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Abstract
The Strength and Deformation Properties of Melange
by
Eric Stuart Lindquist
Doctor of Philosophy in Civil Engineering
University of California at Berkeley

Professor Richard E. Goodman, Chair

Physical model melanges made up of stronger and stiffer blocks in a weaker and
softer matrix were tested in triaxial compression to study the effect block proportion and
orientation have on melange strength and stiffness. The results of these tests showed that
increasing the block proportion generally decreased the cohesion, increased the angle of
internal friction and increased the modulus of deformation of the models. The highest
block proportion specimens (approximately 70% blocks by volume) had a cohesion as low
as half of that of the matrix and an angle of internal friction as much as 16.5° higher than
that of the matrix. Block orientation also affected the strength, most notably the cohesion.
The specimens with the most adversely oriented blocks (i.e. blocks at an angle of 30°
relative to the axial loading direction) had the lowest cohesion. The modulus of
deformation was also affected by block orientation. The modulus increased with
increasing block proportion, and this increase was most pronounced for the models with
blocks oriented parallel to the axial loading direction and least pronounced for those with

blocks oriented perpendicular to the axial loading direction.

These results were compared with some limited triaxial compression test data from
actual melange specimens. The strength and deformation behavior exhibited by the actual

melange specimens compared favorably with that shown by the physical models (i.e. the



angle of internal friction and stiffness of the actual melange specimens increased with

increasing block proportion).

Based on the physical model and actual melange test data some design

recommendations are given regarding the strength and deformation properties of melange.

Approved:
Professor Richard E. Goodman, Chair
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Chapter 1 Introduction
CHAPTER 1
INTRODUCTION

1.1 Melange Description

Melange is the French word for "mixture”. Over the years the word melange has
been used to describe a wide variety of rock formations each with its own individual
characteristics. Because of this extensive usage, creating a single all encompassing
definition has been a daunting task. The most satisfactory definition I have found is that
given in the Dictionary of Geological Terms (Bates and Jackson, 1984).

Melange - A mappable body of rock that includes fragments and blocks of

all sizes, both exotic and native, embedded in a fragmented and generally

sheared matrix.

In essence, therefore, a melange is a rock body made up of blocks in a matrix (i.e. a block-
in-matrix rock or bimrock (Medley, 1994)). Other examples of bimrocks are

conglomerate, sheared serpentinite and breccia.

Melange formation is a highly controversial topic. It has been postulated that
melanges form by one of two general processes. The first is sedimentary mixing. In this
process initially bedded unconsolidated sediments are mixed by submarine gravity sliding
and later lithified. Melanges formed by this process are called olistostromes. The second
explanation of melange genesis is tectonic mixing. Tectonic mixing theories explain that a
melange forms as part of the accretionary wedge during subduction at plate boundaries.
Melanges formed by this process are known as tectonic melanges. Many melanges may

well have formed by a combination of these two processes. More detailed discussions of
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melange formation can be found in papers by Cowan (1978), Cowan and Silling (1978),
Aalto (1982), Cloos (1984) and many others.

Melanges are found in over 60 countries. Figure 1.1 (Medley, 1994) shows the
world distribution of melange. Based on this map and some knowledge of plate tectonics,

it is quite clear that melanges are indeed formed in subduction environments.

The melange found in California belongs to the Franciscan formation. Figure 1.2
shows an outcrop of Franciscan melange. The blocks in this photograph are greywacke
sandstone énd the matrix is sheared shale or argillite. At other places, blocks of siltstone,
intact shale, tuff, chert and various types of metamorphic rock can be found in the
Franciscan. Although universal agreement has never been reached, it is now generally
believed that both olistostromes and tectonic melange can be found in the Franciscan, and

much of the melange was probably created by a combination of these processes.
Some notable features of Franciscan melange are listed below.
1. It consists of stronger blocks embedded in a weaker matrix.
2. It has a sheared matrix that ranges from being weakly fissile to markedly scaly. This
shearing creates an anisotropic rock fabric. In detail the shears curve around the block

margins, the result being that the block-matrix contacts are often sheared.

3. Blocks range in shape from round to elongate and lenticular to tabular. Some blocks

show pinch-swell features.
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Figure 1.2 Typical Franciscan Melange

4. Each block's longest axis tends to be generally aligned with the shear fabric found in the

matrix; hence, smaller blocks tend to align themselves with the margins of larger blocks.

5. Blocks range in size from fragments too small for the eye to see, to slabs thousands of

meters long.

The aforementioned characteristics of Franciscan melange have been described by
Cowan (1978 and 1985) and other authors. They were substantiated by personal

observations made along the California coast.

These characteristics of Franciscan melanges, are found in other melanges as well;

thus the results of this research have a wide applicability. Similar melanges, found through

4



Chapter 1 Introduction
a literature search, include the melange in the Shimanto Belt of Japan (Kano et al., 1991),
the Lichi melange of Taiwan (Page, 1978), the Argille Scagliose (melange) of Italy (Page,
1978), the Uyak (Moore and Wheeler, 1978), Ghost Rocks (Byrne, 1984) and other
melanges of Alaska (Cowan, 1985), the Humber Arm Slice Assemblage of Western
Newfoundland (Waldron et al., 1988), and the Oyo Complex melange of Nias Island,
Indonesia (Moore and Karig, 1980). Sheared serpentinites, which Cowan (1985)
described as, "a weakly to strongly foliated, scaly matrix of generally friable serpentinite
containing rounded to lenticular blocks of partly to wholly serpentinized ultramafic rocks,
mafic igneous rock, and, in some cases, a wide variety of sedimentary-rock types," may be

another bimrock to which these research findings can be applied.
1.2 Difficulty Assessing Mechanical Properties

Due to their complex nature, melanges are difficult engineering materials. D'Elia et
al. (1984) stated the following regarding the Argille Scagliose, "Given the lithologic and
structural characters of the Argille Scagliose it was not possible to carry out laboratory or
in-situ tests capable of providing data on the mechanical properties of the mass formation."
The mass was simply too heterogeneous to be captured in a small sample. This fact has
been realized by many engineers and geologists working with melanges all over the world.

The reasons for this difficulty include:

1. Obtaining "undisturbed" samples of a mixture of harder blocks in weaker matrix is quite
difficult by coring since the drilling resistance of the harder and softer materials are
significantly different. This difference in drilling resistance can cause the harder materials
to gouge into the weaker materials resulting in significant sample disturbance, or even a

complete loss of the weaker material.
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2. Even if one were able to recover an undisturbed sample, it is improbable that the sample
would be representative of the melange mass of interest. Large in-situ test samples are
perhaps the most promising approach to finding and testing a representative sample, but

even this possibility seems remote.

For these reasons, a different approaéh is needed for determining the mechanical

properties of a melange.

It has been found possible to recover and test samples of pure matrix and pure
block. Realistically the mechanical properties of the block and matrix components at any
site can therefore be determined independently. With these data, one approach might be to
design based on the properties of the weaker matrix; however this approach neglects the
possibility that the blocks strengthen and stiffen a melange mass, therefore it may be
overconservative. A less conservative alternative approach was proposed by Volpe et al.
(1991). They suggested that the strength of a melange mass could be represented by the
weighted average of the strengths of the weaker matrix and stronger blocks based on their
volumetric proportions. Unfortunately, no theoretical basis was provided for this strength
model except the intuitive belief that the two components must share in the strength of the

whole.
1.3 Research Goals and Dissertation Outline

This research was prompted by an effort to investigate strength models such as that
proposed by Volpe et al. (1991). The goals of this research were therefore to determine
how the Mohr-Coulomb strength parameters (i.e. cohesion and angle of internal friction)

and the stress-strain behavior of melanges are affected by block proportion and block

6



Chapter 1 Introduction
orientation. The aim was to create practical rules that could be used to predict the strength

and deformation properties of complex melanges given reasonably accessible information.

As a means to this end, an extensive literature review was completed in an attempt
to locate information on the mechanical properties of melange and other block-in-matrix
materials (Chapter 2). In addition to this literature review, physical model melanges were
fabricated and tested in triaxial compression to study how the block and matrix mechanical
properties, their volumetric proportions and block orientation were related to the mechanical
properties of the model melange mass. Model fabrication and test procedures are discussed
in Chapter 3. Chapter 4 summarizes the test results. A discussion and interpretation of

-these results are found in Chapter 5. In this discussion I have attempted to explain the
deformation and strength behavior exhibited by the models. Specimens of Franciscan
melange that were tested in triaxial compression in 1982 and 1983 have been re-examined.
The results of these tests on actual melange were compared to the physical model results in
an attempt to substantiate the physical model findings (Chapter 6). Chapter 7 presents my

recommendations for predicting the mechanical properties of melanges.
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CHAPTER 2
REVIEW OF PREVIOUS WORK

As discussed in the Introduction, we are interested in melanges made up of
stronger, stiffer blocks in a weaker, softer matrix. This section reviews previous studies
that attempted to relate the volumetric proportion of blocks to the shear strength (cohesion
and angle of internal friction) and stiffness (modulus of deformation) of a variety of block-

in-matrix materials.
2.1 Melanges

Very few studies of the mechanical properties of melanges have been found. Most
commonly the strength and deformation characteristics of the melange matrix are assumed
to be representative of the melange mass. This section discusses the small number of

investigations that attempted to quantify melange strength and deformation properties.

