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EFFECTS OF CONFINEMENT ON THE FAILURE
MECHANISM IN CEMENTITIOUS MATERIALS

CRAIG ASHTON RUTLAND
B.S. Civil Engineering, University of Illinois, Urbana, 1985
M.S. Civil Engineering, University of Illinois, Urbana, 1986
Ph.D. Civil Engineering, University of New Mexico, 1995

In this study it is shown that there is a change in the orientation of the failure plane of cementitious materials
as confinement increases. It is also found that localized macroscopic behavior begins at or near the peak
stress. The implications of this and the stress-strain data on the constitutive model are discussed. Necessary
conditions for the prediction of a change in the angle of the failure plane with increasing confining pressure
are developed. Conflicting data on the failure mechanism and specifically the orientation of the failure plane

under triaxial compression provided the impetus for this study.

An examination of several different methods of relieving friction between the platens and specimens is
performed. A new type of specimen is developed using ceramic rods as aggregates to produce a two
dimensional specimen. These specimens were tested in biaxial compression and are compared to standard
specimens tested in triaxial compression. In addition, a new method for determining strains from the changes

in X-ray intensity is developed as part of this study:
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1.0 INTRODUCTION

Triaxial tests on rocks performed by Dunn et al [1973], Wawersik and Brace [1971], and Heard [1966] have
shown that at high confining pressures the angle of the failure plane changes with confining pressure for
geologic materials. At present there are no data for concrete that relates the confinement to the change in the
angle of the principal failure plane at low confining pressures. However, tests by Mills [1967], Zimmerman
[1972], and Richart et al. [1928] provide evidence and a concept of failure in which cementitious materials

will always fail in a direction parallel to the maximum compressive stress.

Palaniswamy and Shah [1972] commenting on triaxial tests on hardened cement paste state that “Two
distinctly different modes of behavior were observed. For relatively low pressures, the failure was preceded
by large strains and the specimen split into several pieces. In contrast, for high lateral pressures, the
specimens remained intact, the strains at failure were smaller and crushing and crumbling was evident.”
Palaniswamy and Shah [1974] state the same for triaxial tests on mortar and concrete. Balmer [1949] tested
oven dried specimens to lateral pressures of 25 ksi with relief of the platen-specimen friction. He states that
the Mohr envelope is curved and noted that the angle of the failure plane must change with increasing
confining pressure; however, his attempts to measure the angle of the failure plane were thwarted by the
presence of cones at the ends of the specimens. These cones were a result of the friction between the platens

and specimens.

In this study it is shown that there is a change in the orientation of the failure plane as confinement increases.
It is also found that localized macroscopic behavior begins at or near the peak load. The implications of this
and the stress-strain data on the constitutive model are discussed. Necessary conditions for the prediction of
changing failure angle with increasing confinement are presented in the context of constitutive modeling.
Furthermore, it is shown that if the ratios of the eigenvalues of a plastic deformation tensor in a simple
plasticity model vary with confining pressure, then the orientation of the failure plane will change with
confining pressure. With guidance from experimental data a simple plasticity model is developed that

captures the primary feature of the observed change in the failure angle.

A new method for determining strains from the changes in X-ray intensity has been developed as part of this
study. In addition, a new type of specimen is developed using ceramic rods as aggregates to produce a two
dimensional specimen. These specimens are tested in biaxial compression to compare with standard

specimens tested in triaxial compression.
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In summary, this study provides a quantitative analysis of the effects of confinement on the failure plane of
cementitious materials under quasi-static compressive loads. Emphasis was placed on the relationship of the

angle of the failure plane and the confining pressure at pressures between 0 and 8000 psi.
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2.0 BACKGROUND

At this point it is necessary to review relevant information about the behavior and modeling of cementitious

materials.

