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ABSTRACT

The experimental observations and measurements of damage tolerance of a fiber reinforced
cement based matrix composite is reviewed in light of numerical analysis of damage development
in a notched specimen. The extent of damage tolerance is found to depend both on details of the
pre-peak uniaxial tensile stress-strain relationship as well as the post-peak stress-crack opening
relationship. A synergistic effect is determined between on-fracture-plane energy absorption and
off-fracture-plane energy absorption. Concepts for material engineering for damage tolerance of
fiber reinforced brittle matrix composite are discussed.
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INTRODUCTION

This paper reviews the current knowledge of the damage tolerant behavior of Engineered
Cementitious Composites (ECC) based on experimental observations and analytic modeling,
ECC exhibits high tensile ductility reaching 5-8% and fracture toughness upwards of 30 kJ/m?
approaching that of metals. ECC is a cement based matrix composite reinforced with a few
volume % (usually less than 2%) of short randomly oriented fibers. The composite has been
microstructurally engineered to strain-harden via multiple cracking in unaxial tension. Crack
bridging model (Li, 1992) and steady state cracking concepts (Marshall and Cox, 1988) have
been utilized in determining the conditions of strain-hardening (Li, 1993). The first studies of
damage tolerance of ECC was reported in Li and Hashida (1993), and Maalej et al. (1995).
Other mechanical properties of this material have been investigated (Li and Wu, 1992; Maalej and
Li, 1994; Li et al, 1994). Constitutive modeling of ECC and numerical studies of its fracture
behavior was conducted by Kabele and Horii (1996). -

High damage tolerance is critical in safe operation of structures made of brittle materials in which
crack growth and fracture failure may occur, especially near stress concentrators. Common
locations are at cut-outs and near joints or anchorage zones. In the latter, interaction of the brittle
material and other material such as steel often creates high stress regions in the brittle material.
Damage tolerant behavior by redistribution of stress associated with inelastic deformation can be
critical in preventing catastrophic structural failure.

Apart from summarizing our current state of knowledge of damage tolerance in ECC, a purpose
of this paper is to demonstrate clearly that damage tolerance can be achieved in brittle matrix
composites with discontinuous fibers, and that micromechanics tools can be applied to serve as
systematic guidance in fiber, matrix and interface tailoring. In the following, some basic
experimental observations of ECC are reviewed. Directions on materials tailoring to achieving
damage tolerance in brittle matrix composites based on insights gained from analytic modeling of
the fracture behavior of ECC are then presented.
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BASIC EXPERIMENTAL OBSERVATIONS
Experimental observations discussed below refers to a ECC material with typical composition

shown in Table 1. Details of specimen preparation and testing procedures can be found in the
original publications by Li and co-workers referenced above. Specimen dimensions are

summarized in Fig. 1 and Table 2.

Table 1: Matrix Mix Proportions (by weight)

Matenials Cement [ Silica Fume | Superplasticiser Water
Mix Proportions 1.0 0.10 0.01 0.27
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Fig. 2: Uniaxial Tensile Stress-
Deformation Records for Un-notched

Specimens Fig. 3: Damage Pattern Of A Double-Edged-

Notched Specimen of an ECC. Top marker
shown is 20 mm

Uniaxial tensile behavior: ECC exhibits macroscopic strain-hardening (Fig. 2) after first
cracking. With gage length of 207 mm, strain at peak load is approximately 5% in these
specimens, compared with 0.01% tensile strain capacity in ordinary britde cementitious
materials. During strain-hardening, multiple cracks develop with continuously reducing crack
spacing until localization occurs at one of these cracks. Because the multiple cracks evolve with
rising applied load, the multiple cracks must be experiencing the rising branch of the bridging
stress-crack width (0—8) relationship (Li and Leung, 1992). Subsequently the load drops
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progressively with increasing crack opening associated with fiber pull-out at the localized fracture
site. The fracture site is not necessary the first crack site, and multiple crack development
appears randomly generated along the specimen length. The evolution of multiple cracks appears
to be a stochastic process associated with distributed initial flaw sizes (Wu and Li, 1995). The
final fracture site is likely a reflection of weaker maximum bridging strength either due to non-
uniform fiber distribution, orientation or dispersion. While the sequence of multiple crack
appearance follows the spatial distribution of matrix flaw size, final localization site is associated
with the spatial distribution of maximum bridging strength of fibers along the specimen length.

