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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 basec{) 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 K- consolidated
undrained triaxial compression (CK_UC), triaxial extension (CK_UE)
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 0% 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 Ehosphatic clays. A total of 44
CIUC, 3 CK,UC, 4 CKoUE 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 CIUC 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
strength, s, normalized with respect to the one-dimensional
vertical effective consolidation stress, 5v , was determined to be
affected by stress system and inherent anisotropy. s, /o, ratios of
0.28 or more characterized normally consolidated phosp‘ﬁatic clays
sheared in compression, whereas an s,/ 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,/ e’ of normally consolidated
phosphatic clays was determined to equal 0.22 to 0.24, which is in
good agreement with data on other natural sedimentary type
deposits of lower plasticity. CK_UDSS test results were in excellent
agreement with the selected design parameters. s, ©, , 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, E ., of phosphatic clays was
determined to be highly stress-level l(‘iependent as expected.
However, all phosphatic clays seem to exhibit approximately the
same magnitude of normalized modulus, E /s, 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 effective angle of internal friction, g 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, s, /,, Wwas determined to increase with
increased overconsolidafion ratio ()OCR) in accordance with the
relationship s,/G,, = 0.225 (OCR)*8 ‘based on CK,UDSS data.
Moreover, the normalized undrained modulus, E, /sy 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 dprominent strain softening effects; (i) an increase in the
normalized undrained modulus E,/s s and (iii) a slight to moderate
increase in the angle of internal friction, ¢, by about 2 to 3
degrees. The s,,/, ratio of normally consolidated phosphatic clays
from CK,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 sy /yc decreased
moderately to about 0.196 at a sand-c%ay 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 higth plastic clay (SCR = 0:1) to a much
leaner clay (SCR =3: 1).

Although the s, By, ratios of phosphatic clays and sand-clay mixes
are not significantly different, the undrained shear strength, s, of a
sand-clay mix in sifu 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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NOTE:

SYMBOLS

Prefix A indicates a change or an increment.

Suffix "f" indicates a final or failure condition.

Subscript "o" 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

LI
LL

NC

oC
OCR

PI
PL

Void Ratio

Liquidity Index

Liquid Limit

Normally Consolidated

Overconsolidated B
Overconsolidated Ratio =°vm/avc
Plasticity Index

Plastic Limit

Solids Content
Sand-Clay Ratio

Water Content
Dry Density

Total Unit Weight
Unit Weight of Water

STRESS, STRAIN, MODULUS AND STRENGTH PARAMETERS

A

0l

tri txd

us90

=R

Skempton's Shear Pore Pressure Parameter A = (Au-Aog)/(A0 |-Acy)
Skempton's Hydrostatic Pore Pressure Parameter B = Au/Aog

Intercept of Mohr-Coulomb Failure Envelope or Effective Cohesion
Intercept

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

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



S

sy(H)
su(V)
su(®
su(45)
s, (LV)
s (DSS)

sATC)
s (TE)

< < =

<=

SYMBOLS (cont'd)

Average Effective Principal Stress = 0.5 (61 +63)

Half Prmclpal Stress Difference = 0.5 (01-03) Maximum Shear Stress
q at Failure = maximum q
Inecrement of Shear Stress to Cause Failure

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 = s (45)
Undrained Shear Strength in Compression = s_(V)

Undrained Shear Strength in Extension = s (I—ﬂ

Pore Water Pressure or Excess Pore Pressure Generated During
Undrained Shear

Volume
Initial Volume

Shear Strain
Shear Strain Rate

Linear or Axial Strain
Linear or Axial Strain Rate
Vertical Strain

Normal Total Stress, Normal Effective Stress

Prineipal Stresses (major, intermediate and minor, respectlvely)
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)

T Shear Stress '

Ty Shear Stress at Failure

Teg Shear Stress at Failure on Failure Plane

T T on Horizontal Plane (direct-simple shear test)

(Th)max Maximum Shear Stress T on Horizontal Plane

fry Yield Stress (viscosity test)

b Slope of Mohr-Coulomb Failure Envelope or Effective Angle of
Internal Friction

B $ from Drained Tests

. Mobilized $ _

&y $ from Undrained Tests

STRESS-SYSTEM AND LABORATORY TESTING TERMINOLOGY

CuU Consolidated-Undrained Shear Test

CIU Isotropically Consolidated-Undrained Shear Test

CIucC CIU Triaxial Compression Test ' ’

CIUE CIU Triaxial Extension Test

CK U K, _Consolidated-Undrained Shear Test

CK,UC _(_3_% oU Triaxial Compressjon Test

CK,UDSS CK U Direct-Simple Shear Test

CKOUE CK oU Triaxial Extension Test

DSS Direct-Simple Shear

LV Laboratory Vane

PSA Plane Strain Active

PSP Plane Strain Passive

TC Triaxial Compression

TE Triaxial Extension

MISCELLANEQUS

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

)y 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 eercted 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. The strength
properties and behavior of interest include:

° The undrained shear strength, sy, drained friction angle, $4, and
undrained Young’s secant modulus, E;;. The strength parameters s,; and
®q 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, E,;, 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 strenlglths may be less than determined from
conventional tests, which can have important implications if low factors
of safety are used.  Special Ky-consolidated undrained triaxial
compression and extension tests with pore pressure measurements
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(CK,UC and CK,UE) and K,-consolidated undrained direct-simple shear
tests’ (CK,UDSS) 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-loadin Eroduce significant
changes in strength behavior relative to the %)e avior 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, Gy (i.€., unique s, /oy Eu/avc
and E, /s, ratios). For overconsolidated clays the s, /., and Eu/su

ratios should also be uniquely related to the overconsolidation ratio.

Once strength parameters (su/t'fvc, &, 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 Ky-consolidated undrained direct simple shear tests (CK,UDSS) were
performed by Roma (1976) on a sample of phosphatic clay from the ﬁ\/IC-Noralyn
mine. The clay had a plasticity index of 139% and a liquid limit of 190%, which
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solidation ratio, OCR, of 4.0.%* ’Ph.e normally consolidated ( NC) n.ormalxzeﬂ

undrained shear strength ratio from the CK UDSS tests, s (DSS),G ver varied from
0.220 to 0.227 for the three tests with an average of 0.224. At an overoonsohdu—

tion ratio of 4.0, s (DSS)/t'Jvc equalled 0.656. Hence, over the overconsolidation
ratio range of 1.0 to 4.0. S (DSS)/('!..- increased according to the relationship
5,(DSS)/5,, = 0.224 (OCR)"*

Figure 1-1 compares the normalized su/<'7 versus OCR relationship from
CER_,UDSS tests for the IMC-Noralyn phosphatic clay and six naturally ocecurring
clays. As shown, the behavior of the highly plastic phosphatic clay is not
significantly different from clays with substantially lower plastieity (i.e.,
plasticity indices of 20 to 75% in comparison to 139%).

The normalized undrained shear strength ratio, /6 y from isotropically
consolidated triaxial compression undrained shear tests with pore pressure

measurements (CIUC) has been mvestlgated for several phosphatic clays from five
mine sites by Ardaman & Associates, Inc. in conjunction with site specifie 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.

AniAantal TIQQ A A neeen ksl A oo AT A P P SR . | Y S,
The uubxucuuu, uoon\./, ana wr puuapuuub Cigyd were obuwainea 1irom

undisturbed samples. The IMC and Brewster clays were re-sedimented in the

lahnAnatAneg MTha o bl e A..-t..nm mmd Lrm dlim sl 10S e b .A el AA Yo
1AUVL ALUL Y L iC 0,./0 laLlUD UCLCLHILIIITU 11Ul LIS p p [ 8464 (..I.uyb WlLll wWid ly

varying plasticity are tabulated below:

Measured Inferred
Phosphatie Clay PI (%) s /g s, /G
L L \ u-e. “uve

Occidental-Suwannee River 221 0.32-0.39 0.30-0.33

USSAC-Fort Meade 213 0.40 0.35
IMC-Kingsford 177 0.36 0.29
USSAC-~Fort Meade 175 0.36 0.33
Brewster-Lonesome 171 0.30-0.37 0.27-0.31
USSAC-Fort Meade 155 0.36 0.30
IMC-Kingsford 152 0.32-0.37 0.29-0.32
Occidental-Suwannee River 140 0.39 0.35
0Old Pit near CF Chemicals- 119 0.28 0.25
Bartow
0Old Pit near CF Chemicals~ 94 0.29-0.32 0.28
Bartow
Average 0.35 0.30
Range 0.28-0.40 0.25-0.35

*Refer to Volume 1, Section 2.5, for the plasticity characteristics of phosphatic
|»\ a NI aAlave )

alave (A1 nhaanhatin alava an
\vla.ya' \{2 1L Hllwl)lla‘-l\f bla‘yo alL

**Qverconsolidation ratlo, oC

muzuulum pdbt Vel U.LGJ. Cffct.
effective consolidation stress.

P
A% il NiQAYOe/

)
is defined as the ratiod, ﬁ e’ where& is the

pum
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The undrained effective stress paths and relevant test data for 13 CIUC tests
from the five sites are presented in Figure 1-2. As shown and tabulated above,
the s, M.ratio varied widely from 0.28 to 0.40 with an average value of about
0.35. lgurther, there is no relationship between plasticity and s,/ for the
hosphatic clays. The s, /o.values are somewhat higher than typicalllly expected
or highly plastic clays, but ~ agree with s/, values measured on clays of much
lower plasticity.

The undrained shear strength ratio normalized with respect to the one-dimensional
vertical effective consolidation stress, 0,4, rather than the isotropic stress, &,
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, K, of 0.60, s,,/5,, . may be determined from the effective stress
paths presented in Figure 1-2 Vfhe resulting inferred values of s, /g, are
tabulated above adjacent to the S values. As shown, the scatter in Su-/gv is
generally less than observed for su/écc. The phosphatic clays exhibited an suﬁzv
ratio in triaxial compression on the order of 0.30 essentially independent of
plasticity, which implies that phosphatic clays will likely exhi%,it essentially the
same undrained shear strength at the same effective stress. On the other hand,
s,(CIUC)f5, . was found to be 34% higher than s (CK, UDSS)f, , as determined by
Roma (19"}](():), and hence, phosphatic clays may be more suscepfible to anisotropic
effects than inferred from their high plasticity.

1.2.2 Undrained Modulus

Values of normalized undrained Young’s secant modulus, E /s, , versus the applied
shear stress level, T, /s , from CK_ UDSS tests on normally consolidated naturally
occurring clays are Qhown in Figure 1-3 (Ladd et al., 1977). Although the trends
are similar regarding the variation in modulus with stress level during undrained
shear, E, /s, generally decreases substantially with increasing plasticity and
organic content of the soil. Values of E /s 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 E,/s, 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 E /s,
generally varies from 50 to 120 for the five normally consolidated phosphatic
clays regardless of the plasticity of the clay. E, /s, 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 ratios from CK,UDSS tests reported by Roma
(1976) and also indicate that % /s, values for phosphatic clays are higher than
expected for clays of such high plllasgcity.



1.2.3 Angle of Internal Friction

As shown in Figure 1-2, the angle of internal friction or effective friction angle, &,
measured in CIUC 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, §4, is generally lower than &, determined from
undrained tests at maximum obliquity.

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 occurrin
clays. Additionally, there are no comprehensive data reported on the strengtl%
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 CIUC and CK_,U 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
llustrated 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 phospﬁatic 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.