Cementitious materials are characterized as being heterogeneous, multi-phase, and quasi-brittle. Cementitious
materials are usually made up of aggregates bound together by a pozzolanic binder which usually contains air
voids. While such a material is heterogeneous locally, there is some scale at which this material is
homogeneous globally. Although cementitious materials fail by developing cracks, classical fracture

mechanics cannot explain entirely the global behavior.
2.10 BEHAVIOR

The behavior of cementitious materials is usually described and studied on three different scales: macro,
meso, and micro. The macroscopic behavior of the cementitious materials describes the response of the
material as a continuum. Therefore, the characteristic length is several times larger than the largest aggregate.
For most concretes this length is greater than 3 inches. Behavior at this scale is often described using strength
characteristics such as maximum and critical average stress, average stress-strain curves, modulus, angle of the

failure plane, etc.

The description of the response at the mesoscopic scale centers on the interactions of the material constituents,
usually at the interfaces. For example, the interaction between the cement matrix and the aggregate in
concretes usually occurs on a mesoscopic scale. The behavior at this level is described by the initiation and
propagation of cracks (debonding) and the mode of fracture. The characteristic length of the mesoscopic scale

ranges from 107 to 1 inch depending on the size of the aggregate.
Microscopic behavior is described by the physical and chemical processes of the material. The characteristic
length of this scale is less than 10~ inches. It should be noted that cracks at the meso and microscopic scale

are called microcracks.

The general macroscopic behavior of cementitious materials is well documented. Much research has been

conducted to examine the factors that affect this macroscopic behavior.
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2.11 MACROSCOPIC BEHAVIOR

Figure 2-1 shows the general average stress-strain relationship for typical cementitious materials in uniaxial
compression. Such a relationship is usually obtained from uniaxial compression tests, which provide load

versus displacement data. The load and the displacement are averaged to obtain the average stress and strain.

When the specimen is initially loaded, the average stress and strain are nearly linearly related up to a point
called the proportional limit. This may be as low as 30% of the peak load for uniaxial compression. As the
load is increased beyond this point the relationship becomes nonlinear, the modulus will degrade and some
'permanent deformation will develop (figure 2-2). At a load between 70% and 90% of the maximum this
nonlinearity increases rapidly. This point is called the critical stress. The lateral expansion at this point also
increases rapidly and the specimen begins to dilate. Further increase in the load leads to a maximum value of

load beyond which the material cannot sustain.
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Figure 2-1: Typical Stress-Strain

Figure 2-2: Typical Stress-Strain Curve Showing
Characteristics under Uniaxial Compression

! Permanent Deformation and Modulus
(Schickert [1973]) Degradation (Gopalartnam and Shah [1985])

Usually the tests are either displacement controlled or strain controlled. Displacement controlled unconfined
tests often lead to an abrupt or brittle failure with the maximum load being less than for comparable stain
controlled tests. Such behavior suggests that the loading device is not stiff enough. Glucklich [1965] placed a
spring between a specimen and loading platen and found that the compressive strength was as low as 35% of
that obtained without the spring. If the tests are strain controlled or displacement controlled on a sufficiently

stiff loading device, additional post-peak behavior can be obtained. This descending portion of the average

stress-strain curve is often called softening.

There is debate over the actual cause of softening. Some evidence from tests suggests it may be a material

phenomenon, a manifestation of the loading conditions, a result of distributed cracking, or a consequence of




localized strains. Van Mier [1984] has conducted several experiments where the post-peak average stress-
strain relation changed as the slenderness of the specimens was increased. Shah and Sankar [1987] found
similarly that a different post-peak relation was obtained when using different gauge lengths. Kotsovos [1983]
found that the post peak behavior varied with different methods of load application and specifically for
different types of friction relief, for example, steel platens, brush platens, steel platens with aluminum sheets
and grease. Material softening alone will not predict this. The theory of localized strains provides a possible

explanation for this phenomenon.

With the theory of localization there exists a zone where the strains are increasing faster than in the rest of the
material. The strains outside of this zone may even decrease as strains increase in the zone. Such a zone is
often described as a band where inhomogeneous deformations can occur in a uniformly loaded, initially
homogeneous material. Shah and Sankar [1987] suggest that confinement produced by the loading device
may cause the unconfined central portion of a specimen to deform more than the confined ends. Figure 2-3a
shows that the axial distribution of the lateral deformation for a specimen with no friction relief while 2-3b
shows the same data for a test which used 1.5 thick cap blocks to relieve friction. These data suggest that the
friction between the specimen and loading device does affect the deformation within the specimen and the
development of localized behavior. Torrenti et al. [1988] provide some experimental results that suggest the
presence of a zone of localized shear near the peak stress in compressive tests. Dunn et al. [1973] has shown

that sandstone has a ﬁmte zone over which the principal failure takes place.
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Figure 2-3: Load versus Axial and Diametrical Deformation Profile for Concrete
(Shah and Sanker [1987])

