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ABSTRACT

This paper reviews recent research on cement based composites design for damage tolerance.
Specific focus is placed on the influence of fiber and interface properties on the complementary
energy of the composite crack bridging behavior, which in turn governs the mechanics of composite
fracture. The theoretical concepts are illustrated with examples of highly damage tolerant cement
based composites containing fiber types with and without chemical interfacial bonds. The
composite fracture and damage tolerant behaviors are rationalized with the mechanics of steady
state cracking in fiber composites.

1. INTRODUCTION

Damage tolerance is well recognized as an important property for structural materials. The
feasibility of designing composites with this desirable property has been suggested. Using double
edge notched cement matrix based composites, Li [1] demonstrated that with proper selection of
fiber, matrix and interface, notch insensitivity can be achieved. Development of damage tolerant
cement based composites have reached a state where structural applications are now being
considered. Severa preliminary structural component tests have revealed the value of adopting
micromechanics approach in composite materials engineering design for enhancing structura
performance [2-5].

This paper focuses on the influence of the nature of interfacial bond on composite damage
tolerance. The crack bridging behavior and associated complementary energy concept first
proposed by Marshall and Cox [6] is used as the linkage between interfacial bond and composite
fracture behavior. It is illustrated through theoretical and experimenta studies that when the
interface is dominated by chemical bond over frictional bond, the complementary energy decreases
so that steady state cracking becomes more difficult to attain, thus interrupting composite tensile
strain-hardening and damage tolerant response. However, with proper adjustments in other fiber
properties, interfaces with high chemical bonding can be rendered benign. Alternatively, by
adjusting matrix composition which influences both matrix properties and interface properties, the
same fiber can still be used in a composite which shows damage tolerant response.
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In the following the damage tolerant response for two composites is first reviewed.
Theoretical concepts are then applied to relate interface properties to crack bridging behavior and to
steady state cracking conditions. The complementary energy and damage tolerant behavior of
several composites are then discussed in this theoretical context.

2. DAMAGE TOLERANT COMPOSITE BEHAVIOR

It is well known that materials such as cement and concrete are highly notch sensitive. Both
materials are brittle with toughness less than 0.1 kJm”. In this section we review the damage
tolerant response under indentation loads of a cement based composite reinforced with Polyvinyl-
Alcohol (PVA) fibers, and the damage tolerant response under direct tensile loads of notched
specimens of another cement based composite reinforced with high modulus Polyethylene (PE)
fibers. Both fibers are in short random form. However the PVA fiber has a high chemical bond
with cement. Chemica bond is practicaly non-existent in the PE fiber/matrix interface, as
measured by single fiber pull-out tests. (To distinguish the PVA fiber used in the indentation test
from another PV A fiber to be discussed later, we shall call thisthe PVA-A fiber). The properties of
these fibers are detailed in Table 1. These two test results show that with judicious design, it is
possible to achieve damage tolerance for both fiber (interface) types. In Sections 3 and 4, however,
it is shown that damage tolerant behavior favors interface with low chemical bond in comparison
with frictional bond.

Table 1: Properties of Three Fibers Used in This Study

PVA-A PVA-B PE
Length L. (mm) 12 6 12.7
Diameter d. (mm) 0.04 0.014 0.038
Elastic modulus E, (GPa) 21.8 60 117
Nominal Strength ¢, (M Pa) 806 1666 2400

Figure 1 shows the indentation test configuration. A circular steel plateis pushed into aslab
of the specimen which is supported on its underside on a flat surface. Indentor size includes 67 mm
and 90 mm, besides the 30 mm indicated. Details can be found in [5]. Two types of specimens are
used, a PVA-A composite and a control specimen with plain mortar (cement and sand, but no
fiber). For each specimen type, test is repeated with different load area as aratio of the slab surface
area. Figure 2 shows the load deflection curves for the two specimen types. It is clear that the
deformation capacity of the composite is significantly enhanced, by as much as an order of
magnitude. The failed specimens are shown in Figs. 3 and 4. In Fig. 3, the mortar reflects the
typical response of a brittle material under a flat indentor. Radia fracture leads to complete and
catastrophic failure of the specimen. In Fig. 4, the composite specimen shows the flat indentor
punching in, without fracture of the specimen. A close up (Fig. 4b) image of the specimen reveas
microcracks, with average width of 24 um) at the edge of the punched depression. The material
under the indentor appears to undergo ‘plastic yielding’, suggesting a very high damage tolerance of
this brittle matrix composite.
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Fig. 1: Indentation Test Configuration Fig. 3: Failed Mortar Specimen