MINE SITES AND SETTLING AREAS
SELECTED FOR PHOSPHATIC CLAY

Table 1-1

LABORATORY INVESTIGATIONS

Mine

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

Brewster—Haynswor{h
CF Mining-Hardee
Estech-Watson

Hopewell-Hillsborough
IMC-Noralyn
Mobil-Nichols

Occidental-Suwannee River
USSAC-Rockland
WR Grace-Four Corners

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

Settling Area-8
Settling Area-6
Pilot Plant Samples

Sampling

Date

1-28-81
6-05-81

6-05-81

1-27-81
1-28-81
4~10-81
3-04-81
2-23-81
1-28-81

2-02-81

1-28-81

9-11-81

1-7
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NO. SAMPLE LLO®)  PH%%)
| MAINE ORGANIC CLAY 65 34
2 BANGKOK CLAY 65 41
3 ATCHAFALAYA CLAY 95 75
4  AGS CLAY 71 41
5  BOSTON BLUE CLAY 4 21
6 CONN. VALLEY VARVED CLAY 65,35 39,12
7 IMC-NORALYN PHOSPHATIC 190 139
" CLAYII 1]
o J () CLAY" &"SILT " LAYERS
[ LU
133
~
k-
» 16
o
S
x 14
=
©
<
g 1.2
7
2 0
X
7]
2 0.8
g 06
I 04
S
0.2
I 2 4 6 8 I0 20

OVERCONSOLIDATION RATIO, OCR= 8, /Giye

SOURCE: ADAPTED FROM ROMA, J.R. (1976), “GEOTECHNICAL PROPERTIES OF PHOSPHATIC CLAYS,"
M.S. THESIS, DEPARTMENT OF CIVIL ENGINEERING, M.I1.T. CAMBRIDGE, MASSACHUSETTS.

OVERCONSOLIDATION RATIO VS.
NORMALIZED UNDRAINED SHEAR
STRENGTH RATIO FROM CKoUDSS TESTS
ON SEVERAL CLAYS

PIGURE 1-1

1-8
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HALF PRINCIPAL STRESS DIFFERENCE

q(kg/cm?)

0.5

0.0

FIVE SITES

SYMBOL PHOSPHATIC CLAY LL P INITIAL PRE-SHEAR At (07 - Oa) max At{Q, /Gz)max
%) | © [wal%) | V1ipct) | wn (%) | Yipct) | Suw/d | Eew A | @ A
) tp AL §oa | @ FACTOR 3 FACTOR
o BREWSTER-LONESOME 216 | 171 | 195.1 78.0 96.1 92.0 0.30 8.1 | 25.6° 0.97 8.1 25.6: 0.97
123.7 86.7 110.3 89.1 0.37 6.8 | 30.5° 0.88 10.0 | 32.0 0.97
® OLD PIT NEAR 119 94 80.9 96.8 61.5 103.0 0.29 6.9 | 27.0° 1.1t 8.5 27.83 .18
CF CHEMICALS-BARTOW 119 94 39.7 91.0 22.8 129.9 0.32 7.5 | 25.8° - 10.1 | 2682 -
143 | 119 83.8 82.3 74.6 98.2 0.28 5.8 | 22.5° 1.00 8.6 | 23.7 1.10
O IMC-KINGS FORD 202 | 152 | 178.0 79.0 120.3 88.0 0.32 9.8 | 30.8° | 1.04 122 | 315° ] 111
' 202 | 152 | 180.4 86.0 104.0, 91.3 0.37 9.2 | 31.4° 0.89 10.5 31.52 0.94
209 | 177 | 240.8 75.2 145.5 84.5 0.36 7.6 | 32.1° 0.96 9.6 | 32.4 1.04
F' USSAC-FORT MEADE 263 | 213 | 125.8 85.0 111.0 89.4 0.40 6.8 | 34.9° 0.88 6.8 | 34.9° | o0.88
224 | 115 | 172.0 83.1 118.4 87.0 0.36 8.7 | 32.7° 0.99 10.4 {33.2°] 1.01
179 | 155 | 128.9 - 103.2 - 0.36 7.8 | 31.5° - 14.6 | 32.3°] -
A OCCIDENTAL-3UWANNEE 171 | 140 | 130.8 - 86.6 - 0.39 10.2 | 37.70 - 12.4 38.4: -
RIVER 264 | 221 | 158.8 - 103.2 - 0.32 10.0 | 34.3° - 123 | 35.20) -
264 | 221 | 69.8 - 38.6 - 0.39 7.9 | 33.6° - 9.5 | 34.2
30°
\Kp ENVELOPE TANGENT TO :
EFFECTIVE STRESS PATHS :
@ =26° TO 33°
< =0 .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
P (kg/cm2)
_ AVERAGE EFFECTIVE PRINCIPAL STRESS
UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS ON _
[}
NORMALLY CONSOLIDATED PHOSPHATIC CLAYS FROM o
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SAMPLE LL(%) PI{%)
PORTSMOUTH SENSITIVE CLAY 35 15
BOSTON BLUE CLAY 4 21
BANGKOK CLAY 65 4l
MAINE ORGANIC CLAY 65 38
AGS CLAY 71 4l

!

2

3

4

5

6 ATCHAFALAYA CLAY 95 75
7  TAYLOR RIVER PEAT (wn =500%)

;

' NORMALIZED YOUNGS MODULUS, Eyu/Sy

100
80 -
60 - IMC-NORALYN
i PHOSPHATIC CLAY S
LL=190% '
40 - Pl =139%
| \ 7
20

| I J I J
02 04 06 0.8

APPLIED SHEAR STRESS RATIO, Th/Sy

SOURCE: ADAPTED FROM ROMA, J.R. (1976). “GEOTECHNICAL PROPERTIES OF PHOSPHATIC CLAYS,"
M.S. THESIS, DEPARTMENT OF CIVIL ENGINEERING, M.I.T. CAMBRIDGE, MASSACHUSETTS.

NORMALIZED UNDRAINED YOUNG’S SECANT
MODULUS VS. STRESS RATIO FROM CKoUDSS
TESTS ON SEVERAL NORMALLY CONSOLIDATED
CLAYS

FIGURE 1-3



NORMALIZED UNDRAINED YOUNG'S SECANT MODULUS, Ey/Sy

1000 —
- ® a
T i e
® ¢
100 . .
] . %
| sYMBOL PHOSPHATIC cLAY PH%)
| @  BREWSTER-LONESOME 171 -
1 © oLDPIT-NEARCF 94-119
CHEMI CALS-BARTOW |
1 O IMCc-KINGSFORD , 152-177] .
A USSAC-FORT MEADE 155
A OCCIDENTAL-SUWANNEE RIVER 221
10 l " ! ! | - T l

0.2 0.4 06 . 08 Lo

STRESS LEVEL(C, -03)/(0;-03)¢, a/a¢

~ NORMALIZED UNDRAINED YOUNG’S SECANT

__MODULUS VERSUS STRESS LEVEL FROM
CIUC TESTS ON NORMALLY CONSOLIDATED
'PHOSPHATIC CLAYS FROM FIVE SITES

"FIGURE 1-4

1-11
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ACTIVE MINES

1. - R
3. = i 8
7.

MINE SITES SELECTED FOR INVESTIGATION

FIGURE 1-5
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PHOSPHATIC CLAY FROM
12 MINE SITES

r
INDEX TESTS

1

MINERALOGY

SETTLING TESTS

r

SELECT 6 PHOSPHATIC
CLAYS FOR STRENGTH
TESTS

e AGRICO

e CF

o IMC

o MOBIL

o OCCIDENTAL

® USSAC

MIX STRENGTH
TESTS

® AGRICO

o CF

® USSAC

SELECT 3 PHOSPHATIC
CLAYS FOR SAND-CLAY

CIUC TESTS ON NORMALLY

CONSOLIDATED SAND-CLAY
MIXES

@ AGRICO {SCR=1:1)
@ AGRICO {SCR=3:1)
e CF (SCR=1:1)
o CF (SCR=3 1)
e USSAC {SCR=1:1)
® USSAC (SCR=3:1)

. |
1

CKoUDSS TESTS ON NORMALLY
CONSOLIDATED SAND-CLAY
"l':g

® AGRICO {SCR=1:1)

® AGRICO (SCR=3:1)

o CF (SCR=1:1)

o CF (SCR=3:1)
=1
=3

_ e an fonm
® USSAC (SC

R=1:1)
® USSAC (SCR

‘1)

r

1

REMOLDED STRENGTH AT

LOW EFFECTIVE STRESSES

(1) VISCOSITY TESTS
® AGRICO

o OCCIDENTAL
® USSAC

STRAIN RATE EFFECTS
(1) CRIC TESTS

e CF

e USSAC
(2) LABORATORY VANE

® MOBIL

CIUC TESTS ON NORMALLY | | CKoU TESTS ON NORMALLY

SOANCOILINATENR PLAVE CONSOLIDATED CLAYS
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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 1s of interest in determining the extent of phosphatic clay flow and flood-
lain coverage that may result from accidental spills or an embankment failure.
t 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, T, determined for the Bingham plastic model can be considered equivalent
to the rémolded undrained shear strength, s, at very low effective stresses. The
results for five phosphatic clays are repro‘ciuced 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 fligh moisture contents was found. In developing this
correlation, the shear strength at the liquid limit was assumed equal to 25 g/cm?2
as recommended by Casagrande (1933). 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:

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

where T, is the yield stress or remolded undrained shear strength in g/em?; w is
the wate} 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 1s in the form:

T, 101-3-382 + (4.792/L1)} 3)

where T, is expressed in units of g/em2. This unique correlation for phosphatic
clays pﬁ/ysically 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, s,(LV), of the highly plastic phosphatic Clays can be sensitive
to strain rate, v , 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, s,(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:

s, (LV) =10(1 + ¥S) 4

where: A = -3.165 +0.0085 (PI)
¥ =0.097



and where: sy (LV) is the remolded laboratory vane undrained shear strength
expressed in units of 1b/ft%; 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:

s, (LV) = 29.31 (L1)3-634 5)

where s,(LV) is expressed in units of 1b/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
Plas'tiqity.indices of 14 to 65% in Figure 2-7. As shown, the relationship between
iquidity 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, G,, 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, s (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)ﬁvc, 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)f, . ratios ranging from about
0.16 for the CF Mining-Hardee clay {0 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)/G,,, ratios.

Assuming that the normally consolidated undisturbed s,/ 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 s (LVVA, , tafio for

both clays. Other phosphatic clays exhibit a remolded Su(L‘fs/f!‘,c ratio
between the two extremes.



2-4

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 (L1)™4-332 6)
where s, is expressed in units of 1b/ft2. The correlation exhibits a correlation
coefﬁc}ilent 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 CIUC Tests

2.2.1 Test Methods and Test Procedures

Twenty-six isotropically consolidated triaxial compression undrained shear tests
with Eore pressure measurement (CIUC 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
one-dimensional Ko-conditions from a slurry to effective vertical consolidation
stresses of 0.3 to 0.5 kg/cm2. K,-consolidation was performed in the laboratory
on a sedimented slurry using one load 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
ztandard triaxial dimensions of 8.0 cm in height and approximately 3.6 cm in
l1ameter.

CIUC 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 effective consolidation pressure, G,, generally
ranging from 1.0 to 2.0 kg/em®. 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, G,y on
each of six phosphatic clays. The isotropic pre-shear effective consolidation
pressure generally ranged from 1.0 to 2.0 kg/cmZ2. 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, &,
were used to confirm that the phosphatic clays exhibit normalized behavior and to
determine the applicability of the Normalized Soil Parameter (NSP) concept to
Ehosphatic clays ésee Ladd and Foott, 1974). A clay exhibiting normalized
ehavior will yield values of normalized undrained shear strength, s,/0., and
normalized modulus, E, /6, or E /s , that are constant for samples consoﬂdated 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 CIUC 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, €y 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 (0,-d,)max, 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 bel%avior 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 €, of 1%/hour, tests were
performed on the USSAC-Rockland and CF Mining—Ha’rHee 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 Sl
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, s,/0,, is illustrated in Figure 2-
13 based on test results performed on phosphatic c1cay 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.



2.2.4 Undrained Shear Strength

The normalized undrained shear strength ratio, su/c'y , 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, /o, ratio (on the order
of 0.28) as illustrated in Figure 2-14, primarily due to a%igher A-factor at
failure.** (The undrained shear strength, Sy is defined herein as half the
maximum principal stress difference, q, at failure; i.e., s, = g = 0.5(0;-03) . =0,
is the isotropic pre-shear effective consolidation stress.)