Bedrosian (1978 and 1980) examined slope stability of the Franciscan melange in
the Geysers Geothermal Resources Area in northern California. Her investigations led her
to suggest that, "Clearly the matrix, being the weakest component, controls the overall
stability of slopes underlain by the melange.” In Italy, this assumption has been
consistently applied by engineers working with the complex Argille Scagliose (melange).
For example, in two reports by the Italian Geotechnical Association only the properties of
the matrix were reported because it was believed that the matrix controlled the overall
mechanical behaviour of the rock mass (AGI, 1979 and 1985). This supposition makes

sense when the matrix component makes up the vast majority of the melange mass. It
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seems intuitive, however, that in areas where rock blocks are more abundant this

assumption might be overly conservative.

Evidence provided by both natural and constructed slopes indicates that assuming
the mechanical properties of a melange to be completely controlled by the matrix is indeed
overconservative. For example, earthflows tend to occur in Franciscan melange in areas
where the ratio of blocks to matrix is relatively low but not in areas where the block to
matrix ratio is high (Savina, 1978). This strongly suggests that the blocks increase slope
stability (i.e. increase the mass strength). D'Elia et al. (1984) provided evidence that the
presence of stronger blocks influenced the mass behavior of a melange. During their study
of a high cut made in the Argille Scagliose they discovered that, "For representing the in-
situ strength ... the upper limit of the shear strength envelopes of the material tested in the
laboratory was assumed as being more significant." The only "material tested" in this case
was the matrix, a clay shale. Considering the fact that only approximately 15% of the
formation in which the cut was made was the block component, it appears that stronger
blocks did influence the mass mechanical properties of the melan ge even when they were
present at relatively low proportions. D'Elia et al. (1988) attempted to explain this by
suggesting, "the rock component may hinder the formation of regular and continuous slip

surfaces." Unfortunately, this hypothesized behavior has not previously been observed.

2.2 Other Block-in-Matrix Materials

2.2.1 Other Rock Types

Conglomerate, tillite, sheared serpentinite and breccia are other examples of bleck-
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in-matrix rock. In cases where recovering a representative core sample is not possible, the
mechanical properties of these materials are most often determined by large-scale in-situ
tests. However it may not always be feasible to test representative samples in-situ, most
notably when the block sizes are too large to be reasonably included even in large scale
tests. In such cases, the strength and deformation properties of the matrix are most
commonly assumed to be representative of the mass. The only study I located which
considered the effect of larger blocks on shear strength was done by Savely (1990).
Savely (1990) suggested that the cohesion of a boulder conglomerate mass should be
assumed to be the same as that of the matrix material, and that the angle of internal friction
would be higher than that of the matrix due not only to block-to-block contacts, but also to
cobbles and boulders (blocks) increasing the tortuousity of the failure surface. In other
words, Savely hypothesized that the cohesion for a boulder conglomerate would be
independent of block proportion and the angle of internal friction would increase with
increasing block proportion. As with melange, the magnitude of this increase has not

previously been quantified.

2.2.2 Portland Cement Concrete

Portland cement concrete can be viewed as an "artificial melange"”. Asin a
melange, normal-weight concrete is a mixture of stronger blocks (aggregate) in a weaker
matrix (cement paste). The effect of aggregate proportion on the elastic modulus and the
uniaxial compressive strength ("shear strength" is not of great interest in concrete) has been

discussed by many authors. A brief review of a few representative papers is given below.

Stock et al. (1979) collected data from many sources to create plots of uniaxial

compressive strength versus aggregate proportion. Figure 2.1 shows some representative

10
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results from various authors as reported by Stock et al. (1979). I have also included some
unpublished data provided to me by University of California at Berkeley Civil Engineering
Professor Paulo Monteiro. The data in Figure 2.1 indicate that the uniaxial compressive
strength of concrete drops, at least initially, as the aggregate volume is increased. Some of
these data suggest that this trend reverses itself at higher aggregate proportions. A possible
explanation for why concrete strength drops as the aggregate proportion is increased is that
the volume of cement paste immediately surrounding a piece of aggregate is a zone of
higher porosity and therefore weakness. This volume of weak material is known as the
"transition zone" (Mehta and Monteiro, 1993). Adding aggregate, therefore, introduces
multiple weak links in a concrete mass. This quite conceivably explains why concrete

becomes weaker as aggregate proportion is increased.

A significant number of experimental and theoretical studies considered the
relationship between aggregate proportion and elastic modulus. In many of these studies
various theoretical and empirical formulae were used to predict the elastic modulus of
concrete given the elastic properties (elastic moduli and sometimes Poisson's ratios) of the
cement paste and aggregate and the volumetric pyoporﬁons of these two concrete
components. Hirsch (1962), Counto (1964), Hansen (1965), Stock et al. (1979),
Benveniste (1987) and Mehta and Monteiro (1993) are just a few of the authors who either
proposed and/or discussed predictive models for the modulus. A discussion of some of the
simplest theoretical formulae for predicting the elastic modulus of multiphase materials is
reserved until Section 5.1. Experimental results for concrete from a few different sources
are presented in Figure 2.2. These results show that the elastic modulus of concrete
increases with increasing aggregate proportion (as long as the aggregate has a higher elastic
modulus than the cement paste). It has been shown that this increase is generally not as

great as is predicted by the strict Hashin-Shtrikman bounds (Hashin and Shtrikman (1963)

11
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used variational principles in the theory of elasticity to set upper and lower bounds on the
elastic modulus of multiphase materials) due to the presence of the more porous and
therefore "softer” transition zone (Nilsen and Monteiro, 1993). This transition zone is a

"third component" of concrete that has not been accounted for in any analytical models to

date.
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Figure 2.1 Uniaxial Compressive Strength versus Aggregate Proportion (after Stock
et al., 1979)
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2.2.3 Heterogeneous Soils

Heterogeneous soil mixtures consisting of coarser particles in a finer matrix can
also be viewed as a sort of "melange”. Heterogeneous soils result from both natural and
artificial processes. Tills, alluvium, colluvium and fault gouge are all examples of naturally
formed heterogeneous soils. Artificially formed heterogeneous soils include earth-rock fill

and mine waste. As discussed previously, the best way of assessing the strength of a

13
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block-in-matrix material is to test a sample large enough to include the full range of particle
sizes. For example, it has been suggested that large samples are required to determine the
strength of tills (McGown and Derbyshire, 1977 and McKinlay et al., 1974). As for other
block-in-matrix materials, it will not always be feasible to test samples large enough to be
representative of the mass. In these cases, a relationship between a soil's coarse particle

proportion and its mechanical properties will be required.

Many melanges have matrixes that are "rock-like" (i.e. they are stronger and more
brittle than soil and they tend to fail by fracturing). The differences in strength as well as
stiffness of the matrix material and the individual coarse particles in a heterogeneous soil is
most often many orders of magnitude. This is not typically the case for a melange. In
certain cases however, a melange matrix may be sheared to such an extent that it is
essentially a soil. For this reason, it is believed that the results of experimental studies that
addressed the effect of coarse particle (block) proportion on a soil's mechanical properties
will be relevant to at least "soil matrix" melanges. It is unclear if these results will be

applicable to melanges with "rock" matrixes.

The studies I have located that relate coarse particle proportion to the strength and
deformation properties of heterogeneous soils are listed in Table 2.1. Table 2.1 identifies
the test type, matrix material and coarse particles used in each case. Most of this previous
experimental work examined the effect of coarse particle proportion on a soil's Mohr-
Coulomb shear strength parameters (i.e. either the total and/or effective stress peak and/or
residual cohesion and angle of internal friction), and some studied how the deformation
properties (e.g. material stiffness and dilatancy) were affected by coarse particle

proportion. A discussion of the results of these studies follows. I have broken down the

14
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Table 2.1 Summary of Previous Experimental Work On Heterogeneous Soils

Reference Test Type Matrix Material | Coarse Particles | Notes

Holtz and triaxial medium to subrounded to samples compacted to

Gibbs (1956) (CD) coarse sand angular gravel 50% and 70% relative
density

Miller and triaxial (UU) silty clay sand and samples compacted to

Sowers (1957) no ppm* fine gravel maximum dry density
(standard Proctor)

Kurata and direct shear silt and clay sand loose samples

Fujishita (1960) | (CU) consolidated under the

same normal stress

direct shear (CD)

Holtz and triaxial (UU) sandy clay subrounded to samples compacted to
Ellis (1961) with ppm* (SC-CL) subangular 95% maximum dry
gravel density (standard Proctor)
Borowicka direct shear clay silt
(1965) (CD)
Doddiah et al. triaxial (UU) silty sand gravel samples compacted to
(1969) no ppm* (2% clay) maximum dry density
(standard Proctor)
Patwardhan direct shear clay subangular samples prepared with
et al. (1970) (ML) cobbles similar matrix densities
Kawakami and triaxial (CU) clay coarse sand samples compacted to
Abe (1970) with ppm* (CH) maximum dry density
(standard Proctor)
Fedorov and direct shear clay sand and compaction not
Sergevnina (CU) gravel specified
(1973)
Kenney (1977) direct shear various clays various bulky
(CD) minerals
Rathee (1981) direct shear fine to rounded to samples compacted to
(CD) medium sand subrounded 25% and 75% relative
gravel density
Lupini et al. ring shear clay silt and sand
(1981)
Donaghe and triaxial sand (SP) mixed | gravel samples compacted to
Torrey (1985) (CU and UU) with clay (CL) 95% maximum dry
with ppm* density (standard Proctor)
Shakoor and unconfined silty clay gravel samples compacted to
Cook (1990) compression (CL) maximum dry density
(standard Proctor)
West (1992) direct shear bentonite steel rods samples not compacted
(CU) grease mix
Fragazzy triaxial (CD) sand subrounded to samples prepared to the
et al. (1992) rounded gravel same far-field matrix
density
Irfan and triaxial (CU) silty sand gravel samples prepared with
Tang (1993) with ppm* and (<2% clay) similar matrix densities

*ppm = pore pressure measurement
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studies into two categories based on whether or not the matrix material used contained clay.