Notch sensitivity. The effect of notches on the tensile strength of ECC was investigated with the
same specimen as for the unjaxial tension test discussed earlier, but with variable double edge
notch lengths. The damage pattern on a typical specimen tested to failure is shown in Fig. 3. 1t
is seen that while cracking initiates in the region near the notch tips, the damage first spreads to
other parts of the specimen with increasing load to distances many times the notch length, prior
to localization into a tortuous fracture path connecting the notch tips.

A number of Joad-displacement curves are shown in Fig. 4. U-3 and U-7 have notch lengths of
15 mm, while U-4 and U-8 have notch lengths of 20 mm. The un-notched specimen U-28 is
also included for comparison purposes. While the strain to failure seems to be reduced on the
average, the notched specimens show the same as or even slightly higher tensile strength than the
un-notched specimens. A usual means to demonstrate the notch-insentivity of materials is to plot
the maximum load carried by the specimens as a function of reduced net section area. If the load
capacity reduces linearly with the total notch length, then the material is notch insensitive.
Notch-sensitive materials have load capacity reduction dropping at a faster rate than linear.
Figure 5 shows the notch-sensitivity plot for the four notched specimens, and clearly indicates
that at least for the notch depth used in this series of experiments, the ECC reveals notch-
insensitive behavior under uniaxial tensile loading.
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Fig. 4: Stress-Displacement curves for Fig. 5: Failure load vs notch depth relation

Notched specimens

It is interesting to note the slightly higher tensile strength (Fig. 4) of ECC when notched
compared to that of the unnotched specimens. It is possible that the presence of the notch
confines the failure plane to be on the same plane as the notch, and therefore restricts the material
from seeking out the plane with weakest bridging strength along the length of the specimen. The
argument is analogous to the comparison between three point bend and four point bend test. In a
three point bend test, there is only one (mid) plane which experience the highest stress and failure
is therefore 'restricted' to that plane. In a four point bend test, there is a mid-span in which the
bending stress is constant along the span, and therefore samples the weakest plane for failure.
As a result, four-point bend tests usually reflect lower flexural strength than three point bend
tests. This association of the final failure with the stocastic distribution of the weakest plane may
explain the observed higher averaged tensile strength in the uniaxiaily loaded notched specimens.
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Fracture behavior: The load-displacement curve of the large double cantilevered specimen of
ECC is shown in Fig. 6. The damage development associated with the four stages indicated are
shown in Figs. 7 a-d. At stage (a) shortly after the load-displacement curve tumns non-linear,
several matrix cracks can be observed on the specimen surface, emanating from or near the tip of
the casted notch. For some specimens, the matrix cracks lie at very high angles and wing out at

about 45° to the notch plane. At stage (b) close to peak load, the density of matrix cracks and the
size of the damage zone has grown. Matrix cracks can be seen to initiate from the traction free
notch surface, and the notch tip is visibly blunted by the matrix multiple cracking. At stage (c)
just past peak load, the damage zone has grown further, with matrix cracks occuring at several
notch length distances away and apparently not emanating from the notch tip. For the matrix
cracks which did emanate from the notch tip, fracture localization is observed. The damage zone
is shaped like a half-onion. At stage (d) well after peak load, further extension of the fracture
zone and opening of the matrix cracks are observed. The more visible matrix crack band is inter-
connected by another set of matrix cracks with smaller crack opening, often at right angles to the
first set of matrix cracks. The tips of the half-onion are now located at the notch tip and at a point
directly ahead of the notch at the specimen boundary.
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Fig. 8: Medium DCB Fracture Specimen
Showing Damage Around Notch.
Marker shown is 50 mm

Fig. 6: Load-Displacement Curve Of A Double
Cantilevered Beam (DCB) Specimen of ECC

In the specimen shown in Fig. 7, the damage zone appears non-symmetrical, with higher damage
density to one side of the notch plane. The localized fracture zone, while connected to the notch
tip, also appears to have nucleated at a small distance from the notch tip. This is probably
associated with the stochastic nature of the matrix flaw spatial distributions. The blunted notch
tip allows sampling and initiation of matrix cracks as well as determination of the final fracture
plane not necessary confined to that of the casted-in notch. The damage zone of another specimen
(medium DCB, Table 2), accentuating the half-onion shape and the two orthogonal sets of
cracks, is shown in Fig. 8. The development of the damage zone responds to the load
distribution in the specimen (Cox, 1991). The damage zone in the medium DCB may sense the
presence of the specimen boundary and the compressive stress there more than the large DCB.
The total fracture energy was measured and reported (Maalej et al, 1995) to be 27 kJ/m* and 34
kJ/m’ for 2% and 3% fiber reinforcement. The maximum area of damage zone was observed to
be 1150 cm’ and 1220 cm? respectively.