The undrained shear strength ratio normalized with respect to the one-dimensional
vertical effective consolidation stress, . o rather than the isotropic stress, 0,,
may be backfigured from CIUC tests by assuming that phosphatic clays exhibit
basic strength prineciples 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_ = 0.6, Su’ﬁv may be directly determined
from the effective stress paths preserﬂed in Appendix A. The resulting average
values of su/c'vv 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 s /.
values is less than that observed for s /o,. Phosphatic clays generally exhibit an
su/c'yvc ratio in triaxial compression of 0.28-0.02 irrespective of plastieity. (For
comparison, s, /0., values from CK UC 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 CIUC test data:

Phosphatic Clay PI (%) Sy SuFye
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 /avc is similar for all phosphatic clays tested, a
gross average value Su/avc = ().‘.Zél may be used for other phosphatic clays in the

*Values of su/c'rc as high as 0.4 have been reported by other investigators. Such

high values are not believed characteristic of the highly plastic phosphatic clays.

**Qther high plasticity phosphatic clays (PI = 175 to 221%) do not reflect lower

su@b values as observed for the Agrico-Saddle Creek clay (see data in Section
2.1).

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 Ehos hatic clay deposit. Values of Young’s secant undrained
modulus, E , are highly dependent on stress level.

Values of Ey/sy_(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 gq/q; (where q is the maximum shear stress for a particular loading, or half
the principal stress difference; and qp is the value of q at maximum stress
difference (0;,-03)nqx. i.€., 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 E./s,; 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, E, /s, decreases from
about 2000 at a stress level of 20% to about 150 at a stress level of 80%. The
relatively “low” plasticity CF Mining-Hardee clay E,;/sy ratio decreases from
about 400 to 80 as the stress level increases from 20 to 80% of the undrained
shear strength. Corresponding E /s, values for the USSAC-Rockland clay (PI =
160%) of 600 and 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 ang}}e of internal friction is generally not as important as the undrained shear
strength.

The effective angle of internal friction, §, was determined from CIUC 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 phospﬁatic
clays which are characterized by zero effective cohesion (¢ = 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 §,
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).
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Although there is some variability in the test data, there is no consistent trend
with plasticity. A gross average ¢, value at maximum obliquity on the order of
30° is representative of the angle of friction from CIUC 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, &g, is generally up to 3 degrees lower than §, at

maximum obliquity. Hence, in the absence of drained tests and on the basis of
CIUC tests, ¢q of phosphatic clays is anticipated to be on the order of 27°. This
friction angle 1s much higher than expected for the highly plastic phosphatic clays
based on correlations with plasticity presented in NAVFAC DM-7 (1971) wherein
$q 1s on the order of 20°. Moreover, some Ky-consolidated tests indicate that
$yy at maximum oblquity can be as low as  26°. Hence, §4 probably lies between
2% and 27°. Accordingly, a drained effective friction angle, $4,0f 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, g,,  imposed by the
applied loading relative to the preferred particle orientation.

Moreover, because the coefficient of earth pressure at rest, Ko=0, ./, (where
Ope s 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, o4, 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, o,¢, 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).
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prevails; where 0, acts in the horizontal direction, a plane strain passive (PSP) or
triaxial extension (TE) condition characterizes the stress system; when @, acts at
45° to the vertical, direct simple shear (DSS) conditions prevail. For g,¢ acting at
0°5 90° and 45° to the vertical direction, the corresponding undrained shear
strength is denoted by sy(V), sy(H) and s %15°), respectively. Alternatively, the
following notations can be used: sy (TC), sy(TE) and sy(DSS), respectively.

Lean sensitive clays are generally characterized by a high degree of anisotropy:
their sy(H)/sy(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. Ky-consolidation was used to
simulate the in situ state of stress. A total of three K,-consolidated triaxial
compression undrained shear tests with pore pressure measurement (CK,UC
tests), four Kg-consolidated triaxial extension undrained shear tests with pore
pressure measurement (CKoUE tests), and six K,-consolidated direct simple shear
undrained shear tests (CKoUDSS) were performed. The shear tests were strain
controlled and the rate of strain was slow enough to allow for pore pressure
equilization during undrained shear.

The CK_UC tests were conducted in much the same manner as CIUC tests
(Section™ 2.2.1) except that K,-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/cm<. 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), &, of 0.5%/hour.
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The CK_UE specimens were consolidated in the same manner as described for
CK, UC Fests. (The vertical load during consolidation was apphed by means of air
pressure rather than dead load hanger.) Splral filter strips in lieu of vertical filter
strips were used on CKOUE 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, €y of 0.5%/hour.

The CK_ UDSS 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
phosphatic zclays at pre-she?r effective vertical consolidation stresses of 1.0 (or
0.8) kg/em“ and 2.0 kg/em” to confirm the applicability of the NSP concept to
phosphatic clays. Based on extensive experience with CK _UDSS tests, a
controlled shear strain rate,Y, of 3 to 6%/hour was used to achieve pore pressure
equilization.

The undrained shear strength, s , from triaxial tests is defined herein as half the
maximum principal stress difference, q, at failure, i.e., s = 0.5(c

For CK.UDSS tests, undrained failure is defined as the peak honzon’tal isear
stress, T,, i.e., S (t)max The stress T, is the applied shear stress on the
horizontal plane w LEneh causes shear by inducing 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. K_ 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 can be
estimated from the consolidation phase of CKOUC and fﬁi tests.
Consolidation increments when the clay is normally consolidated can be used to
determine K_ values for normally consolidated phosphatic clays. Plots of
cumulative vertical strain versus volumetric strains during K_-consolidation in
triaxial tests are presented in Figure 2-18. Although the final vertical strain, €ys
was not always equal to the volumetric stram, AV/V_, as one would expect during
K ,-consolidation, the data during virgin compression (last few consolidation
mcrements) were generally parallel to the K -theoretical line (e: = AV/V )
Hence, the final consolidation stresses were close to a K -condltlon.

Values of K. for normally consolidated phosphatic clays determined from the
consolidation phase of CK oUE and CK_UC tests are tabulated below:
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K

o .
Phosphatic Clay Individual Data -~ = Average
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 K-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, @,
presented by Alpan (1967), Brooker and Ireland (1965) and Ladd et al. (1977). As
shown, the measured Ky-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 Ky-measurement and in light of
the data and correlations in Figure 2-19, it is tentatively recommended that a K-
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 CK,UE tests, respectively.  Figure 2-25 summarizes the
normalized undrained Young's secant modulus, E /s, versus shear stress level,
A gq/Aqq, fromCK,UC and CK,UE tests (where Aq is the increment of half
priricipal “stress dif?erence from Ky-conditions, and Aqg is Aq at failure, i.e., at
maximum stress difference).

2.3.4.1 CKuUC Tests

The CK_.UC 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, &, 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 1s slightly lower than expected. The normalized undrained shear
strength ratio, s, (CKoUC)G,4, equalled 0.315, 0.327 and 0.271 for the Agrico,
USSAC and CF cliays, 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 ﬂ“l/an expected for such highly
plastic material.
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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.  The USSAC clay depicted
substantial strain softening effects.

In summary, K, -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
normal%y more characteristic of lean sensitive clays than highly plastic materials.

The effect of Ky-consolidation_versus isotropic consolidation of phosphatic clays
can be assessed by comparing CIUC test data (Section 2.2) to CK, UC test data.
The data show that K -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 CK_UC tests and the scatter
depicted in Figure 2-14. Average values of 8,/Oye are tabulated below

for comparison:

Phosphatic Clay Pl (%) s,(CIUC)f5, sy(CIUC)G, Su(CKOUC)Bvc
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 su(V)/&‘VC
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 E,j/sy data in Figures 2-15 and 2-25. This stiffenin
effect may be caused. by the smaller increment in shear stress require
to produce failure in CK_,UC tests, but is difficult to ascertain because
of the scatter in the data and limited number of CK,UC tests
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performed. The undrained modulus from CK_ UC tests 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 CKOUE 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 Su’Gv
and ~ that are too high. The A-factors at failure (0.82 to 0.95) are reasonable and
the normalized pore pressure behavior, Au/, o» I 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 Ao,, i.e., one
should compare (Au ~ A03)/0,, rather than Auf, ).

The strain hardening behavior, even at extremely large strains in excess of 25%,
resulted in values of Su'Gvc and § 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 failure, g, (with values
of 03¢/0,,, of -0.01, -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 (CKOUE)/é o ratios of 0.36, 0.42 and 0.44 are unusually high particularly in light
of the fact that s. (H) is expected to be less than s (V), i.e., s (CK _UE) should be
lower than s ((ﬁu TC). The resulting angles of internal frietion 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.

Because of the unrealistic high values of su/é o and $ "measured" in CKOUE 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, s (H)/0,,, is then found equal
to about 0.245 for all three phosphatic clays.

As shown in Figure 2-25, the normalized modulus, Eu/s , from triaxial extension
tests is lower than that from CK,UC tests (and even lower than that from CIUC
tests - Figure 2-15). This behavioral trend was expected because of the
substantially 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 <lz‘ig'ures 2-26 through 2-29. Samples q{ each phospha&ic clay
consolidated to differing,,, of 0.8 kg/em® (or 1.0 kg/em®) and 2.0 kg/em” (or 2.2
kg/em®) 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 plastieity.

The normalized stress paths in Figure 2-26 show a continuous decrease in vertical
effective stress during undrained shear, which is typical of CK_UDSS tests
performed on normally consolidated clays. 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, Y., of about 19.4°3.2%. There is little strain
softening observed after failure as illustrated in Figure 2-28.

The normalized su(DSS)/B o ratio ranged from: 0.222 to 0.226 for the Agrico clay;
0.212 to 0.227 for the U§SAC clay; and 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, 4 = arctan (Thf ) in Figure 2-27, because of unknown stress
conditions within the sample (Ladd and Edgers, 1971; Ladd et al, 1972).
Nevertheless, ¢ equalled 21.4% and 27.2° at failure and at maximum "obliquity",
respectively. These values are lower than those determined from CIUC 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 . As shown, the undrained
modulus decreases substantially with increaseH stress 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 Eu/su ratio is higher than expected for such
plastic materials.

The CK,UDSS E /su versus stress level data are much more consistent and the
trends more reaﬁstlc than those from CIUC tests (Figure 2-15). Moreover the
data lies between that from CK_ UC and CK UE tests (Figure 2-25). Hence the
E /s, data from CK_ UDSS tests would probably give the most realistic estimate
OF undrained deformations. The data in Figure 2-29 indicate that E /s, 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
oceur 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/‘-’vc’ 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 anistropie 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 /avc ratio for a given stress system irrespective
of plasticity. Hence, the reporteg normalized undrained shear strength ratios are
characteristic for a large number of phosphatie 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. A comparison of the normalized undrained strength ratio, s /o, o from various
types of strength tests has to take into account the mobilizeg s‘{rain at failure.
Noting that the shear strain, Y, is related to the axial strain, €, by the
relationship Y = 1.5 € in triaxial tests, one can compare Su/avc and Ye (Y at

failure) from the various tests:

Type of Test Stress System Su/Ove Y %
cIuc TC; 5,=8,(V) 0.280% 10.5-18.0
CK_UC TC; s,=5,(V) 0.280 0.5-3.8
CRJUDSS DSS; 5,,5s,{45) 0.225 19.453.2
CK,UE TE; 5,,=S,(H) 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 K _-
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 CK_ UE
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 compatlblhty in determining the appropmate
average s to account for the varying modes of failure illustrated in Figure 2-
17. The ‘iarge 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
qf6,,, from triaxial compression and extension tests and T,/0ye 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 /c'J to be used in conjunction with undrained stability analyses, and
accounts, at Teast 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., s, = q,) which is
appropriate for undrained ¢ = 0 stability analyses where the fallure 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 45°-¢/2 from the horizontal plane (where § is
arbitrarily selected as the effective angle of mternal frietion from undrained tests
at maximum stress difference, i.e., ¢u = 289 for phosphatic clays, as outlined in
Section 2.2.6), then the undrained shear strength should be taken equal to the
shear stress at failure on the failure plane, Tge, resulting in's = Tee = qpcosd
qfcos% = 0.883 9¢. The moblhzed undrained shear stress at a given shear stram
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 CK,UC, 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, o3t
equal to 1/3{T, + q(TC) + q(TE)} and 1/3{Ty, + q(TC)cos28° + q(TE)cos28°7Y,
respectively.* The 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 T

*Where CK_UE 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 almost identical
based on the simplified strain compatibility concept. The mobilized shear
strengths are compared in Figure 2-37 as well as with CK oUDSS data. Pertinent
design values are tabulated below:

Mobihzed Mobilized
Su/Oye

Phosphatic Clay PI (%) (su-qfc) (s -qfcoszs % 5,(CK,UDSS),
Agrico-Saddle Creek 222 0.249 0.228 0.224
USSAC-Rockland 160 0.235 0.215 0.220
CF Mining-Hardee 113 0.239 0.220 0.229
Recommended Design Value

for Phosphatie 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, /6,

Sy = Gf s, = Qpcos28°
Phosphatic Clay PI (%) TC DSs TE TC DSS 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 precedmg evaluations, a design Sy value equal to 0.24 is
recommended for use in bearing capacity undrameg = 0 type analyses on
normally consolidated phosphatic clays. A design s /5 value of 0.22 is judged
more appropriate for use in circular arc type stability am‘ﬁyses.