The reason for this breakdown will become apparent later.

Clay matrix studies

The researchers who employed matrix materials containing significant amounts of
clay are Miller and Sowers (1957), Kurata and Fujishita (1960), Holtz and Ellis (1961),
Borowicka (1965), Patwardhan et al. (1970), Kawakami and Abe (1970), Fedorov and
Sergevnina (1973), Kenney (1977), Lupini et al. (1981), Donaghe and Torrey (1985),
Shakoor and Cook (1990) and West (1992).

First, I will discuss those references reporting the effect of coarse particle
proportion on the total stress peak angle of internal friction and cohesion. Figures 2.3(a)
and (b) present results of unconsolidated undrained triaxial tests by Miller and Sowers
(1957), direct shear tests by Kurata and Fujishita (1960) and consolidated undrained
triaxial tests by Kawakami and Abe (1970). Figure 2.3(a) illustrates that the total stress
angle of internal friction for each of the tested soils seemed to be unaffected by the presence
of coarse particles until the coarse particle proportion (by weight) reached a threshold.
Beyond this threshold, the angle of internal friction began to increase rapidly. The data
indicate a threshold of about 70 percent coarse particles for the soil used by Miller and
Sowers (1957), about 60 percent for the soil used by Kurata and Fujishita (1960) soil and
about 50 percent for the soil used by Kawakami and Abe (1970). Additional evidence for
this type of behavior was presented by Fedorov and Sergevnina (1973). Their results
displayed a threshold at a coarse particle proportion of about 40 percent. Figure 2.3(b)
indicates that the total stress cohesion of the soil used by Miller and Sowers (1957) began

to decrease slowly at first, and then underwent a sudden drop at a coarse particle proportion
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versus Coarse Particle Proportion (Clay Matrix)

17



Chapter 2 Review of Previous Work

of around 70 percent (the same threshold indicated by the angle of internal friction data).
Miller and Sowers (1957) postulated that this strong behavioral change was the result of
sand grain interaction. In other words, at an aggregate content of about 70 percent (by
weight) the sand formed a granular skeleton which dominated the strength behavior of the
soil. The same hypothesis was used by Rodine and Johnson (1976) to explain why the
mechanical behavior of debris flow materials are dominated by the matrix phase even at

significant coarse particle proportions.

A physical model consisting of steel rods embedded in a matrix of bentonite grease
(a mixture of three parts dry bentonite with one part industrial grease) was used by West
(1992) to study the shear behavior of heterogeneous soils. Figures 2.4(a) and (b) show the
effect that the volumetric rod proportion had on the total stress peak angle of internal
friction and cohesion. These physical models demonstrated strength behavior similar to
that illustrated by the aforementioned studies (i.e. when the rod proportion reached a
threshold value of about 50 percent, the angle of internal friction increased and the cohesion

decreased).

Effective stress peak strength parameters were reported by Holtz and Ellis (1961)
and Kawakami and Abe (1970). Graphs of effective stress angle of internal friction and
cohesion versus coarse particle proportion are given in Figures 2.5(a) and (b). Figure
2.5(a) indicates that the angle of internal friction began to increase when the coarse particle
proportion (by weight) exceeded about 40 percent in both the Holtz and Ellis (1961) study
and the Kawakami and Abe (1970) study. The increases in the effective stress angle of
internal friction with increase in coarse particle proportion were not nearly as great as the
increases in the total stress angle of internal friction (Figure 2.3(a)) simply because the

effective stress angles of internal friction for the clay matrixes were much higher than that
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of the total stress angles of internal friction. Figure 2.5(b) shows that in both studies the

effective stress cohesion generally decreased with increasing coarse particle proportion.

Borowicka (1965), Kenney (1977) and Lupini et al. (1981) investigated how
granular particles affected the residual angle of internal friction for clays. All three studies
found that the residual angle of internal friction increased only above a threshold coarse
particle proportion, as was the case for the peak strength parameters discussed above.
Lupini et al. (1981) suggested that an increase in angle of internal friction actually occurred
before the coarse particle proportion was high enough to result in particle to particle
contact. They hypothesized that the increased shear resistance was the result of the coarse

particles preventing the clay particles from aligning to form thin shear zones.

Different measures of strength were reported by Patwardhan et al. (1970) and
Shakoor and Cook (1990). Patwardhan et al. (1970) employed a large direct shear
apparatus to test mixtures of cobbles and clay. Figure 2.6 shows that the shear resistance
of the cobble-clay mixtures (a combination of cohesion and friction) increased slowly at
first and then more rapidly at higher cobble proportions. Once again, the data indicate that
there was a threshold coarse particle proportion at which the more rapid increase began.
Shakoor and Cook (1990) studied the effect of gravel content on the unconfined
compressive strength of mixtures of clay and gravel. Figure 2.7 shows that the unconfined
compressive strength decreased with increasing gravel content. This drop in unconfined
compressive strength is somewhat similar to that exhibited by concrete as discussed in the

previous section.
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Many of the authors reported that the soils they tested became stiffer and more
dilatant at higher coarse particle proportions. Just as for the strength behavior, increased
stiffness and dilatancy were realized only at coarse particle proportions above some

threshold value.

In general, the type and amount of clay in the matrix will affect the threshold at
which the strength and deformation changes of a heterogeneous soil initiate. In addition,
the gradation and shape of the coarse particles will also play an important role. If, for
instance, the coarse particles in a heterogeneous soil are well graded, a very high coarse
particle proportion can be achieved before particle to particle contact will occur. These

factors were discussed in significant detail by West (1992),

Clayless matrix studies

Those studies which fall into this category are Holtz and Gibbs (1956), Doddiah et
al. (1969), Rathee (1981), Fragazzy et al. (1992) and Irfan and Tang (1993).

Selected representative results from Holtz and Gibbs (1956), Rathee (1981) and
Irfan and Tang (1993) are plotted in Figure 2.8. These results show that the effective
stress angle of internal friction increased with increasing proportions of coarse particles.
This increase was rather small for all the soils except for those tested by Irfan and Tang
(1993). The reason why the results from Irfan and Tang (1993) were so different is not
clear. Unlike the results for a heterogeneous soil having a clay matrix, with a sand matrix
there does not appear to be a threshold coarse particle proportion that must be reached
before the angle of internal friction increases. The results (not graphed) reported by -

Doddiah et al. (1969) further support this type of increase. Irfan and Tang (1993) provided
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Figure 2.8 Effective Stress Angle of Internal Friction versus Coarse Particle
Proportion (Clayless Matrix)

further evidence for increased angles of internal friction with increasing coarse particle
content through back-calculations of cut slopes in colluvium and some simple numerical
modeling of block-in-matrix slopes. Irfan and Tang (1993) also reported that the shear

modulus of their soil increased with increasing coarse particle content.

These results are directly contradicted by the findings of Fragazzy et al. (1992).
Fragazzy et al. (1992) ran consolidated drained triaxial tests on mixtures of subrounded-to-
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rounded gravel floating in a finer grained sand matrix. They found that the gravel had no
effect on the strength and deformation properties of the soil as long as the far-field matrix
densities (i.e. the density of the matrix away from the coarse particles) were the same in
both the pure sand and gravel-sand mixtures. An explanation for why the mixtures were
unaffected may be that the angle of internal friction of the gravel used was very close to that
of the sand matrix. Whether this was the case is unclear because Fragazzy et al. (1992)

never tested mixtures with large gravel proportions.

In almost all of the studies reported, samples were prepared to some standard
relative compaction or relative density. One result of this sample preparation method was
that increasing the coarse particle proportion generally decreased the average matrix
density. The mechanical properties of the matrix were therefore not constant for different
coarse particle proportions; in particular, the matrix strength and stiffness most likely
decreased at higher coarse particle proportions due to the decreased matrix densities. Only
Patwardhan et al. (1970), West (1992), Fragazzy et al. (1992) and Irfan and Tang (1993)
prepared samples with similar matrix densities. Despite this point, the following
conclusions regarding the strength and deformation properties of heterogeneous soils can

be drawn from the previous discussion:

1. The total and effective stress angles of internal friction increase with increasing coarse
particle proportion. For materials with clay matrixes this increase is only realized beyond
some threshold proportion of coarse particles. Below this threshold a heterogeneous soil
behaves essentially as its clay matrix. These increases most likely reflect the observation
that the presence of coarse particles increases the tortuousity or thickness of shear surfaces.

Direct coarse particle contact will definitely result in an increase at very high coarse particle
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proportions. On the other hand, an increase appears to occur immediately in heterogeneous

soils with clayless matrixes.

