, and matrix/fibre interface properties, the
strain capacity of SHCC changes during maturing. A gradual decrease of this value
was observed by Li and Lepech (2005) from approximately 5% at the age of 10 days
to approximately 3% at the age of 180 days, which is a result of the continued hy-
dration process. Figure 2.5 shows the reduced tensile strain capacity with increased
loading age of specimen reference number 8 in Table 2.1. This figure also shows that
the material reaches a steady state strain capacity value at approximately 3% after
about 80 days. As an important mechanism of tensile strain capacity, multiple crack
formation must lie at the basis of this aging symptom. It remains to be verified on
older specimens whether crack widths are indeed arrested and to what crack width
level.

2.3.6 Crack Formation in Shear

The intrinsic crack control of SHCC may be beneficial in applications where tensile
or pure flexural conditions dominate, but crack control also in other, more general
conditions, including shear, will extend its applicability. It will be argued in sub-
sequent sections that if cracks are controlled to within a threshold level below which
ingress rates of water, gas and chlorides are insignificant, durability of cement-based
composites, and particularly SHCC and R/SHCC is improved.

Li et al. (1994) executed Ohno-type shear beam tests (Arakawa and Ohno, 1957)
on SHCC containing 2% by volume high molecular weight Polyethelene fibre
(SPECC). This SHCC contained no sand, but only cement paste with water:cement
mass ratio of 0.27. For comparison several other beams were tested, fabricated of
plain concrete (PC), reinforced concrete (RC), FRC (1% by volume steel fibres) and
DRECC, containing a similar cement paste as the SPECC, but with 7% by volume
Dramix steel fibre (6 mm × 0.15 mm diameter, brass coated steel fibres).

Figure 2.6 shows the setup, as well as average shear stress-strain results, includ-
ing crack width evolution. The PC results have been omitted, as it fails immediately
at first crack. In the RC specimen two large diagonal cracks are formed at a load level
approximately equal to the failure load of the PC specimen. The crack widths at this
load are in the range from 0.1 to 1 mm. At the peak load, a third large crack forms
suddenly due to failure of the bond between the steel shear reinforcement and the
concrete. In the FRC specimen a large diagonal crack formed just after first crack,
of which the width was in the range 0.1 to 1 mm, which is beyond the threshold
level of insignificant penetration rate of water gas and chlorides. In the two SHCC
specimens (SPECC, DRECC), cracks with width smaller than 0.1 mm developed in
the strain hardening region following first cracking. In this region a large number
of small cracks were formed in SPECC. Thus evidence has been presented that the
multiple, controlled cracking described under tension and flexure is retained under
shear.

Van Zijl (2007) derived an appropriate geometry for an SHCC Iosipescu-type
shear test (Iosipescu, 1967). By the derivation of an appropriate geometry, with spe-
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Fig. 2.6 Ohno-type shear test setup for SHCC and other beams by Li et al. (1994). Dimensions in
mm.

cial care for the notch geometry, an approximately uniform shear stress distribution
is induced along the specimen height at the position of pure shear (zero bending mo-
ment). In addition, the risk of failure in bending away from the pure shear section
is reduced, whereby the pure shear behaviour can be studied in the elastic, but also
the post first cracking region and eventual localisation in the pure shear plane. The
setup is shown in Figure 2.7.

A test series was performed on specimens containing ingredients listed in
Table 2.2, containing a small amount of ground granular corex slagment (GGCS)
and various levels of PVA fibre volume proportions (Lf = 12 mm, df = 40 μm).
The results clearly showed that the multiple, fine cracking to a width below the dur-
ability threshold is retained in pure shear of SHCC, i.e. for specimens with Vf = 2%
and Vf = 2.5%.



2 Durability under Mechanical Load – Micro-crack Formation (Ductility) 21

Table 2.2 SHCC shear specimens mix ingredients and proportions by mass (van Zijl, 2007).

Cement Fly Ash GGCS Water Sand Vf (%)

S1 0.5 0.45 0.05 0.4 0.5 0
S2 0.5 0.45 0.05 0.4 0.5 1
S3 0.5 0.45 0.05 0.4 0.5 2
S4 0.5 0.45 0.05 0.4 0.5 2.5

Fig. 2.7 Ioscipescu-type shear test setup for SHCC by van Zijl (2007).