For a wedge type failure surface, the appropriate normalized mobilized shear
strengths for use in the active, central and passive wedges correspond to su/a
values of 0.259, 0 213 and 0.245, respectively, when the active and passive wedges
are taken at 45 to the horlzontal plane. If actual failure surfaces at 45°+-$/2
from the horizontal plane (§ = 28°) are used for the active and passive wedges,
respectively, corresponding s /c'x o values of 0.229, 0.213 and 0.216 should be used
in the active, central and passwe wedges. However, because anisotropy is so
small at the failure strain, one could also use the average Su ratios of 0.24 or
0.22 in all portions of the sliding block failure surfaceo\fgepending 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 S,/0ye 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 /avc values with data from CK _UDSS tests at
(Th)max* As shown, su(CKOUDSS)/gvc equals about 0.225, lies between the s /avc
design values of 0.22 and 0.24, and 1s, therefore, in excellent agreement witH the
recommended values. One might, therefore, simply use the CK,UDSS, s,/6,, =
0.225 in stability and bearing ecapacity undrained type analyses on normaﬁly
consolidated phosphatic clays. The CK_,UDSS test, therefore, appears to provide
reasonable design strengths.

2.4.2 Undrained Deformations

As detailed in Section 2.3.5, the normalized undrained Young's secant modulus
data, Eu/s , versus stress level from CK,UDSS tests (presented in Figure 2-29) are
recommended for use in predicting undrained deformations of normally
consolidated phosphatic clays. As shown in Figure 2-29, E /s.u exhibits a large
decrease with increasing stress level and values are generale in good agreement

for all phosphatic clays investigated.

The data in Figure 2-29 indicate that E /s, decreases from about 500 (range of
400 to 900) at a factor of safety of 3, %o 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, §; equal to 25° is recommended as was
outlined in Section 2.2.6. (Normaqu consolidated phosphatic eclays are
characterized by zero effective cohesion.)
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:LINEAR REGRESSION OF

Sy (LV) AND Sy (YS) DATA :

_—LEAST SQUARES LOG-LOG
LINEAR REGRESSION OF Sy(Lv) DATA:
SulLV) =29.31 (L1)-3€

N

=4 332
Ou- 32. ‘.‘H\Ll) TTTE
+r=0.979
B T TTTT I
0.C0!

X r=0.980
\ v
© N\
Y N
N\
NN
o N
AL e
Mar
[ §
%\iél
" I llllllin | Illlllln | T TT]

8¢-¢
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HALF F‘RINCVIPAI'. STRESS DIFFERENCE

alkg/em?)

e

P (kg/cm2)

AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM REPRESENTATIVE
CIUC TESTS ON NORMALLY CONSOLIDATED PHOSPHATIC CLAY

SYMBOL SAMPLE LL | P | SPECIMEN _INITIAL PRE-SHEAR | Su/0t | A1(07 - Ga)max At (0} /Gz)max
% | (%) wn(%) | 71 (pet) | wn (%) | 7 pct ) @ I A S| a
1(°) |[FACTOR (°) [FACTOR
N AGRICO-SADDLE CREEK | 268 | 222| s8 190,1 | 77.7 | 109.4 | 90.0 | 0.27 | 6.9 [28.2] 1.28 [10.9[29.8) 1.42
s9 2051 1 76.9 | 130.6 | 86.5 | 0.29 | 6.7 [29.5 1.14 |10.6 (31.1{.1.26
[ ] CF MINING-HARDEE 143 113 s1 11,5 | 90.1 86.6 | 95.4 | 0.32 | 5.7 [28.6] 1.03 | 9.6 f28.8] 1.17
3 113.4 | 91.3 | 116.4 | 88.9 | 0.38 | 7.4 [29.3) 0.92 | 9.5 [29.9] 0.97
\J IMC-NORALYN 213 (181 | s2 168.8 | 81.2 | 104.0 | 91.4 | 0.35 |12.4{30.8 0.96 |14.3]31.4} 0.98
: s4 140.3 | 84.3 114.3 | 89.4 | 0.32 | 7.5|29.5 1.05 11.3[31.1 1.17
a MOBIL-NICHOLS 203 {164 | s3 122.5 | 86.8 89.2 | 95.4 | 0.34 |12.0|32.4 1.02 |14.4]33.2 1.05
0] OXY-SUWANNEE RIVER | 182 |142 | s4 146.4 | 76.1 91.7 | 93.7 | 0.32 | 8.7]33.0] 1.14 [13.0(35.6 1.25
1 @ USSAC-ROCKLAND 195 {160 | S1 143.4 | 85.2 110.0 | 90.1 | 0.33 | 8.4[32.4f 1.05 |12.8]34.8 1.16
sS4 139.6 | 85.5 01.3 | 94.1 | 0.28 | 8.9|26.8 1.23 | 9.4]26.8 1.26
Kr ENVELOPE TANGENT TO
EFFECTIVE STRESS PATHS
: @ =28° 70 35° -
€=0) g-30°
1
3 4

62-2



(0; -03)/G;

NORMALIZED PRINCIPAL STRESS DIFFERENCE

Ou/G;

NORMALIZED EXCESS
PORE PRESSURE

OBLlelTY
0, /03

2.0 . - __ g

SYMBOL SAMPLE Pi{%)
4 &  AGRICO-SADDLE CREEK 222
8  CF MINING - HARDEE Tk
T  IMC-NORALYN 181
151 A moBIL-NICHOLS 64
[ USSAC-ROCKLAND _ 160
4 - ©  OCCIDENTAL-SUWANNEE RIVER 142
REFER TO FIGURE 2-11 FOR SAMPLE AND TEST DATA .

0.5
0.0 T T i 1 1
0 2 4 6 8 10 12 14 16 18 20
9
.
5
3 )
1 ] 1 T ] T ‘
o) 2 a 6 8 10 12 14 i6 I8 20

AXIAL STRAIN, %

UNDRAINED STRESS-STRAIN BEHAVIOR FROM
REPRESENTATIVE CIUC TESTS ON NORMALLY
CONSOLIDATED PHOSPHATIC CLAY

FIGURE 2-12
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0.3 to 1.0 %/ hr)

Ge) /(Sy/C¢ at €

1-40

RATIO (S, /

]
LEGEND ‘g
©  EABPL BACKSWAMP CLAY {P1=75%);
FULEIHAN AND LADD (1976) -
O PHOSPHATIC CLAY (PI=94%) MIXED WITH
2n DEBRIS TO PI=50%; CLAY/DEBRIS MIX RECOVERED
1.9V 7 FROM A 1940 PIT WHERE IT WAS DEPOSITED FROM
: AN OLD WASHER PLANT; DATA FROM ARDAMAN AND
A_ssgcu‘_rrc IN-HOUSE 'REPORT,
, USSAC-ROCKLAND (P1=160%) =) PHOSPHATIC
: CLAYS FROM:
B CF MINING-HARDEE (PI=113%){ THIS INVESTIGATION
.20
RECOMMENDED
RELATIONSHIP
110 :
1,00
e’
0.0 T — T T T T 11 T
2 A — T SRR
0.0! (0] 1.0 10 ! i AR III\’)O
STRAIN RATE, Ev (% /hr)
FUgngEEn S S DS AR A AR S S m mmmm am e e e e s s Eemmmis £ fmf e o & o o
EFFEVI Ur STHAIN HAITE ON NORMALIZED UNDRAINED SHEAR
CTDEAMATL DATINA DAL AN TEATEO ALl LIiAMEI AL 1 32 MMALIM IS It 4 Sepee sz a
VINIVAIII NAITIIV TRNVM LVIVULV TEDIO UN NUNNMALL NOVUVLIDAITIED LA

16-2



NORMALIZED UNDRAINED SHEAR STRENGTH

NORMALIZED UNDRAINED SHEAR STRENGTH

RATIO, S,/0c

RATIO, Sy/0yc (FOR K, =0.6)

2-32

AVERAGE AND RA
035 TESTS
0.30
0.25
0.20 '
100 - 120 140 160 180 200 220 240
PLASTICITY INDEX, PI(%)
0.40 s
(=] ]
& w 23 z 2
x 2 S8 > 2
(<3 3 x L < ®
2 =1 A2 g !
0.35 z Do -4 S Qv
= > 3@ ! Z 1
L 32 2L S <8
© 1] - CKoUC
030
0.25
£IRECOMMENDED S, /5;=0.28
0.20 T 1

] 1 T ! 1 1
100 120 140 160 180 200 220 240

PLASTICITY INDEX, PI1(%)

NORMALIZED UNDRAINED SHEAR STRENGTH RATIO

VERSUS PLASTICITY INDEX FROM CIUC TESTS ON NORMALLLY

CONSOLIDATED PHOSPHATIC CLAYS

FIGURE 2-14
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MORMALIZED YOUNG’S MODULUS, E /8

10808
SYMBOL SAMPLE P1(%) LL(%)
A  AGRICO- SADDLE CREEK 222 268
A  MOBIL-NICHOLS 164 203
] CF MINING - HARDEE 13 143
& IMC-NORALYN 181 213
©  OCCIDENTAL-SUWANNEE RIVER 142 182
{0  USSAC-ROCKLAND 160 195
1000
S
::'y"é.’-'i
.';3: .-J
3
iee
REFEK T9 FIGURE 2-11
FOR SAMFLE ANC TEST
DATA
1@
8.0 8.2 0.4 2.6 8.8 1.

STRESS LEVEL, a/q,

NORMALIZED UNDRAINED YOUNG’S SECANT
MODULUS VERSUS STRESS LEVEL FROM

REPRESENTATIVE CIUC TESTS ON NORMALLY
CONSOLIDATED PHOSPHATIC CLAYS

FIGURE 2-15
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EFFECTIVE ANGLE OF INTERNAL FRICTION

IN UNDRAINED SHEAR, @, DEGREES

40

35

30

25

20

x
@x
W ]
> &
§ o a (&
Z
] < w
g w Jd 9 z 3
T s X o > Q
1 Q ¥ -4 <
o < o o g /7]
=z 2 T = g '
z 7 Qo Y e o
= i g = 1 o
w % o o 2 5
o o D = § <
- |
LEGEND
} AT MAXIMUM OBLIQUITY,(G, /Ty)max
(AVERAGE AND RANGE)
¢ i AT MAXIMUM STRESS DIFFERENCE, (0;-03),, 0
2 1 (AVERAGE AND RANGE)
. © AT TANGENCY TO EFFECTIVE STRESS PATHS
L - : ‘W AT (/T;),,, FROM TRGUC TESTS
3 AT (01-0s) )5, FROM TKUC TESTS
e 198
: S *TV |
8 T B
©
100 120 140 160 180 200 - 220 240 260 280

PLASTICITY INDEX, PI(%) .