The only specific recommendation as to the magnitude of this increase, found in the
literature, was made by Irfan and Tang (1993). They recommended that for colluvium the
effective stress angle of internal friction can be assumed to: (1) increase 4° for every 10
percent increase in coarse particle proportion for coarse particle proportions between 25 and
60 percent; (2) be the same as the angle of internal friction of the matrix for coarse particle
proportions less than 25 percent; and (3) undergo no further increase above a coarse

particle proportion of 60 percent.

2. Cohesion generally decreases with increasing coarse particle proportion. Once again,

this decrease only begins above some threshold coarse particle proportion.

3. Data suggest that the stiffness of a heterogeneous soils increases with increasing coarse

particle proportion.

2.2.4 Others

Many composites consist of stronger inclusions in a weaker matrix. No studies
relating the shear strength of composites and inclusion proportion have been located. Many
of the same theoretical models that can be used to predict the elastic modulus of concrete

can and have been used to predict the elastic moduli of various composites.
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2.3 Conclusions

Based on the aforementioned studies, some predictions regarding the effect of block

proportion on the stiffness and shear strength of a melange are:

1. An increase in the block proportion will result in a higher angle of internal friction. At
lower block proportions it is postulated that this increase will be due to the blocks
increasing the tortuousity or thickness of the shear failure surface, and at high block

proportions there will be an increase once block to block contact is realized.

2. There is conflicting evidence as to how the cohesion will be affected by block
proportion. As stated previously, Savely (1990) suggested that the cohesion of a
conglomerate matrix should be assumed to be that of the mass. On the other hand, the
literature on heterogeneous soils supports a cohesion decrease. The advice offered by the
literature is therefore inconsistent with respect to how cohesion will be affected by block

proportion.

3. An increase in the block proportion will result in greater mass stiffness. The literature

on portland cement concrete provides the best evidence for increased stiffness.

The physical model study discussed in the following chapters was used to confirm

these hypotheses and provide practical guidance for predicting the properties of a melange.
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CHAPTER 3
PHYSICAL MODEL FABRICATION AND TESTING

3.1 Introduction

Six-inch diameter cylindrical specimens of model melange were fabricated and
tested in triaxial compression to determine their Mohr-Coulomb strength parameters and
stress-strain behavior. This section outlines all of the facets of this test program, from the

decision on appropriate model materials to a description of the triaxial testing equipment.

3.2 General Model Characteristics

An attempt was made to retain sufficient characteristics of Franciscan melange so
the principles gained from the model test results could be applied with some confidence to
the Franciscan, but at the same time to keep the model general enough so that these same
concepts could be applied to other melanges around the world. The variables considered
were limited to those which are reasonably obtainable in the field. In this light, the

pertinent melange features that were preserved in the physical models are discussed below.

As mentioned in Chapter 1, Franciscan melange has a fabric due to both block
alignment and prevalent shearing around the blocks. This is an important structural
characteristic because anisotropic rock has particularly strong directionalism with respect to
strength (Jaeger, 1960 and Donath, 1964). For instance, Gostelow and Loucaides (1988)
found that their shear strength test results on a scaly foliated clay were widely scattered due
to an anisotropic rock fabric. A.G.I. (1985) also reported that strength tests on a sheared

shale matrix material resulted in widely scattered results due to the presence of shears
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oriented in different directions in different samples. The physical models used in this

research therefore needed to incorporate oriented blocks and mock shearing.

The block shapes in the models needed to be similar to those in the field. Model
block shape therefore ranged from lenticular to tabular and round to elongate. The ratio of

maximum axial dimension to minimum axial dimension for all block sizes was 2 to 3.

In order to find a proper block size distribution for the model melange, I made
block measurements at a number of Franciscan melange outcrops along the California

coast. I found very roughly that for every 1 block with maximum dimension x to 2x there

distribution was applied to the models. For example, if there were 5 blocks in the 3 to 6-
inch range in the model, there were 20 in the 1 1/2 to 3-inch range and 80 in the 3/4 to 1

1/2-inch range.

|

were 4 blocks with maximum dimension 1/2x to x and so on. This basic block size
As mentioned in the Introduction, there are blocks of a wide range of sizes in

melange. The largest blocks in a melange mass are often of quite significant size relative to

the volume of interest. For this reason, the maximum block size in the model was not

limited to one sixth the specimen diameter, which is the guideline typically followed in soils

testing. Particles with maximum dimensions as large as about 3/4 the specimen diameter

(i.e. about 4 1/2 inches) were incorporated in the models. The smallest block size was

approximately 1/4 inch. The fact that the largest block's size was quite significant in

comparison to the specimen size could have resulted in what West (1992) referred to as

"small scale behavior." The large blocks could potentially dominate the strength and

deformability of a mass depending on their exact location. "Small scale behavior" would

be indicated if test results were nonrepeatable (i.e. there was a wide variability in the stress-
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strain behavior and strength results for supposedly similar models). If the test results were
nonrepeatable, interpretation of the results would have been difficult. It was determined
early in the test program that, although the maximum block size was quite significant
relative to the specimen size, the test results were repeatable and therefore "small scale

behavior" was not indicated.

The strength of Franciscan melange matrix is variable depending particularly on the
degree to which it is sheared. In general, though, it is considered a weak rock. The matrix
material was therefore designed to have properties typical of a weak rock. Blocks, on the
other hand, can range from being highly fractured, relatively weak rock to extremely strong
competent rock. In order to keep the test results as tractable as possible, the blocks used in
the model melange were only of one strength. The ratio of block to matrix strength was
made significant yet not overwhelming. This was done so that it could be checked whether
or not a failure surface would pass through the blocks or skirt the edges of the blocks. If

the strength ratio was made too large, the latter would have been the only possibility.
3.3 Modeling Materials

Cemented soils were chosen as the materials to model both the block and matrix
components. A sand-cement mixture was used for the blocks and a clay-cement mixture
for the matrix. Plaster and portland cement mixed with soils have been used extensively to
simulate rock in physical models, therefore these were the two cementing agents considered
for use. It was discovered early in this research that many plasters harden quite quickly
(some even in a matter of minutes) allowing insufficient time to form the blocks, as
described in the next section. On the other hand, the setting time for portland cement is

much longer. Accordingly, portland cement was chosen as the cementing agent. The soils
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used were Monterey #60 sand for the blocks and western-grade bentonite for the matrix.
Monterey #60 is a fine, uniformly graded sand often used for sand-blasting. Western-

grade bentonite is commonly used for slurry walls and a variety of industrial applications.

To meet the strength criteria set out in the previous section, a number of trial
batches of block and matrix material were prepared. It proved to be quite difficult to
produce blocks of desirable strength that retained sufficient brittleness. This problem was
overcome by replacing a very large proportion of the portland cement in a mix with Class C
(ASTM C 618) fly ash. The fly ash produced a weaker yet still brittle material. A second
difficulty was preventing an inordinate number of shrinkage cracks from forming in the
matrix material upon drying. To overcome this problem the proportion of portland cement
to bentonite had to be quite high. The final material proportions are given in the table

below.

Table 3.1 Material Proportions for Model Components

Parts by Parts by

Material Weight Material Weight
cement 20 sand 70
bentonite 4 fly ash 35
water 17 cement 7
water 15

In order to model matrix shearing, various procedures were considered. Initial
trials were made at physically shearing the matrix as the portland cement paste was
beginning to set. This method was quickly found to be both excessively difficult and

ineffective at producing shears. Focus was next placed on creating planes of weakness in
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the model by introducing thin layers of a weaker material into the matrix. An attempt was
made using flakes of bentonite as these planes of weakness. These flakes were created by
drying a thin layer of bentonite slurry in a baking pan. This approach was also quickly
abandoned when it was found that the flakes were so flimsy that they tended to completely
break down when incorporated into the matrix. Also, creating the large number of layers
needed for the models simply would have taken too long due to the limited oven space
available for drying. Thin layers of wax were next considered and quickly became the
material of choice. Layers of wax could be created in large numbers relatively quickly (this
process is discussed in the next section), and they were strong enough to be placed in the
models without breaking down. In trial tests it was found that these layers served their
purpose as planes of weakness quite well. During additional trials one further problem was
discovered; the friction between the wax and the bentonite-portland cement matrix was too
high. To reduce this friction, the wax layers were coated with talcum powder as they

cooled.

Although not sheared, the bond at the contact between the block and matrix in the
model was expected to be weak because portland cement was used as the bonding agent.
This weakness zone was anticipated due to the presence of a "transition zone" as discussed

in the previous chapter's section on concrete.