Je-curve: The Je-curve provides a measure of fracture energy absorption as a function of crack
extension. In a material like ECC where extensive damage occurs around the notch, the crack
length cannot be measured. In fact, extension of the traction free crack is negligible even while
Jy increases rapidly as the damage zone evolves. The best representation of this behavior is by
plotting J, against notch tip omni:m 8,, shown in Fig. 9 (Li et al, 1995) for a ECC with V, =
1%. The toughness (15 kJ/m?®) of the combined off-crack-plane damage process and the on-
fracture-plane fiber pull-out process far exceeds the initial matrix toughness of 20 J/m>
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For comparison purpose, the J-curves similarly measured for fiber reinforced cementitious
composites and neat cement paste which do not show the damage tolerance observed in ECC are
also included in Fig. 9. In addition to a higher value of steady value J,, the ECC also shows a
higher tangent modulus of the rate of increase of J, with §,.

Fig. 7: DCB Damage Evolution as a Function of Deformation
(a)A=3.10mm (b) A=7.32 mm (c) A = 19.45 mm (d) A = 23.16 mm
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ANALYTIC MODELING AND MATERIALS ENGINEERING

While the ECC damage tolerant properties described above is exceptional in brittle matrix
composites, these properties can be further improved with a better understanding of the
controlling factors governing the development of the damage zone. In this section a constitutive
model (Kabele and Horii, 1996) developed especially for the ECC described above, is used to
draw insights on directions for materials engineering which may lead to enhancement of the
damage tolerant behavior of ECC in particular, and of brittle matrix composites in general.
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Constitutive model: The uniaxial response (Fig. 2) of ECC suggests two regimes of
deformation behavior: Pre-peak stress-strain and post-peak stress-crack opening response. The
pre-peak response has an inelastic strain-hardening behavior beyond first cracking strain.
Furthermore since the strain-hardening behavior is associated with multiple cracking (cracking
strain) of the brittle matrix, it is assumed that phenomenologically, ‘yielding’ is sensitive to the
principal tensile stress only. The post-peak response is a localized fracture across which tension-
softening and fiber pull-out occurs. The set of constitutive relations has the following important
characteristics in relation to modeling ECC material response:

(1) The inelastic deformation due to multiple cracking is non-recoverable upon unloading.

(2) The Rankine yield function used ensures that inelastic response initiates whenever the
principal tensile stress reaches the first crack strength. Further, the first set of multiple matrix
cracks is initiated on planes normal to the maximum principal tensile stress.

(3) The kinematic hardening rule adopted implies that whenever strain-hardening occurs, the
yield surface expands in stress space only in the direction of the cracking strain increment. This
is physically appealing as the formation of a set of multiple cracks in one direction is not expected
to influence the stress needed to generate a new set of multiple cracks in the orthogonal direction.
(4) The associated flow rule ensures that the source of inelastic strain derives from multiple
cracking of the matrix, with strain increment due to crack opening parallel to the maximumn
principal tensile direction.

The above constitutive model of pre-peak and post-peak response of ECC in bi-axial stress state
has been implemented in a coupled finite element - boundary element model. This numerical
model has been verified by comparing model predictions with experimental observations for a
variety of specimen geometry and loading configurations, including fracture, flexure and shear
(Kabele and Horii, 1996; Kabele, 1995). In the following section, we deploy this model in the
analyzes of ECC, with a view towards understanding the fundamental properties governing
damage tolerance of this material.

