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Research Project FIPR 80-02-002

PREFACE

As part of a Florida Institute of Phosphate Research project titled
“Evaluation of Phosphatic Clay Disposal and Reclamation Methods",
Ardaman & Associates, Inc. performed a comprehensive study to
evaluate the engineering properties of a wide range of phosphatic
clays and sand-clay mixes, and developed a methodology for fore-
casting the performance of phosphatic clay settling areas during
disposal and reclamation. The findings of this study are presented in
a series of six complementary volumes.

Laboratory evaluations of the engineering properties of phosphatic
clays and sand-clay mixes were performed on phosphatic clays from
twelve different mine sites. Volumes 1, 2 and 3 titled “Index
Properties of Phosphatic Clays", “Mineralogy of Phosphatic Clays”,
and “Sedimentation Behavior of Phosphatic Clays”, respectively,
present extensive data on the twelve clay sources selected in the
study. The findings were used to screen the samples and select six
clays covering the full range of anticipated behavioral character-
istics. The selected clays were subjected to a comprehensive testing
program for determining engineering parameters pertaining to
consolidation and strength. Extensive sophisticated testing of three
of the six phosphatic clays and corresponding sand-clay mixes was
subsequently undertaken. The results are presented in Volumes 4
and 5 titled "Consolidation Behavior of Phosphatic Clays" and "Shear
Strength Characteristics of Phosphatic Clays”, respectively.

Concurrent with the laboratory evaluation of phosphatic clay engi-
neering properties, a theoretical model to evaluate disposal systems
was developed. The finite difference program SLURRY can also be
used in reclamation planning. In an attempt to verify and refine the
prediction modeling technique, a preliminary field investigation
program at six phosphatic clay settling areas ranging from retired to
active sites was undertaken. Volume 6 discusses the theoretical
model and presents a comparison of predictions based on laboratory
data and actual field measurements.

A more extensive second phase field testing program is proposed to
further refine and improve predictive capability based on actual
field conditions. Conventional phosphatic clay disposal and the
sand-clay mix disposal methods can then be critically evaluated for



phosphatic clays with differing characteristics to quantify
advantages/disadvantages of disposal/reclamation methods and
outline their relative merits. The results should allow mine planners
to select an optimum disposal method based on the clay
characteristics at a particular mine.
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ABSTRACT

The undrained stress-strain-strength characteristics of six normally
consolidated phosphatic clays were investigated via isotropically
consolidated undrained triaxial compression tests (CIUC). The
remolded phosphatic clay undrained shear strength at low effective
stresses was determined from viscosity and laboratory vane
measurements. The effects of strength anisotropy and stress history
were evaluated for three phosphatic clays via Ko- consolidated
undrained triaxial compression (CK,UC),  triaxial extension (CT)
and direct simple shear (CK,UDSS)  tests. The undrained behavior of
normally consolidated sand-clay mixes at sand-clay ratios of 1:1 and
3:1 was investigated for three phosphatic clays using CIUC and
CK,UDSS tests. Clays selected for the evaluation of anisotropic
and stress history effects and for the sand-clay mix study generally
bracketed the range of plasticity and settling, consolidation and
strength behavior reported for phosphatic clays.

CKoU
A total of 44

mc, 3 CKoUC, 4 E and 25 CK,UDSS tests were performed
as part of this investigation.

The remolded undrained shear strength of phosphatic clays at low
effective stresses is of interest in determining the impact of an
accidental spill from the disposal system and/or for evaluating the
shear strength of re-worked or displaced clay. Phosphatic clays are
highly plastic and not anticipated to be very sensitive to loss of
shear strength upon disturbance. Nevertheless, viscosity and
laboratory vane measurements indicate that at a liquidity index in
excess of 1.0 (solids contents less than 25 to 40%), the phosphatic
clays are moderately sensitive with sensitivities ranging from about
1.5 to 3.5 depending on the plasticity of the clay. Phosphatic clays
appear to be less sensitive at lower liquidity indices (higher solids
contents).

Results of mC and CK,UDSS tests confirmed the applicability of
the normalized soil parameter concept to phosphatic clays.
Moreover, the shear strength of phosphatic clays was determined to
be strain rate sensitive although to a lesser extent than anticipated
based on the high plasticity of these clays. This finding is, consistent



with the relatively low rates of secondary compression measured on
phosphatic clays (Volume 4). It also implies that phosphatic clays
are not as susceptible to undrained creep deformations as originally
anticipated.

Highly plastic phosphatic clays were not expected to exhibit
significant anisotropic behavior. Nevertheless, their stress-strain-
strength characteristics were determined to be moderately affected
by the direction of loading. For example, the undrained shear
s t r eng th ,  su,, normalized with respect to the one-dimensional
vertical effective consolidation stress, ijvc, was determined to be
affected by stress system and inherent anisotropy. su/7& ratios of
0.28 or more characterized normally consolidated phosphatic clays
sheared in compression, whereas an suBvc ratio of about 0.225 was
characteristic of a direct simple shear stress system. When the
effects of strain compatibility for the different stress systems along
a failure surface were taken into consideration, the normalized
undrained shear strength ratio, s,#&, of normally consolidated
phosphatic clays was determined to equal 0.22 to 0.24, which is in
good agreement  wi th  data  on other  natural  sedimentary type
deposits of lower plasticity. CKoUDSS  test results were in excellent
agreement with the selected design parameters. suPvc values were
not significantly different for all phosphatic clays investigated and
no consistent trends with phosphatic clay plasticity could be
detected. Hence, the normalized properties determined in this
investigation are probably applicable to a wide range of phosphatic
clays.

The undrained Young’s secant modulus, Eu, of phosphatic clays was
determined to  be  h ighly  s t ress- level  dependent  as  expected .
However, all phosphatic clays seem to exhibit approximately the
same magnitude of normalized modulus, Eu/su, irrespective of
plasticity. At a stress level of 50% (factor of safety = 2.0),
phosphatic clays are characterized by an Eu/su ratio of 250 to 370.
Although the data are consistent, the undrained modulus is higher
than one would expect for such plastic materials implying smaller
undrained deformations upon loading than would occur with high
plasticity natural sedimentary clay deposits consolidated to the
same effective stress.

The effect ive  angle  of  in ternal  f r ic t ion, $ determined from
undrained shear tests generally ranged from 28 to 35° and averaged
about 30° at maximum obliquity. These friction angles are much
higher than expected for highly plastic clays. A lower drained
friction angle of 25° is recommended for evaluating long-term
stability problems.

The effect of stress history and overconsolidation due to desiccation
and/or pre-loading produced significant changes in the stress-strain-
strength behavior of phosphatic clays. The normalized undrained



shear strength ratio, suBvc, was determined to increase with
increased overconsolidation ratio (OCR) in accordance with the8frelationship suPvc = 0.225 (OCR)0.8 based on CKoUDSS data.
Moreover, the normalized undrained modulus, Eu/su decreased with
increasing overconsolidation ratio particularly at overconsolidation
ratios in excess of 2.

The addition of tailings sand to phosphatic clays caused subtle
changes to the undrained stress-strain-strength characteristics of
the sand-clay mix, namely: (i) a reduction in the strain at failure
and more prominent strain softening effects; (ii) an increase in the
normalized undrained modulus Eu/su; and (iii) a slight to moderate
increase in the angle of internal friction, 6, by about 2 to 3
degrees. The su& ratio of normally consolidated phosphatic clays
from CKo UDSS tests increased slightly from an average of 0.225 to
0.228 by increasing the sand-clay ratio (SCR) from 0:1 to 1:1. The
normalized undrained shear strength ratio sufivc decreased
moderately to about 0.196 at a sand-clay ratio of 3:1. Trends were
consistent for all three phosphatic clays investigated. Most of the
above trends reflect the change in plasticity of the sand-clay mix
and the transition from a highly plastic clay (SCR = 0:1) to a much
leaner clay (SCR = 3: 1).

Although the su k?vc ratios of phosphatic clays and sand-clay mixes
are not significantly different, the undrained shear strength, su, of a
sand-clay mix in situ is expected to be higher, at least during
disposal, because of the higher effective stresses caused by the
weight of the sand. Nevertheless, if sand is used as a cap placed
atop the phosphatic clay (disposed of without sand), the undrained
shear strength of the phosphatic clay in situ would ultimately exceed
that of the sand-clay mix.
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SYMBOLS 

NOTE: Prefix A indicates a change or an increment. 
Suffix “f” indicates a final or failure condition. 
Subscript rroYf indicates an initial condition. 
A bar over a stress indicates an effective stress. 
A bar over a property indicates value in terms of effective stress. 
A bar over a test indicates that pore pressures were measured. 

INDEX AND CLASSIFICATION PROPERTIES 

e Void Ratio 

LI Liquidity Index 
LL Liquid Limit 

NC Normally Consolidated 

oc Overconsolidated 
OCR Overconsolidated Ratio = 6vm&,, 

PI Plasticity Index 
PL Plastic Limit 

S Solids Content 
SCR Sand-Clay Ratio 

Wn9W Water Content 

yd Dry Density 
‘it Total Unit Weight 

YW 
Unit Weight of Water 

STRESS, STRAIN, MODULUS AND STRENGTH PARAMETERS 

A Skempton’s Shear Pore Pressure Parameter A = ( Au- Ao$/( Aul-Aflg) 

B Skempton’s Hydrostatic Pore Pressure Parameter B = Au/Aa3 

c Intercept of Mohr-Coulomb Failure Envelope or Effective Cohesion 
Intercept 

EU E u50 

KO 

% 

Undrained Young’s Secant Modulus 
E, at Stress Level of 50% 

Coefficient of Earth Pressure at Rest 
Anisotropic Strength Ratio = s&H&,(V) 



SYMBOLS (cont’d) 

Average Effective Principal Stress = 0.5 @1+63) 

Half Principal Stress Difference 
q at Failure = maximum q 

= 0.5 (al-o3) = Maximum Shear Stress 

Increment of Shear Stress to Cause Failure 

sU 
su(H) 

s,(v) 

s,(0) 

s,(45) 

s (LV) 
sU(DSS) 
s?TC) 
s;(TE) 

U 

V 
VO 

Undrained Shear Strength 
Undrained Shear Strength with Major Principal Stress in Horizontal 
Direction 
Undrained Shear Strength with Major Principal Stress in Vertical 
Direction 
Undrained Shear Strength with Major Principal Stress at Angle 0 to 
the Horizontal 
Undrained Shear Strength with Major Principal Stress at 45’ to the 
Horizontal 
Remolded Undrained Shear Strength Measured with Laboratory Vane 
Undrained Shear Strength in Direct-Simple Shear = ~~(45) 
Undrained Shear Strength in Compression = s 
Undrained Shear Strength in Extension = s,(d 

(V) 

Pore Water Pressure or Excess Pore Pressure Generated During 
Undrained Shear 

Volume 
Initial Volume 

Shear Strain 
Shear Strain Rate 

: lYff2,03 
% 

!?h 
oh,- 
sIV’% 
SC 
Yvf 
gvo 
vm 

Linear or Axial Strain 
Linear or Axial Strain Rate 
Vertical Strain 

Normal Total Stress, Normal Effective Stress 
Principal ‘Stresses (major, intermediate and minor, respectively) 
Effective Consolidation Pressure (isotropic) 
Horizontal Normal Stress 
Effective Horizontal Consolidation Stress (normal) 
Vertical Normal Stress, Vertical Normal Effective Stress 
Effective Vertical Consolidation Stress 
Final Vertical Effective Stress 
Initial Vertical Effective Stress 
Maximum Past Pressure 



SYMBOLS (cont’d) 

IT 

‘f 
‘ff 
‘h 
f’h)max 
‘rY 

a 

%=I 
‘$rn 
4l 

Shear Stress 
Shear Stress at Failure 
Shear Stress at Failure on Failure Plane 
‘t on Horizontal Plane (direct-simple shear test) 
Maximum Shear Stress ‘t on Horizontal Plane 
Yield Stress (viscosity test) 

Slope of Mohr-Coulomb Failure Envelope or Effective Angle of 
Internal Friction 
6 from Drained Tests 
Mobilized $i 
6, from Undrained Tests 

STRESS-SYSTEM AND LABORATORY TESTING TERMINOLOGY 

cu Consolidated-Undrained Shear Test 
CIU 
CIUC 

Isotropically Consolidated-Undrained Shear Test 

CIUE 
m Triaxial Compression Test 
CIu Triaxial Extension Test 

CKJJ K Consolidated-Undrained Shear Test 
CK,gC 

-- 

z,IJDSS 
doU Triaxial Compression Test 

CK,UE 
CK,E Direct-Simple Shear Test 
CK,U Triaxial Extension Test 

DSS Direct-Simple Shear 

LV 

PSA 
PSP 

Laboratory Vane 

Plane Strain Active 
Plane Strain Passive 

TC 
TE 

Triaxial Compression 
Triaxial Extension 

MISCELLANEOUS 

m Exponent Coefficient in Undrained Shear Strength Versus 
Overconsolidation Ratio Equation 

NSP Normalized Soil Parameters 
r Correlation Coefficient 
SHANSEP Stress History and Normalized Soil Engineering Properties 
x Semi-Log Linear Regression Coefficient (intercept) in su(LV) 

Versus Solids Content Equation 
$ Semi-Log Linear Regression Coefficient (slope) in su(LV) 

Versus Solids Content Equation 
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Section 1

RESEARCH BACKGROUND AND OBJECTIVES

1.1 Introduction

Little published data are available on the shear strength characteristics of
phosphatic clays. The only comprehensive data are limited to results from a
series of direct-simple shear tests performed at the Massachusetts Institute of
Technology on one phosphatic clay (Roma, 1976). Since reclamation emphasis is
often on land use and rapid land reclamation, the shear strength characteristics of
phosphatic clays and sand-clay mixes as a function of consolidation stress and
stress history are needed.