EFFECTIVE ANGLE OF INTERNAL FRICTION VERSUS
PLASTICITY INDEX FROM CIUC AND CKoUC TESTS ON
" NORMALLY CONSOLIDATED PHOSPHATIC CLAYS

¥e-¢
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LONG EMBANKMENT

,,,,,

g, PSP

f
CLAY DEPOSIT
e
DSS
Z\} A\ ZZA\N 2\ A\

STRESS SYSTEMS ALONG A TYPICAL FAILURE SURFACE

ge-¢



VERTICAL STRAIN, §,,%

30-

SYMBOL  TEST SAMPLE Ko
A CKoUC USSAC-ROCKLAND 0.53"
A CKoUE USSAC-ROCKLAND 0.51*
(0] TKoUC AGRICO-SADDLE CREEK 0.60"
06 o KoUE AGRICO SADDLE CREEK 0.50
Q) CKoUC CF MINING-HARDEE 0.67
] K, UE CF MINING-HARDEE 0.70"
- B CKQUE' CF MINING-HARDEE 1 0.49
*Ko FOR NORMALLY CONSOLIDATED CLAY DURING LAST FEW CONSOLIDATION
INCREMENTS. THE SIGNS + AND - ARE BASED ON THE RELATIVE SLOPE
.| OF THE TEST DATA COMPARED TO THAT FOR THE THEORETICAL K, CONDITION
20 ‘
THEORETICAL
Ko=CONDITION —__
15
®
° %
WA
™
e
e ©
A
B
° b
ohe,
- 2o ©
L8
o [ ]
o 5 10 15 20

VOLUMETRIC STRAIN, AV/Vo, %

. VERTICAL VERSUS VOLUMETRIC CONSOLIDATION

STRAIN FROM CKoU TRIAXIAL TESTS ON
PHOSPHATIC CLAY

FIGURE 2-18

2-36



- COEFFICIENT OF LATERAL EARTH PRESSURE AT REST, Ky:

o 2-37

LEGEND o
(EMPIRICAL CORRELATION WITH PI, Ko = 0.19 + 0.233 log PI(%); ALPAN (1967}

(JEMPIRICAL CORRELATION WITH @; Ko = 1-SIN §; BROOKER AND IRELAND (1965);
DRAINED P TAKEN 2 TO 3 DEGREES LOWER THAN MEASURED IN UNDRAINED
TRIAXIAL COMPRESSION TESTS AT MAXIMUM OBLIQUITY (LADD, 1971)

o9 . 'Y >
iMEAS"URED IN CKoU TRIAXIAL TESTS

RANGE BASED ON'
0.8 . Ko - Pl DATA PRESENTED —
IN LADD ET AL(1977)

B RANGE BASED ON ———
@ Ko =1-SIN @ (@ =25° TO 30°) <
i BASED ON BROOKER AND r
" g o IRELAND (1965) AND &
: 8 " - LADD ET AL.(1977)
[v4 w 2] w
04 1+% i 2-2 z =
T g 3 2 >
) g o 5 g 3
= =2 ¢ =z @] 1
= ‘f’ (S 2 8
m % 22 2 ‘ z
& S S = = g
03 |- | | | |
110 130 150 170 190 210 230

PLASTICITY INDEX, PI,%

Ko VERSUS PLASTICITY INDEX OF NORMALLY
CONSOLIDATED PHOSPHATIC CLAYS §

FIGURE 2-19
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NORMALIZED HALF PRINCIPAL STRESS DIFFERENCE

q/Gye

0.6
P1=222%

0.4 ‘
CK,UC

055%“'

*VALUES ARE TOO HIGH

-0.6 , '

! T ) j | | ! !

/0w
NORMALIZED AVERAGE EFFECTIVE PRINCIPAL STRESS -

NORMALIZED UNDRAINED EFFECTIVE STRESS PATHS FROM
CKOUC AND CK UE TESTS ON AGRICO-SADDLE CREEK
~ NORMALLY CONSOLIDAT‘ED‘PH_OSPHATIC CLAY

-0.4 "‘/ INITIAL | PRE-SHEAR | O} AT (-0, i i

SYMBOL | | Kol Sw. glmox |
Q—/w Wn(%) | Wn(%) |(kg/m2) Ove |€(%) B ['A' FACTOR R
0] 181.7 150.6 0.70  |0.60 0.315.| 0.41 26.0°| 0.80 |
7 ‘ Nl 0| 184.3 | 1541 0.80 |0.50|0.443% 27.61 >40°* | 0.87

00 0.2 0.4 0.6 08 1.0 k2 e

€2 . oo
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 NORMALIZED HALF PRINCIPAL STRESS DIFFERENCE

q/0yc

0.6
. PI=I60%

0.4

0.2

=

T CK,UE
A
-0.4 ' gf ‘gyMBOL | INITIAL | PRE-SHEAR | & Ko | Su_ AT (0; -O3)mox
| | Wnl(%) | Wn(%) |(kg/Am?2) Ovc |€(%)] B |'A' FacTOR
B ® 139.4 | 125.7 | 0.80 | 0.53[0.327, 0.35 [26.3° | 0.66
® |142.4 | 1215 | 0,79 | o0.510.424%|28.60 ]>ac°* | 0.82
*VALUES ARE TOO HIGH '
-0.6 T ! ' ! T T T T ) T T «
00 - 0.2 0.4 0.6 0.8 1O {.2 1.4

NORMALIZED AVERAGE EFFECTWE PRINCIPAL STRESS

 NORMALIZED UNDRAINED EFFECTIVE STRESS PATHS FROM
CR;,‘Uc AND CKoUE TESTS ON USSAC-ROCKLAND NORMALLY
' _CONSOLIDATED PHOSPHATIC CLAY

.. 587
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.. NORMALIZED HALF PRINCIPAL STRESS DIFFERENCE

q/Gye

0.6

PI=113%

0.4

@ =26°

0.2

LINE

.bi’/

o

-0.2 :
Y
-0.4 SYMBOL | INITIAL | PRE-SHEAR | &y KofSu | AT(0i-Opmax
Wn(%) | Wn(%) |(kg/m2) ve |€(%)| @ |'A' FACTOR
. o 108.9 | 94.8 0.65 | 0.67]0.271 | 2.45]22.0° | 1.03
0] 106.0 “- 0.69 ]0.70[0.361%} 14.56[>40 % | 0.95
@ | 107.7 ] 9.7 0.79 | 0.49]0.328"| 12.72]>40" | 0.87
0.6 *VALUES T0O HIGH
: | ] | ] ] T T ] T — ]
- 00 0.2 0.4 06 0.8 1.0 1.2
o P/Ove

NORMALIZED AVERAGE EFFECTIVE PRINCIPAL STRESS

_NORMALIZED UNDRAINED EFFECTIVE STRESS PATHS FROM

——————

- CKgUC AND CKoUE TESTS ON CF MINING-HARDEE NORMALLY

CONSOLIDATED PHOSPHATIC CLAY

ov-2



NORMALIZED HALF PRINCIPAL

NORMALIZED EXCESS

[}
m =

STRESS DIFFERENCE

q/P

"SIN @,

A-FACTOR

PORE PRESSURE

a/0vc

lBuﬂﬁm

L
Nl
o1
o
12- 16 20 249
0.6
16 20 24
- i
o)
12 16 20 24
\
/
-]
SYMBOL SAMPLE P1(%)
A AGRICO-SADDLE CREEK 222
® USSAC-ROCKLAND 160
0] CF MINING - HARDEE 13
T —

~ VERTICAL STRAIN, E,,, %

2-41

UNDRAINED STRESS-STRAIN BEHAVIOR FROM CK ucC TESTS |

ON NORMALLY CONSOLIDATED PHOSPHATIC CLAYS
FIGURE 2-23




NORMALIZED HALF PR!NCIPAL

NORMALIZED EXCESS

STRESS DIFFERENCE

PORE PRESSURE

q/Gye

=q/P -

"SIN @'

A -FACTOR

- }
0.2

0.0

-0e

12 16 20 25 30
— a8
A\ FAN A, /AP_-@
B SR T —
12 16 20 25 30

~o%

SYMBOL

-1.6 —

SAMPLE

A AGRICO-SADDLE CREEK 222
o USSAC~ROCKLAND
0| CF MINING - HARDEE
]

CF MINING - HARDEE

P1(%)

160
1135 CKoUE TEST (Kg=0.68) &
113; CKoUE TEST (Ko =0.49)

I
12 16 20 25 30

00

8 12 16 20 25 30

VERTICAL STRANW, &,,%

UNDRAINED STRESS-STRAIN BEHAVIOR FROM CK,UE TESTS
ON NORMALLY CONSOLIDATED PHOSPHATIC CLAYS

FIGURE 2-24

2-42



NORMALIZED YOUNG'S MODULUS, Ey/Su

10,000

1000

100

0.0 0.2 0.4 0.6 0.8
SHEAR STRESS LEVEL, Aq/ D¢
SYMBOL | TEST SAMPLE | LL(%) | PH%)
& CK,UC | AGRICO-SADDLE CREEK | 268 | 222
A CK,UE :
® CKQUC | USSAC-ROCKLAND 195 | 160
° CRoUE
@ CKoUC | CF MINING-HARDEE 143 | 113
] CKQUE
L] CKoUE

NORMALIZED UNDRAINED YOUNG’S SECANT MODULUS
VERSUS STRESS LEVEL FROM CKoUC AND CKUE

TESTS ON NORMALLY CONSOLIDATED

PHOSPHATIC CLAY

FIGURE 2-25
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Th / G;c

TR /Oy

Th /O—;IC

0.3

2-44
0.2 5 a
&/
0.
AGRICO-SADDLE_CREEK
- Pi=222%
0.0 ! !
0.3
¢
@—"'@' %
0. }
USSAC=ROCKLAND
PI=160 %
0.0 ' ,
03
0.2
0.
CF MINING-HARDEE
PI-=113%.
0.0 — '
0.0 0. 0.2 03 0.4 05 0.6 0.7 0.8 0.9 10 LI
Oy /Oyc
NORMALIZED EFFECTIVE VERTICAL STRESS
| . * ' 5 AT
SAMPLE symsoL |speciMeN| NTAL| PRE SEERR | G Th max
wn(%) wn(%) | (kg/em®) | (%) | Th/Dve | & /Fic Eugo/Su |
AGRICO-SADDLE CREEK & Bl 192.3 164.1 0.80 19.6 0.222 | 0.609 360 .
A B2 187.8 133.9 2.00 18.0 0.226 | 0.579 340
USSAC-ROCKLAND ® Cl 136.5 111.6 l1.04 23.7 0.227 | 0.580 308
o c2 139.8 88.6 2.24 22.0 0.212 | 0.567 250
CF MINING-HARDEE B3] Al 105.4 110.8 0.80 14,6 0.228 { 0.571 370
] A2 107.8 73.4 2.01 18.4 0.231 | 0.585 240

UNDRAINED EFFECTIVE STRESS PATHS FROM CKoUDSS TESTS ON
' NORMALLY CONSOLIDATED PHOSPHATIC CLAY

FIGURE 2-26
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0.9

08
|
o
-

0.7

0.6

0.5

{Th A (?v )mog.

»

Thmax

SAMPLI
CF MINING-HARDEE
USSAC-ROCKLAND
Ia
o
ER
UT

0.4

, Gy /Oyc

NORMALIZED EFFECTIVE VERTICAL STRESS
']
A
”

o
ST
max OBTAINEQ.

iNING
0.3
I |
1y
DAA
Teswe

)

Y
R

ifle)

0.2

oX

gL /

= 1 e

N m {3

8«

Sk \

05

0.0

M o~ ’ d
o o o

%0/"2 |
| SSIMULS HVIHS TVLNOZIMOH QIZITYNYON

=
(o]

04

FIGURE 2-27



NORMALIZE EXCESS

NORMALIZED HORIZONTAL SHEAR STRESS

PORE PRESSURE

0.4
REFER TO FIGURE 2-26
FOR SAMPLE AND TEST DATA

03

Y-

10

15

SHEAR STRAIN, 7 (%)

20

30

40

SHEAR STRAIN, ¢ (%)

SAMPLE P1(%) | SYMBOL | SPECIMEN | Oy ( kg/cm2)
AGRICO-SADDLE CREEK| 222 A 81 0.80
& B2 2.00
USSAC-ROCKLAND 160 ® cl 1.04
0] €2 2.24
CF MINING-HARDEE 113 ol Al 0.80
. A2 2.01

2-46

UNDRAINED STRESS-STRAIN BEHAVIOR FROM CKoUDSS TESTS

ON NORMALLY CONSOLIDATED PHOSPHATIC CLAYS

FIGURE 2-28



NORMALIZED YOUNG'S MODULUS, Ey/Sy(=3T/7'Sy)

10,000 —
| AN
hY
A A
L]
I,OOO-—P &
1 e 9 4
_ o
_ oN
) H ,.“"
*3 3 "‘,jxa i,
100 L
- 0
- symBoL SAMPLE CLL(%)  PI(%)
A A AGRICO-SADDLE CREEK 268 222
@ © USSAC-ROCKLAND 195 160
o | B () CFMINING-HARDEE 143 I3
103 1 l I | T | l

00 0.2 04 06 08 10
: ’ ‘ STRESS LEVEL, Tp/Sy
(1/FACTOR OF SAFETY)

NORMALIZED UNDRAINED YOUNG'S SECANT MODULUS
VERSUS STRESS LEVEL FROM CK,UDSS TESTS ON
~ NORMALLY CONSOLIDATED PHOSPHATIC CLAY

FIGURE 2-29
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NORMALIZED UNDRAINED SHEAR STRENGTH RATIO, Sy /!