To provide a sense of the capability of this model, we first summarize a simulation of damage
evolution of the DCB using the Kabele-Horii model. The material parameters required for
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prepeak response are E, v, 6, O, €,,, and for postpeak response are 6, and §,. E and v are
elastic modulus and Possions ratio. The first crack strength o, composite ultimate strength ¢ _,
and strain €, and the critical crack opening &, are indicated on the uniaxial tensile stress-
deformation curve illustrated schematically in Fig. 10. Details of the model parametric values
employed and model results can be found in Kabele (1995).

a) <)

Fig. 11: Computed Evolution Of Damage Zone

Fig. 11 shows the evolution of the damage zone in the form of contour lines of maximum
principal cracking strain for a medium size DCB. The four stages shown roughly correspond to
those shown in Fig. 7. At stage A (Fig. 11a) just beyond the linear range, it is seen that a small
damage zone has already developed. This damage zone evolves rapidly as peak load is
approached (Fig. 11b). The onion shape damage zone (Fig. 11c) reveals itself clearly as stage C
is reached, and the tip of the onion zone approaches the compression edge of the specimen ahead
of the notch at stage D (Fig. 11d). Fig. 12 shows the direction and magnitude of the principal
tensile strain near stage C. In the region near the notch (similar to that shown in Fig. 8), two
orthogonal sets of cracking strains can be observed, with the magnitude of one set much larger
than the other. The damage zone evolution and the dominant and minor sets of matrix cracks
predicted are in strong resemblance to those observed and described in connection with Fig. 7.

In both Figs. 11 and 12, it can be observed that material points strained to cracking extends back
behind the tip of the notch, implying matrix crack emanating from the notch surface. In addition,
the extended zone of large inelastic deformation wrapped around the notch even before peak load
(Fig. 11b) is indicative of blunting of the notch tip. Finally, the propagation of the traction free
crack is predicted to be significantly delayed until much beyond the peak load (Fig. 11d). These
model predictions are very consistent with experimental observations of ECC DCB specimens.
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Materials engineering: Maalej et al (1995) found that the energy consumed in the formation
of the damage zone can contribute to more than half the total fracture energy of the composite.
This is also confirmed in numerical simulation by Kabele and Horii (1996). The off-fracture-
plane energy consumption J can be used as a measure of damage tolerance of the ECC material.

Since the damage zone development is a direct result of the strain-hardening response of ECC, it
is expected that the larger the difference between o, and o, the larger is the damage zone and
J_. Similarly, since J, results from inelastic strain energy consumption,the strain capacity €,
should also influence J_. Finally, it may be expected that there is interplay between fracture
energy consumed in the tension-softening process on the fracture plane and the off-fracture-plane
damage development. The influence of prepeak stress-strain uniaxial tensile behavior and the
synergistic effect of J, on J, are investigated using the Kabele and Horri model described above.

Numerical simulation of the large DCB specimen is conducted with variable ¢, while all other
parameters are fixed. J | is computed by integration of the inelastic cracking strain in the damage
zone at initiation of the traction free crack, normalized by the traction free crack extension. The
J_ value at this loading stage is chosen because extension of the traction free crack is considered
the beginning of steady state fracture extension. All computed results are summarized in Table 3.
The universal case “univ” is used as the reference case when parametric values are varied.

Table 3: Numerical Calculation of Jm Dependence on Pre-peak and Post-peak Uniaxial
Parameters Using the Kabele-Horii Model

O Ty O.Bv\ O €mp mo Hc 2 HB 2
CaseID | (MPa) {MPa) (%) (MPa) | (kJ/m’) | (kI/m)
univ 2.20 4.32 1.96 5.78 0.66 14.3 27.9
smb-1 2.20 3.00 1.36 5.78 0.66 9.93 8.88
smb-2 2.20 3.36 1.53 5.78 0.66 11.1 12.6
sfc-1 1.00 4.32 4.32 5.78 0.66 14.3 34.6
sfc-2 1.50 4.32 2.88 5.78 0.66 14.3 33.3
e-1 2.20 4.32 1.96 2.00 0.66 14.3 11.2
e-2 2.20 4.32 1.96 4.00 0.66 14.3 18.5
dl 2.20 4.32 1.96 5.78 0.25 5.40 18.8
d2 2.20 4.32 1.96 5.78 0.45 9.72 21.4
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i. Influence of prepeak stress-strain behavior on J,: First, o, is fixed at 2.2 MPa while o, is
varied (Case smb-1 and smb-2). As G, approaches the first crack strength o, J,, rapidly drops
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88.”:% zero. For o, fixed at 4.32 MPa, J | rapidly diminishes as o, approaches the ultimate
tensile strength G, (Cases sfc-1 and sfc-2). These results can be combined into a plot of J
against the ratio G, / G, shown in Fig. 13. It is seen that J_ increases with this ratio as
expected, but appears to saturate when this ratio exceeds about 2.5. It is not yet clear whether
this saturation is real, or whether the damage zone extends to the boundary of the specimen and
therefore saturates at higher values of 6, / 6,.. Further computations are being conducted to
moa..ﬁb this point. The influence of €, on J_, with everything else fixed (e-1 and e-2) is shown
in Fig. 14. The increasing trend of J_ with €_, is self-evident.