The relevant mechanical properties of these materials are presented in Chapter 4.
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3.4 Types and Numbers of Specimens

Using the aforementioned modeling materials, cylindrical specimens with different
block proportions and block orientations were created. The variety of specimen types are
illustrated schematically in Figure 3.1. Specimens with four different block orientations,
each with three block proportions, were fabricated, in addition to the pure matrix and pure
block specimens. The arrows in the diagram indicate the axial loading direction. A group
of specimens with similar block proportions and the same block orientation are identified as
x-#, where x 1s 1, m or h depending on whether the specimens were of low (1 - 27 to 36
percent), medium (m - 49 to 61 percent) or high (h - 70 to 76 percent) block proportion and
the # is the angle between the axial loading direction and the orientation in which the blocks
‘were aligned (either 0, 30, 60 or 90 degrees). Individual specimens have an additional
identifying number (i.e. they are identified as x-#-#). The additional # is the confining
stress (in psi) at which the specimen was tested. Matrix specimens are identified as matrix-

# and block specimens are identified as block-# where the # is the confining stress (in psi).

Five specimens of each type, along with seven pure matrix and ten pure block
specimens were created. This means a total of 67 six-inch diameter (matrix and block-in-
matrix) specimens and 10 two-inch diameter (block) specimens were tested for this study.
These numbers do not include all of the trial mixes required to finalize the model materials
and specimen preparation methods. In total, over 100 six-inch diameter and 80 two-inch

diameter specimens were tested.
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Figure 3.1 Schematic Drawing of Model Specimen Types

3.5 Specimen Fabrication

The method by which the model melange specimens were fabricated is outlined in

this section. The steps in the fabrication process were:

1. Creating thin layers of wax coated with talc -

The wax was melted in a small beaker placed on a heating element. A steel plate
was then warmed on the heating element. Melted wax was poured on the steel plate to
uniform thickness of about 0.03 inches. Heating the steel plate in a uniform manner was
very important for achieving this uniform thickness. The wax was allowed to cool (two to
three minutes) until it was semi-solid. The plate was then placed back on the heating

element for five to ten seconds so that an extremely thin layer of melted wax would form at
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the wax-steel interface. This allowed the semi-solid wax (o be peeled off the plate. The
warm wax was placed in a baking dish filled with talcum powder and coated on both sides.
Two steel plates were employed concurrently. Figure 3.2 shows a resultant layer and a

broken layer (see step 4).

Figure 3.2 Whole and Broken Wax Layers

2. Molding the blocks-
The sand, fly ash, portland cement and water mixture was well combined using an
electric rotary mixer. The larger blocks (those larger than one inch in maximum dimension) |
were formed using styrofoam molds (Figure 3.3). These molds were lined with plastic
wrap 1o ease block removal. The forms were filled with enough of the sand mixture to
creatc a rounded top to each block. Blocks smaller than one inch were formed by hand and
placed on picces of plywood covered with plastic wrap. Before being transferred to a fog
room (73° F, 100% relative humidity) for curing, the blocks were covered with another

picce of plastic wrap. Some blocks of various sizes and shapes are shown in Figure 3.4.
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3. Preparing the blocks for inclusion in the model melange-

After curing the blocks for about 24 hours they were unmolded. The proper weight
of blocks was then grouped for either a low, medium or high block proportion specimen.
These blocks were then placed in a bucket of water to remove any loose sand and to
saturate the blocks. Typically the blocks would remain in the water for about one hour.
The blocks were removed from the water and their surfaces patted dry so that they were in
approximately saturated surface dry (SSD) condition. The blocks were prepared to this
condition so they would not tend to add or remove water from the freshly mixed matrix

material.

4. Preparing the wax for inclusion in the model melange-
The proper amount of wax for either a low, medium or high block proportion
specimen was weighed. These layers were then broken down to much smaller flakes

(approximately one inch in maximum dimension for the most part - see Figure 3.2).

5. Fabricating a block of model melange-

The matrix materials (bentonite, portland cement and water) were well combined in
an electric rotary mixer. The wooden form (Figure 3.5), in which two blocks of physical
model melange were fabricated, was coated with oil to ease block removal. Each block
was about 13 inches long by 7 inches wide by 7 inches deep. The matrix, blocks and wax
were combined as follows: some of the matrix was added to the form followed by some of
the wax layers and some of the blocks. The largest blocks (those with maximum
dimensions of greater than 1 1/2 inches) were aligned to create the fabric discussed
previously. The smaller blocks and the wax layers naturally tended to align themselves
with the edges of the larger blocks. This process continued until the form was filled and all

the wax and blocks were incorporated. Because the blocks were denser than the matrix,
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moving the form would have caused the blocks to sink to the bottom of the block. Due to
this problem, the fabrication was done in the fog room so that the specimen would not have

to be moved until the matrix material had set.

Figure 3.5 Wooden Form

6. Unmolding the melange block-
The formwork was removed from the melange block approximately 24 hours after
the block was poured. The block was then returned to the fog room for an additional 6

days.

7. Preparing the test specimen (coring, cutting, surfacing)-
After the 7 day moist cure the block was cored using a hydraulically driven drill
press (Figure 3.6) with a six-inch core barrel. The ends of the specimen were then rough

cut with a diamond saw (Figure 3.7). Next the ends of the specimen were ground smooth
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and perpendicular to the specimen's longitudinal axis using a milling machine equipped

with a diamond cutting wheel (Figure 3.8).

8. Drying the specimen-

The specimen was then placed in another room to dry. The room was maintained at
a constant 75° F and a relative humidity of 50£10%. The specimen remained in this room
for 6 days. On the seventh day of drying the specimen was moved to a room maintained at
100° F and a relative humidity of less than 30%. The specimen was tested the following

day alter being allowed to cool to room temperature.
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Figure 3.8 Milling Machine
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The pure matrix specimens were prepared by the same steps except no blocks were
added as the matrix was poured. The pure block specimens were cast as a block from

which two-inch diameter specimens were cored.

3.6 Fabrication and Testing Schedule

A typical week of specimen preparation and testing is outlined below.

Monday
1. mixed the block material and molded the blocks for the two model melange specimens
that would be poured Tuesday

2. created a sufficient number of wax layers for the week's specimens

Tuesday, Wednesday, Thursday and Friday

1. unmolded the blocks that had been prepared the previous day

2. proportioned the blocks for the two model melange specimens and placed the blocks in
buckets of water

3. unmolded the two model melange specimens that had been prepared the previous day
(Wednesday, Thursday and Friday)

4. mixed the block material and molded the blocks for the two model melange specimens
that would be poured the next day (Tuesday, Wednesday and Thursday)

5. proportioned the wax for the two model melange blocks

6. removed the blocks from the water and dried their surfaces

7. cleaned and oiled the wooden form

8. mixed the matrix material
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9. combined the matrix material, blocks and wax layers to create two model melange
specimens
10. tested the two model melange specimens that had been prepared two weeks previously
in triaxial compression
11. cored, cut and surfaced the two model melange specimens that had been prepared the

previous week

Saturday

1. unmolded the two model melange specimens that had been prepared the previous day

In addition to these tasks, specimens were moved to different curing environments

on proper days.

Using this schedule 8 specimens could be prepared and tested each week. The
specimen preparation and testing of the final models ended up taking 11 weeks of intensive

labor.
3.7 Triaxial Testing Procedure

Tests were carried out in accordance with the ISRM "Suggested Methods for
Determining the Strength of Rock Materials in Triaxial Compression” (Vogler and Kovari,
1981). Testing involved the following steps:

1. inserting the specimen into the triaxial cell
2. applying a small confining stress to hold the specimen in the cell

3. placing the cell in the loading frame
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4. increasing the confining stress and axial stress simultaneously so that the specimen
remained under essentially hydrostatic compression until the desired confining stress was
reached
5. starting data acquisition
6. increasing the axial load so that failure would occur within 5-15 minutes
7. continuing axial deformation until "residual” strength was reached

8. unloading and removing the failed specimen from the cell

The testing equipment employed is described briefly in the following section.

3.8 Testing Equipment

3.8.1 Hoek Triaxial Cell

One two-inch diameter and one six-inch diameter Hoek cell (Hoek and Franklin,
1968) were used during triaxial testing. Both cells were manufactured by Roctest, Inc.
Figure 3.9 is a schematic drawing of a typical Hoek cell and Figure 3.10 is a photograph of
the two-inch and six-inch cells. As the schematic shows, the cell itself is essentially made
up of two parts - a mild steel body (consisting of a cylinder and two threaded end caps) and
a polyurethane rubber sleeve. The hydraulic fluid used to provide confining stress is
prevented from contacting the specimen by the rubber sleeve. The hydraulic fluid is
maintained between the cell body and the rubber sleeve at all times (except when sleeve
replacement is necessary). Unlike other triaxial cells it is therefore not necessary to drain
the hydraulic fluid after each test in order to remove a failed specimen and insert a new one.

This feature greatly reduces the time required to run a triaxial test.
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Figure 3.9 Schematic Drawing of a Hoek Triaxial Cell (after Roctest, 1991)
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Figure 3.10 Two-inch and Six-inch Hoek Cells
3.8.2 Loading Frame and Testing Machine

Figure 3.11 is the Riehle Model FS-160 screw-powered testing machine that was
used to axially load the model specimens. The load capacity of this machine is 160,000
pounds. Itis important to note that the stiffness of this reaction frame is greater than the
slope of the post-peak portion of the complete stress-strain curve for the specimens tested

in this research, therefore post-peak stress-strain behavior could easily be observed.



Chapter 3 Physical Model Fabrication and Testing

Figure 3.11 Riehle Testing Machine

3.8.3 Hydraulic Equipment

Confining pressures were applied and maintained using an Enerpac P39 hand pump
and a High Pressure Equipment Co. screw pump (Figure 3.12). The Enerpac pump was
used to make coarse changes in the pressure and fine adjustments were made using the
screw pump. This system allowed the confining stress to be maintained within 2% of its
desired value throughout each test.

3.8.4 Data Acquisition

Three variables were measured and recorded during testing; the axial load, the

confining pressure and the upper loading platen's vertical displacement. The upper platen's
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Figure 3.12 Hand Pump (left) and Screw Pump (right)

vertical displacement was a very close approximation of the specimen's axial deformation.