SYMBOL TEST TYPE

pape® 0

DESCRIPTION
PEAK -q¢ /Oc

PEAK q¢/Oyc (Gyc DETERMINED BY ASSUMING

Ko =0.6 AND SIMPLE CLAY PRINCIPLE)
PEAK qf/Cyc

PEAK q¢/Oyc (DATA BELIEVED ERRONEOUS)
q/Oye AT 4 =12% (WHERE. 7 =1.5 €,)

(T)max. /Cvc

0.45
Q?
-1 B2
s
0.40
_(
0.35
WFCE’gOMMENDED ‘
0.30 PHOSPHATIC
CLAY
[su(v)=o.zeo
rSulH)=0.245
l (45°)=0.225
A Sy
i Y % N S I |
. 1
w
& S W
0.20 g ; -2
1
2 g 2
Z x oy
_ s Q | S S
w a &
(&) D T
O.|5 | | 1 I |
80 120 160 240

PLASTICITY INDEX, PI(°/o)

280

2-48

SUMMARY OF NORMALIZED STRESS SYSTEM UNDRAINED
SHEAR STRENGTH RATIO VERSUS PLASTICITY INDEX FOR

FIGURE 2-30

NORMALLY CONSOLIDATED PHOSPHATIC CLAYS



0.4

74,/ OR /By
o
(o)

. NORMALIZED SHEAR STRESS

-0.4

2-49

-0.2 -

SHEAR STRAN, 1 (%')

PEAK q/0yc —
CKQUC
_ i D e e g S =
29 p—— =<
/o
f—
e,
'...'"-. W
4 Q. v
........ Q —~ q (CKQUE)> q(CKAUC)
_ . o — DATA 1S SUSPECT
---------- >N o
P1=2222%
r ' | T " !
T 8 12 16 20

24

NORMALIZED SHEAR STRESS VERSUS SHEAR STRAIN AS A

FUNCTION ‘OF STRESS SYSTEM FROM CK ,U TESTS ON

AGRICO-SADDLE CREEK NORMALLY CONSOLI)ATED
PHOSPHATIC CLAY

FIGURE 2-31.
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NORMALIZED SHEAR STRESS
T4, /Gyc OR q/

0.4 o
PEAK q/Gyc CKoU O—
CKoUC
— PEAK Th/E
| = — E

02 r T E}—_—_—-__ —N

' ’—-—_—_—D—-—

/ .."‘-

[ ©
0.0 8 O »

] o.. | TR
0. |
.......... o) —— o 2
24 T L ] =t q(CKGUE)> q(CKoUC)
) e o s
R
................ O N—
| _ e
Pl =1609%

0.4 ' | | ] l

| | T 16 %

SHEAR STRAIN, 7 (%)

24

NORMALIZED SHEAR STRESS VERSUS SHEAR STRAIN AS A

FUNCTION OF STRESS SYSTEM FROM CK U TESTS ON

USSAC-ROCKLAND NORMALLY CONSOLIDATED
PHOSPHATIC CLAY

FIGURE 2-32
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NORMALIZED SHEAR STRESS
Thld\lc OR Q/Glc'

PEAK q/Ovc
- PEAK Th /O;IC
— ﬂ? ‘
N R S ] —9
0.2 S, et R
P
/
0042,
. ok
’--...\O q (CKoUE’> Q(CKOUC)
oz e DATA IS SUSPECT
Basot i
......... O e,
....(}_..Om.
Pi=l13% R
-0.4 T { | l
8 12 16 - 20

0.4 —y—=

SHEAR STRAIN, 7 (%)

24

NORMALIZED SHEAR STRESS VERSUS SHEAR 'STRAINMAS A
FUNCTION OF STRESS SYSTEM FROM CK U TESTS ON

- CF MINING-HARDEE NORMALLY CONSOLIDATDED
PHOSPHATIC CLAY

FIGURE 2-33
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NORMALIZED UNDRAINED SHEAR STRENGTH RATIO, Sy/0\c

0.0

0.40

SYMBOL DESCRIPTION

q(TE) TAKEN AS g(TC) WHERE
CKoUE DATA ARE SUSPECT

-9 —

MOBILIZED STRENGTH IF SUSPECT
CKoUE DATA ARE NOT DISCARDED

0.30

o
o
(o)
]

0.0

H
|

Su /6V§=|/3[__rh +q(TC) ‘+q(TEﬂ/6"vc

=1/3 [rh+q(Tc) c

0S 28%+q(TE)COS 28‘] /G

PI1=2229%

EFFECT OF STRAIN COMPATIBILITY ON NORMALIZED

8 12

SHEAR STRAIN, 7 (%)

20

24

UNDRAINED SHEAR STRENGTH RATIO FROM CK, U TESTS
‘ON NORMALLY CONSOLIDATED AGRICO-SADDLE CREEK
| PHOSPHATIC CLAY

FIGURE 2-33

2-5



NORMALIZED ‘UNDRAINED SHEAR STRENGTH RATIO, Sy/Tc

0.40 w—
SYMBOL DESCRIPTION
q(TE) TAKEN AS q(TC) WHERE
. CKoUE DATA ARE SUSPECT
—~—@—— MOBILIZED STRENGTH IF SUSPECT
CKoUE DATA ARE NOT DISCARDED
0.30 ]
/—SU/O_'C=I/3Erh+q(TC +a(TE)|/Guc | -
0.20 4—
B o Su/Ovc =1/3 [rh +q(TC) COS 28°+q(TE)COS 28°] /G
~olo
P1=160% '.
... 0.0 | ! | il | I

o a 8 2 16 20 24

» SHEARVSTRAIN 1 (%)

EFFECT OF STRAIN COMPATIBILITY ON NORMALIZED
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Section 3

STRESS-STRAIN-STRENGTH PROPERTIES OF
OVERCONSOLIDATED PHOSPHATIC 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 UDSS test results provide a
reasonably reliable estimate for the in situ undrained shear strength and undrained
modulus.

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

where O, is the maximum past pressure or maximum effective vertical
consoYldatlon 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 phosphatice 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 gnder K _-conditions to the virgin
compression line, i.e.,, to 0., = 2. 02 kg/em®, and %en reducing the vertical
effective stress to either 1.0 kg/em” or 0.5 kg/cm 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 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 2.3.2.

3.2 Coefficient of Earth Pressure at Rest
Section 2.3.3 recommended that a K_-value 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.



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(NC) to plastieity,
the following relationship is judged applicable in the absence o? specific test data
on phosphatie clays:

K,(0C) = K (NC)- 0CR0-33 = g.62(0CR)%+3° W

The resulting K (OC) values are applicable to K during unloading of a phosphatic
clay deposit. Corresponding K_ values at overconsolidation ratios of 2 and 4 are
predicted to equal 0.79 and 1.00, respectively.

3.3 Stress-Strain 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:

° large shear strains at failure ranging from 16% to 22%.
° a marked increase in su/c'rvc with increasing overconsolidation ratio.

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

° 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 CKOUDSS test results on a wide
variety of clays.

3.4 Undrained Shear Strength Ratio

The increase in the undrained shear strength ratio, s /avc’ with overconsolidation
ratio from CK,UDSS tests performed on the three p%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:

5yOye = 6,(NC)B,JOCR™ 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, /0 o data versus
overconsolidation ratio for all three phosphatic clays. The data depict a slight
increase in the s /0, , ratio with reduced clay plasticity at high overconsolidation

ratios (i.e., OC}%l A c4), but the data is somewhat limited and, therefore, not



conclusive. Good agreement is obtained for all three phosphatic clays tentatively
justifying use of the following average relationship in conjunction with phosphatic
clays:

5y/Bye = 0-225 (OCR)0-80 (3)

The normalized su/é e ratio based on the above equation is predicted to equal
0.225, 0.392 and 0.68% at overconsolidation ratios of 1, 2 and 4, respectively.

3.5 Undrained Modulus

Variations in the normalized undrained Young's secant modulus, Eu/su’ 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 /s 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 E /s  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 Eu}lsu versus overconsolidation ratio at factors of safety of 3, 2 and
1.5. The trends are consistent with the observed behavior of many sedimentary
clay deposits (Ladd et al,, 1977). Nevertheless, the E /s values are higher than
one would have predicted based on the high plasticity oP 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 frietion, ¢4, equal to 25° was recommended with zero
effective cohesion (Section 2.4.3). Ladd et al. (1972) suggest on the basis of
limited data for other clays, a value of effective cohesion, ¢, 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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Section 4

STRESS-STRAIN-STRENGTH PROPERTIES
OF SAND-CLAY MIXES

4.1 Test Methods and Test Procedures

Three phosphatic clays representative of the range in plasticity determined on
samples obtained from twelve differing mine sites were mixed with tailings sand
(at sand-clay ratios, SCR, ranging from 0:1 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
"low" 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 Clays" (Section 4.3.2), and are re-
tabulated below for comparison:

Agrico CF USSAC
SCR PI (%) LL (%) PI (%) LL (%) PI (%) LL (%)
0:1 222 268 113 143 160 195
1:1 76 108 50 72 69 93
3:1 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 CIUC and CK UDSS
tests performed on normally consolidated samples. Test specimens were prepared
as deseribed in Section 2.3.2. They were trimmed from larger block samples pre-
consolidated from a slurry to effective vertical conﬁolidation stresses of 0.1 to 0.2
kg/em® for sand-clay mixes, and 0.3 to 0.5 kg/em” for phosphatic clays without
sand. All test samples were consolidated prior to shear to effective stresses in
excess of those used during sample preparation (i.e., 1.0 kg/em“ or more). Hence,
all test specimens were normally consolidated prior to shear.

CIUC and CK_UDSS test data on normally consolidated phosphatic clays (i.e., SCR
= 0:1) were presented in Section 2. In addition to tests performed at a sand-clay
ratio of 0:1, CIUC and CK_UDSS tests were performed on 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 Phosphatie Clays" and Volume 4
"Consolidation Behavior of Phosphatic Clays" for sand-clay ratio terminology used
in this report and methods used to prepare sand-clay mixes in the laboratory.



tests were performed at sand-clay ratios of 1:1 and 3:1. Test procedures were in
accordance with the methodologies outlined in Section 2.2.1 and 2.3.2.

4.2 CIUC Test Results

The undrained stress-strain-strength behavior of phosphatic clays (SCR = 0:1) from
CIUC 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 CIUC 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 = 3:1) 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 0:1, the vertical strain, €, 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
1.0 to 1.2 for the three phosphatic clays and averaged about 1.1 at a sand-clay
ratio of 0:1. As shown in Figure 4-1, the A-factor at failure was somewhat
reduced at a sand-clay ratio of 1:1 with a gross average value of about 1.0.
However, with the addition of more sand to sand-clay ratios of 3:1, 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 undrained shear strength, s , normalized with
respect to the isotropic consolidation stress, 0,, and the one-dimensional vertical
consolidation stress**,G_ , is illustrated in Figure 4-2. As shown, the normalized
undrained shear strength ratio s /Etc increases moderately with the addition of
sand up to a sand-clay ratio of about 1:1. With the continued addition of sand,
s,./0,, decreases in magnitude. These changes in s /0, with variation in sand-clay
ratio reflect primarily the observed change in the A-factor at failure with varying
sand-clay ratio (see Section 4.2.1).