At this point it is necessary to explain what is meant by brittle and ductile behavior. In general, most
researchers distinguish between the two types of behavior by considering the post peak response in the load
displacement curve. Brittle behavior is characterized by an abrupt loss of load carrying capacity, which

generally produces a sharp peak. Ductile behavior is characterized by a gradual loss of load carrying capacity,
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which generally produces a rounded peak. Since each persons’ definition of gradual is different, the author
attempts to discuss the behavior in relativistic terms, i.e., more ductile, which means more gradual reduction of

load in the post peak.

Some researchers also use the terms brittle and ductile to describe the failure of the material. Brittle failure are
characterized by large (long) cracks with sharp edges. Ductile failures are characterized by many small cracks
with dull edges. Horii and Nemat-Nasser [1986] state brittle behavior occurs when the growth of the plastic
zone in front of a crack is dominated by the growth of the crack. Ductile behavior occurs when the growth of

the plastic zone out paces the growth of the crack.

Palaniswamy and Shah [1974] use brittle and ductile to describe the strain at maximum load. They state that a

test with a lower strain than another test at the peak load is more brittle than the other test.

If confining pressure on the sample is increased (triaxial

tests) the behavior becomes more ductile (figure 2-4). At

Stress Dffference

very high pressures the deviator stress-strain curve will
exhibit stress increasing to a plateau or "yielding" stress.
As the confinement is increased the initial modulus,
determined from the deviator stress-strain curve, also : \

increases. As in many soils, cementitious materials

exhibit shear enhanced compaction under triaxial
conditions (figure 2-5a). Such behavior is normally

associated with granular materials.

Resende [1987] reports that under a pure hydrostatic load

TRANSVERSE AXIAL

. . . . ! 1
the pressure-volumetric strain curve is shown in figure 907 — 0% R Tt

strain
2-5b. At first the tangent bulk modulus decreases then . .
Figure 2-4: Deviator Stress versus Axial and
increases as pressure increases. During unloading the Transverse Strain Under Triaxial

initial unloading bulk modulus is reported to be constant Compression (Green and Swanson [1973])

and equal to the initial loading modulus. As the pressure decreases the modulus drops off dramatically. This
behavior may be a result of cracks that were formed or may have been caused by viscous effects. Zimmerman
[1965] and Chinn and Zimmerman [1965] found that the uniaxial strength decreases when the specimen is
subjected to a hydrostatic load and unloaded prior to applying the uniaxial load. They also noted large
permanent deformations to the specimens after the application of the hydrostatic load. Zimmerman [1965]
found a .56% reduction in the uniaxial strength for every 1000 psi of hydrostatic pressure applied. Thus,

under a purely hydrostatic load, damage may occur, but its effects on the modulus may not be immediately

2-4




reflected because the confining pressure keeps the voids and cracks closed.
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(a) Mean Pressure versus Volumetric Strain  (b) Idealized Pressure versus Volumetric Strain Curve
in Triaxial Compression (Resende [1987])
(Green and Swanson [1973])

Figure 2-5: Hydrostatic Loading

The tensile strength of cementitious materials is only a fraction of their compressive strength. For normal
concretes the tensile strength is about one tenth of the compressive strength. Often the tensile strength is taken
to be zero in the design of concrete beams. When the tensile strength is used it is usually assumed to be linear
elastic to a maximum level at which it fractures. However, carefully designed tests have shown that the shape
of the average stress-strain curve for tensile loading is similar to that for compressive loading. Figure 2-6

shows data obtained from a set of tensile tests performed by Evans and Marthe [1968].