The axial load was measured using an Interface model 1240AF 200,000 pound load
cell. A variable reluctance pressure transducer manufactured by Validyne Engineerin g
Corporation (model DP303-64) was used to measure the confining pressure. The vertical
displacement of the upper platen was tracked with a Riehle Model DU-5 Universal
Measuring Instrument (i.e. essentially a linear variable differential transformer (LVDT)
connected to a measuring arm). Figure 3.13 shows the Universal Measuring Instrument in

position with its extension arm against the upper platen.
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Figure 3.13 Riehle Universal Measuring Instrument

A Validyne CD19A Carrier Demodulator provided transducer excitation and
amplified and demodulated the output from the load cell, pressure transducer and Universal
Measuring Instrument. A Validyne MC1-10 case accommodated the three CD19A plug-in
modules as shown in Photo 3.14. The module shown at the far right in the MC1-10 case is
a Validyne PM212-2 Plug-in Digital Panel Meter which could be used to monitor the

voltage output of any of the carrier demodulators.

A Computer Boards Incorporated CIO-AD16 expansion board converted the analog
(voltage) outputs from the carrier demodulators to digital signals allowing the voltages to be
monitored by an Everex 386 25 MHz computer. Data were recorded using Quinn-Curtis

Software's Lablog?2.
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Figure 3.14 Validyne MC1-10 Case Containing Carrier Demodulators
and Voltage Meter
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CHAPTER 4
PHYSICAL MODEL TEST RESULTS

This section presents the results of the triaxial compression tests on the physical
models described in the previous section. More detailed discussion and analysis of these

results are reserved until Chapter 5.

As discussed in the previous chapter, it was checked whether the presence of
blocks that were large relative to the sample size resulted in "small scale behavior." Tests
were reasonably repeatable (stress-strain behavior and strength were fairly consistent);
therefore, it is not believed that "small scale behavior" was occurring. Hence, test result

interpretation will not be a problem.

4.1 Stress-Strain Behavior

Appendix B contains the complete stress-strain curves for all 77 triaxial tests. Two
characteristic values measured from each of these curves, the modulus of deformation and

the axial strain at failure are reported in the following sections.

4.1.1 Modulus of Deformation

The modulus of deformation is defined in this study as the slope of a line drawn
from the origin of the stress-strain curve to the point on the virgin loading curve
corresponding to 40 percent of the maximum stress difference ((61-03)max). This measure
is typically called the secant modulus (Mehta and Monteiro, 1993). The term modulus of

deformation is used rather than the modulus of elasticity because during virgin loading the
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model specimens underwent both recoverable (elastic) and nonrecoverable (plastic)

deformations.

Table 4.1 presents the modulus values measured from all the stress-strain curves.

4.1.1.1 Effect of Block Proportion

Figures 4.1 through 4.4 show that increasing the block proportion generally
increased the modulus of deformation. Each plot is for a different block orientation as
indicated by the schematic specimen sketch next to each plot. Note that the moduli values

for the medium (approximately 50 percent) block proportion specimens with 0° and 30°
block orientations fall below the trend set by the low and high proportion specimens.
Potential explanations for this apparently anomalous behavior are discussed in Chapter 5.
Note also that the rate of increase in modulus with block proportion decreased as the blocks
were varied from vertical to horizontal. This fact is made clearer by the graphs presented in

the next section.

4.1.1.2 Effect of Block Orientation

Figures 4.5 through 4.7 are plots of modulus of deformation versus block
orientation. Figure 4.5 presents the results for the specimens with low block proportions,
while Figure 4.6 is for medium and Figure 4.7 is for high block proportions. As noted in
the previous section, the modulus generally decreased as the block orientation was varied
from parallel to the axial loading direction (0°) to perpendicular to the axial loading direction
(90°). This decrease was not strongly expressed by the specimens with medium block

proportions but was quite pronounced for the high block proportion specimens.
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Table 4.1 Modulus of Deformation Values

52

Specimen Block Modulus Specimen Block Modulus
Proportion (psi) Proportion (psi)
matrix-50 0% 3.4E+5 m-0-150 50% 3.9E+5
matrix-100 0% 3.6E+5 m-0-200 49% 4.6E+5
matrix-125 0% 3.4E+5 m-0-250 49% 4.1E+5
matrix-150 0% 34E+5 m-30-50 54% 4.0E+5
matrix-200 0% 34E+5 m-30-100 53% 4.1E+5
matrix-225 0% 3.6E+5 m-30-150 53% 4.2E+5
matrix-250 0% 3.5E+5 m-30-200 53% 4.2E+5
block-0 100% 6.2E+5 m-30-250 53% 4.2E+5
block-50 100% 7.1E+5 m-60-50 53% 4.0E+5
block-75 100% 6.6E+5 m-60-100 56% 4.0E+5
block-100 100% 6.8E+5 m-60-150 54% 4.8E+5
block-125 100% 6.0E+5 m-60-200 55% 3.8E+5
block-150 100% 6.6E+5 m-60-250 53% 3.8E+5
block-175 100% 6.5E+5 m-90-50 61% 4.2E+5
block-200 100% 6.6E+5 m-90-100 54% 3.7E+5
block-225 100% 6.7E+5 m-90-150 57% 44E+5
block-250 100% 6.3E+5 m-90-200 60% 4.3E+5
1-0-50 28% 4.5E+5 m-90-250 56% 3.7E+5
1-0-100 30% 3.9E+5 h-0-57 1% 5.6E+5
1-0-150 29% 4.3E+5 h-0-100 73% 6.0E+5
1-0-200 31% 4.2E+5 h-0-150 72% 5.8E+5
1-0-250 28% 4.7E+5 h-0-200 72% 5.8E+5
1-30-50 29% 4.3E+5 h-0-250 72% 6.0E+5
1-30-100 32% 4.1E+5 h-30-50 75% S.7E+5
1-30-150 34% 4.5E+5 h-30-100 74% 5.5E+5
1-30-200 31% 4 4E+5 h-30-150 73% 5.2E+5
1-30-250 31% 4.5E+5 1-30-200 74% SA4E+5
1-60-50 31% 3.3E+5 h-30-250 76% 5.6E+5
1-60-100 36% 4.2E+5 h-60-50 73% 3.8E+5
1-60-150 33% 3.7E+5 h-60-100 75% 5.0E+5
1-60-200 33% 3.8E+5 h-60-150 N% 4.9E+5
1-60-250 32% 3.8E+5 h-60-200 74% 4.3E+5
1-90-50 29% 3.9E+5 h-60-250 73% 4.1E+5
1-90-100 29% 4.1E+5 h-90-50 70% 34E+5
1-90-150 28% 4.5E+5 h-90-100 70% 43E+5
1-90-200 32% 4.1E+5 h-90-150 % 3.8E+5
1-90-250 27% 4.0E+5 h-90-200 1% 5.2E+5
m-0-50 52% 4 4E+5 h-90-250 72% 4.0E+5
m-0-100 50% 4.2E+5
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Some simple analytical models are used in the next chapter to explain the effect

blocks had on the stiffness of the physical models.

4.1.2 Strain at Failure

The values of axial strain at failure for all the specimens are listed in Table 4.2.
Strain at failure is simply defined as the strain at which the maximum stress difference ((o;-

03)max) Was realized.
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Table 4.2 Strain at Failure Values

57

Specimen Block Strain at Specimen Block Strain at
Proportion | Failure (%) Proportion | Failure (%)
matrix-50 0% 0.46 m-0-150 50% 0.70
matrix-100 0% 0.65 m-0-200 49% 0.63
matrix-125 0% 0.61 m-0-250 49% 1.02
matrix-150 0% 0.72 m-30-50 54% 0.40
matrix-200 0% 0.82 m-30-100 53% 0.52
matrix-225 0% 0.96 m-30-150 53% 0.79
matrix-250 0% 0.90 m-30-200 53% 0.55
block-0 100% 0.54 m-30-250 53% 0.93
block-50 100% 0.55 m-60-50 53% 0.44
block-75 100% 0.61 m-60-100 56% 0.59
block-100 100% 0.61 m-60-150 54% 0.69
block-125 100% 0.52 m-60-200 55% 0.80
block-150 100% 1.00 m-60-250 53% 0.78
block-175 100% 1.00 m-90-50 61% 0.47
block-200 100% 1.22 m-90-100 54% 0.73
block-225 100% 1.06 m-90-150 57% 0.79
block-250 100% 1.15 m-90-200 60% 0.86
1-0-50 28% 0.42 m-90-250 56% 1.32
1-0-100 30% 0.54 h-0-57 71% 0.46
I-0-150 29% 0.49 h-0-100 13% 0.56
1-0-200 31% 0.67 h-0-150 2% 0.62
1-0-250 28% 0.75 h-0-200 72% 1.04
1-30-50 29% 0.45 h-0-250 72% 0.87
1-30-100 32% 0.51 h-30-50 75% 0.35
1-30-150 34% 0.53 h-30-100 74% 0.40
1-30-200 31% 0.58 h-30-150- 73% 0.44
1-30-250 31% 0.96 h-30-200 74% 0.66
1-60-50 31% 0.50 h-30-250 76% 0.74
1-60-100 36% 0.51 h-60-50 73% 0.41
1-60-150 33% 0.82 h-60-100 75% 0.48
1-60-200 33% 0.76 h-60-150 71% 0.61
1-60-250 32% 1.03 h-60-200 74% 0.98
1-90-50 29% 0.47 h-60-250 73% 1.32
1-90-100 29% 0.57 h-90-50 70% 0.73
1-90-150 28% 0.52 h-90-100 70% 0.72
1-90-200 32% 0.93 h-90-150 1% 0.79
1-90-250 27% 1.07 h-90-200 1% 0.86
m-0-50 52% 0.40 h-90-250 72% 1.52
m-0-100 50% 0.57
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4.1.2.1 Effect of Block Proportion

Figures 4.8 through 4.12 show strain at failure versus volumetric block proportion.
Each graph is for a different confining stress. No consistent change in strain at failure with

block proportion is indicated.