C

As shown in Figure 4-2, trends in su/G with changes in sand-clay ratio are very
similar but more subdued than observecY ?or su/c'rc. Figure 4-3 illustrates the effect

*except for the Agrico-Saddle Creek sand-clay mix at a sand-clay ratio of 1:1.
**based on the "simple clay principle" and assuming Ko = 0.60 as explained in
Section 2.2.4.



of clay plasticity on s, /5, for various sand-clay ratios. The following normalized
undrained shear_strength ratios, suﬁvc’ are believed representative of sand-clay
mixes based on CIUC test data:

SuPye
Phosphatic Clay PI (%) SCR= 0:1 1:1 3:1
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 prinecipal stress in the vertical direction. They
are much higher than one would prediet 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, Eu/s , 88 @
function of stress level is depicted in Figures 4-4, 4-5 and 4-6 for the Agrico-
Saddle Creek, USSAC-Rockland and CF Mining-Hardee sand-clay mixes,
respectively. 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 CIUC
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 §, as a function of sand-clay ratio. As
shown, a-’u for all three phosphatic clays increases with increased sand-clay ratio;
the increase is most prominent for the highly plastic Agrico-Saddle 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 250 at a sand-clay ratio of 0:1. Based on
data presented in Figure 4-7, §; is expected to increase with increased sand-clay
ratio: values of ¢4 of 27° and %8° are believed applicable at sand-clay ratios of
1:1 and 3:1, respectively.

*The higher $ value at a sand-clay ratio of 3:1 compared to G at a sand-clay ratio
of 0:1 is primarily responsible for the increase in s f,, ratio observed for the
Agrico-Saddle Creek clay at a sand-clay ratio of 3:1.
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- 4.3 CK,UDSS Test Results

Section 2.3.5 presented results of CK UDSS tests on phosphatic clays (SCR =
0:1). Normalized effective stress paths at varying sand-clay ratios (SCR = 0:1, 1:1
and 3:1) 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 CK UDSS 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 3:1. The reduction in
shear strain at failure, Yy, 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 0:1, and equalled 1.5 to 3.0%
at a sand-clay ratio of 3:1, a very marked reduction.

Normalized excess pore pressures, Au/o o generated during undrained shear
increased significantly with the addition of sand as shown in Figures 4-11 through
4-13. However, positive excess pore pressures generated at "failure", i.e., at
s, =(T )m x Were generally not significantly different at varying sand-clay ratios; a
sﬂgh{l reguction in Au/&vc at failure is generally noted with increasing sand-clay
ratio (i.e., SCR of 3:1 compared to 0:1).

Trends in the normalized undrained shear strength ratio, s, (DSS)G, ., are
presented in Figures 4-14, 4-15 and 4-16 for the Agrico, USSAC and CF sand-clay
mixes, respectively. As shown, s /0, . generally increases slightly with the
addition of sand up to a sand-clay ratio of about 1:1 (except for the CF Mining-
Hardee clay where such an increase was not noted). With the continued addition
of sand, s fo_, decreases in magnitude. These behavioral trends are consistent
with those observed in CIUC tests (Section 4.2).

4.3.2 Undrained Shear Strength Ratio

The effect of sand-clay ratio on the normalized undrained shear strength, s fG._ .,
is illustrated in Figure 4-17 which summarizes results from CK_UDSS tests on
sand-clay mixes. A marked similarity in trends is observedo for all three
phosphatic clays* in spite of significant differences in plasticity. The limited
effect of clay plasticity on suﬁvc 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 1:1.



Based on CK_UDSS test data, the following normalized undrained shear strength
ratios are believed representative of sand-clay mixes:

SufOve
Phosphatic Clay PI (%) SCR= 0:1 1:1 3:1
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 0.214 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 /0. ., 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, 2:1 and 3:1,
respectively, for a wide range of phosphatie clays.

Figure 4-19 presents the variation in s /&, (from both CIUC and CK_.UDSS tests)
with changes in plasticity index of the sand-clay mix (rather than t?\e plasticity
index of the phosphatic clay per se as illustrated previously in Figures 4-3 and
4-18). As shown, trends in s /0, versus plasticity index of the mix are generally
consistent based on both types of tests. The addition of a "small" quantity of sand
to a sand-clay ratio of 1:1 results in a reduced plasticity index* and an increased
s ﬁvc ratio compared to that of phosphatic clay without sand. With the continued
aléditlon of sand to a sand-clay ratio of 3:1, the plasticity index decreases
substantially to values characteristic of lean eclays (PI = 19 to 27%) rather than
high plasticity clays, and s /G, also experiences a decrease in magnitude. The
ratio su(CIUC)/su(DSS) decreases from about 0.8 at a sand-clay ratio of 0:1 to
about 0.7 at a sand-clay ratio of 3:1 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, E, /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: Eu/s increases with increased sand-clay ratio. The increase in
undrained modulus at a given stress level with inereasing 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, Eu/su 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 /s versus sand-clay ratio at stress
levels of 33% and 67%, corresponding to fac%ors of safety of 3 and 1.5. Although
Eu/su 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 E /s and
sand-clay ratio may be used for all three phosphatlc clays with the bands in Fulgure
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 characteristies, namely:

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

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

° a slight increase in the normalized undrained shear strength s ﬁvc
sand~clay ratios up to 1:1, and a moderate decrease in Suﬁvc with the
continued addition of sand up to a sand-clay ratio of 3:1.

° an increase in the normalized undrained modulus Eu/su’
° 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 plastie clay (SCR = 0:1), to a high plasticity clay
(SCR = 1:1), to a much leaner clay (SCR = 3:1). 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 3:1.

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 s /G, , with increasing sand-clay ratio was
noted for sand-clay mixes prepared w1t¥1 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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SCR suﬁvc
0:1 0.225
1:1 0.228
2:1 0.214
3:1 0.196

The above values are applicable to normally consolidated sand-clay mixes. (The
inerease in s ve with overconsolidation ratio can be accounted for as deseribed
in Section 3. 15

4.5.2 Undrained Modulus

As detailed in Section 2.3.5, normalized undrained secant modulus data, E /s w
versus stress level from CKOUDSS tests are recommended for use in predlctmg
undrained deformations. As shown in Figures 4-24 and 4-25, E, /s 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 3

25.0°
27.0°
27.5°
28.0°

— e

0:
1:
2:
3:

Section 4.2.4 outlined the basis for these recommended values.



Table 4-1

SUMMARY OF RELEVANT PARAMETERS FROM CIUC TEST RESULTS |
ON AGRICO SADDLE-CREEK SAND-CLAY MIXES

Test At{o-q) At0/53)m ax
SCR  Sample s,/6, s,/0,,* €(%) AFactor 3 $
0:1 S2 0.29 0.28 8.1 .24 31.1° 32.6°
S8 0.27 0.25 6.9 .28  28.2° 29.8°
S9 0.29 0.25 8.7 .14  29.5° 31.1°
Average  0.28 0.26 7.2 .22 20.6° 31.1°
1:1 S1 0.34 - 0.31 9.3 .10  36.6° 38.8°
S2 0.36 0.30 9.6 . 0.94 32.7° 33.4°
Average  0.35 0.30 9.5 .02 32.6° 36.1°
3:1 S1 0.33 0.30  17.3? 1.27  43.2° 43.2°
S2 0.29 0.28 4.0 .22 30.9° = 33.6°
S3 0.34 0.29 58  1.10 34.6° - 36.4°
Average  0.32 0.29 .9 .20 36.2° 37.7°

*Based on "simple clay prineiple" and assuming K 0= 0.60.
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Table 4-2

SUMMARY OF RELEVANT PARAMETERS FROM CIUC TEST RESULTS
ON USSAC-ROCKLAND SAND-CLAY MIXES

~ Test At(o,_-o3)m;.x__ AtG,/63) 1 ax
SCR Sample s,6, s,0,.* €(%) A Factor & $
0:1 S1 0.33  0.29° 84  1.05 32.4° 34,80
82 0.34 0.30 11.4 1.05  34.,2° ~ 35.6°
- s3 0.27 0.26 7.6 .13 24.9° 26.3°
S4 0.28, 0.27 89 123 26.8°  26.8°
Average  0.30° 0.28 9.1 .11  29.6° 30.9°
1:1 S1 0.35  0.30 9.6 .09  35.5° 36.6°
S2 0.36 0. 29, 6.7 0.92  30.6° 31.9°
S3 0.31 0.27 4.0 0.99 . 25.7° 27.4°
S4 0.34 0.30 6.3 102 30.7° 31.7°
Average 0.34 0.29 5.7 T.00 30.6° - 31.9°
3:1 S2 0.28 0.26° 4.7 - 137 33.0° 35.0°
S3 0.30 0.26, 3.3 117 29.8° '31.9°
Average .29 0.26" 4.0 .27  31.47 33,50

*Based on "simple clay prineiple" and assuming Ky = 0.60.



Table 4-3

SﬁMMARY OF RELEVANT PARAMETERS FROM CIUC TEST RESULTS
ON CF MINING-HARDEE SAND-CLAY MIXES

Test - AT -0 oy At0)/S3)max
SCR Sample su/c'rc Suﬁvc* €(%) - A Factor é $
0:1 81 0.32 0.27 5.7 1.03  28.6° 29.8°
S3 034 030 7.4 0.92  29.3° 29.9°
sS4 0.33 0.30 10.3 .03 30.2° 31.3°
Average  0.33 0.29 7.8 0.99 29.4° 30.3°
1:1 S1 0.39 0.32 5.3 0.85 31.5° 33.2°
S2 0.32 0.29 7.0 1.09  29.9 © 30.4°
Average  0.35° 0.31 6.2 0.97 30.7° 31.8°
31 82 0.27  0.26 - 2.5 1.30  30.2° 34.1°
S3 0.27 0.24 1.9 .19  25.6° 28.0°
'S4 0.27 0.27 10.0 141 34.5° 34.6
Average  0.27 0.26 1.8 1.30  30.1 32.2

*Based on "simple clay principle" and assuming K, = 0.60.
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Appendix A

STRESS-STRAIN-STRENGTH BEHAVIOR OF NORMALLY
CONSOLIDATED PHOSPHATIC CLAYS FROM CIUC TESTS
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HALF PRINCIPAL STRESS DIFFERENCE

q (kg/cna)

INITIAL FINAL (0] -og)mox (8, /&5)max
SAMPLE - " Su/B; A 0 A
wn(%) | %(peh) wn (%) 24 (pef) %) | 8 | ractor | £(%) | B |FacTOR
52 2115 75.7 213.3 78.6 0.29 8.1 [3.° | L.24 1.1 [32.6° | 1.3
$6 198.5 80.9 122.3 87.8 0.37 8.3 |35.1° | 0.97 10.5 [36.1° [ 1.00
58 190.1 77.7 109.4 90.0 0.27 6.9 |28.20 | 1.28 10.9 [29.8° | 1.42
LS 205.1 76.9 130,6 86.5 0.2 | 6.7 295> | 1.14 10.6 31.1° | 1.26
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STRESS PATHS: =0, §=30.0°
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HALF PRINCIPAL STRESS DIFFERENCE

q (kg/cnz)

P (kg/cmz)
AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CiUC TESTS
ON CF MINING-HARDEE PHOSPHATIC CLAY

. INITIAL FINAL (07 - 03 ) max (8 / &)max
SAMPLE Sw/&, A
wn(%) | Ayloef) | wn(%) | y(ped | $%) |8 | mcor | E%)| B
sl 111,58 90.1 86.6 95.4 0.32 5.7 28.6° 1.03 9.6 129.8° | 1.17
S3 113.4 91.3 116.4 88.9 0.34 7.4 29,3¢° 0.92 9.5 129.9° | 0.97
S4 112.2 86.8 112.0 89,7 0.33 10.3 30.2° 1.03 14,7 [31.3° | 1.09
S 116.3 87.2 86.2 95.3 0.37 10.3 33.2¢° 0.88 15,2 [34.0° | 0.94
F 115.3 85.3 84.0 96.0 0.31 5.6 26,7° 1.01 10.3 {28.9° 1.16
EAM-PLE S$1,53 AND S& TESTED AT v
STRAIN RATE,& OF 1.0 %/HOUR; SAMPLE
S AT £0.36 %/HOUR; AND SAMPLE F
ATEs5.1°% [HOUR
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54 \
[
F s4 s3 PI=I3%
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1 2 3
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HALF PRINCIPAL STRESS.DIFFERENCE

q (kg/cma)