Although phosphatic clays are flocculated and highly plastic and would, therefore,
not be expected to be very sensitive nor to exhibit significant anisotropic
behavior, the limited data available indicate that these clays may be susceptible
to loss of strength upon disturbance or remolding (Bromwell and Radan, 1979), and
that their stress-strain-strength characteristics may be affected by the direction
of loading (anisotropic behavior).

Based on general observations reported by Ladd et al. (1977), the highly plastic
phosphatic clays are expected to have a very low undrained shear modulus and
exhibit highly time dependent stress-strain-strength behavior. Consequently,
loads placed on reclaimed phosphatic clay deposits may undergo significant initial
settlements (undrained shear deformations) and subsequent large undrained creep
deformations.

One objective of this study, therefore, was to determine the range of stress-
strain-strength behavior of phosphatic clays and sand-clay mixes, and establish
correlations between index properties and strength parameters.
properties and behavior of interest include:

The strength

The undrained shear strength, su, drained friction angle,  d, and$
undrained Young’s secant modulus, Eu. The strength parameters su and
$d are necessary to determine the short-term and long-term bearing
capacity and/or stability of constructed facilities placed on reclaimed
phosphatic clays, respectively. The undrained modulus, Eu, is necessary
to estimate the initial undrained settlement of loads placed on the
surface of reclaimed phosphatic clay deposits.

The effects of anisotropy. The effects of inherent and stress induced
anisotropy on strength and undrained deformations can lead to changes
in behavior during undrained shear depending on the direction of the
major principal stress imposed by the applied loading along a failure
surf ace. The resulting strengths may be less than determined from
conventional tests, which can have important implications if low factors
of safety are used. Special Ko-consolidated undrained triaxial
compression and extension tests with pore pressure measurements
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(CK,UC  and    oCKoUE) and Ko-consolidated undrained direct-simple shear
tests (CKoUDSS) are generally performed to investigate the effect of
varying stress systems on the shear strength behavior of clays.

The effects of stress history. The effects of stress history on shear
strength due to desiccation and/or pre-loading produce significant
changes in strength behavior relative to the behavior of normally
consolidated clays. Since reclaimed settling areas will likely always
contain an upper overconsolidated "crust", the effect of stress history
on strength is of interest.

The effects of strain rate. The strength of highly plastic clays is
generally very sensitive to time and creep effects (or strain rate
effects). Hence, the highly plastic phosphatic clays are expected to be
highly strain rate sensitive.

The effect of sand-clay ratio. The effect of sand-clay ratio on stress-
strain-strength behavior is important for evaluating the relative
advantages or disadvantages of sand-clay mix disposal methods.

The applicability of the Stress History and Normalized Soil Engineering
Properties (SHANSEP) approach. Based on previous research on soft
clays (see Ladd and Foott, 1974 and Ladd et al., 1977), it is expected
that phosphatic clays and sand-clay mixes would exhibit "normalized
behavior”. Accordingly, the normally consolidated undrained shear
strength and undrained Young’s secant modulus should be related to the
vertical effective consolidation stress,  vc ii (i.e., unique s   vcb
and Eu/su ratios). For overconsolidated clays the sufi”

EuPVC

ratios should also be uniquely related to the overconsolidation  ratio.vc and Eu/su

Once strength parameters (sufivc , 6, Eu/su) are well defined for a wide range of
phosphatic clays and sand-clay mixes, correlations can be established with index
properties. Further, after establishing the basic normalized parameters, the task
of predicting the strength in reclaimed phosphatic clay disposal facilities can be
greatly simplified and the surcharge loads and degree of consolidation required to
attain a desired strength can be determined. The normalized parameters can
therefore be used to comprehensively evaluate phosphatic clay disposal and
reclamation methods.

1.2 Previous Research

1.2.1 Undrained Shear Strength

A series of Ko-consolidated undrained direct simple shear tests (CKoUDSS) were
performed by Roma (1976) on a sample of phosphatic clay from the IMC-Noralyn
mine. The clay had a plasticity index of 139% and a liquid limit of 190%, which
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are characteristic of an average plasticity phosphatic clay.* A total of four tests 
were performed, three on normally consolidated samples and one at an overcon- 
solidation ratio, OCR, of 4.0.** The normally consolidated (NC) normalized 
undrained shear strength ratio from the CK UDSS tests, s (DSS),6 varied from 
0.220 to 0.227 for the three tests with an aferage of 0.222 At ar?gkerconsolida- 
tion ratio of 4.0, s,(DSS)fi,,, equalled 0.656. Hence, over the overconsolidation 
ratio range of 1.0 to 4. 8r7&$DSS)&,c increased according to the relationship 
s,(DSS)& = 0.224 (OCR) . 

Figure l-l compares the normalized sufivc versus OCR relationship from 
CK,UDSS tests for the IMC-Noralyn phosphatlc clay and six naturally occurring 
clays. As shown, the behavior of the highly plastic phosphatic clay is not 
significantly different from clays with substantially lower plasticity (i.e., 
plasticity indices of 20 to 75% in comparison to 139%). 

The normalized undrained shear strength ratio, sufic, from isotropically 
consolidated triaxial compression undrained shear tests with pore pressure 
measurements (mC) has been investigated for several phosphatic clays from five 
mine sites by Ardaman & Associates, Inc. in conjunction with site specific projects 
at the Occidental-Suwannee River, USSAC-Fort Meade, IMC-Kingsford and 
Brewster-Lonesome mines, and at an old mine pit near CF Chemicals-Bartow. 
The Occidental, USSAC, and YZF” phosphatic clays were obtained from 
undisturbed samples. The IMC and Brewster clays were re-sedimented in the 
laboratory. The s,/i& ratios determined for the phosphatic clays with widely 
varying plasticity are tabulated below: 

Phosphatic Clay PI (46) 
Inferred 
s& 

Occidental-Suwannee River 
USSAC-Fort Meade 
IMC-Kingsf ord 
USSAC-Fort Meade 
Brewster-Lonesome 
USSAC-Fort Meade 
IMC-Kingsf ord 
Occidental-Suwannee River 
Old Pit near CF Chemicals- 

Bartow 
Old Pit near CF Chemicals- 

Bartow 

221 0.32-0.39 0.30-0.33 
213 0.40 0.35 
177 0.36 0.29 
175 0.36 0.33 
171 0.30-0.37 0.27-0.3 1 
155 0.36 0.30 
152 0.32-0.37 0.29-0.32 
140 0.39 0.35 
119 0.28 0.25 

94 0.29-0.32 0.28 

Average 0.35 0.30 
Range 0.28-0.40 0.25-0.35 

Measured 

*Refer to Volume 1, Section 2.5, for the plasticity characteristics of phosphatic 
clays. (All phosphatic clays are highly plastic CH clays.) 
**Overconsolidation ratio, OCR, is defined as the ratio cvrnfiW, where cvrn is the 
maximum past vertical effective consolidation stress and ovc is the vertical 
effective consolidation stress. 
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The undrained effective stress paths and relevant test data for 13 mC tests
from the five sites are presented in Figure 1-2. As shown and tabulated above,
the    c suB ratio varied widely from 0.28 to 0.40 with an average value of about
0.35. Further, there is no relationship between plasticity and su c   fi for the
phosphatic clays. The su    c  fi values are somewhat higher than typically expected
for highly plastic clays, but  agree with sufic values measured on clays of much
lower plasticity.

The undrained shear strength ratio normalized with respect to the one-dimensional
vertical effective consolidation stress, Gvc, rather than the isotropic stress,  cTi
may be backfigured from CIUC tests by assuming that the phosphatic clays exhibit
strength principles in accordance with the "simple clay model" (Ladd, 1964). In
accordance with this principle and arbitrarily assuming a coefficient of earth
pressure at rest, Ko of 0.60, su   c fi,,
paths presented in Figure 1-2.

may be determined from the effective stress
The resulting inferred values of su  fl

tabulated above adjacent to the s fi values. As shown, the scatter in ’suVi
are

generally less than observed for s”/?? u  c. The phosphatic clays exhibited an su   vc ‘b
is

ratio in triaxial compression on the order of 0.30 essentially independent of
plasticity, which implies that phosphatic clays will likely exhibit essentially the
same undrained shear strength at the same effective stress. On the other hand,
su       vc (CIUC)fi was found to be 34% higher than su   o (CK UDSS)&  as determined by
Roma (1976), and hence, phosphatic clays may be more susceptible to anisotropic
effects than inferred from their high plasticity.

1.2.2 Undrained Modulus

Values of normalized undrained Young’s secant modulus, Eu/su, versus the applied
shear stress level, rh/su, from CKoUDSS  tests on normally consolidated naturally
occurring clays are shown in Figure 1-3 (Ladd et al., 1977). Although the trends
are similar regarding the variation in modulus with stress level during undrained
shear, Eu/su generally decreases substantially with increasing plasticity and
organic content of the soil. Values of Eu/su reported by Roma (1976) for the IMC-

 Noralyn phosphatic clay are also shown on Figure 1-3. The reported values are
considerably higher than expected for a clay with such a high plasticity and agree
with Eu/Su values for clays with lower plasticity indices of 40 to 75%.

The normalized undrained Young’s secant modulus versus stress level from CIUC
tests for the five normally consolidated phosphatic clays listed in Figure 1-2 are
summarized in Figure 1-4. At a high stress level of 80%, the value of Eu/su,
generally varies from 50 to 120 for the five normally consolidated phosphatic
clays regardless of the plasticity of the clay. Eu/su increases with decreasing
stress level to values of 300 to 1000 at a stress level of 20%. These values are in
general agreement with E,/s
(1976) and also indicate that s

ratios from CKoUDSS tests reported by Roma
u/su values for phosphatic clays are higher than

expected for clays of such high plasticity.



1.2.3 Angle of Internal Friction

As shown in Figure 1-2, the angle of internal friction or effective friction angle, $,
measured in mC tests generally ranges from 26° to 33° with a representative
value at maximum obliquity of 30 . This friction angle is substantially higher than
expected for the highly plastic phosphatic clays. The angle of internal friction
applicable for drained conditions, +d,
undrained tests at maximum obliquity.

is generally lower than (su determined from

1.3 Purpose of Investigation

Available strength data for phosphatic clays, although limited, clearly indicate
that the behavior of phosphatic clays is often not consistent with the behavior
expected from established correlations with plasticity on naturally occurring
clays. Additionally, there are no comprehensive data reported on the strength
behavior of sand-clay mixes. Accordingly, as part of research project FIPR 80-02-
002 "Evaluation of Phosphatic Clay Disposal and Reclamation Methods” performed
for the Florida Institute of Phosphate Research, twelve phosphatic clays, sampled
from various mine sites, were investigated via laboratory vane, viscometer
determinations, and mC and CKoU strength tests to determine the range of
stress-strain-strength behavior of Florida phosphatic clays. Strength tests were
also performed on sand-clay mixes from three selected phosphatic clays with
widely varying plasticity. The mine sites were selected to provide a range of
geographic locations and mining concerns. The locations of the mine sites are
illustrated in Figure 1-5 and the specific settling areas sampled and sampling
dates are summarized in Table 1-1.

One purpose of performing the strength tests for the present investigation was to
establish the range in stress-strain-strength behavior of phosphatic clays and sand-
clay mixes and to determine the applicability of the Stress History and
Normalized Soil Engineering Properties (SHANSEP) design methodology for
phosphatic clays and sand-clay mixes. Once the strength characteristics of the
phosphatic clays are fully established, the study would achieve the following
additional purposes:

Allow the determination of the shear strength of phosphatic clays and
sand-clay mixes at low effective stresses to enable evaluation of the
impact of an accidental spill from the disposal system.

The use of normalized shear strength properties provide an estimate of
the strength of a clay or sand-clay mix from a given mine as a function
of consolidation stress and stress history. These data allow
determination of the surcharge load, degree of consolidation and/or
degree of desiccation required to achieve a given strength to support
the required loads. They are also valuable for determining the earliest
time that a surcharge, such as tailings sand, can be applied without
generating extensive "mud-waving".

The normalized shear strength properties of sand-clay mixes will allow
determination of whether this disposal method results in poor, marginal
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or good foundation conditions relative to phosphatic clay without sand.
This is important to evaluate the relative merits of the sand-clay mix
disposal method versus conventional disposal techniques.

The normalized undrained modulus of phosphatic clays and sand-clay
  mixes will permit assessment of undrained deformations caused by

application of loads on reclaimed disposal areas.

1.4 Scope of Investigation

The scope of the investigation included determining the strength behavior of six of
the twelve phosphatic clays sampled as part of this project. The six clays were
selected to represent a range in properties of phosphatic clays based on index
tests (Volume 1), mineralogy (Volume 2), and settling tests (Volume 3). The
strength characteristics of sand-clay mixes were investigated for three of the six
clays. The specific tests performed are summarized in Figure 1-6.