The ascending portion of the average tensile stress-strain curve is much more linear than compression of
concrete up to a stress, the critical stress, between 70% and 90% of the maximum tensile stress after which the
behavior becomes very nonlinear. The initial modulus (computed from the deviator stress-strain curve) of
virgin concretes in tension is comparable to that in compression. Evans and Marthe [1968] and Gopalaratnam
and Shah [1985] provide evidence that strains localize in tensile tests near the critical stress in the vicinity of

the failure plane.
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Figure 2-6: Complete Stress-Strain Curve in Direct Tension (Evans and Marthe [1968])

Reinhardt and Cormelissen [1984] show that when >a
cylinder of concrete is cyclically loaded between
tension and compression the modulus in compression
remained large while the modulus in tension degraded

(figure 2-7). This indicates that there is a deactivation

of the tensile damage (cracks formed by the tensile

loading are closed). They also show that as the

maximum comp;essive stress of the cycle is increased
the degradation of the tensile modulus increased. This
indicates that the compressive loads may be causing
damage perpendicular to the direction of loading or at
least enhancing the development of damage which is
consistent with the development of cracks parallel to the
direction of maximum compression under uniaxial

compressive loads.
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Figure 2-7: Stress Deformation Curve Under
Alternating Loads
(Reinhardt and Cornelissen [1984])

It is well known that the strength, both tensile and compressive, increases as the strain rate increases. Under

long term static loads, the strength of concrete reduces

and deflections (strains) increase. This behavior is

often called creep. Meyers, Slate, and Winter [1969] studied creep effects in concrete and found that concrete

will fail under sustained load (creep) once the rate of load induced (as opposed to pores and shrinkage) mortar

crack formation increases significantly. This is typically between 70 and 100% of the peak uniaxial strength

under monotonically increasing load. Sustained loads
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increase bond cracks. Glucklich [1965] and Shah and Chandra {1970] came to similar conclusions. Tests by

Welch [1965] in direct tension and flexure showed similar results.

The average stress-strain curve obtained in 6 l l l ]
compression depends upon the strain gradient in the = ECCENTRIC  SPECIMENS

specimen. Compressive tests performed by Sturman % 4l

et al. [1965] show that the average stress-strain curve :é, .

(figure 2-8) changes when the load is applied 3 2 CONCENTRIC SPECIMENS
eccentrically instead of concentrically. The E

ascending portions of the average stress-strain curves ati)o ,620 24{)0 32'00 7500
are very similar; however, the peak stress is slightly STRAIN (MICROINCH/IN )

higher and the strain at failure is much larger for the ~ Figure 2-8: Stress-Strain Curves for Eccentric
and Concentric Uniaxial Compression

eccentrically loaded specimen. (Sturman et al. [1965])

Over the past 50 years the strength and material properties of geotechnical materials have been studied. In
particular, the effects of properties such as aggregate size, aggregate shape, aggregate/cement ratio, porosity,
etc. on the development of the strength characteristics have been investigated. The geometry of the test
samples has been shown to affect the strength characteristics and failure mechanism in concretes. In addition
rfhe influences of load path (confinement) on the- dévelopment of the strength characteristics and failure

mechanism have been studied.
2.12 FACTORS INFLUENCING MACROSCOPIC BEHAVIOR

One of the major constituents in concrete is the aggregate. Many researchers have shown that the properties of
these aggregates have a large influence on the strength characteristics of concrete. It is well known that the
aggregate-cement interface is a source for crack initiation as well as a location of crack arrest. Therefore, it is

important to review some of the influences that aggregate properties have on the strength of concrete.

Walker and Bloem [1960] investigated the effects of maximum aggregate size, air entrainment, and
aggregate/cement ratio on the compressive, flexural, and tensile strength of concrete. Their study showed that
for low aggregate/cement ratios, the compressive strength increases moderately as the aggregate maximum
size increases. With higher aggregate/cement ratios the trend is reversed and the compressive strength
decreases markedly as the aggregate maximum size increases. The flexural strength followed similar trends
but to a far less degree. Similar results were reported by Cordon and Gillespie [1963], Bloem and Gaynor

[1963], and Hester [1985].
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Kadlecek and Spetla [1967] found that the tensile strength was unaffected by the aggregate top size unless the
top-size was greater than one third of the smallest specimen dimension. This provides some indicatio