4.1.2.2 Effect of Block Orientation

Strain at failure is plotted versus block orientation in Figures 4.13 through 4.15.
Each graph is for a particular block proportion range (i.e. low, medium or high). These
graphs show that, as expected, the strain at failure generally increased with increasing
confining stress. An indication of how block orientation affected the strain at failure is only
clear for the high block proportion specimens (Figure 4.15). The high block proportion
specimens with the most "adversely" oriented blocks (30°) had the lowest strain at failure
and the 90° specimens generally had the highest. In fact, it appears that the data roughly
follow a parabolic relationship with a minimum at 30° (for each confinin g stress). Some
slight evidence of this type of relationship between strain at failure and block orientation

can be found in Figures 4.13 and 4.14 as well.
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4.2 Strength

The Mohr-Coulomb strength parameters, cohesion (c) and angle of internal friction
(9), are used to represent the strengths of the physical models. The effects that block
proportion and block orientation had on these parameters are reported in the following
sections. The methodology used to determine these parameters, and the raw test data from
which they were calculated is given in Appendix C. Appendix C also contains Mohr circle

plots of the test data.

4.2.1 Cohesion

Table 4.3 lists the values of cohesion for specimens with different block

proportions and orientations.

4.2.1.1 Effect of Block Proportion

The effect of block proportion on cohesion is summarized in Figure 4.16. This plot
shows that increasing the block proportion generally decreased the cohesion. In fact, the
specimens with high block proportions (approximately 70 percent) had a cohesion only
about half that of the matrix alone. Note that the cohesions of the 0° and 60° block
orientation specimens with lowest block proportions were about the same as the pure
matrix. These data suggest that there was a threshold block proportion below which the
presence of blocks had little effect on cohesion. The fact that the 30° and 90° low block
proportion specimens had a lower cohesion implies this threshold might have been around

25 to 30 percent for these models.

63



Chapter 4 Physical Model Test Results

Table 4.3 Cohesion Values

Specimen Average c
Type Block (pst)
Proportion
matrix 0% 330
block 100% 445
1-0 29% 345
1-30 31% 250
1-60 33% 377
1-90 29% 276
m-0 50% 233
m-30 53% 206
m-60 54% 229
m-90 57% 231
h-0 72% 199
h-30 74% 163
h-60 73% 180
h-90 71% 302
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4.2.1.2 Effect of Block Orientation

As discussed in Chapter 3, fabric anisotropy creates strength anisotropy in rocks.
When planes of weakness (e.g. cleavage or shears) are oriented "adversely" with respect to
the loading, the result is a significantly lower strength. The block-in-matrix models used in
this study were anisotropic due to the orientation of the larger blocks in the specimens.
Although the fabric created by orienting the blocks was not nearly as strong as that formed,
by say, slaty cleavage, it still resulted in some strength anisotropy. Plots of cohesion
versus block orientation (Figures 4.17 through 4.19) show this effect. Note that in all
cases the specimens with blocks oriented at 30° relative to the axial loading direction had the
lowest cohesion, and that the medium and high block proportion specimens with 0° and 90°
orientations had higher cohesions than those with 30° and 60° orientations. These trends

are similar, although less pronounced, to those found by Jaeger (1960) and Donath (1964).
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4.2.2 Angle of Internal Friction

Table 4.4 lists the values of angle of internal friction for specimens with different

block proportions and orientations.

Table 4.4 Angle of Internal Friction Values

Specimen Average ¢
Type Block ©
Proportion

matrix 0% 24.7
block 100% 38.3
1-0 29% 26.2
1-30 31% 32.9
1-60 33% 234
1-90 29% 32.8
m-0 50% 33.5
m-30 53% 32.3
m-60 54% 333
m-90 57% 37.6
h-0 72% 39.6
h-30 74% 38.2
h-60 73% 41.2
h-90 71% 34.0
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4.2.2.1 Effect of Block Proportion

Figure 4.20 shows that the angle of internal friction increased with increasing block
proportion. This increase was as much as 16.5° for the 60° orientation high block
proportion specimens over the pure matrix specimens. The 0° and 60° low block
proportion specimens had an angle of internal friction not significantly different from that
of the matrix. On the other hand the 30° and 90° low block proportion specimens had
values that were quite a bit higher. As for the cohesion, these data indicate that there was a
threshold block proportion (25 to 30 percent) below which the angle of internal friction was
little affected by the presence of blocks. This threshold value is similar to the 25 percent
threshold suggested by Irfan and Tang (1993) for colluvium (see Chapter 2).
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Figure 4.20 Angle of Internal Friction versus Block Proportion
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4.2.2.2 Effect of Block Orientation

Anisotropy of the angle of internal friction is considered in Figures 4.21 through
4.23. These plots of angle of internal friction versus block orientation give little indication
that there was any consistent effect of anisotropy on the angle of internal friction. The only
specimens that showed any apparent strength anisotropy whatsoever were the medium
block proportion specimens (Figure 4.22). The medium and high block proportion graphs
indicate that angle of internal friction did not vary too significantly with block orientation.

The effect of anisotropy on angle of internal friction is known to generally be less severe

than the effect on cohesion (Goodman, 1989); therefore, these results were not unexpected.
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4.3 Failure Types Exhibited

A tracing of the cylindrical surface of each failed specimen is presented in
Appendix D (unrolled cylinders are shown). Appendix D also contains a photograph of
each failed specimen. The block-in-matrix model specimens most commonly failed along
inclined shear surfaces. The failures generally followed the block-matrix contacts and wax
"shears". Because the failures occurred at the block margins, the orientations of the largest
blocks typically controlled the orientation of the failure surface. Figure 4.24 (the tracing of
failed specimen h-60-50) shows a good example of the failure surface following the block-

matrix contacts.

inches‘dr cm

Figure 4.24 Tracing of Failed Specimen h-60-50
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Evidence of tensile splitting existed in some specimens, particularly the 0° and 90°
specimens that were tested at low confining stresses. It was also evident during testing that
these specimens underwent more lateral expansion (more dilation). Most likely these
tensile cracks formed to assist the formation of a continuous failure surface through the
specimen. This type of cracking is well illustrated in Figure 4.25 (the tracing of failed
specimen h-90-50).

inches cm

Figure 4.25 Tracing of Failed Specimen h-90-50
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CHAPTER 5
DISCUSSION OF PHYSICAL MODEL TEST RESULTS

5.1 Stress-Strain Behavior

The bounding conditions of uniform strain (Voight) and uniform stress (Reuss) for
volumes made up of layered components can be used to help explain why the modulus of
deformation increased with increasing block proportion and how the block orientation
affected this increase. Loading situations under which uniform strain (parallel) and
uniform stress (series) would arise in a layered volume are illustrated in Figure 5.1.
Equations for predicting the moduli of these models are derived and discussed by Mehta

and Monteiro (1993).

Uniform Strain (Parallel) Uniform Stress (Series)

Figure 5.1 Layered Volumes Under Uniform Strain and Uniform Stress
Conditions

73
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The modulus for the parallel case is given by the formula

E=E#® +Ey(-0), (5.1)

where E is the modulus of the mass, Ey, is the modulus of the block material, Eyy, is the
modulus of the matrix material and 6 is the volumetric proportion of the block material. In
other words, the modulus of the mass is simply the weighted average of the moduli of the
block and matrix materials based on their volumetric proportions. This equation is a
simplification because it does not account for lateral deformations. The complete formula

(when lateral deformations are accounted for) is

27(1- 8)(8)(G Kpy —~ GK, )

E=E®6 +E,(l-6) + )
b m(1-9) (3Ky +Gy)(3Kp +Ep)(3K, +E,)

(5.2)

where Gy, and Gy, are the shear moduli of the block and matrix materials, respectively; Ky,

and Kp, are the bulk moduli of the block and matrix materials, respectively; and Ky =

Kp8+Km(1-6) and Gy = Gp0+Gp(1-6). Note that

E
K= 3(1-2v) (5:3)
and
E
= 30" (5.4)

The last term in equation (5.2) vanishes when the Poisson's ratios of the block and

matrix materials are equal (i.e. equation (5.2) reduces to equation (5.1)). Even when the

74



Chapter 5 Discussion of Physical Model Test Results

Poisson's ratios of the block and matrix materials are not equal, the last term will tend to be

small in relation to the other terms.

The modulus for the series case is given by the formula

+ __(1-6).

1 _ 8 (5.5)
E E, By

This equation is the same whether or not lateral deformations are considered.