The strength characteristics of normally consolidated phosphatic clays determined
from laboratory vane, viscometer, CIUC and CK,U tests are first reported in
Section 2. Test procedures and methodologies are also detailed in Section 2. The
effects of stress history on phosphatic clay strength behavior are presented in
Section 3. Section 4 discusses the strength characteristics of sand-clay mixes.
Recommended properties for use in design and prediction are presented in each
section.
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Mine 

Agrico-Saddle Creek 
AMAX-Big Four 
Beker-Wingate Creek 

Brewster-Haynsworth 
CF Mining-Hardee 
Estech-W atson 

HopeweIl-Hillsborough 
IMC-Noralyn 
Mobil-Nichols 

Table l-l 

MINE SITES AND SETTLING AREAS 
SELECTED FOR PHOSPHATE CLAY 

LABORATORY INVRSTIGA’ITONS 

Settling Area 

Settling Area-2 
Settling Area BF-1 
Pilot Plant Samples 

Settling Area-L 
Settling Area N- 1 
Settling Area 13 

Pilot Plant Samples 
Settling Area N-14 
Settling Area N-3 

Sampling 
Date 

l-2 8-8 1 
6-05-a 1 
6-05-8 1 

1-27-a 1 
l-28-8 1 
4- 10-8 1 

3-04-a 1 
2-23-8 1 
1-28-a 1 

Occidental-Suwannee River Settling Area-8 
USSAC-Rockland Settling Area-6 
WR Grace-Four Corners Pilot Plant Samples 

2-02-a 1 
l-28-8 1 
9-11-81 
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Section 2

STRESS-STRAIN-STRENGTH PROPERTIES
OF NORMALLY CONSOLIDATED PHOSPHATIC CLAYS

2.1 Remolded Undrained Shear Strength at Low Effective Stresses

As clay slurry is discharged into a settling area, the phosphatic clay gradually
transitions from a viscous fluid to a soil with particle to particle contact
characterized by a shear strength which is a function of the effective
consolidation stress.

The remolded shear strength of phosphatic clays is a measure of the shear
strength of the clay upon disturbance or after extensive straining. Sensitive clays
generally exhibit a substantial reduction in shear strength with remolding due to
alterations to the particle arrangement and structure of the clay matrix.
(Sensitivity is defined as the ratio of undisturbed to remolded strength.) Because
of their high plasticity, however, phosphatic clays are not anticipated to be very
sensitive.

The remolded undrained shear strength of phosphatic clays at low effective
stresses is of interest in determining the extent of phosphatic clay flow and flood-
plain coverage that may result from accidental spills or an embankment failure.
It is also relevant in assessing the stability of an embankment or other constructed
facility erected on phosphatic clay wherein the clay is disturbed via displacement
and/or re-worked to promote displacement prior to or during construction.

2.1.1 Undrained Strength from Viscosity Tests

Viscosity determinations were made on five phosphatic clays at varying solids
contents using a Brookfield viscosimeter. The test method and results were
detailed in Volume 1 “Index Properties of Phosphatic Clays”, Section 4. The yield
stress,  y ‘c , determined for the Bingham plastic model can be considered equivalent
to the remolded undrained shear strength, s u , at very low effective stresses. The
results for five phosphatic clays are reproduced in Figure 2-1 (Figure 4-12 of
Volume 1).

As shown in Figure 2-1, a correlation between moisture content and undrained
shear strength at very high moisture contents was found. In developing this
correlation, the shear strength at the liquid limit was assumed equal to 25 g/cm2
as recommended by Casagrande (1932). The remolded undrained shear strength
was found to: (  )i increase with decreasing moisture content, (increasing solids
content); and (ii) increase with increasing liquid limit at a given moisture content,
in accordance with the equation:

TY
= 10{10.34-5.21 log(w) + 0.014(LL)} (1)

where  y ‘c  is the yield stress or remolded undrained shear strength in g/cm2; w is
the water content expressed as a percentage; and LL is the liquid limit expressed
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as a percentage. The correlation coefficient, r, of 0.933 indicates that 87% of the
variability in shear strength is accounted for by changes in the moisture content
and liquid limit.

The liquidity index, LI, relates the moisture content of a clay to its Atterberg
limits by the expression:

LI = (w - PL)/PI (2)
where PL is the plastic limit and PI the plasticity index. Liquidity indices of 1.0
and 0.0 imply that the moisture content is at the liquid and plastic limits,
respectively. A correlation between liquidity index and remolded shear strength
was developed and is reproduced in Figure 2-2 (Figure 4-13 of Volume 1). The
correlation is in the form:

TY =
10{-3.382 + (4.792/LI)} (3)

where  y ‘c  is expressed in units of g/cm2. This unique correlation for phosphatic
clays physically indicates that the remolded shear strength increases with
decreasing liquidity index, i.e., with decreasing water content and/or increasing
plasticity. The correlation coefficient of 0.974 implies that the variability in
liquidity index explains 95% of the variability in remolded undrained shear
strength. The relationship is applicable for liquidity indices in excess of 3.

2.1.2 Undrained Strength from Laboratory Vane Tests

A series of laboratory vane (LV) shear tests were performed on six phosphatic
clays remolded to varying solids contents. Three different four-bladed vanes
having a height to diameter ratio of about 1.33 were used in this investigation,
with diameters ranging from 0.5 inches to 1.5 inches. As illustrated in Figure 2-3,
the shear strength, su(LV), of the highly plastic phosphatic Clays can be sensitive
to strain rate, p , effects. The effect of strain rate, however, is insignificant at
rates of rotation less than about 15°/minute. Accordingly, all determinations
reported below are based on tests performed at a rate of rotation of 8°/minute
(about 0.1°/second).

Results of laboratory vane tests are summarized in Figure 2-4. As shown, the
remolded undrained shear strength, su(LV), increases with increased solids content
(or reduced water content). Moreover, at the same solids content, the higher
plasticity clay (e.g., Agrico-Saddle Creek) exhibits a higher remolded vane
undrained shear strength than lower plasticity clays (e.g., CF Mining-Hardee).
Results of semi-log linear regressions performed on the data in Figure 2-4 for
each phosphatic clay are presented in Figure 2-5. The regression analyses indicate
the validity of a relationship of the form:

SJLV) = lO( x + $S) (4)

where: = -3.165 +0.0085 (PI)
; = 0.097



and where: su(LV) is the remolded laboratory vane undrained shear strength
expressed in units of lb/ft2; S is the solids content expressed as a percentage; and
PI is the plasticity index expressed as a percentage.

When the water content of the clay is normalized with respect to the liquidity
index, LI, the following unique correlation between s (LV) and LI (illustrated in
Figure 2-6) is found applicable for phosphatic clays with varying characteristics:

su(LV) = 29.31 (LI)-3.634 (5)

where su(LV) is expressed in units of lb/ft2. The correlation coefficient of 0.98
for the log-log linear regression indicates that the variability in liquidity index
explains 96% of the variability in remolded undrained shear strength.

The remolded undrained shear strength of the highly plastic phosphatic clays is
compared to that of relatively lower plasticity naturally occurring clays with
plasticity indices of 14 to 65% in Figure 2-7. As shown, the relationship between
liquidity index and remolded undrained shear strength for the phosphatic clays is
consistent with that for other clays at liquidity indices in excess of 0.9. At lower
liquidity indices, the phosphatic clays seem to exhibit a higher remolded shear
strength inferring that the highly plastic phosphatic clays are not as sensitive as
other naturally occurring clays at increased solids contents.

The vertical effective consolidation stress, svc, corresponding to the solids
content at which laboratory vane tests were performed was determined from
compressibility relationships presented in Volume 4, "Consolidation Behavior of
Phosphatic Clays". Figure 2-8 presents a plot of the remolded undrained shear
strength, su(LV), versus the effective consolidation stress. As shown, at the same
vertical effective consolidation stress, the lower plasticity CF Mining-Hardee clay
apparently exhibits a higher remolded shear strength than higher plasticity clays,
whereas, as previously shown- in Figure 2-4, a reverse trend prevails when the
remolded shear strength is compared at the same solids content. The remolded
normalized undrained shear strength ratios, su(LV)/fi,,,  for each phosphatic clay
are compared in Figure 2-9. The data indicate that:

At liquidity indices in excess of about 1.0, the phosphatic clays are
apparently sensitive with remolded s,(LV)@ vc ratios ranging from about
0.16 for the CF Mining-Hardee clay to 6.06 for the Agrico-Saddle Creek
clay. The phosphatic clays appear to be less sensitive at lower liquidity
indices as evidenced by an increase in s,(LV)&,, ratios.
Assuming that the normally consolidated undisturbed su  vc Ta ratio does
not vary significantly between phosphatic clays (as will be demonstrated
in subsequent sections), the lower plasticity CF Mining-Hardee clay is
apparently less sensitive than the higher plasticity Agrico-Saddle Creek
clay! This is evident by comparing the remolded su(LV)D  ratio for
both clays. Other phosphatic clays exhibit a remolded s~(L,,~~~~ ratio
between the two extremes.
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The remolded undrained shear strengths from viscosity tests and laboratory vane
tests are compared and plotted versus liquidity index in Figure 2-10. A least
squares log-log linear regression on the combined data reveals a correlation of the
form:

su(remolded) = 32.91 (LI)-4.332 (6)

where su is expressed in units of lb/ft2. The correlation exhibits a correlation
coefficient of 0.979 and is applicable to liquidity indices ranging from about 0.6 to
more than 10.

2.2 Undrained Properties of Normally Consolidated
Phosphatic Clays from mC Tests

2.2.1 Test Methods and Test Procedures

Twenty-six isotropically consolidated triaxial compression undrained shear tests
with pore pressure measurement (mC tests) were performed on six selected
phosphatic clay samples obtained from different mine sites. The shear tests were
strain controlled and the rate of strain was slow enough to allow for pore pressure
equilization during undrained shear.

Test specimens were trimmed from larger block samples pre-consolidated under

stresses of 0.3 to 0.5 kg/cm2.
one-dimensional Ko-conditions from a slurry to effective vertical consolidation

Ko-consolidation was performed in the laboratory
on a sedimented slurry using one l oad increment applied in large consolidometers
to produce samples that permit handling and trimming. The consolidometer used
produced block samples 25.7 cm in diameter with heights generally ranging from
10 to 15 cm. Triaxial test specimens were trimmed from these larger samples to
standard triaxial dimensions of 8.0 cm in height and approximately 3.6 cm in
diameter.

mC tests were conducted according to the procedures described in Bishop and
Henkel (1962). After trimming test specimens, the samples were placed on the
triaxial cell pedestal, vertical filter strips were installed and the specimen
enclosed in prophylactic membranes applied to the exterior surfaces. After filling
the triaxial cell with de-aired water, a backpressure of several kg/em was
applied to saturate the sample. The test specimen was then isotropically
consolidated in increments to an
ranging from 1.0 to 2.0 kg/cm2.

effective consolidation pressure, cc, generally
The drainage valve was then closed and the pore

pressure response measured. A B-factor of 100% indicated that the samples were
saturated. During shear, pore pressures were measured with a rigid, flush-diagram
pressure transducer. The signals from the transducers, load cell, and DCDT strain
gauge were monitored with a digital voltmeter and recorded electronically on
magnetic tape with a data acquisition system for subsequent processing.

Three to six CIUC tests were performed at varying consolidation pressure, ?&, on
each of six phosphatic clays. The isotropic pre-shear effective consolidation
pressure generally ranged from 1.0 to 2.0 kg/cm2. Hence, the samples were
consolidated prior to shear to effective stresses 2 to 4 times the maximum



vertical effective stress used during sample preparation. All test samples were,
therefore, normally consolidated. Various isotropic consolidation stresses, cc,
were used to confirm that the phosphatic clays exhibit normalized behavior and to
determine the applicability of the Normalized Soil Parameter (NSP) concept to
phosphatic clays (see Ladd and Foott, 1974). A clay exhibiting normalized
behavior will yield values of normalized undrained shear strength,       suB c, and
normalized modulus, Eufic or Eu/su, that are constant for samples consolidated to
differing effective stresses in excess of the maximum past pressure.

2.2.2 Stress-Strain Behavior

The undrained stress-strain-strength behavior of phosphatic clays from mC tests
is presented in appropriate figures in Appendix A for the Agrico-Saddle Creek, CF
Mining-Hardee, IMC-Noralyn, Mobil-Nichols, Occidental-Suwannee River and
USSAC-Rockland phosphatic clay samples. Representative effective stress paths
and stress-strain behavior from typical tests are summarized in this section along
with relevant findings.

Stress path and normalized stress strain data from 10 tests (that are best
representative of the 26 tests performed) are plotted in Figures 2-11 and 2-12,
respectively. These results are for specimens sheared at an axial (vertical
compression) strain rate, k,, of 1%/hour. As shown in Figure 2-11, the stress
paths for all phosphatic clays are similar exhibiting a pore pressure A-factor at
"failure", i.e., at maximum principal stress difference (ol-cQmax,  of about 1.0
with the more plastic Agrico-Saddle Creek clay exhibiting an A-factor on the
order of 1.2. The stress paths are typical of those characteristic of normally
consolidated soft clays.

The effective stress paths in Figure 2-11 and the stress-strain and pore pressure
behavior depicted in Figure 2-12 support the applicability of the normalized soil
parameter (NSP) concept to phosphatic clays. The maximum stress difference
generally occurred at failure strains ranging from about 7% to 12%. Strain
softening effects are not significant at large strains as depicted in Figure 2-12.
Moreover, the undrained behavior of the highly plastic phosphatic clays is similar
within the wide range of clay plasticity investigated.