SAMPLE INITIAL FINAL oo (0] - o3) max (&; / Ty)max

Su/0¢ A A
wn (%) 24{pct) wn (%) ¢ 4{pef) € (%) g FACTOR (%) @ |mCTOR
s2 168.8 81.2 104.0 91.4 0.35 12.4  |{30.8° 0.96 14.3 |31.2 | 0.98

s3 140.1 -84,7 92.5 93.9 0.31 12.0 {29.8° 1.09 13.9 [30. | 1.11
4 140.3 84.3 114.3 89.4 0.32 7.5 |29.5° 1.05 11.3 [31.1° | 1.17
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HALF PRINCIPAL STRESS DIFFERENCE

q (kg/cmz)

INITIAL FINAL (o] - 03) max (& / Ty)max
SAMPLE ; Su/0¢ A A
wn(%) | 4(pef) wn (%) ¢ y(pef) (%) @ RCTOR | €(%)| # |mCToR
sl 166.4 83.6 108.2 90.9 0.36 11.9 | 30.7° 0.89 14.3 31.2° | 0.93
52 156.3 84.1 95.2 93.9 0.31 8.6 | 26.7° 1.02 1.1 [27.4° | 1.08
53 122.5 86.8 89.2 95.4 0.34 12.0 | 32.4° 1.02 14.4 |33.2° | 1.05
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q (kg/cma)

€1~V [NIIA
HALF PRINCIPAL STRESS DIFFERENCE

l FINAL : (8; / 8y)max
SAMPLE Su/3 A
24{pef) wn (%) ¥ 4{pe) 7 |RCTOR
(31 78.8 106.7 90.5 0.39 - -
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S4 76.1 91.7 93.7 0.32 35.6° 1.25
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q tkg/cm2)

9T-V }NOI4
HALF PRINCIPAL STRESS DIFFERENCE

INITIAL FINAL ' (0; - 03 ) max (&} / &3)max

SAMPLE - Su/di; A A
| wal%) | 2yloe) | wn(%) ¢ 4(peh) §%) | 8 |mcor | (%)) B Imcrorl

S1 143.4 85.2 110.0 90.1 0.33 8.4 32.4° 1.05 12.8 [34.8° 1.16

S2 143.2 90.9 99.1 92.4 0.34 11.4 34.2° 1.05 14,7 |35.6° 1.12

S3 139.8 83.9 90.7 94 .4 0.27 7.6 24.,9° 1.13 10.3 [26.3° 1.22

S4 139.6 85.5 91.3 94.1 0.28 8.9 26.8° 1.23 9.4 |26.8° 1.26

S 139.4 85.7 111.8 89.8 0.38 5.0 33.9° 0.86 9.5 ]39.0° 1,02

F- 141.1 86.6 110.1 90.1 0.36 4.9 26.4° 0.79 9.4 |28.5° 0.91
SAMPLE,S1,52,53 AND S4 TESTED AT STRAIN
|RATE, €, OF 1,0% /HOUR;S AT

L£=0.36% /HOUR;AND SAMPLE F AT & =5.1% /HOUR Jd
Ke ENVELOPE TANGENT_ TO EFFECTIVE
STRESS PATHS : €:=0, @=28.3°
//
37 /—83
,ﬁ
s2 sS4
Si F Pl =160 %
’ LL=|95°/°
] 1 _ 2 3 .

P (kgrom®) :
AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS
ON USSAC-ROCKLAND PHOSPHATIC CLAY
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Appendix B

STRESS-STRAIN-STRENGTH BEHAVIOR OF NORMALLY
CONSOLIDATED SAND-CLAY MIXES FROM CIUC TESTS
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HALF PRINCIPAL STRESS DIFFERENCE

q (kg/cma)

INITIAL FINAL (0; - 03 ) max (& / &)max
SAMPLE Su/& A A
wn(%) | Flech) . | wn(%) ¥y (pef) §%)| B | mCOR | €(%)| & |mCTOR
51 118.6 87.2 72.4 98.3 0.34 9.3 [366° | 1.l0 14.4 |38.8° | 1.16
s2 119.5 87.1 61.3 102.4 0.36 9.6 32.7° | o0.94 13.2 [33.4° | 0.99
K ENVELOPE TANGENT TO EFFECTIVE
STRESS PATHS: T =0, @=33.4° X
/ \
2\
PI=76%
st LL=108%
1 2 3
P (kg/cnz)

AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS
ON AGRICO-SADDLE CREEK SAND-CLAY MIX WITH SCR = 1:1
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HALF PRINCIPAL STRESS DIFFERENCE

q (kg7Zocm=)

INITIAL FINAL (0; - 03) mox (& / &)max
SAMPLE " " Su/B A e A
wal%) | Fyleet) | wal%) 2% 4(pef) )| 8 | mcor | €| B [mCTOR
s1 72.3 101.5 42.9 111.4 0.33 17.3  |43.2° 1.27 17,3 j43.2° | 1.27
$2 58.0 102.7 40.2 113.0 0.29 4.0 |30.9° 1.22 7.4 |33.6° | 1.34
S3 70.8 101.6 35.8 115.7 0.34 5.8 34.6° 1.10 11,2 36.4° 1.15
Kg ENVELOPE TANGENT TO EFFECTIVE
STRESS PATHS: ©=0, ¢=35.9°‘>/
, 3 PI=27%
sl s2 LL=52%
, 4

1

AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS
ON AGRICO-SADDLE CREEK SAND-CLAY MIX WITH SCR: 3:1

2
P (kg/cna)

4
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q (kgsom?)

{-9 N9 14
HALF PRINCIPAL STRESS DIFFERENCE

Crscr 4

INITIAL FINAL ‘ (0; - o3) max (5; / 3)max
SAMPLE Su/T A A
wn (%) 24 (pef) wn (%) ¥ ¢{peh) EL) | B MCTOR | &(%)| @ [MCTOR
s1 61.1 108.8 40.1 113.3 0.39 5.3 31.5° '05.85”:‘_ 8.8 [33.2°{ 0.93
sz 60.7 102.5 35.1 116.9 0.32 7.0 29.9° | 1.09 9.7 |30.4° | 1.17
PI AND LL VALUES ARE ESTIMATED
BASED ON LINEAR REGRESSION BETWEEN}
PI AND LL FOR VALUES AT
SCR= 0:1, 2:1 and 3:1
Kr ENVELOPE TANGENT TO EFFECTIVE
STRESS PATHS: © =0, @=314°
//77”‘:::::‘\\
: st 82 ' - PI= 504
/ , > : LL=72%
-} 1 2 3

P (kg/cmz)
AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS
ON CF MINING-HARDEE SAND-CLAY MIX WITH SCR : 1:1
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HALF PRINCIPAL STRESS DIFFERENCE

q (kg/nmz)

Si

INITIAL: FINAL {o; - o3 ) mox (& / FImax
wn(%) | ylpet) wn (%) ¥ y(pef) ()| @ | mcorR | €(%) | F |mCTOR
3 J1.6 111.1 25.7 124.9 0.17 10.8 31.4° 2.30 10.8 33.3° Z2.30
52 37.3 109,2 30.3 120.4 0.27 2.5 |[30.2° 1.30 11.8 [34.1° | 1.49
53 37.6 107.6 28.5 121.9 0.27 1.9 |25.6° 1.19 4.2 |28.0° | 1.33
34 31.3 112.0 23,1 127.9 0.27 10.0 | 34,5° 1.41 9.9 34.6° | 1.41
Kp ENVELOPE TANGENT TO EFFECTIVE
STRESS PATHS: T =0, §=320°
/ AY
$3
| —s2 sS4 PI=19%
LL=37%
2

AVERAGE EFFECTIVE PRINCIPAL STRESS

P (kg/cmzl

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS

ON CF MINING-HARDEE SAND-CLAY MIX WITH SCR = 3:1
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q Ckgsome)

€1-8 FJ|N9I4
HALF PRINCIPAL STRESS DIFFERENCE

INITIAL FINAL y (o5 - 03) mox (& / &)max
SAMPLE Su/&; A A
wn(%) | ylpet) wn (%) ¢ y(pef) §(%) | B8 |mcor | §(%)| B |RCTOR
S1 111.7 85.3 58.8 104.0 0.35 9.6 35.5¢° 1.09 14,1 36.6° 1.1I5
S2 72.4 96.0 49,2 108.3 .0.36 6.7 30.6° 0.92 10.0 31.9°] 1.00
S3 71.9 96.4 49,7 108.1 0.31 4.0 25.7° 0.99 7.2 27.4°| 1.14
S4 11.4 89, 49.4 108,3 0,34 6. 30,7° .02 8.5 31,7°4 1.08

Kg ENVELOPE TANGENT_TO EFFECTIVE

STRESS PATHS: €=0 , §:=32.2° _\'

/
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o
7TX
/ s s s P1=69%

. | LL=93%

8 1 2 3
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AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS
ON USSAC-ROCKLAND SAND-CLAY MIX WITH SCR = 1:1

61-4


Gary Albarelli



NORMAL. IZED '
PRINCIPAL STRESS DIFFERENCE

NORMRAL IZED
EXCESS PORE PRESSURE

OBLIQUITY

20

o

¥e)

- O
o

0.0
L5

0%

00

1

REFER TO FIGURE B-13
FOR LEGEND TO SAMPLES
s2— su—X
:;;;"éi-====:: —_—
—\ﬁ'\ -\‘
——
S5 wd T
S4—+ Sl —
z 5]
Sl —
3%7
\
s3 —/ s4 )
e ] 15

18
AXIAL STRAIN (%)

20

UNDRAINED STRESS-STRAIN BEHAVIOR FROM CilUC TESTS

ON USSAC-ROCKLAND SAND-CLAY MIX WITH SCR: 1:1

FIGURE B-14

B-16



E /S
u u

NORMALIZED YOUNG’S MODULUS,

10008

1800

108

18

NORMALIZED UNDRAINED YOUNG'S MODULUS
ON USSAC-ROCKLAND SAND-CLAY MIX WITH SCR = 1:1

N
— s2
e |
N N -~
S
41 \
s3] \\\
NN
AN
\K
\
Ny
3
REFER TO FIGURE B=13
FOR LEGEND TO SAMPLES
e 2.2 8.4 8.6 2.8 1.0

STRESS LEVEL, q-q,

VERSUS STRESS LEVEL FROM CIUC TESTS

FIGURE B-15

B-17


Gary Albarelli



91-9 FJWNI9Id

HALF PRINCIPAL STRESS DIFFERENCE

q tkgzom?)

INITIAL FINAL (0] - o3 ) mox (& / &)max
SAMPLE o o Su/T, A : A
wn(%) | 2ylpet) wn (%) 2 4{pef) )| 8 | mcor | (%) B |mCToR
s1 43.0 108.0 33.3 118.0 0.38 7.1 38.6° 1.00 11.4 139.1° | 1.05
s2 53.6 102.0 27.7 122.5 0.28 4.7 33.0° 1.37 108 |35.0° | 1.41
S3 42,6 108.8 29.2 121.2 0.30 3.3 29.8° 1.17 12.4 31.9° | 1.33
Kr ENVELOPE TANGENT TO EFFECTIVE
STRESS PATHS: =0, $-33.8° X/ _
Z ———
o S2 s3 PI=25%
v LL=43%

ON USSAC-ROCKLAND SAND-CLAY MIX WITH SCR: 3:1

P tkgsom?)

AVERAGE EFFECTIVE PRINCIPAL STRESS

UNDRAINED EFFECTIVE STRESS PATHS FROM CIUC TESTS
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