2.4 Width of Micro-cracks in Loaded and Unloaded Specimens

The crack width measurements reported in Section 2.2 have been either on speci-
mens in the loaded state (reference specimens numbers 7, 8 in Table 2.1) or after
unloading (reference numbers 1–6 in Table 2.1). Furthermore, the measurements in
the unloaded state were at different permanent deformation levels for different spe-
cimens. However, continuous monitoring of single cracks during the loading phase
of reference number 6 is shown in Figure 2.1b. The crack width of the single crack
monitored during loading, which stabilises at a width in the range 50–60 μm, is
comparable with the average width measured in the unloaded state (58 μm). How-
ever, this effect remains to be studied in a systematic way, measuring crack widths
at similar deformation levels in the loaded and unloaded state.
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Fig. 2.8 Crack width evolution of SHCC (mix reference number 7, Table 2.1) in drying shrinkage
ring test (Weimann and Li, 2003).

An indication of crack width under load is given by the average crack widths
measured on specimens of mix reference number 7 in Table 2.1, subjected to re-
strained drying shrinkage in a restrained shrinkage ring test (Weimann and Li,
2003). Separate, free shrinkage tests indicated that the maximum drying shrinkage
strain of this SHCC composite is in the range from 0.17 to 0.25% when drying from
saturation (100% moisture content) to 0% moisture content. Under similar environ-
mental conditions, cracks of average width 46 μm were measured for this material
in the ring shrinkage test (Figure 2.8).

2.5 Influence of Crack Width of Micro-cracks on Permeability
and Capillary Suction

Resistance to moisture, gas and salt penetration is an important mechanism of
cement-based materials durability. Either the material degradation or reinforcing
steel corrosion may be consequents of such ingress. Resistance to moisture, gas
and chloride ingress is a measure of the susceptibility of SHCC to such degrada-
tion processes. General consensus exists that capillary sorption and moisture diffu-
sion are models describing the most important mechanisms of moisture ingress and
migration. In the near surface zone capillary sorption dominates moisture intake
(Neithalath, 2006) while moisture diffusion governs the longer term migration of
water in the material through the micro-pores (Bažant and Najjar, 1971; Neithalath,
2006). By matrix densification the capillary absorption is significantly reduced in
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(a) Concrete (Wang et al., 1997) and SHCC (reference number 8, Table 2.1, Li and Stang, 2004)

(b) ECC (SHCC reference number 8, Table 2.1) and steel wire mesh
reinforced mortar (Lepech and Li, 2005)

Fig. 2.9 Water permeability as function of crack width of cement-based composite materials.

UHPFRC (Kunieda et al., 2007). In SHCC diffusivity is reduced by inherent crack
control (Lepech and Li, 2005; Sahmaran et al., 2007).

2.5.1 Water Permeability

Whereas permeability to water, gas and chlorides in the virgin state is an indication
of material durability, exploitation of the superior mechanical qualities of SHCC
will lead to microcracking in the service state in structural applications of these ma-
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terials. The significance of crack width with regard to water permeability has been
studied for concrete (Wang et al., 1997). The water permeability of concrete was
shown to decrease by seven orders of magnitude as the crack width decreases from
550 to below 100 μm (Figure 2.9). Li and Stang (2004) found that the permeabil-
ity of cracked SHCC of type reference number 8 in Table 2.1, as well as a cracked
steel wire mesh reinforced (2.9%) mortar are in reasonable agreement with the per-
meability of cracked concrete, when both have the same laboratory controlled crack
width. This is shown in Figure 2.9a. Lepech and Li (2005) also performed water
permeability studies for steel wire mesh reinforced mortar cracked to various crack
width levels, confirming the dominance of the crack width on permeability control,
as opposed to the cement-based composite type. These results are shown in Fig-
ure 2.9b. The permeability study of cracked SHCC and mortar was performed on
specimens of dimension 75 mm × 180 mm × 12 mm which had been pre-cracked
in a uniaxial tensile test up to a tensile strain of 1.5%.

It must be noted that the number of cracks in the specimen represented in Figure
2.9a differ. The imposed tensile deformation resulted in 10 cracks of approximately
300 μm width in the reinforced mortar, as opposed to 50 cracks of average width
60 μm in SHCC. In Figure 2.10 the total permeability and the permeability nor-
malised by the number of cracks in the specimen are compared for ECC (SHCC,
reference number 8, Table 2.1) and reinforced mortar at various crack width levels.
Note that all these permeability tests were performed on specimens after unloading
of the mechanical load, with which the cracking was imposed.