2.2.3 Strain Rate Effect

In addition to CIUC tests performed at a strain rate b, of 1%/hour, tests were
performed on the USSAC-Rockland and CF Mining-Hardee clays at strain rates of
0.36%/hour and 5.1%/hour to investigate the effect of strain rate on the undrained
shear strength. (Test results are detailed in Appendix A: samples labeled S1
through S9 were sheared at 1%/hour; samples labeled S were sheared at
0.36%/hour; and samples labeled F were sheared at 5.1%/hour.) The effect of
strain rate on the undrained shear strength ratio, su&, is illustrated in Figure 2-
13 based on test results performed on phosphatic clay and other highly plastic
clays. As shown, increasing the strain rate beyond 1%/hour can cause a
significant increase in undrained strength. Accordingly, all triaxial tests used in
our evaluation were performed at strain rates of 1%/hour or less.
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2.2.4 Undrained Shear Strength 

The normalized undrained shear strength ratio, s,&, of phosphatic clays averaged 
about 0.33* with little variability with plasticity, except for the very highly 
plastic Agrico-Saddle Creek clay which exhibited a lower s,fi ratio (on the order 
of 0.28) as illustrated in Figure 2-14, primarily due to a lgher A-factor at 7-i 
failure.** (The undrained shear strength, su, is defined herein as half the 
maximum principal stress difference, q, at failure; i.e., su = qf = 0.5(ol-03)max;~c 
is the isotropic pre-shear effective consolidation stress.) 

The undrained shear strength ratio normalized with respect to the one-dimensional 
vertical effective consolid&n stress, cvc, rather than the isotropic stress, SC, 
may be backfigured from CIUC tests by assuming that phosphatic clays exhibit 
basic strength principles in accordance with Ladd’s “simple clay model” (Ladd, 
1964). In accordance with this hypothesis and by arbitrarily assuming a 
coefficient of earth pressure at rest K = 0.6f s B may be directly determined 
from the effective stress paths presenled in Apbez$x A. The resulting average 
values of s,To, 

‘h 
and the range measured for each phosphatic clay are presented in 

the lower grap of Figure 2-14. As shown, the scatter in the resulting sufivc 
values is less than that observed for s 
suTo,c 

u b c. Phosphatic clays generally exhibit an 
ratio in triaxial compression of 0.28-0.02 irrespective of plasticity. (For 

comparison, sufivc values from CKoUC tests - see Section 2.3 - are also plotted in 
Figure 2-14.) In summary, the following normalized undrained shear strength 
ratios are believed representative of phosphatic clays based on mC test data: 

Phosphatie Clay PI (%) sU/6r, sul”vc 
Agrico-Saddle Creek 222 0.28 0.26 
IMC-Noralyn 181 0.33 0.28 
Mobil-Nichols 164 0.34 0.29 
USSAC-Rockland 160 0.30 0.28 
Occidental-Suwannee River 142 0.33 0.30 
CF Mining-Hardee 113 0.33 0.29 

These values are generally consistent with those determined on 10 other 
phosphatic clays of varying plasticity with plasticity indices ranging from 94% to 
221% (see Section 1.2.1). Since s Ta is similar for all phosphatic clays tested, a 
gross average value su/svc = 0.2# zzy be used for other phosphatic clays in the 

*Values of s,& as high as 0.4 have been reported by other investigators. Such 
high values are not believed characteristic of the highly plastic phosphatic clays. 
**Other high plasticity phosphatic clays (PI = 175 to 221%) do not reflect lower 
sub values as observed for the Agrico-Saddle Creek clay (see data in Section 
j.2.F). 
See Section 2.3.3 



absence of laboratory test data. This value is characteristic of the shear strength
in compression, s (V), when the clay is sheared with the major principal stress in
the vertical direction. The normalized. undrained shear strength ratio of 0.28 is
slightly higher than expected for the highly plastic phosphatic clays.

2.2.5 Undrained Modulus

The undrained modulus governs the magnitude of undrained deformations resulting
from loading a phosphatic clay deposit. Values of Young’s secant undrained
modulus, Eu, are highly dependent on stress level.

Values of Eu/su (normalized secant modulus with respect to the undrained shear
strength) from CIUC  tests are presented in Figure 2-15 as a function of stress
level q/qf (where q is the maximum shear stress for a particular loading, or half
the principal stress difference; and qf is the value of q at maximum stress
difference        x (ol-4)ma , i.e., at failure). As shown in Figure 2-15, the undrained
modulus decreases substantially with increased stress level. Moreover, the higher
plasticity phosphatic clays seem to exhibit a higher Eu/su than lower plasticity
clays which was not expected! At a stress level of 50%, all phosphatic clays
exhibit an undrained modulus higher than one would expect for such plastic
materials. For the high plasticity Agrico-Saddle Creek clay, Eu
about 2000 at a stress level of 20% to about 150 at a stress

/su decreases from
 leve1 of 80%. The

relatively “low” plasticity CF Mining-Hardee clay Eu/su ratio decreases from
about 400 to 80 as the stress level increases from 20 to 80% of the undrained
shear strength.
160%) of 600 and

Corresponding Eu/su values for the USSAC-Rockland clay (PI =
90, respectively, are probably representative of a wide range of

phosphatic clays. The trends, magnitudes and variability in E /s are also
consistent with data obtained on other phosphatic clays (see Figure 1-4). Note
that the undrained modulus can also be highly dependent on the type of shear test
or stress system.

2.2.6 Angle of Internal Friction

The effective angle of internal friction, $, is required for evaluating the drained
class of stability problems which are performed to assess long-term stability when
consolidation due to loading (or unloading) of a clay deposit has been completed.
This class of stability problems can be important but, in conjunction with
construction on a soft phosphatic clay deposit where the undrained case governs,
the angle of internal friction is generally not as important as the undrained shear
strength.

The effective angle of internal friction, $, was determined from mC tests on six
phosphatic clays at maximum obliquity, maximum stress difference, and tangency
to the effective stress paths (see Appendix A). Figure 2-11 illustrated the typical
range in Mohr-Coulomb failure envelopes for normally consolidated phosphatic
clays which are characterized by zero effective cohesion fi = 0) and an angle of
internal friction from undrained tests, &, generally ranging from 28° to 35° and
averaging  about 30°. Figure 2-16 presents the average values and ranges in qu
from CIUC tests on the six phosphatic clays. (For comparison, $,, values from
CK,UC  tests - see Section 2.3 - are also plotted on Figure 2-16).

Gary Albarelli
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Although there is some variability in the test data, there is no consistent trend
with plasticity. A gross average 6u value at maximum obliquity on the order of
30° is representative of the angle of friction from mC tests on a wide range of
phosphatic clays.* A somewhat lower value of 28° is arbitrarily selected as
applicable at maximum stress difference.

Ladd (1971) concluded that, for normally consolidated clays, the angle of internal
friction under drained conditions, $d, is generally up to 3 degrees lower than & at
maximum obliquity. Hence, in the absence of drained tests and on the basis of
WC! tests, ;dd of phosphatic clays is anticipated to be on the order of 27°. This
friction angle is much higher than expected for the highly plastic phosphatic clays
based on correlations with plasticity presented in NAVFAC DM-7 (1971) wherein
$d is on the order of 20°.. Moreover, some Ko-consolidated tests indicate that
  u at maximum oblquity can be as low as 26°.
25°  and 27°.

Hence, $d probably lies between
Accordingly, a drained effective friction angle, $dl of 25° is

recommended for the drained class of stability problems.

2.3 Properties of Normally Consolidated Phosphatic Clays from Ko-Consolidated
Undrained Strength Tests with Differing Stress System

2.3.1 Overview of Anisotropic Behavior

Ladd et al, (1977) present a comprehensive review of anisotropy and effect of
stress system on the undrained behavior of clay deposits. Sedimentary clay
deposits have a preferred particle orientation: during one-dimensional deposition
and subsequent consolidation, clay particles tend to be oriented horizontally. This
inherent anisotropy can lead to changes in behavior during undrained shear
depending on the direction of the major principal stress, al,. imposed by the
applied loading relative to the preferred particle orientation.

Moreover, because the coefficient of earth pressure at rest, Ko=fh&, (where
‘ihc is the effective horizontal consolidation stress under one-dimensional loading),
is always less than unity for normally consolidated in situ clay deposits, the clay
will also exhibit stress system induced anisotropy. This is caused by the differing
increments of shear stress required to produce failure as the direction of the
major principal stress at failure, aIf’ is varied. Theoretically, the stress system
induced anisotropy is also applicable to an isotropic material, even one that has no
inherent anisotropy. The combined effect of both inherent and stress induced
anisotropy components on the undrained behavior and shear strength of clays can
be determined by performing special laboratory tests.

Several stress systems exist along a typical failure surface as illustrated in Figure
2-17. Where the major principal stress at failure, aIf, acts in the vertical
direction, a plane strain active (PSA) or triaxial compression (TC) stress system

*Including data on other phosphatic clays investigated by Ardaman & Associates,
Inc. (see Section 1.2.3).



prevails; where ol
(

acts in the horizontal direction, a plane strain passive (PSP) or
triaxial extension TE) condition characterizes the stress system; when elf acts at
45° to the vertical, direct simple shear (DSS) conditions prevail. For elf acting at
0°, 90° and 45° to the vertical direction, the corresponding undrained shear
strength is denoted by su(V), su(H) and su(45°), respectively. Alternatively, the
following notations can be used: su(TC),  su(TE)  and su(DSS), respectively.

Lean sensitive clays are generally characterized by a high degree of anisotropy:
their su(H)/su(V) ratio can be as low as 0.5. Although all clays exhibit anisotropic
behavior, highly plastic relatively insensitive clays such as phosphatic clays are
anticipated to exhibit a much lower degree of anisotropy than lower plasticity
clays.

2.3.2 Test Methods and Test Procedures

Three phosphatic clays representative of the range in plasticity determined on
samples obtained from twelve differing mine sites were subjected to special
undrained shear tests to determine their anisotropic behavior. The clays selected
for this investigation were from the Agrico-Saddle Creek mine (PI = 222%), the
USSAC-Rockland mine (PI = 160%), and the CF Mining-Hardee mine (PI = 113%).

Test specimens were trimmed from larger block samples pre-consolidated from a
slurry to effective vertical consolidation stresses of 0.3 to 0.5 kg/cm2 as
described in Section 2.2.1. Test specimens were trimmed from these large
samples to standard dimensions: 8.0 cm in height and about 3.6 cm in diameter
for triaxial specimens; and 2.0 cm in height with a diameter of about 8.0 cm for
direct simple shear test specimens.

All test samples were subjected to Ko-consolidation  (prior to undrained shear) to
vertical effective stresses in excess of that used during sample preparation.
Hence, all samples were normally consolidated. Ko-consolidation  was used to
simulate the in situ state of stress. A total of three Ko-consolidated  triaxial
compression undrained shear tests with pore pressure measurement (CK,UC
tests), four Ko-consolidated triaxial extension undrained shear tests with pore
pressure measurement (CKoUE tests), and six Ko-consolidated  direct simple shear
undrained shear tests (CKoUDSS) were performed. The shear tests were strain
controlled and the rate Pof  strain was slow enough to allow for pore pressure
equilization during undrained shear.

The CKC tests were conducted in much the same manner as mC tests
(Sectiono 2.2.1) except that Ko-consolidation  was used prior to shear and
consolidation proceeded in small increments to minimize undrained shear
deformations. The ratio of the vertical stress (from hanger dead weights) to cell
pressure was adjusted from one consolidation increment to the other in order to
maintain one-dimensional consolidation. This was monitored by comparing the
cumulative volume change of the test specimen to the total vertical strain in
order to maintain them equal. The pre-shear effective vertical consolidation
stress ranged from 0.65 to 0.8 kg/cm2. Hence, the samples were consolidated
prior to shear to effective stresses approximately 1.5 times the maximum vertical
effective stress used during sample preparation. Samples were then sheared in the
same manner as CIUC tests at a controlled axial strain rate (vertical
compression), e v, of 0.5%/hour.

Gary Albarelli
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The CK UE specimens were consolidated in the same manner as described for 
WC Pests. (The vertical load during consolidation was applied by means of air 
pressure rather than dead load hanger.) Spiral filter strips in lieu of vertical filter 
strips were used on CK,UE test specimens. During undrained shear, the cell 
pressure was kept constant and the vertical stress was reduced at an axial strain 
(vertical extension) controlled rate, iv, of O.S%/hour. 

The CKoUDSS tests were performed in a modified Geonor Direct Simple Shear 
Device using the procedures outlined by Bjerrum and Landva (1966). The 
cylindrical test specimen was prepared by means of a special cutting frame and 
shoe which allows trimming and aligning the sample for placement within a wire 
reinforced rubber membrane which prevents lateral deformation during 
consolidation. The volume of the sample is maintained constant during shear by 
automatic adjustment of the normal load to keep a constant sample height and, 
hence, model undrained shear. Two CK,UDSS tests were performed on each of 3 
phcsphatic 2clays at pre-shy effective vertical consolidation stresses of 1.0 (or 
0.8) kg/cm and 2.0 kg/cm to confirm the applicability of the NSP concept to 
phosphatic clays. Based on extensive experience with CK,UDSS tests, a 
controlled shear strain rate,t , of 3 to G%/hour was used to achieve pore pressure 
equilization. 

The undrained shear strength, su, from triaxial tests is defined herein as half the 
maximum principal stress difference, q, at failure, i.e., su = qf = 0.5(a -5) ax. 
For CK,UDSS tests, undrained failure is defined as the peak horizon al s ear t r! 
stress, T , 

hl 
i.e., s uh.= (rh)max’ The stress Th is the applied shear stress on the 

horizonta plane w lch causes shear by inducrng lateral movement of the top cap. 

2.3.3 Coefficient of Earth Pressure at Rest 

No direct measurement of the coefficient of earth pressure at rest, K,, of 
phosphatic clays was made. Ko is the ratio of horizontal to vertical effective 
consolidation stress under one-dimensional loading and as such defines the in situ 
state of stress normally encountered. 