For uniaxia tensile tests, both notched and unnotched specimens of PE reinforced
composites are tested. Test details can be found in [7]. The tensile load deformation curves of these
plates (Fig. 5) show extensive inelastic straining for both notched and unnotched specimens.  U-3
and U-7 have notch lengths of 15 mm, while U-4 and U-8 have notch lengths of 20 mm. U-28 is
unnotched. The peak load is plotted as a function of the reduced section of the notched specimens
in Fig. 6 which also shows the linear reduction line for constant strength. The data of the notched
specimen lying near (and actually slightly above) this line suggests that these composites are notch-
insensitive. The surface of the notched specimen (Fig. 7) shows multiple cracks typical of strain
hardening fiber reinforced composites. Although the ultimate localized fracture is in the reduced
section, multiple cracking spreads along the full length of the specimens prior to fina failure.
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Fig. 2: Load-deflection Curves of Indentation Tests For (a) Mortar, and (b) PVA-A Composites
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Fig. 4: Failed PVA-A Specimen (a) Whole Specimen, and (b) Close-Up of Specimen Near
Indentor.

T 10
Displacement, mm

. AveragePfor \
: Unnotched

200¢

100}

000 02 04 06 08 10 12
L ~alNersslized-Gragk Eength, 2a/W

Fig. 5: Load Deformation Curves of PE-Composites  Fig. 6: Maximum Load for Specimens with
Different Notched Depths

3. THEORETICAL CONCEPTS



The fracture behavior of a deeply notched specimen of a strain-hardening composite has been
examined experimentally [7,8] and theoretically by Li [1]. The FEM anadysis is based on
congtitutive relations [9] embodying the uniaxial tensile strain-hardening response of these
composites and generalized to multi-axial response. Anaysis results show that extensive damage
development envelops the classical fiber bridging zone on the main crack plane prior to true crack
extension, resulting in toughness in excess of 25 kJ/m’ [7]. This response must be responsible for
the damage tolerant behavior observed and briefly described in Section 2 above. Thisimplies that
tensile strain-hardening manifested from multiple matrix cracking is necessary for damage tolerant
design.

Fig. 7: Damage Pattern of a Double-Edged-Notched Specimen of an ECC. Top marker is 20 mm.

The concept of multiple cracking in fiber reinforced brittle matrix composites has been extensively
studied, starting with the investigation of fiber reinforced cement by Aveston et a [10]. Marshall
and Cox [6] proposed a simple means of determining the condition for steady state crack extension,
required for multiple cracking. Based on a J-integral analysis, the condition can be written in terms
of the complementary energy C and the crack tip toughness J:

c>J,
(1)

where C is defined in terms of fiber bridging property viathe 6—6 curve:

5
C=0,0,- | o(6)d5
(2

and ¢, and o, are the maximum bridging stress and the corresponding crack opening. Graphically,
C is simply the complementary area to the left of the 6—06 relation up to peak stress. Equation (1)
suggests that damage tolerant behavior prefers a 6—o relation with large complementary energy or
area. For short random fibers in which the fiber pull out against interfacia friction, close form
analytic expression is available for the 6—0 curve in terms of fiber and interface properties [11]:
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fraction, length, diameter and Y oung's Modulus, respectively. 7 is the fiber/matrix frictiona bond
strength, and the snubbing factor g is related to a snubbing coefficient f [3] associated with the
effect of inclined fiber pull-out analogous to rope over a friction pulley. Findly, n =
(ViED)/(VimEm), where Vi, and En, are the matrix volume fraction and Young's Modulus,
respectively.

For fiber/matrix interface chemically bonded, interfacial fracture energy needs to be
overcome for debonding. In addition, when bonding is strong, fibers may rupture in the crack
opening process. The presence of chemical bond and plausibility of fiber rupture aters the 6—9
relation from that of Eq. 3. For this case, an analytic model has been constructed [12]. However,
simple close form anaytic expression for the complementary energy is not available. It is
computed numerically.