In contradiction, the flow rate was found to be lower in FRC than in plain con-
crete by Tsukamoto (1990), ascribing it to the increased tortuosity of the cracks in
the presence of fibre. However, the difference in flow rate becomes negligible when
the crack width is below 100 μm. This threshold value is in agreement with results
of permeability tests by Rapoport et al. (2001) on steel fibre reinforced concrete
(SFRC). The steady state permeability of SFRC specimens, cracked by Brazilian
split test to different levels of crack width, was insensitive to the fibre volume con-
tent level, for crack widths up to 100 μm. The crack width in the SHCC in Fig-
ure 2.10 is 60 micron.

2.5.2 Gas Permeability

Up to date no systematic study of permeability to gas penetration as a function of
crack width has been performed for SHCC.

2.5.3 Chloride Permeability

Increased crack width can be related to higher chloride penetration rate in cement
composites. Chloride ingress and migration in cement composites is predominantly
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Fig. 2.10 SHCC and steel mesh reinforced mortar water permeability normalised by the number
of cracks (Lepech and Li, 2005).

as solvent in moisture, thus sharing the driving mechanisms of absorption and diffu-
sion. Sahmaran et al. (2007) studied chloride penetration and permeability of SHCC
in comparison to mortar. Based on results of immersion tests, chloride penetra-
tion depth was found to be reduced in uncracked SHCC specimens compared to
uncracked mortar. Based on ponding tests of pre-cracked specimens, the effective
chloride diffusion coefficient was found to be strongly dependent on crack width in
mortar (Figure 2.11a). The diffusion coefficient in SHCC was found to be comparat-
ive for equal crack widths in SHCC and mortar. However, the crack width in SHCC
was found to be insensitive to the deformation level, which in this case was induced
by four point bending. This explains the diversion of chloride diffusivity of mortar
specimens from that of SHCC with increased deformation level (Figure 2.11b).

The reduced penetration depth in SHCC versus reinforced mortar/concrete is
confirmed by observations of Maalej et al. (2002) and Miyazato and Hiraishi (2005),
in comparative SHCC and concrete beams loaded in flexure to the same deflection
(see Section 3.2.1).

Sahmaran et al. (2007) performed chloride diffusion tests on preloaded beams
subjected to chloride solution ponding. The effective diffusion coefficient of SHCC
was found to be linearly proportional to the number of cracks (see Figure 2.12),
whereas the effective diffusion coefficient of reinforced mortar is proportional to the
square of the crack width. Therefore, the effect of crack width on chloride transport
was more pronounced when compared to that of crack number. From the results of
this study, it is concluded that SHCC is effective in slowing the diffusion of chloride
ion under combined mechanical and environmental (chloride exposure) loading, by
virtue of its ability to achieve self-controlled tight crack width.
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Fig. 2.11 Diffusion coefficient versus (a) crack width for mortar deformed under bending load,
(b) deflection of SHCC and steel mesh reinforced mortar (Sahmaran et al., 2007).

Oh and Shin (2006) tested SHCC to measure chloride diffusivity in cylinder spe-
cimens that were subjected to various numbers of cyclic loadings in compression.
PVA fibres with a length of 12 mm and a diameter of 0.04 mm were used in the tests.
The fibre content was 2% by volume. The cylinder specimens of Ø100 × 200 mm
were loaded in compression up to 55, 70 and 85% stress level of static strength for
1,000, 10,000 and 100,000 cycles, respectively.

After unloading, the specimens with the length of 50 mm were cut off from the
central portions of the cylindrical specimens for chloride permeability tests. The
chloride resistance was evaluated by the amount of charge passing through the spe-
cimens. The chloride penetration test used in this study is based on the standard of
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Fig. 2.12 Effective chloride diffusion coefficient versus number of cracks for SHCC (crack width
at 50 micron) (Sahmaran et al., 2007).

Fig. 2.13 Test setup for measurements of chloride ion penetration (Oh and Shin, 2006).

Nord Test Build 492 – Non-Steady State Migration Test (NT BUILD 492, 1999).
Figure 2.13 shows the test setup for measurement of chloride ion penetration con-
ducted by Oh and Shin (2006).