Although a direct measurement of K, was not made, values of K can be 
estimated from the consolidation phase of CK UC and CK tests. 
Consolidation increments when the clay is normally c&solidated can’be used to 
determine K, values for normally consolidated phosphatic clays. Plots of 
cumulative vertical strain versus volumetric strains during Ko-consolidation in 
triaxial tests are presented in Figure 2-18. Although the final vertical strain, !v, 
was not always equal to the volumetric strain, AV/V,, as one would expect during 
Ko-consolidation, the data during virgin compression (last few consolidation 
increments) were generally parallel to the K,-theoretical line (ev = AV/Vo). 
Hence, the final consolidation stresses were close to a Ko-condition. 

Values of K, for normally consolidated phosphatic clays determined from the 
consolidation phase of CK,UE and CK,UC tests are tabulated below: 



Agrico-Saddle Creek (PI = 222%) 0.50; 0.60 0.55
USSAC-Rockland (PI = 160%) 0.51; 0.53 0.52
CF Mining-Hardee (PI = 113%) 0.49; 0.67; 0.70 0.62

Some of the data show considerable scatter and the Ko-data, particularly for the
Agrico-Saddle Creek and, USSAC-Rockland phosphatic clays, are lower than
expected for such plastic material. Figure 2-19 compares measured data to
empirical correlations with. plasticity index, PI, and angle of internal friction, Q,
presented by Alpan (1967), Brooker and Ireland (1965) and Ladd et al. (1977). As
shown, the measured Ko-data for two of the clays (Agrico and CF) are
substantially lower than expected based on plasticity. The unanticipated low
values may be partly due to the fact that the friction angle, $, of phosphatic clays
is much higher than expected for such highly plastic material (see Section 2.2.6
and Figure 2-16). In the absence of reliable direct Ko-measurement and in light of
the data and correlations in Figure 2-19, it is tentatively recommended that a Ko-
value on the order of 0.62 be used to characterize the in situ one-dimensional
state of stress of normally consolidated phosphatic clays.

2.3.4 Results of CKoUC and CKoUE Tests

Stress path data from CKoUC and CKoUE tests on normally consolidated Agrico-
Saddle Creek, USSAC-Rockland and CF Mining-Hardee phosphatic clays are
presented in Figures 2-20, 2-21 and 2-22, respectively. Normalized stress-strain
and pore pressure data for all three clays are presented in Figure 2-23 and 2-24- -
for CKoUC and CKoUE tests, respectively. Figure 2-25 summarizes the
normalized undrained Young's secant modulus, Eu/s , versus shear stress level,
A q/Aqf,  from CKoUC and CKoUE tests (where tq is the increment of half
principal stress difference from Ko-conditions, and Aqf is Aq at failure, i.e., at
maximum stress difference).

2.3.4.1 CKoUC Tests

The CKoUC effective stress paths (Figures 2-20 through 2-22) are reasonably
consistent with expected behavior for normally consolidated highly plastic
materials. The mobilized angle of internal friction, brn, at maximum stress
difference equalled 26.0°, 26.3° and 22.0° for the Agrico, USSAC and CF clays,
respectively. The pore pressure A-factor at maximum stress difference averaged
about 0.85 which is slightly lower than expected. The normalized undrained shear
strength ratio, su(CKoUC)&,,, equalled 0.315, 0.327 and 0.271 for the Agrico,
USSAC and CF clays, the first two values being slightly higher than anticipated.

The effective angle of internal friction at maximum obliquity equalled 39.8°,
33.4° and 26.0° for the Agrico, USSAC and CF clays. These values, particularly
for the Agrico and USSAC clays, are much higher than expected for such highly
plastic material.

Gary Albarelli
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The stress-strain behavior in Figure 2-23 indicates that failure occurred at very
small strains of about 0.3 to 0.4% for the Agrico and USSAC clays, and at
approximately 2.5% strain for the CF Mining clay. The Agrico and CF clays
exhibited moderate strain softening behavior.
substantial strain softening effects.

The USSAC clay depicted

In summary, Ko-consolidated phosphatic clays sheared in triaxial compression
exhibit a normalized undrained shear strength slightly higher than expected
probably because of a somewhat high angle of internal friction and a somewhat
low A-factor at failure. The very low strains at failure observed for the USSAC
and Agrico clays and the moderate to substantial strain softening effects are
normally more characteristic of lean sensitive clays than highly plastic materials.

The effect of K  o-consolidation versus isotropic consolidation of phosphatic clays
can be assessed by comparing CIUC test data (Section 2.2) to CKoUC test data.
The data show that Ko-consolidation:

Substantially decreases the strain at failure from 7% or 12% to less
than 3%; and causes more significant strain softening behavior.

Has little effect on the normalized undrained shear strength ratio
considering the limited number of CKoUC tests and the scatter
depicted in Figure 2-14. Average values of sufivc are tabulated below
for comparison:

-.
Phosphatic Clay PI (%) s,(CIUC)& sumc)~vc sumpMvc

Agrico-Saddle Creek 222 0.28 0.26 0.31
USSAC-Rockland 160 0.30 0.28 0.33
CF Mining-Hardee 113 0.33 0.29 0.27

Gross Average 0.30 0.28                   0.30

Based on the above and other data presented in Figure 2-14, an          vc s,(V)fi
ratio in compression on the order of 0.28 is recommended for normally
consolidated phosphatic clay irrespective of plasticity.

Causes a decrease in $ at maximum stress difference but not necessarily
at maximum obliquity as was illustrated in Figure 2-16. (A friction
angle, $ =25°,  is recommended for the drained class of stability
problems as detailed in Section 2.2.6).

Apparently causes a decrease in the A-factor at failure particularly for
the highly plastic USSAC and Agrico clays.

Causes an increase in the normalized undrained modulus as evidenced by
comparison of Eu/su data in Figures 2-15 and 2-25. This stiffening
effect may be caused by the smaller increment in shear stress required
to produce failure in CKoUC tests, but is difficult to ascertain because
of the scatter in the data and limited number of CKoUC tests

Gary Albarelli




2-13 

performed. The undrained modulus from CKoUJests is much higher 
than expected for such highly plastic material. CIUC data (Figure 2-15) 
are also higher than anticipated, but seem more reasonable in spite of 
the scatter between various phosphatic clays. 

2.3.4.2 CK,UE Tests 

The shape of the CK,UE effective stress paths (Figures 2-20 through 2-22) and 
normalized stress-strain curves (Figure 2-24) are reasonable, but the samples 
continue to strain harden to extremely large strains resulting in values of s b 
and - that are too high. The A-factors at failure (0.82 to 0.95) are reasonablgai 8 
the normalized pore pressure behavior, Au/?&, is reasonable (considering that the 
tests were performed by reducing the vertical stress and, hence, comparison of 
the pore pressure behavior in compression - Figure 2-23 - and extension - Figure 
2-24 - has to take into account changes in the minor principal stress Ao3, i.e., one 
should compare ( Au - A a3)/& rather than Au&). 

The strain hardening behavior, even at extremely large strains in excess of 25%, 
resulted in values of sufivc and 6 that are considered too high to be representative 
of phosphatic clay behavior. Moreover, three out of four CK UE tests gave small 
negative values for the effective minor principal stress at fai?ure,G3f (with values 
of a3f&,, of -0.0 1, -0.10 and -0.20), which is physically not possible since tension 
cannot exist between the test specimen and its end caps. Three of the “measured” 
s 
r 

(CK,UE)fi c ratios of 0.36, 0.42 and 0.44 are unusually high particularly in light 
o the fact t&at s (H) is expected to be less than s (V), i.e., s (CK UE) should be 
lower than s,(C*~~C). The resulting angles of lfnternal fr&ioi at maximum 
stress difference of more than 40’ are clearly not realistic (although the large 
strains at failure are not unreasonable because of the 90 degree rotation in 
principal planes). 

The reason for this unusual behavior is not clear particularly because the cells had 
good quality low-friction pistons, spiral filter strips were used, and no obvious 
signs of sample necking were observed. Nevertheless, necking of the sample if 
prevalent and unaccounted for would give an undrained strength and angle of 
friction that are too high. 

Recause of the unrealistic high values of sufivc and $ “measured” in TE tests 
and the possibility of undetected sample necking particularly at large strains, it is 
considered prudent to arbitrarily terminate the effective stress paths and stress 
strain curves at a vertical extension strain of about 7 to 8%; the corresponding 
angle of internal friction “mobilized” at these strains is on the order of 30’ (for 
the USSAC and Agrico clays, and is slightly higher for the CF clay). The resulting 
undrained shear strength ratio in triaxial extension, su(H)fivc, is then found equal 
to about 0.245 for all three phosphatic clays. 

As shown in Figure 2-25, the normalized modulus, E,/s,, from triaxial extension 
tests is lower than that from CK,UC tests (and even lower than that from WC 
tests - Fimre 2-15). This behavioral trend was exDected because of the L 
substantial? larger increment in shear stress required to produce failure in 
CK,UE tests corresponding to a passive (extension) stress system. 
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2.3.5 Results of CK,UDSS Tests 

Results of CK UDSS tests on normally consolidated phosphatic clays are 
summarized in ‘E’igures 2-26 through 2-$9. Samples 
conso ‘dated to differingGvc % 

g each phospha$ic clay 
of O-8 kg/cm (or 1.0 kg/em ) and 2.0 kg/cm (or 2.2 

kg/cm ) yielded fairly consistent (constant) normalized behavior as illustrated in 
Figures 2-26 and 2-28, confirming the applicability of the normalized soil 
parameter (NSP) concept to phosphatic clays. Moreover, the undrained behavior 
and normalized properties of the Agrico, USSAC and CF clays are very similar (as 
depicted in Figures 2-27 and 2-28) even though these clays cover a wide range of 
clay plasticity (PI = 113% to 222%). Hence, the normalized properties determined 
in this investigation are probably applicable to most, if not all, Florida phosphatic 
clays since there were no detectable or consistent trends with plasticity. 

The normalized stress paths in Figure 2-26 show a continuous decrease in vertical 
effective stress during undrained shear, 
performed on normally consolidated clays. 

which is typical of CK,UDSS tests 
The stress-strain behavior in Figure 2- 

28 is also consistent with that observed on other naturally occurring clay 
deposits. The undrained shear strength is mobilized at very large shear strains, Y, 
with a shear strain at failure, Yf, of about 19.4?3.2%. There is little strain 
softening observed after failure as illustrated in Figure 2-28. 

The normalized s (DSS)fi c ratio ranged from: 0.222 to 0.226 for the Agrico clay; 
0.212 to 0.227 fo:! the U&AC clay; a?d 0.228 to 0.231 for the CF clay. Average 
values of 0.224, 0.220 and 0.229 are characteristic of the Agrico, USSAC and CF 
clays, respectively. Roma (1976) reports a value of 0.224 for an IMC-Noralyn clay 
with a plasticity index of 139%. A gross average s,(DSS)&,, value of 0.225 is 
believed characteristic of a large number of phosphatic clays since very little 
variability was observed in CK,UDSS tests for the clays investigated. 

Although CK,UDSS test results yield accurate estimates of the undrained shear 
strength, only limited significance should be given to the values of the effective 
friction angle, 6 = arctan @hr ) in Figure 2-27, because of unknown stress 

4f, conditions within the sample ( add and Edgers, 1971; Ladd et al., 1972). 
Nevertheless, 6 equalled 21.4’ and 27.2’ at failure and at maximum “obliquity”, 
respectively. These values are lower than those determined from mC and 
CK,UC tests (Figure 2-16), but are not considered as reliable. 

Values of the normalized undrained Young’s secant modulus, E,,/s,, are presented 
in Figure 2-29 as a function of stress level, T /s . 

P# 

As shown, the undrained 
modulus decreases substantially with increase s ress level. Moreover, all 
phosphatic clays seem to exhibit approximately the same magnitude of modulus* 
particularly at stress levels in excess of about 40%. At a stress level of 50%, 
phosphatic clays are characterized by an Eu/su ratio of about 250 to 370. 

*This is also true for the IMC-Noralyn phosphatic clay (PI = 139%) investigated by 
Roma (1976); see Figure 1-3. 
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Although the data are consistent, the l&/s, ratio is higher than expected for such 
plastic materials. 

The CK,UDSS E 
trends more 

/su versus stress level&ta are much more consistent and the 
rea istic than those from CIUC tests (Figure 2-15). Moreover the r 

data lies between that from CK,UC and CK UE tests (Figure 2-25). Hence the 
E 
o Y 

/su data from CK,UDSS tests would probably give the most realistic estimate 
undrained deformations. The data in Figure 2-29 indicate that Eu/sU decreases 

from 600 or more at a stress level of 20%, to 50 or 100 at a stress level of 80%. 
These values which are higher than one would have predicted based on the 
plasticity of phosphatic clays imply smaller undrained deformations than would 
occur with high plasticity natural sedimentary clay deposits (consolidated to the 
same effective stress). 

2.4 Recommended Properties of Normally Consolidated Phosphatic 
Clay for Use in Design and Predictions 

2.4.1 Effect of Anisotropy and Strain Compatibility on 
Undrained Shear Strength Ratio 

A summary of the undrained shear strength ratios, su/ijvc, from various types of 
strength tests and for various stress systems is presented in Figure 2-30 for 
normally consolidated phosphatic clays. As indicated by the anistropic strength 
ratio, su(H)/su(V), of 0.87, the phosphatic clays are shown to be slightly more 
anisotropic than anticipated considering the extremely high plasticity of these 
clays (PI = 113% to 222%). Moreover, all three phosphatic clays investigated 
yielded approximately the same s 

eJ 
five ratio for a given stress system irrespective 

of plasticity. Hence, the report normalized undrained shear strength ratios are 
characteristic for a large number of phosphatic clays. 