The parallel model provides an upper bound and the series model provides a lower
| bound between which the modulus values of all mixtures of the two components should
fall, regardless of the mixture's geometry. In other words, any two-component block-in-
matrix material should fall within these bounds. Stricter (i.e. tighter) bounds on the
modulus for mixtures consisting of blocks in a matrix, such as those derived by Hashin
and Shtrikman (1963), could also be used to analyze the model melanges. In addition, one
could consider the case of layered two-component models with the layers inclined at
between 0° to 90° relative to the axial loading direction. Axial deformation of such a model
results not only from compression, but also due to shear strain/normal stress coupling or
shear stress/normal strain coupling. Despite the potential for analyzing the physical models
by more complex methods, it is believed that the parallel and series models can sufficiently
explain the modulus results. For the sake of simplicity (and because it is not believed the
last term in equation (5.2) will be that significant for these materials), equations (5.1) and
(5.5) will be used to define the upper and lower modulus bounds on the graphs in this

chapter.
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Based on the geometry of the models used in this study one would expect the
moduli values of the specimens with blocks oriented at 0° relative to the axial loading
direction to fall closer to the upper (parallel) bound and the 90° oriented specimens to fall
closer to the lower (series) bound with the 30° and 60° specimens in between. To check
this, Figures 5.2 through 5.5 show the modulus of deformation versus block proportion
for the different block orientations along with the parallel and series bounds based on the
average modulus of the matrix and average modulus of the blocks. In Figure 5.2 (0°
orientation) the data for the lowest and highest block proportion specimens fall close to the
uppér bound, as was expected. The 30° low and high block proportion data (Figure 5.3)
also fall within the bounds. The data for the medium (approximately 50%) block proportion
0° and 30° specimens fall significantly below the lower bound, though. Some possible
reasons for this are discussed later in this section. The data in Figures 5.4 (60° orientation)
and 5.5 (90° orientation) fall well below the lower bound for the most part. In fact, many
of the high block proportion, 90° orientation specimens have moduli lower than those of the
90° low block proportion specimens. The modulus must have been affected by some other
factor, most significantly when the blocks were oriented at larger angles (60° and 90°)

relative to the axial loading direction.

Wax layer alignment helps explain why the modulus values for the 60° and 90°
specimens fall below the lower modulus bound. In the pure matrix specimens the wax
layers were randomly oriented, but as more and more blocks were added to the model
melanges, the wax layers became more strongly oriented parallel to the block edges as
shown in Figure 5.6. Figure 5.6 is a photograph of failed specimen h-0-57. Note that
most of the visible wax is oriented nearly parallel to the closest block edge. In the 90°
specimens this wax alignment was therefore abpréximately perpendicular to the axial

loading direction. The wax was much less stiff than the cemented soils. In fact, during
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Figure 5.6 Failed Specimen h-0-57

tests run to determine the modulus of the wax, it was found that the wax underwent very
rapid stress relaxation (creep); therefore, the wax layers almost behaved like thin tabular
voids in the matrix. Tabular voids oriented at large angles relative to the direction of axial

loading would, and indeed did, greatly reduce the moduli of the 60° and 90° specimens.

The seemingly anomalous behavior of the 0° and 30° medium block proportion
specimens has not proven easy to explain. One possible explanation is that the matrix and
block material used in these specimens had moduli lower than the average values found by

testing. The 0° and 30° modulus data, along with series and parallel bounds based on the
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lowest matrix and block modulus values, rather than the average values as shown in
Figures 5.2 through 5.5, are plotted in Figure 5.7 and 5.8. These bounds do fall closer to
the medium proportion values, but they still are not low enough. Also, there is no clear
reason why the lowest matrix and block modulus values would be only applicable to these
specimens. One possibility is that the blocks were less dense, and hence less stiff, in the
medium block proportion specimens. The blocks were consistently produced by the same
process; therefore, there is no reason that this should have occurred. To verify that the
blocks were not less dense in the medium block proportion specimens, a sample of blocks
were taken and their densities checked. This check showed that there was no significant
difference in block density between the medium block proportion specimens and the low

‘and high block proportion specimens.

A more likely solution is based on the alignment of the wax layers in the specimens.
Inspections of the 0° and 30° medium block proportion specimens indicated that an
unusually large proportion of the wax layers were aligned approximately perpendicular to
the axial loading direction, even though the blocks were aligned at much smaller angles to
the axial loading direction (Figure 5.9 - specimen m-0-50 is a good example). An
unusually large number of wax layers aligned perpendicular to the axial loading direction

would explain this anomalous behavior.

It is now believed that during the fabrication process the wax layers were
inadvertently aligned this way. During the fabrication of the low block proportion
specimens, wax and some smaller blocks were tossed into the matrix material and then
mixed in. Some larger (aligned) blocks were then added to the mix. More matrix material
was then added. This process WéiS repeated as the form was filled. The wax was therefore

relatively randomly incorporated before the larger aligned blocks were added. On the other
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e

Figure 5.9 Horizontal Wax Alignment in Specimen
m-0-50

hand, in the high block proportion specimens the wax and small blocks were also tossed
into the mix, but there was not room in the form (because there were so many large blocks)
to allow the wax to be randomized. The large proportion of aligned blocks therefore
strongly oriented the wax. The medium block proportion specimens were somewhere in
between. The wax was tossed into the matrix material, but, as was the case for the high
proportion specimens, could not be randomized due to the number of large blocks.
Although the block proportion was relatively high, it was not high enough to strongly align

all the wax layers; hence, the orientation in which the wax was initially tossed into the form
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was important. In retrospect, it is believed that the layers were inadvertently preferentially
oriented perpendicular to the direction of axial loading due to the manner in which the wax

layers were picked up and then dropped into the form.
5.2 Strength Behavior

The failed specimens provided clear evidence as to how and why the blocks
affected the cohesion and angle of internal friction of these model melanges. As discussed
in Chapter 4, the surfaces along which shear failures occurred generally formed at the
block-matrix contacts and along the wax "shears". One reason why the failures occurred at
the block-matrix contacts is that this interface was the boundary between materials with
dissimilar deformability properties. Because of the difference in deformability properties,
the block and matrix material would tend to undergo differential strains (and as a result fail)
at their contact (unless the stresses within the block and matrix material were different in
exactly such a way that the materials would undergo the same strains at their contact).
Contact failure resulted, at least in part, because the block and matrix materials wanted to
undergo differential strains and these differential strains induced additional stresses at the

contacts.

Another factor is that the contacts were surfaces of weakness. Triaxial compression
tests on six specially prepared 2-inch diameter cylindrical specimens with throughgoing
planar block-matrix contacts or wax layers were run to illustrate this fact. Figure 5.10is a
sketch showing the two types of specimen tested, and Figure 5.11 is a photograph

showing a failed specimen of each type. Test results are presented in Appendix E.
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| wax layer
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Figure 5.10 Sketch of Specimens Used to Measure Shear Strength of

Block-Matrix Contacts and Wax "Shears"

CENTIMETERS

Figure 5,11 Failed Block-Matrix Contact Specimen (left) and Wax

"Shear" Specimen (right)
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The Mohr-Coulomb strength parameters determined for the block-matrix contact
were a cohesion of 150 psi and a angle of internal friction of 30°. The wax shears had a

cohesion of 56 psi and an angle of internal friction of 12°.

Increasing the block proportion increased the number of block-matrix contacts, and,
although the total number of wax "shears" in the specimens decreased proportionally with
the volume proportion of matrix, the remaining wax layers were more consistently aligned
with the large blocks. The higher block proportion specimens therefore had a larger
number of more well aligned weakness surfaces, the result being a lower mass cohesion.
This being the case, had the surfaces of weakness in the models had lower cohesions, the

decrease in mass cohesion with increasing block proportion would have been even more

substantial.

The increase in the angle of internal friction can be explained by two factors. First,
because the angle of internal friction between the block and matrix materials (45 =30°) was
higher than the angle of internal friction for the pure matrix (¢ = 24.7°), and because the
failure passed predominately along the block-matrix contacts, the angle of internal friction
of the block-in-matrix models would be expected to be higher than the pure matrix angle of
internal friction. This increase would be somewhat tempered however, because the blocks
were often surrounded by many wax "shears" (¢4= 12°) along which sliding occurred.

Figure 5.12 shows the wax "shears" along the failure surface of specimen h-30-150.

85



Chapter 5 Discussion of Physical Model Test Results

Figure 5.12 Failure Surface of Specimen h-30-150

A second, and more important factor is the effect blocks had on the tortuousity of
the failure surface. As mentioned in Chapter 2, an increase in tortuousity of the failure
surface due to the presence of blocks in bimrocks has been hypothesized by D'Elia et al.
(1988) for melange and Savely (1990) for boulder conglomerate. Figure 5.13 shows a
cross-section of failed specimen h-0-150. The blocks essentially created failure surface
"roughness"”. In fact, the failure surface only very rarely passed through the blocks. The

result of this roughness is that dilation along the failure surface and/or crushing of the

matrix needed to occur to allow sliding. Minor matrix crushing can be seen near the center

of the specimen in Figure 5.13. Because failure only rarely passed through the blocks, it
does not appear that the strength (cohesion and angle of internal friction) of the blocks in

the block-in-matrix modcls played a role in the strength of the mass. The strength contrast

between the blocks and matrix required to prevent failure through the blocks is not known.

but these test results indicate that the strength difference need only be modest.
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Figure 5.13 Cross-section of Failed Specimen h-0-150

The increased tortuousity of the failure surface readily explains the increased angle
of internal friction with block proportion. As the block proportion increased, the greater
was the number of blocks to be avoided by the failure surface in the same volume.
Interestingly, some of the 