Figure 2.14 shows the test results for the relative chloride diffusion coefficients of
various specimens after applied cyclic loads. Figure 2.14 exhibits the relative ratios
of residual axial strains and chloride diffusion coefficients at larger load cycles of
10,000 and 100,000 cycles to those values at 1,000 cycles under the cyclic load level
55%, respectively. It can be seen that the residual strain after 100,000 cycles at the



28 G.P.A.G. van Zijl

Fig. 2.14 Relative ratios of residual strains and chloride ion penetration coefficients after cyclic
loadings (Oh and Shin, 2006).

stress level of 70% is 6 times as large as that after 1,000 cycles at 55% stress level,
which indicates that the specimen is significantly damaged due to a large number of
repeated loading under high stress level. However, the chloride permeability coef-
ficient is not increased as significantly as can be seen in Figure 2.14, even though
the residual strain due to damage is very large. This is due to the very fine internal
microcracks in the specimen that do not cause any drastic increase of permeability.
This is again due to the beneficial effect of fine cracking due to high performance
fibres in the specimen.

2.6 Sustained and Cyclic Load

It is essential that crack control is maintained in service conditions. For structures
subjected to cyclic loads, or relatively high permanent/sustained loads, cracks must
remain restricted to below the threshold width beyond which highly increased mois-
ture, gas and chlorides ingress.

Figure 2.15 schematises examples of cyclic and sustained tensile loading condi-
tions, showing also the typical response to monotonic tensile load. Jun and Mecht-
cherine (2007) performed such tests on SHCC under creep, as well as force and
displacement-controlled cyclic loads. The number of tests under each loading con-
dition was limited, not sufficient to give a sound statistical base. Nevertheless, their
results indicate limited sensitivity to such loading conditions of the total number
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of cracks that arose at the same level of total deformation. The most significant
deviation was a roughly 20% lower average number of cracks under deformation
controlled cyclic loading. Note that the sustained stress level and the upper tensile
stress levels in the cyclic tests, are close to and above the stress at first crack.

Boshoff (2007) performed tensile creep tests on pre-cracked SHCC specimens.
The specimens were subjected to a tensile deformation causing average strain of
1%. This is shown schematically in Figure 2.15b. Subsequently, tensile creep loads
of 30, 50, 70 and 80% of the ultimate tensile strength were applied. This simulates a
large live load which causes the SHCC member to enter the strain-hardening region,
after which the live load is removed and the load drops to the respective sustained
load level. In these experiments, the initiation of new cracks during the sustained
load phase was observed. However, under these loading conditions, fewer cracks
formed under the creep loads than under monotonic deformation-controlled tensile
loading to the same level of deformation. Specifically for the high sustained load
(80%), a larger crack spacing and associated wider cracks were observed. Accurate
measurement of time-dependent crack width under sustained tensile load remains to
be performed, and is a current research focus.

From the creep results it appears that crack initiation (see for example Fig-
ure 2.16a), width evolution as well as matrix creep contribute to creep deforma-
tion. In studying a mechanism of crack width increase under creep load, Boshoff
(2007) performed single fibre pull-out tests under monotonically increasing pull-
out displacement, as well as under tensile creep load. In all single fibre creep tests
complete pull-out occurred, albeit delayed with up to 70 hours under a load of half
the peak bond resistance. This is indication that this time-dependent fibre slip is a
mechanism of tensile creep deformation, and time-dependent crack width increase.

An important further phenomenon is creep fracture, or delayed fracture of the
tensile specimen subjected to sustained load. In the tests by Jun and Mechtcherine,
where the tensile resistance at a strain of 1 and 2% respectively was sustained, the
specimens failed after 5 and 16 hours respectively. In the tests by Boshoff (2007)
creep fracture did not occur under sustained load (now already after a duration of
1.5 years), although significant deformation, beyond the monotonic tensile deform-
ation capacity at that load, was recorded for the high sustained load cases (80%
of ultimate monotonic tensile resistance). Much work still needs to be done in this
area. At lower sustained load levels, it appears that creep deformation was arrested,
in agreement with the so-called creep limit concept, i.e. the stress-strain response
under monotonic load at infinitely slow loading rate.

2.7 Fatigue

Although limited results exist, fatigue behaviour of SHCC specimens in direct ten-
sion (Matsumoto et al., 2004), flexure (Suthiwarapirak et al., 2002), as well as of
SHCC in composite action with concrete in overlay repair strategy (Zhang and Li,
2002), have been tested recently.
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Fig. 2.15 Tensile load cases applied by (a) Jun and Mechtcherine (2007) and (b) Boshoff (2007).