The recommended undrained shear strength ratios for the differing stress systems, 
i.e., s (V) = s (TC); s (H) = s (TE); and s (45’) = s (DSS), are shown on Figure 2- 
30. Aucompa&on of ?he nor&/alized und&ned strexgth ratio, s fi 

eW 
from various 

types of strength tests has to take into account the mobiliz s FLn at failure. 
Noting that the shear strain, Y, is related to the axial strain, e , by the 
relationship Y = 1.5 ev in triaxial tests, one can compare s,&, anJ Yf (Y at 
failure) from the various tests: 

Type of Test Stress System sura,c Yf, % 

CIUC 0.280% 10.5-18.0 
CK,UC 

TC; s,=s,(v) 

CK,UDSS 
TC; su=s (V) 

DpE; 2=$&5)? 
0.280 0.5-3.8 
0.225 19.4t3.2 

CK,gE ; u=u 0.245 12.0-30.0 

In addition to the wide variation in the strain at failure, the degree of strain 
softening behavior is different for the various stress systems, with the most 
prominent strain softening effect observed in CK,UC tests. Variables that appear 
to influence the shear strain at failure include: (i) the degree of rotation in 
principal planes, the larger strains at failure being characteristic of the larger 
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degree of principal plane rotation which necessitates a larger increment in shear 
stress to cause failure; and (ii) the degree of anisotropic consolidation with Ko- 
consolidation yielding lower strains at failure in triaxial compression than 
isotropic consolidation. 

Figures 2-31, 2-32 and 2-33 compare measured CK,UC, CK,UDSS and CKoUE 
stress-strain data for the Agrico-Saddle Creek, USSAC-Rockland and CF Mining- 
Hardee clays, respectively. Ladd et al. (1972) and Ladd (1975) present a simplified 
methodology that accounts for strain compatibility in determining the appropriate 
average s IG to account for the varying modes of failure illustrated in Figure 2- 
17. The Ya&& difference in the shear strain at failure with the varying stress 
systems makes it very unlikely that the peak strength can be mobilized 
simultaneously all along a potential failure surface. By averaging the values of 
qfivc from triaxial COmpreSSiOn and extension tests and ‘th&, from DSS tests at 
the same shear strain, one could estimate the maximum mobilized resistance 
based on the average of the three stress systems. This should provide a more 
realistic s fi to be used in conjunction with undrained stability analyses, and 
accounts, it ?gast empirically, for the effects of strain compatibility along the 
failure surface. 

In the preceding presentation, the undrained shear strength from triaxial tests was 
taken equal to the maximum half principal stress difference (i.e., su = qf) which is 
appropriate for undrained 4 = 0 stability analyses where the failure planes in the 
active and passive wedges are taken at 45’ to the horizontal plane. These values 
are also applicable for bearing capacity type analyses. On the other hand, if he 
shear strength is to be applied to an actual circular arc failure surface or to 
active and passive wedges at 45tiq/2 from the horizontal plane (where 6 is 
arbitrarily selected as the effective angle of internal friction from undrained tests 
at maximum stress difference, i.e., & = 28’ for phosphatic clays, as outlined in 
Section 2.2.6), then the undrained shear strength should be taken equal to-the 
shear sxess at failure on the failure plane, rff, resulting in su = ‘Cff = qfcos+u = 
qfcos28 = 0.883 qf The mobilized undrained shear stress at a given shear strain 
would then equal q and qcos28’, respectively, for consistency with the two 
definitions of undrained strength outlined above. 

The simplified strain compatibility concept was applied to the CKoUC, CK,UDSS 
and CK,UE stress-strain data of each phosphatic clay illustrated in Figures 2-31 
through 2-33. The resulting mobilized undrained shear strength ratios versus shear 
strain are presented as a shaded band in Figures 2-34 through 2-36 bounded by 
upper and lower curves corresponding to a mobilized shear stress at failure, qf, 
equal to l/3 { r 
respectively.* k 

+ q(TC) + q(TE)) and l/3 {‘h + q(TC)cos28’ + q(TE)cos28’) , 
he maximum mobilized shear stress occurs at a shear strain of 

about 12% for all 3 phosphatic clays. The dashed lines in Figures 2-34 through 2- 
36 represent the corresponding mobilized strength if the CK,UE data at large 
strains are not discarded. These results indicate a continued small increase in ‘rf 

*Where WE data is suspect at large strains (Figures 2-31 through 2-33), q(TE) 
was taken equal to q(TC) at the corresponding shear strain. 
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at large strains, but the data is suspect as previously noted. Moreover, it is 
appropriate to consider that failure has occurred when shear strains on the order 
of 12% have been experienced. 

The undrained shear strengths of the three phosphatic clays are 
based on the simplified strain compatibility concept. The 
strengths are compared in Figure 2-37 as well as with CK,UDSS 
design values are tabulated below: 

Mobilized Mobilized 

almost identical 
mobilized shear 
data. Pertinent 

Phosphatic Clay 
Sfi S/J 

PI (96) (su,G> (s,=quf~::28~) s,(CK,UDSS)& 

Agrico-Saddle Creek 222 0.249 0.228 0.224 
USSAC-Rockland 160 0.235 0.2 15 0.220 
CF Mining-Hardee 113 0.239 0.220 0.229 

Recommended Design Value 
for Phosphatic Clays 0.240 0.220 0.225 

Moreover, the mobilized shear stress in TC, TE and DSS at the design shear strain 
of about 12% are almost equal as illustrated below, inferring a relatively low 
degree of anisotropy (as expected) when strain compatibility is taken into account: 

Mobilized s&,, 

su = 9f S,, = qfcos28' 

Phosphatic Clay PI (%I TC B TE TC B TE 

Agrico-Saddle Creek 222 0.287 0.212 0.245 0.253 0.212 0.216 
USSAC-Rockland 160 0.243 0.207 0.243 0.215 0.207 0.215 
CF Mining-Hardee 113 0.247 0.220 0.247 0.218 0.220 0.218 --- --- 

Average 0.259 0.213 0.245 0.229 0.213 0.216 

Based on the preceding evaluations, a design sufi value equal to 0.24 is 
recommended for use in bearing capacity undraine 8” 4 = 0 type analyses on 
normally consolidated phosphatic clays. A design sub,, value of 0.22 is judged 
more appropriate for use in circular arc type stability ana yses. F 

For a wedge type failure surface, the appropriate normalized mobilized shear 
strengths for use in the active, central and passive wedges correspond to sufivc 
values of 0.259, 0.213 and 0.245, respectively, when the active and passive wedges 
are taken at 45’ to the horizontal plane. If actual failure surfaces at 45*4/2 
from the horizontal plane (;$ = 28’) are used for the active and passive wedges, 
respectively, corresponding su,Gvc values of 0.229, 0.213 and 0.216 should be used 
in the active, central and passive wedges. However, because anisotropy is so 
small at the failure strain, one could also use the average sur 

“Cta 
ratios of 0.24 or 

0.22 in all portions of the sliding block failure surface epending on the 
assumptions assumed for the active and passive failure planes). 
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The normalized design undrained shear strength ratios of 0.22 to 0.24 selected as 
representative for a wide range of normally consolidated phosphatic clays are in 
excellent agreement with field test section results for other natural sedimentary 
type deposits and test data on laboratory sedimented clay samples from these 
deposits. As noted by Mesri (1975), the in situ sufivc ratio appropriate for use in 
stability analyses appears to fall within a fairly narrow range for most soft 
homogeneous sedimentary clays. Phosphatic clays appear to conform to this 
finding. 

Figure 2-37 compares the design s fi values with data from CK UDSS tests at 
(‘h)max* As shown, s (CK UDSS$ v~quals about 0.225, lies bet$een the s jj 
desqn values of 0.22 kd 0?24, and ‘;‘sc, therefore, in excellent agreement wit# thug 
recommended values. One might, therefore, simply use the CK,UDSS, s,&, = 
0.225 in stability and bearing capacity undrained type analyses on norm ZIl 
consolidated phosphatic clays. 

y 

reasonable design strengths. 
The CK,UDSS test, therefore, appears to provide 

2.4.2 Undrained Deformations 

As detailed in Section 2.3.5, the normalized undrained Young’s secant modulus 
data, E,/s , versus stress level from CK,UDSS tests (presented in Figure 2-29) are 
recommen ed 1 for use in predicting undrained deformations of normally 
consolidated phosphatic clays. As shown in Figure 2-29, E /s exhibits a large 
decrease with increasing stress level and values are generally #I good agreement 
for all phosphatic clays investigated. 

The data in Figure 2-29 indicate that E /su decreases from about 500 (range of 
400 to 900) at a factor of safety of 3, Yo about 300 (range of 250 to 370) at a 
factor of safety of 2, to about 150 (range of 120 to 200) at a factor of safety of 
1.5. These values are higher than one would have predicted based on the high 
plasticity of phosphatic clays; they imply smaller undrained deformations than 
would occur with other high plasticity natural sedimentary clay deposits 
(consolidated to the same effective stress). The relatively high undrained modulus 
is nevertheless consistent with a somewhat lower coefficient of secondary 
compression than anticipated (see Volume 4, “Consolidation Behavior of 
Phosphatic Clays”) and a lower sensitivity to strain rate effects than expected for 
such plastic material (see Figure 2-13). 

2.4.3 Effective Stress Failure Envelope 

For drained effective stress type stability analyses that may be performed to 
assess long-term performance of normally consolidated phosphatic clays, an 
effective angle of internal friction, $I equal to 25’ is recommended as was 
outlined in Section 2.2.6. (Norma%y c 
characterized by zero effective cohesion.) 

onsolidated phosphatic clays are 
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Section 3 

STRESS-STRAIN-STRENGTH PROPERTIES OF 
OVERCONSOLIDATED PHOSPHAT’IC CLAYS 

3.1 Test Methods and Test Procedures 

Three phosphatic clays representative of the range in plasticity determined on 
samples obtained from twelve differing mine sites were subjected to CK,UDSS 
tests to determine the effect of stress history on the undrained behavior and 
undrained shear strength. The clays selected for this investigation were from the 
Agrico-Saddle Creek mine (PI = 222%), the USSAC-Rockland mine (PI = 160%), 
and the CF Mining-Hardee mine (PI = 113%). CK UDSS tests were performed 
because, as demonstrated in Section 2.4, the CK ?JDSS test results provide a 
reasonably reliable estimate for the in situ undraine a shear strength and undrained 
modulus. 

Test specimens were prepared as described in Section 2.3.2 in conjunction with 
CK,UDSS tests performed on normally consolidated phosphatic clay samples, i.e., 
phosphatic clays having an overconsolidation ratio, OCR, of unity. (OCR = 
ZvmTO 

Yi= 
where avrn is the maximum past pressure or maximum effective vertical 

conso dation stress to which the clay was subjected). The in situ clay may exhibit 
an overconsolidation ratio in excess of unity if allowed to desiccate and form a 
surface crust and/or if previously pre-loaded to higher effective stresses than 
existing in situ. 

Since phosphatic clays were shown to exhibit normalized behavior (Section 2), the 
normalized soil parameter variation with overconsolidation ratio was determined 
by first reconsolidating the test samples pder K -conditions to the virgin 
compression line, i.e., to eve = 2.02 kg/cm , and 
effective stress to either 1.0 kg/cm or 0.5 kg/cm 

@en reducing the vertical 
yielding overconsolidation 

ratios of 2 and 4, respectively, prior to undrained shear. The consolidation and 
rebound in the CK,UDSS test apparatus were used to eliminate the effects of 
sample disturbance and adequately define stress conditions prior to shear. 

CK,UDSS test data on normally consolidated phosphatic clays (OCR = 1.0) were 
presented in Section 2. In addition to CK UDSS tests performed on normally 
consolidated phosphatic clays, tests were P per ormed on each of 3 phosphatic clays 
at overconsolidation ratios of 2 and 4. A total of 12 CK,UDSS tests, therefore, 
were performed on phosphatic clays at overconsolidation ratios of 1, 2 and 4. Test 
procedures were in accordance with the methodology outlined in Section 2i3.2. 

3.2 Coefficient of Earth Pressure at Rest 

Section 2.3.3 recommended that a Kdvalue on the order of 0.62 be used to 
characterize the in situ one dimensional state of stress of normally consolidated 
(NC) phosphatic clays; i.e., K,(NC) = 0.62. 
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No measurements of the coefficient of earth pressure at rest, K,, of 
overconsolidated (OC) phosphatic clays was made. However, based on data 
presented by Ladd et al. (1977) correlating the ratio K,(OC)/K 
the following relationship is judged applicable in the absence o P 

(NC) to plasticity, 
specific test data 

on phosphatic clays: 

K,(OC) = K,(NC) l OCRo*35 = 0.62(OCR)“*35 

The resulting K 
8 

(OC) 
clay deposit. 

values are applicable to K, during unloading of a phosphatic 
orresponding K, values at overconsolidation ratios of 2 and 4 are 

predicted to equal 0.79 and 1.00, respectively. 

3.3 Stress~train Behavior 

Normalized effective stress paths at varying overconsolidation ratios (OCR = 1, 2 
and 4) for the Agrico, USSAC and CF clays are presented in Figures 3-1, 3-2 and 
3-3, respectively. The normalized stress-strain behavior is depicted in Figures 
3-4, 3-5 and 3-6, respectively. 