il. Synergistic interactions between J, and J,: In the computation, J, is varied by controlling 3
while keeping everything else fixed. The results, shown in Fig. 15 confirms a synergistic omoow
cn.gwba J, and J_. The synergistic effect derives from an enlarged damage zone when the
bridging zone on the main fracture plane is longer due to the larger value of S,
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Fig. 14 Effect of &my on J, Fig. 15 Synergistic Effect of J, on J |

iii. Microstructure tailoring: Based on the results discussed above, it can be summarized that
{

| O.Ec. .
HB I ».nbﬁ Ot ,MBULU :V

although ©_, / &, and €, may not be independent of each other. The ratio G, / O, within

Mmmwv: limits can be designed. For example, the maximum bridging stress G, is given by (Li,

1 L
—grvp—L @)

(e} =
mb 2 Qm

where g is a snubbing factor (Li, 1992) related to inclined fiber bridgi i i

\ : as . ging, T is the fiber/matrix
interface friction, Ve Lyand d; are the fiber volume fraction, length and diameter respectively.
The maximum bridging stress o, is governed mainly by fiber and interface parameters.

Interface tailori i . oy .
tolerance. oring (Li and Stang, 1996) can be an effective means of achieving high damage

The first crack strength o, is mainly governed by matrix tou, i i
s . ghness and flaw size (Li and Leung,
1992). Matrix toughness can be controlled by aggregate content and water/cement Enmo
MMV.MMHMW 1983), MSa ﬂoﬁmw._aw by addition of polymers. Flaw size can be controlled by
C means (mechanical force, particle size distribution control, chemi iti
achieve desired packing density and flaw population. o chemical additves) to
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Although both the prepeak stress strain curve and the post-peak tension-sofening curve are
governed by fibers, it should be noted that J, is controlled much more by the pull-out process of
fibers, whereas the prepeak stress-strain curve is controlled mainly by the debonding process.
Hybrid fiber system, for example, can be deployed to independently control the pre-peak stress-
strain behavior and the post-peak tension-softening curve using two different fiber types.

FURTHER DISCUSSIONS AND CONCLUSIONS

From the experimental observations and analytic modeling described above, it is clear that ECC
exhibits extensive damage tolerance as a brittie matrix composite. Even in the presence of a deep
notch, ECC reveals strong capability of stress redistribution so that stress concentration
detrimental to structural integrity is removed. The stress redistribution is accomplished by a
combination of off-fracture-plane matrix cracking and inelastic energy dissipitation associated
with fiber bridging (in the ascending branch of the -3 curve), and on-fracture-plane localized
fracture with inelastic energy dissipation associated with fiber pull-out (in the descending branch
of the 6—90 curve).

The analyses described also illustrates that macroscopically, the stress redistribution is achieved
by the presence of a strongly non-linear tensile stress-strain relationship of ECC (Fig. 2). The
non-linear behavior coupled with a large strain capacity ensures a ductile response in structural
parts made from ECC, even in the presence of geometric discontinuities such as notches, cut-
outs, connections or joints. Evans (1995) pointed out that materials with ductile non-linear
response are “user-friendly” and innactly more reliable in structural design, as their strength are
governed by Guassian rather than Weibull statistics. As a result, structural parts are not subject
to size or scale effect, and the demand on material strength is lower. Design of structural parts
with such materials follows that commonly used in metal structures.

Significant damage tolerance of ECC could not have been attained without the pseudo strain-
hardening response under uniaxial tensile loading. Li (1993) found that to ensure pseudo strain-
hardening, the fiber volume fraction V, must be higher than a critical value given by

e =12 3
T gr(L,d,)s

where J;, is the crack tip toughness. §" is the crack opening at maximum bridging stress ¢, in
the 6—-6 relation. For material engineering of damage tolerant composites, eqn. (3) provides a
fundamental guideline for tailoring of fiber, matrix and interface properties. Beyond that, eqn.
(1) allows further optimization of the pre-peak stress-strain and post-peak stress-deformation
curve of the composite in controlling the extent of damage tolerance.
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