For both direct tension and flexure a reduced resistance with increased number
of load cycles, characteristic of most construction materials, has been reported (see
Figure 2.17). Another significant trend reported by Suthiwarapirak et al. (2002), see
Figure 2.18, is the gradual increased crack width with increased number of load
cycles, until eventual sudden widening when failure is imminent. Note that the
total crack mouth opening displacement (TCMOD) reported by these researchers
is the sum of several (up to 10) crack widths, in fact including matrix deformation
between cracks, as measured by an LVDT spanning all cracks at midspan at the
beam farthest tensile face. The individual CMOD was measured with the aid of a
microscope at the crack that caused eventual failure. In Figure 2.18b it appears that
the maximum crack width is maintained below 0.1–0.15 mm for a large range in
load cycles (roughly 10,000), after which the crack widens beyond this threshold
level. Note that this is for a maximum flexural stress of 70% of the flexural strength.
From Figure 2.18a it appears that higher stress levels cause larger total crack width
than lower stress levels.
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Fig. 2.16 Representative (a) stress-strain and time-strain curves under sustained load, and (b) cyc-
lic loading acc. to Jun and Mechtcherine (2007).

Fig. 2.17 SHCC fatigue test results in terms of stress level – number of load cycles for (a) direct
tension (under cyclic strain with strain amplitude equal to 0.1%, Matsumoto et al., 2004), and
(b) flexure (four point bending, Suthiwarapirak et al., 2002). Note that the response of SHCC
(ECC) is compared with two Portland cement mortars.

Zhang and Li (2002) tested an overlay repair strategy with an SHCC overlay on
a concrete substrate, using simple four point bending to represent loading action on
ground slabs, see Figure 2.19. A superior response to that of a concrete overlay is re-
ported (Figure 2.19b), along with the characteristic reduced resistance with number
of loading cycles.

Note that in all the above reported fatigue tests, PVA fibres of length 12 mm and
diameter about 40 μm were used, at fibre volumes of 2.0% (Zhang and Li, 2002)
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Fig. 2.18 SHCC total crack mouth opening displacement (TCMOD) under fatigue flexural load
(a) at various cyclic stress amplitudes, and (b) compared with maximum CMOD for 2 particular
specimens subjected to cyclic load causing a maximum flexural stress level of 70% of the flexural
strength (Suthiwarapirak et al., 2002).

Fig. 2.19 Flexural fatigue test of SHCC (ECC) overlay repair on concrete substrate strategy, show-
ing characteristic reduced strength with increased number of loading cycles for an SHCC overlay,
compared with a concrete overlay (Zhang and Li, 2002).

and 2.1% (Suthiwarapirak et al., 2002; Matsumoto et al., 2004) respectively. The
matrices were different from those given in Table 2.1, varying in water to binder
(w/b) and sand to binder (s/b) content ratios as follows:

• w/b = 0.32; s/b = 0.42 (Figures 2.17 and 2.18; Suthiwarapirak et al., 2002;
Matsumoto et al., 2004);

• w/b = 0.434; s/b = 1.0 (Figure 2.19; Zhang and Li, 2002).
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Fig. 2.20 Grinding disc for abrasion testing according to the German standard (E DIN 52108
2006).

2.8 Abrasion

Since repair layers on horizontal concrete surfaces are a possible application of
SHCC, the abrasion resistance of this material is one of the material properties to be
determined.

Li and Lepech (2005) conducted both static friction testing and wear track testing
according to the Michigan Test Method (MDoT, 2001). The surfaces of the tested
SHCC specimens had been textured by different methods. After determining the ini-
tial static friction forces between a test tire and the wet surfaces of the test materials,
the samples were subjected to 4 million tire passes. Then, the friction forces were
determined again. These friction forces measured after wearing are called Aggregate
Wear Index (AWI) according to the test standard (MDoT, 2001). For the differently
textured SHCC samples values between 1.6 and 2.3 kN were obtained. The required
minimum AWI value for Michigan amounts to 1.2 kN. It was concluded that SHCC
surfaces on roadways are suitable for heavy traffic volumes.

The test method according to the German standard E DIN 52108 (2006) is signi-
ficantly different from the procedure described above. It is used in European coun-
tries for measuring the abrasion resistance of cementitious materials and based upon
the so-called Böhme grinding disc (see Figure 2.20). This testing apparatus consists
of a rotating disc the specimen surface is pressed upon. Reproducible abrasion con-
ditions are ensured by using synthetic aluminium oxide as a standardized grinding
medium.
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Table 2.3 Material composition.