The normalized stress-strain and pore pressure data in Figures 3-4, 3-5 and 3-6 are 
consistent and show: 

0 large shear strains at failure ranging from 16% to 22%. 

0 a marked increase in su&,, with increasing overconsolidation ratio. 

0 development of negative pore pressures during undrained shear (in lieu 
of positive pore pressures) with increased overconsolidation ratio. 

0 an increase in pore pressures after failure for overconsolidated samples 
and a correspondingly more marked strain softening behavior. 

These behavioral trends are also characteristic of CK,UDSS test results on a wide 
variety of clays. 

3.4 Undrained Shear Strength Ratio 

The increase in the undrained shear strength ratio, s 
ratio from CK,UDSS tests performed on the three p 

five, with overconsolidation 
x osphatic clays is illustrated 

in Figures 3-7, 3-8 and 3-9. A marked similarity in trends is observed in spite of 
significant differences in plasticity. Ladd et al. (1977) recommend a relationship 
of the form: 

sufivc = (su(NC)&,,)OCRm (2) 

This relationship is shown to apply to phosphatic clays with m-values ranging from 
0.78 to 0.84, and averaging about 0.80. Figure 3-10 summarizes s$vc data versus 
overconsolidation ratio for all three phosphatic clays. The data depict a slight 
increase in the s b ratio with reduced clay plasticity at high overconsolidation 
ratios (i.e., OC# zc4), but the data is somewhat limited and, therefore, not 
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conclusive. Good agreement is obtained for all three phosphatic clays tentatively 
justifying use of the following average relationship in conjunction with phosphatic 
clays: 

su4E = 0.225 (OCR)‘**’ (3) 

The normalized s fi ratio based on the above equation is predicted to equal 
0.225, 0.392 and 0%8!!‘at overconsolidation ratios of 1, 2 and 4, respectively. 

3.5 Undrained Modulus 

Variations in the normalized undrained Young’s secant modulus, E,/s,, with stress 
level and overconsolidation ratio are illustrated in Figures 3-11, 3-12 and 3-13 for 
the Agrico-Saddle Creek, USSAC-Rockland, and CF Mining-Hardee clays, 
respectively. In spite of some scatter in the data, the trends observed are similar 
for all three clays. Figure 3-14 presents an overview of the data from tests 
performed on all three clays. As shown, E,/su decreases with increased 
overconsolidation ratio particularly at OCR values in excess of 2. These trends 
are in agreement with behavioral trends characteristic of most cohesive soils. 

Figure 3-15 illustrates the degree of scatter in E,/s, versus overconsolidation 
ratio at stress levels of 33% and 67%, corresponding to factors of safety of 3 and 
1.5. As shown, the scatter between tests on a given phosphatic clay at the same 
overconsolidation ratio can be as large as the scatter from one phosphatic clay to 
the other. Hence, a single relationship between Eu/su and overconsolidation ratio 
is recommended for all three phosphatic clays with the band showing potential 
deviations in E /s at a given overconsolidation ratio. Figure 3-16 presents the 
variation in E b “versus overconsolidation ratio at factors of safety of 3, 2 and 
1.5. The tre&sUare consistent with the observed behavior of many sedimentary 
clay deposits (Ladd et al., 1977). Nevertheless, the E 
one would have predicted based on the high plasticity o 

/su values are higher than 
Y phosphatic clays. 

3.6 Effective Stress Failure Envelope 

For drained effective stress type stability analyses that may be performed to 
assess long-term performance of normally consolidated phosphatic clays, an 
effective angle of internal friction, 6 , equal to 25’ was recommended with zero 
effective cohesion (Section 2.4.3). eadd et al. (1972) suggest on the basis of 
limited data for other clays, a value of effective cohesion, 6 for overconsolidated 
clays of 0.02 to 0.05 times the maximum past pressure (and a slightly reduced 
angle of internal friction). 
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NORMALIZED UNDRAINED SHEAR STRENGTH RATIO VERSUS

OVERCONSOLIDATION RATIO FROM CKoUDSS TESTS

ON CF MINING-HARDEE PHOSPHATIC CLAY

FIGURE 3-9



COMPARISON OF NORMALIZED UNDRAINED
SHEAR STRENGTH RATIO VERSUS OVERCONSOLIDATION

RATIO FROM CKoUDSS TESTS ON PHOSPHATIC CLAYS

FIGURE 3-10



NORMALIZED UNDRAINED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CKoUDSS TESTS
ON AGRICO-SADDLE CREEK PHOSPHATIC CLAY

FIGURE 3-11



NORMALIZED UNDRAINED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CK oUDSS TESTS

ON USSAC-ROCKLAND PHOSPHATIC CLAY

FIGURE 3-12
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NORMALIZED UNDRAlNED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CKoUDSS TESTS

ON CF MINING-HARDEE PHOSPHATIC CLAY

FIGURE 3-13



SUMMARY OF NORMALIZED UNDRAINED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CK oUDSS TESTS

ON NORMALLY CONSOLIDATED AND
OVERCONSOLIDATED PHOSPHATIC CLAYS

FIGURE 3-14



NORMALIZED UNDRAINED YOUNG’S MODULUS VERSUS
OVERCONSOLIDATION RATIO FROM CKoUDSS TESTS

ON PHOSPHATIC CLAYS



RECOMMENDED STRESS LEVEL DEPENDENT NORMALIZED
UNDRAINED YOUNG’S MODULUS VERSUS OVERCONSOLIDATION

RATIO FROM CKoUDSS TESTS ON PHOSPHATIC CLAY

FIGURE 3-16
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Section 4 

STRESS-STRAIN-STRENGTH PROPERTIES 
OF SAND-CLAY MIXES 

4.1 Test Methods and Test Proce&res 

Three phosphatic clays representative of the range in plasticity determined on 
samples obtained from twelve differing mine sites were mixed with tailings sand 
(at sand-clay ratios, SCR, ranging from 0:l to 3:1)* to determine the undrained 
behavior and undrained shear strength of sand-clay mixes. Phosphatic clays 
selected for this investigation were from the Agrico-Saddle Creek mine (PI = 
222%), the USSAC-Rockland mine (PI = 160%), and the CF Mining-Hardee mine (PI 
= 113%). These three clays are representative of relatively high, average and 
“low1 plasticity phosphatic clays, respectively, and should reflect the effect of 
sand-clay mix on the range of phosphatic clays likely to occur in Florida. 
Atterberg limits of the Agrico, USSAC and CF sand-clay mixes were presented in 
Volume 4 “Consolidation Behavior of Phosphatic Claysfl (Section 4.3.2), and are re- 
tabulated below for comparison: 

SCR iW$@&@ PI (%) CFLL (%) PI(%pssAZ (%) 

0:l 222 268 113 143 160 195 
1:l 76 108 50 72 69 93 
3:l 27 52 19 37 25 43 

As shown, the addition of sand substantially reduces the plasticity of a sand-clay 
mix. 

Sand-clay mix shear strength properties were investigated via mC and CK,UDSS 
tests performed on normally consolidated samples. Test specimens were prepared 
as described in Section 2.3.2. They were trimmed from larger block samples pre- 
conso$dated from a slurry to effective vertical conjolidation stresses of 0.1 to 0.2 
kg/cm for sand-clay mixes, and 0.3 to 0.5 kg/cm for phosphatic clays without 
sand. All test samples were consolidated prior to shear to e 
excess of those used during sample preparation (i.e., 1.0 kg/cm 4 ective stresses in 

or more). Hence, 
all test specimens were normally consolidated prior to shear. 

mC and CK UDSS test data on normally consolidated phosphatic clays (i.e., SCR 
= 0:l) were p:esented in Section 2. In addition to tests performed at a sand-clay 
ratio of O:l, CIUC and CK,UDSS tests were performen each of 3 phosphatic 
clays at sand-clay ratios of 1: 1 and 3: 1. A total of 18 CIUC tests and 7 CK,UDSS 

*See Volume 3 “Sedimentation Behavior of Phosphatic Clays” and Volume 4 
llConsolidation Behavior of Phosphatic Clays” for sand-clay ratio terminology used 
in this report and methods used to prepare sand-clay mixes in the laboratory. 
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tests were performed at sand-clay ratios of 1:l and 3: 1. Test procedures were in 
accordance with the methodologies outlined in Section 2.2.1 and 2.3.2. 

4.2 mC Test Results 

The undrained stress-strain-strength behavior of phosphatic clays (SCR = 0:l) from 
mC tests was presented for each individual test in Appendix A. The 
corresponding behavior of sand-clay mixes is included in Appendix B. Pertinent 
results from WC tests are summarized in Tables 4-1, 4-2 and 4-3, for the 
Agrico-Saddle Creek, USSAC-Rockland and CF Mining-Hardee sand-clay mixes, 
respectively. 

4.2.1 Stress-Strain Behavior 

Stress paths and normalized stress-strain behavior of phosphatic clays and sand- 
clay mixes (up to SCR = 3:l) were not significantly different. However, as 
illustrated in Figure 4-1, the strain at failure generally decreased* with the 
addition of sand resulting in a corresponding increase in undrained modulus: at a 
sand-clay ratio of O:l, the vertical strain, eV, at maximum stress difference 
averaged about 8%; corresponding strains for a sand-clay ratio of 3: 1 equalled 4 to 
5%. Strain-softening effects were also slightly more noticeable for the sand-clay 
mixes. 

The pore pressure A-factor at maximum stress difference generally ranged from 
LO to 1.2 for the three phosphatic clays and averaged about I.1 at a sand-clay 
ratio of 0:l. As shown in Figure 4-1, the A-factor at failure was somewhat 
reduced at a sand-clay ratio of 1:l with a gross average value of about 1.0. 
However, with the addition of more sand to sand-clay ratios of 3:L, the A-factor 
at maximum stress difference experienced a considerable increase with 
characteristic average values generally ranging from 1.2 to 1.3. 

4.2.2 Undrained Shear Strength 

The effect of sand-clay ratio on the undrainecshear strength, su, normalized with 
respect to the isotropic consolidation stress, oc, and the one-dimensional vertical 
consolidation stress**, 5 is illustrated in Figure 4-2. As shown, the normalized 
undrained shear strerq&f’ratio s /6 increases moderately with the addition of 
sand up to a sand-clay ratio of Locut 1:l. With the continued addition of sand, 
sufic decreases in magnitude. These changes in s p with variation in sand-clay 
ratio reflect primarily the observed change in the x-&&or at failure with varying 
sand-clay ratio (see Section 4.2.1). 

As shown in Figure 4-2, trends in s,/fi with changes in sand-clay ratio are very 
similar but more subdued than observe &!or s&. Figure 4-3 illustrates the effect 

*except for the Agrico-Saddle Creek sand-clay mix at a sand-clay ratio of 1:l. 
**based on the “simple clay principle” and assuming K, = 0.60 as explained in 
Section 2.2.4. 
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of clay plasticity on s&c for various sand-clay ratios. The following normalized 
undrained shearsength ratios, s,&c, 
mixes based on CIUC test data: 

are believed representative of sand-clay 

Phosphatic Clay 
sufivc 

PI W) SCR = 0:l 1:l 3:l -- 

Agrico-Saddle Creek 222 0.26 0.30 0.29 
USSAC-Rockland 160 0.28 0.29 0.26’ 
CF Mining-Hardee 113 0.29 0.31 0.26 

Average 0.28 0.30 0.27 

These values are characteristic of the shear strength in compression, s (V), when 
the clay is sheared with the major principal stress in the vertical direction. They 
are much higher than one would predict when strain compatibility along a failure 
surface is taken into consideration (see Section 2.4). 

4.2.3 Undrained Modulus 

The effect of sand-clay ratio on the normalized undrained modulus, E,/s,, as a 
function of stress level is depicted in Figures 4-4, 4-5 and 4-6 for the Agrico_ 
Saddle Creek, 
respectively. 

USSAC-Rockland and CF Mining-Hardee sand-clay mixes, 
As shown, the undrained modulus of the highly plastic Agrico-Saddle 

Creek clay is not significantly affected by the addition of sand except at high 
sand-clay ratios and high stress levels (Figure 4-4). On the other hand, the 
addition of sand substantially increases the undrained modulus of the USSAC- 
Rockland (Figure 4-5) and CF Mining-Hardee (Figure 4-6) phosphatic clays. 

4.2.4 Angle of Internal Friction 

The effective angle of internal friction, $, was determined from undrained mC 
tests on sand-clay mixes at maximum obliquity, maximum stress difference, and 
tangency to the effective stress paths (see Appendices A and B). Figure 4-7 
presents average values and ranges in $u as a function of sand-clay ratio. As 
shown, #iu for all three phosphatic clays increases with increased sand-clay ratio; 
the increase is most prominent for the highly plastic AgricoSaddle Creek clay.* 

As noted in Section 2.2.6, the angle of internal friction under drained conditions, 
$d, is anticipated to be on the order of 25’ at a sand-clay ratio of 0:l. Based on 
data presented in Figure 4-7, 6 is expected to increase with increased sand-clay 
ratio: values of $ 

f 
of 27’ and 8’ are believed applicable at sand-clay ratios of % 

1: 1 and 3: 1, respee ively. 

*The higher ;6 value at a sand-clay ratio of 3: 1 compared to 3 at 
of 0:l is primarily responsible for the increase in s,,&,~ ratio 
Agrico-Saddle Creek clay at a sand-clay ratio of 3:l. 

a sand-clay ratio 
observed for the 
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4.3 CKoUDSS Tat Results 

Section 2.3.5 presented results of CK,UDSS tests on phosphatic clays (SCR = 
0: I). Normalized effective stress paths at varying sand-clay ratios (SCR = 0: 1, 1: 1 
and 3:l) for the Agrico, USSAC and CF clays are compared in Figures 4-8, 4-9 and 
4- 10, respectively. The normalized stress-strain behavior is depicted in Figures 
4-11, 4-12 and 4-13, respectively. 