The influence of chemical bond strength on the shape of the 66 relations is schematically
illustrated in Fig. 8. This figure reveals the negative effect of chemical interfacial bond on damage
tolerance, sinceit raises the starting point of the 6—6 curve and reduces the complementary energy.
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4. COMPLEMENTARY ENERGY OF SEVERAL COMPOSITES

We consider now the 6—4 relation and complementary energy of three cement based composites. In
addition to the two composites with PVA-A and PE fibers already introduced, we add a third
composite here — a PVA-B with similar interface properties as PVA-A, but with different fiber



diameter and strength. The specific mechanical and geometric properties of PV A-B fiber have also
been collected in Table 1.

Table 2 shows the interfacia properties measured from single fiber pull-out tests[12, 13] of
these three composites. For the PVA fibers, the pull-out test load-deformation curves show a
sudden drop at peak pull-out load, which is used to calibrate the interfacia fracture energy. The
fiber strength reduction factor ' is used to reflect lower apparent strength of PV A fibers observed in
inclined pull-to-rupture tests [14].

The 6-0 relations for the three composites are shown in Fig. 9, based on the high end of the
G, value (6 Jm?). Therange of G, valueis dueto the variation in the single fiber pull-out data. The
corresponding complementary energy C is tabulated in Table 2. For the composites with PVA-B
and PE fibers, the cementitious matrices have similar w/c ratio of 0.27, E, = 23 GPa, and J, = 2 - 4.7
Jm’ from uniaxial and fracture tests of the matrix. The matrix for the composite with PVA-A fiber
has a higher wi/c ratio of 0.47 and the J, value may be expected to be less than the indicated range.
Equation (1) and the values of C in the last row of Table 2 therefore provide a clear explanation
why the composites with PVA-A and PE fibers satisfy the steady state cracking criteria, and
therefore can be expected to show tensile strain-hardening and to exhibit damage tolerant behavior
as described in Section 2 above. In contrast, the composite with PVA-B cannot be expected to
show damage tolerant behavior. Indeed, this composite shows very margina strain-hardening
response under uniaxial tensile loading, with only a few widdy spaced multiple cracks. The strain
capacities of the three composites are also included in Table 2.

It should be noted that even with the PVA-B fiber, damage tolerance could be designed by
lowering the J, and interface chemical bond via control of the matrix design. Indeed ductile
indentation behavior similar to that shown in Fig. 1 has been demonstrated with PVA-B fiber by
thisroute.

Table 2: Interface and Composite Properties

PVA-A | PVA-B | PE
Interfacial Toughness (J/m?) 3.0-6.0 |30-6.0 |00
Interfacial Friction (M Pa) 2.0 3.0 0.7
Snubbing Coefficient f 0.5 0.5 0.8
Fiber Strength Reduction Factor f’ 0.3 0.3 0.0
Fiber Volume Fraction (%) 2 15 2
Water/Cement Ratio 0.47 0.27 0.27
Tensile Strain Capacity (%) 12 0.22 55
J. (IIm°) 2-47 |2-47 |2-47
Complementary Energy C (J/m°) 45-89 (03-27 | 174

5. CONCLUSIONS

1. Chemical interfacial bond reduces the complementary energy in crack bridging behavior of
composites in comparison with those with only interfacial friction, and may therefore lead to
the vanishing of damage tolerant behavior. This is illustrated by comparing the mechanical
behavior of the PE composite and the PV A-B composite.



Even in the presence of chemical bond, proper combination of fiber, matrix and interface
properties can still lead to a 606 relation which has sufficient complementary energy to cause
steady state cracking, and damage tolerant response. This is demonstrated with the composite
using PVA-A fiber.

Design of damage tolerant composites for structural applications can be conducted on arationa
basis making use of steady state crack mechanics and micromechanica modeling of the 6—6
relation. The availability of c—o relation models for a variety of fiber properties and interfacial
characteristics [12, 14-17] provides a foundation for composite design with a variety of fiber
types.

The linkage between interfacial characteristics and composite damage tolerant properties
provides guidelines for tailoring the interface of agiven fiber for desirable composite behavior.
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