Component Content by mass

CEM I 32.5 R 1.0
Water 0.9
Fly ash 2.0
Fine sand (0.1–0.5 mm) 0.6
Plasticizer 0.02
Methyl cellulose 0.003

Table 2.4 Experimental results.

Age of the material Abrasion A in [cm3/50 cm2]

SHCC Reference mortar

AThickness AMass AThickness AMass

14 days 17.2 17.5 19.6 19.8
28 days 16.9 16.9 21.5 21.9

The composition of the SHCC material used for abrasion testing according to
the German standard is given in Table 2.3 (Wagner, 2007). PVA fibres “REC 15”,
Kuraray, length 8 mm, were used with a volume content of 2.2%. This SHCC ap-
pears to have a comparably high strain capacity. It was not primarily optimized for
a high abrasion resistance.

A reference mortar also tested had the same composition, but no fibre reinforce-
ment.

The specimens had the dimensions of 71 × 71 × 71 mm3 according to E DIN
52108 (2006). They were cut out of cubes with an edge length of 150 mm and
grinded until the prescribed dimensions were reached. Before testing, the samples
were dried at 105◦C.

The material loss due to abrasion may be quantified either by measuring the
change in specimen thickness or by measuring the mass loss. Both methods have
been applied. Table 2.4 contains the results obtained at the age of 14 and 28 days,
respectively. Each of the abrasion values represents the material volume loss related
to the surface area and is a mean value for three individual samples. It turns out that
the two methods for determining the abrasion yield almost the same results.

On the basis of the experimental results, the following conclusions may be drawn:

1. The difference between the abrasion resistance after 14 and 28 days, respectively,
is insignificant.

2. The abrasion of the reference mortar after 28 days was found to be about 28%
higher than the one of SHCC. The PVA fibre reinforcement leads to an increase
in abrasion resistance.

3. According to the European standard DIN EN 13813 (2003), the SHCC may be
assigned to abrasion class A22, see Table 2.5. This is the lowest abrasion class.
Accordingly, SHCC surfaces are not recommendable for heavy roadway traffic.
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Table 2.5 Abrasion classes according to DIN EN 13813 (2003).

Class A22 A15 A12 A9 A6 A3 A1.5

Abrasion [cm3/50 cm2] 22 15 12 9 6 3 1.5

Fig. 2.21 Images indicating self-healing product formation in SHCC (Lepech and, Li 2005).

4. The results obtained with Böhme’s grinding disc are contradictory to those ob-
tained in the US according to MDoT (2001). Possibly, by using the grinding disc
the abrasion resistance is underestimated. The assessment according to MDoT
(2001) seems to be more realistic with respect to the actual loading of real road-
way surfaces.

Generally, a high abrasion resistance of cementitious materials may be achieved
by a high aggregate content as well as by using hard and coarse aggregates. Hence,
for the SHCC tested here a low abrasion resistance is not surprising since the ma-
terial is characterized by a low aggregate content and small particle sizes.

However, an SHCC has been used in 2002 in a pilot application for repair layers
on outdoor concrete surfaces which are subjected to high wheel loads (ECC, 2009).
A particular repair patch was monitored for five years, without any significant abra-
sion observed. From this result it may be argued that in areas where vehicles travel
freely, and no frequent braking occurs, SHCC performs well in terms of abrasion.
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2.9 Self-healing of Micro-cracks

The fine cracks in SHCC afford these materials the potential of self-healing. It has
been shown that a small crack width is imperative for self-healing of concrete (Ed-
vardsen, 1999). Although no systematic study of this phenomenon in SHCC has
been reported yet, preliminary observations indicate that SHCC specimens have a
self-healing tendency. SHCC specimens of type reference number 8 (Table 2.1) used
in water permeability tests (Lepech and Li, 2005) exhibit self-healing, as shown
in Figure 2.21. Preliminary studies by Yang et al. (2005) and Li and Yang (2007)
indicated the ability of SHCC material to regain both mechanical (strength, stiff-
ness and ductility) and transport properties. In Chapter 3, where durability under
chemical action is reported, recent research results on self-healing are discussed (in
Section 3.2.3) with particular reference to a marine environment.

A systematic research program is warranted to confirm this phenomenon.
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