4.3.1 Stress-Strain Behavior 

The normalized CKoUDSS stress paths in Figures 4-8, 4-9 and 4-10 show a 
continuous decrease In vertical effective stress during undrained shear. Stress 
paths at varying sand-clay ratios are not significantly different. However, as 
illustrated in Figures 4-11 through 4-13, the shear strain at failure decreased 
substantially with the addition of sand resulting in a corresponding increase in 
undrained modulus. Moreover, strain softening effects become more prominent 
with the addition of sand particularly at a sand-clay ratio of 3:l. The reduction in 
shear strain at failure, Yf, is clearly illustrated in Figures 4-14, 4-15 and 4-16 for 
the Agrico, USSAC and CF sand-clay mixes, respectively. The shear strain at 
failure averaged about 19.4% at a sand-clay ratio of O:l, and equalled 1.5 to 3.0% 
at a sand-clay ratio of 3:1, a very marked reduction. 

Normalized excess pore pressures, Aub 
increased significantly with the addition o P 

, generated during undrained shear 
sand as shown in Figures 4-11 through 

4-13. However, positive excess pore pressures generated at “failure”, i.e., at 
were generally not significantly different at varying sand-clay ratios; a 

iG!$g!&ion in Aufi at failure is generally noted with increasing sand-clay 
ratio (i.e., SCR of 3: 1 cozpared to 0: 1). 

Trends in the normalized undrained shear strength ratio, sU(DSS)&,,, are 
presented in Figures 4-14, 4- 15 and 4-16 for the Agrico, USSAC and CF sand-clay 
mixes, respectively. As shown, s&,~ generally increases slightly with the 
addition of sand up to a sand-clay ratio of about 1:l (except for the CF Mining- 
Hardee clay where such an increase was not noted). With the continued addition 
of sand, su& decreases in magnitude. These behavioral trends are consistent 
with those observed in mC tests (Section 4.2). 

4.3.2 Undrained Shear Strength Ratio 

The effect of sand-clay ratio on the normalized undrained shear strength, s Ta 
is illustrated in Figure 4-17 which summarizes results from CK UDSS te&‘$ 
sand-clay mixes. A marked similarity in trends is observed) for all three 
phosphatic clays* in spite of significant differences in plasticity. The limited 
effect of clay plasticity on suBve for various sand-clay ratios is more clearly 
depicted in Figure 4-18. 

*except the CF Mining-Hardee clay at a sand-clay ratio of 1:l. 
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Based on CKoUDSS test data, the following normalized undrained shear strength 
ratios are believed representative of sand-clay mixes: 

Phosphatic Clay PI (%) SCR= 0:l _ 

Agrico-Saddle Creek 222 0.224 0.236 0.202 
USSAC-Rockland 160 0.220 0.235 0.197 
CF Mining-Hardee 113 0.229 0.2 14 0.190 --- 

Gross Average 0.225 0.228 0.196 

Because the plasticity of the phosphatic clay seems to have only a small effect on 
the normalized undrained shear strength, gross average s,/Gi,, values of 0.225, 
0.228, 0.214 and 0.196 probably characterize the shear strength of normally 
consolidated sand-clay mixes at sand-clay ratios of 0: 1, 1: 1, 2:l and 3: 1, 
respectively, for a wide range of phosphatic clays. 

Figure 4-19 presents the variation in s~,$~ (from both mC and CK UDSS tests) 
with changes in plasticity index of the sand-clay mix (rather than &e plasticity 
index of the phosphatic clay per se as illustrated previously in Figures 4-3 and 
4-18). As shown, trends in sufiv 
consistent based on both types o F 

versus plasticity index of the mix are generally 
tests. The addition of a “small1 quantity of sand 

to a sand-clay ratio of 1:l results in a reduced plasticity index* and an increased 
sFj 
a d$?on ‘d 

ratio compared to that of phosphatic clay without sand. With the continued 
of sand to a sand-clay ratio of 3:1, the plasticity index decreases 

substantially to values characteristic of lean clays (PI = 19 to 27%) rather than 
high plast&ity clays, and s,&,~ also experiences a decrease in magnitude. The 
ratio s,(CIUC)/s,(DSS) decreases from about 0.8 at a sand-clay ratio of 0:l to 
about 0.7 at a sand-clay ratio of 3:l indicating that the lower plasticity sand-clay 
mixes are more anisotropic than phosphatic clay without sand. 

4.3.3 Undrained Modulus 

Variations in the normalized undrained secant Young’s modulus, I&/S,, with stress 
level and sand-clay ratio are illustrated in Figures 4-20, 4-21 and 4-22 for the 
Agrico-Saddle Creek, USSAC-Rockland, and CF Mining-Hardee clays, 
respectively. In spite of some scatter, the trends observed are similar for all 
three clays: E,/s, increases with increased sand-clay ratio. The increase in 
undrained modulus at a given stress level with increasing sand-clay ratio is clearly 
depicted in Figure 4-23. 

Figure 4-24 presents an overview of the data from CK,UDSS tests performed on 
sand-clay mixes using all three phosphatic clays. As shown, E,/s, increases with 

*From the plasticity index range 113% to 222% to the PI range of 50% to 76%. 
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increased sand-clay ratio particularly at sand-clay ratios in excess of 1: 1. Figure 
4-25 illustrates the degree of scatter in E /su versus sand-clay ratio at stress 
levels of 33% and 67%, corresponding to faefors of safety of 3 and 1.5. Although 
E,/s, generally increases with reduced clay plasticity particularly at high stress 
levels, the scatter between tests on a given phosphatic clay (particularly at low 
stress levels) can be as large as the scatter from one phosphatic clay to the 
other. Hence, a single stress level dependent relationship between Esu/s and 
sand-clay ratio may be used for all three phosphatic clays with the bands in # lgure 
4-25 showing potential deviation in E,/s, at a given sand-clay ratio. 

4.4 Effect of Sand-Clay Ratio on Undrained Stress-Strain-Strength Behavior 

As detailed in Sections 4.2 and 4.3, the addition of sand to phosphatic clays causes 
subtle changes to the undrained stress-strain-strength characteristics, namely: 

0 a reduction in the strain at failure and more prominent strain-softening 
effects particularly at high sand-clay ratios. 

0 an increase in positive excess pore pressures generated during undrained 
shear particularly at high sand-clay ratios at large strains subsequent to 
failure. 

0 a slight increase in the normalized undrained shear strength s,#?,,~ at 
sand-clay ratios up to l:l, and a moderate decrease in s,,&,~ with the 
continued addition of sand up to a sand-clay ratio of 3:l. 

0 an increase in the normalized undrained modulus E,/s,. 

0 a slight to moderate increase in the angle of internal friction, $. 

Most of the above trends reflect the change in plasticity of the sand-clay mix and 
the transition from an extremely plastic clay (SCR = O:l), to a high plasticity clay 
(SCR = l:l), to a much leaner clay (SCR = 3:l). Note that at sand-clay ratios up 
to 3:1, particle to particle contact between sand grains is not likely, and hence the 
sand acts as a filler within the clay matrix. The sand grains contribute to 
rendering the mix somewhat stiffer and less deformable (increased modulus), but 
may somewhat hamper the preferred structure of clay particles resulting in a 
slight reduction in the undrained shear strength at a sand-clay ratio of 3:l. 

4.5 Recommended Properties for Use in Design and Predictions 

4.5.1 Undrained Shear Strength Ratio 

As demonstrated in Section 2.4, CK,UDSS tests provide a reasonably reliable 
estimate for the in situ undrained shear strength. A marked similarity in the 
magnitude and trends of variation in sub with increasing sand-clay ratio was 
noted for sand-clay mixes prepared wit!? three phosphatic clays in spite of 
significant differences in phosphatic clay plasticity. Hence, the following gross 
average CK,UDSS normalized undrained shear strength ratios are believed 
applicable for a wide range of phosphatic clays: 
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0:l 0.225 
1:l 0.228 
2:l 0.2 14 
3:l 0.196 

The above values are applicable to normally consolidated sand-clay mixes. (The 
increase in s /;ivc 
in Section 3.4. 

with overconsolidation ratio can be accounted for as described 

4.5.2 Undrained Modulus 

As detailed in Section 2.3.5, normalized undrained secant modulus data, lIu/su, 
versus stress level from CK,UDSS tests are recommended for use in predicting 
undrained deformations. As shown in Figures 4-24 and 4-25, Eu/su increases with 
increased sand-clay ratio. Data presented in these figures may be used to predict 
undrained deformations of normally consolidated sand-clay mixes. 

4.5.3 Effective Stress Failure Envelope 

For drained effective stress type stability analyses that may be performed to 
assess long-term performance of normally consolidated sand-clay mixes, the 
following sand-clay ratio dependent effective angle of internal friction, $d, may 
be used: 

SCR 2d 
0:i 25.0’ 
1:l 27.0° 
2:l 27.5’ 
3:l . 28.0’ 

Section 4.2.4 outlined the basis for these recommended values. 
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VARlATION OF STRAIN AND A-FACTOR AT FAILURE
WITH SAND-CLAY RATIO FROM CIUC TESTS

ON SAND-CLAY MIXES

FIGURE 4-1

Gary Albarelli
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NORMALIZED UNDRAINED SHEAR STRENGTH
VERSUS SAND-CLAY RATIO FROM CIUC TESTS

ON SAND-CLAY MIXES

FIGURE 4-2

Gary Albarelli




NORMALIZED UNDRAINED SHEAR, STRENGTH  RATIO  VERSUS
PHOSPHATIC CLAY PLASTICITY INDEX FROM CIUC TESTS

ON SAND-CLAY MIXES

FIGURE 4-3

Gary Albarelli




NORMALIZED UNDRAINED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CIUC TESTS

ON AGRICO-SADDLE CREEK SAND-CLAY MIXES

FIGURE 4-4

Gary Albarelli




NORMALIZED UNDRAINED YOUNG’S MODULUS 
VERSUS STRESS LEVEL FROM CIUC TESTS
ON USSAC-ROCKLAND SAND-CLAY MIXES

FIGURE 4-5

Gary Albarelli




NORMALIZED UNDRAINED YOUNG'S MODULUS
VERSUS STRESS LEVEL FROM CIUC TESTS
ON CF MINING-HARDEE SAND-CLAY MIXES

FIGURE 4-6

Gary Albarelli






NORMALIZED UNDRAINED EFFECTlVE STRESS   PATHS
FROM CKoUDSS TESTS

ON AGRICO-SADDLE CREEK SAND-CLAY MIXES
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NORMALIZED UNDRAINED STRESS-STRAIN BEHAVIOR
FROM CKoUDSS TESTS

ON AGRICO-SADDLE CREEK SAND-CLAY MIXES

FIGURE 4-11



NORMALIZED UNDRAINED STRESS-STRAIN BEHAVIOR
FROM CKoUDSS TESTS

ON USSAC-ROCKLAND SAND-CLAY MIXES

FIGURE 4-12



NQRMALIZED UNDRAINED STRESS-STRAIN BEHAVIOR
FROM CKoUDSS TESTS

ON CF MINING-HARDEE SAND-CLAY MIXES

FIGURE 4-13
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EFFECT OF SAND-CLAY RATIO ON SHEAR STRENGTH
AND FAILURE STRAIN OF AGRICO-SADDLE CREEK

SAND-CLAY MIXES FROM CKOUDSS TESTS

FIGURE 4-14



EFFECT OF SAND-CLAY RATIO ON SHEAR STRENGTH
AND FAILURE STRAIN OF USSAC-ROCKLAND
SAND-CLAY MIXES FROM CKOUDSS TESTS

FIGURE 4-15
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EFFECT OF SAND-CLAY RATIO ON SHEAR STRENGTH
AND FAILURE STRAIN OF CF MINING-HARDEE

SAND-CLAY MIXES FROM CKOUDSS TESTS

FIGURE 4-16



NORMALIZED UNDRAINED SHEAR STRENGTH
VERSUS SAND-CLAY RATIO FROM CKoUDSS

TESTS ON SAND-CLAY MIXES

FIGURE 4-17
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NORMALIZED UNDRAINED SHEAR STRENGTH RATIO
VERSUS PHOSPHATIC CLAY PLASTICITY INDEX

FROM CKOUDSS TESTS ON SAND-CLAY MIXES

FIGURE 4-18





NORMALIZED UNDRAINED YOUNG'S MODULUS
VERSUS STRESS LEVEL FROM CKOUDSS TESTS
ON AGRICO-SADDLE CREEK SAND-CLAY MIXES

FIGURE 4-20
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NORNlALlZED UNDRAINED YOUNG’S MODULUS 
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NORMALIZED UNDRAINED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CKoUDSS TESTS

ON CF MINING-HARDEE SAND-CLAY MIXES

FIGURE 4-22



EFFECT OF SAND-CLAY RATIO ON UNDRAINED
MODULUS OF SAND-CLAY MIXES

FROM CKOUDSS TESTS

FIGURE 4-23



SUMMARY OF NORMALIZED UNDRAINED YOUNG’S MODULUS
VERSUS STRESS LEVEL FROM CKOUDSS TESTS

ON SAND-CLAY MIXES

FIGURE 4-24



NORMALIZED UNDRAINED YOUNG’S MODULUS VERSUS
SAND-CLAY RATIO AT SELECTED STRESS LEVELS

FROM CKoUDSS TESTS ON SAND-CLAY MIXES
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