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INTRODUCTION

The process of slow, continuous deformation or
yielding of a soil mass under constant stress is defined
as soil creep. The point or magnitude of stress that
causes this process to accelerate with time is defined
as the yield limit or yield stress. It is known that nearly
all soil structures undergo a certain amount of creep,
and in many cases, masses have failed completely as a
result of creeping.

Schultze and Krause (I), Murayama and Shibata
(2) and Suklje (3) have indicated there are at least two
yield limits: (1) the upper yield limit already defined
and (2) a lower yield limit below which no slippage or
deformation occurs. However, Bishop and Lovenbury
(4), in performing long-term creep tests (for
approximately 4 years), indicated there appeared to be
no value of stress that did not produce time-dependent
deformation.

Singh and Mitchell (5); Mitchell, Campanella, and
Singh (6); and Mitchell and Campanella (7) have shown
in three separate reports the rate-of-creep function is
time dependent and decreasing according to an inverse
power law. General agreement with this data was
published by Casagrande and Wilson {&8). Their data
indicated shear strength of undisturbed soils generally
decreased in proportion to the logarithm of elapsed time
to failure. Vislov and Skibitsky (9) stated there is a
decrease in both the cohesional (c) and frictional (g)
components of shear strength; c generally decreases
more than ¢.

Roscoe and Schofield (10), Walker (11), and
Arulanandan, et al(12)indicate pore pressures play a
very important role in an earth structure undergoing
creep deformation. Walker concludes: "' . . .undrained
creep may result in significant pore pressure build-up,
with a consequent tendency towards foundation
instability."

Murayama and Shibata (13) state the upper yield
stress of clay is always smaller than peak failure strength.
Therefore, any stability analysis based on peak strength
(obtained from conventional triaxial tests) would always
lie on the dangerous side when compared to the ''true
critical strength'' based on the upper yield stress. The
same authors have recommended for design of
permanent earth structures the minimum factor of
safety should be increased by a factor of (¢_/o,,}, where

. . . ¥
oy, is the peak stress and oy is the }’leltP stress.

OBIJECTIVES

The objectives of this phase of study were:

1. to determine the creep characteristics of four
remolded soils and also undisturbed soils from
two landslide sites,

2. to determine the relationship between peak
stress from conventional triaxial tests and
yield stress from creep tests,

3. to develop a criterion for design of earth
structures which will more accurately account
for the time dependency of soil behavior than
do present methods, and )

4. to further verify the methods proposed by
Scott (14) in the first phase of this study,
using peak relaxation modulus in determining
shear strength.

PROCEDURES

Disturbed samples were obtained from Adair
County (Baxter Series), Clark County (Eden series),
Fayette County (Maury series), and Fulton County

(Calloway series). The four soils ranged from a clay to
a silty loam. A kaolin clay was purchased from the Edgar
Plastic Kaolin Company, Edgar, Florida. Classification
data for the four soils and the kaolinite are shown in
Table 1.

The Kentucky soils were air dried, pulverized, and
passed through a No. 10 sieve; the plus 10 material was
discarded. Distilled water was added to achieve the
necessary moisture content. The soil was covered with
plastic and allowed to cure overnight to assure an even
distribution of moisture. The prepared soil was run
through a ''Vac-Aire" extrusion machine, cut to the
necessary length, and waxed. The wax prevented
moisture loss until testing.

The kaolinite was obtained in dry, powdered form.
Water was added and samples were prepared in the same
manner as for the other four soils.

A complete and detailed description of samples,
sample preparation, testing equipment, and procedures
for relaxation and triaxial testing was reported by Scott
{14). A complete description of the mechanical
procedures of performing creep tests was reported by
Allen (15).



Table 1.

Summary of Classification Test Results — Kentucky Soils.

Standard . Classifications
Liquid | Plastic Proctor Optimum
Limit Limit Specific Densi?l Moisture Kentucky
County | (%) (%) Gravity (Ibs/ft3) (%) CBR Unified AASHO Agricuttural Textural
Adair 61 27 2.768 96 24 5.0 MH A-7-5(19) Baxter Cherty Silt Loam Clay
Clark 37 25 2.705 26 22 6.5 CL A-6(13) Eden Silty Clay Laom Silty Caly
Fayettc 35 2] 2.685 101 20 9.5 CL A-6(12) Maury Silt Loam Clay Loam
Fulton 26 NP 2657 106 16 10.0 ML A4( 8) Calloway Silt Loam Silty Loam
Percent Finer Than
County 1™ l 34 | 38" l 4 I 10 | 20 l 40—1 [11] l 140 | 200 | 05 mm { 02 mm [ 00> mm I 002 mm
Adair 100 95 93 92 91 9u 89 89 88 88 82 74 S8 50
Clark 100 100 100 100 99 98 98 Y7 94 9] 88 75 44 31
Fayette 100 106G 100 100 99 96 94 92 85 79 76 61 30 20
Fulton 100 100 100 100 99 98 98 97 87 78 79 40 17 13

In this phase of the study, samples were placed
in a triaxial chamber and allowed to consolidate
overnight. Four consolidation pressures (confining
pressure) were used -- 10, 30, 50, and 70 psi. The
samples were loaded hydraulically to stresses of 10, 25,
40, 55, 70 and 85 percent of peak stress (obtained from
Scott's data (14)). Each stress level was allowed to
remain 24 hours before the next higher stress was
applied.

Strain readings were taken periodically throughout
the 24-hour test. A plot was made of deflection versus
time in an attempt to determine the rate of strain at
24 hours. This attempt was unsuccessful since the rate
of strain was not linear any time during the 24-hour
period, indicating the soil had not reached the condition
of steady-state creeping. Singh, et al (5) and Mitchell,
et al (6) have indicated, however, that true steady-state
creep does not exist in soils for any significant period
of time.

The same authors in addition to Murayama and
Shibata (13) have demonstrated a procedure for
comparing rates of strain for different stress levels which
avoids the problem of non-steady-state flow. This is
accomplished by plotting deflection against the
logarithm of time and calculating the rate of strain, €,
with respect to the logarithm of time according to
Equation 1:

€ = Ae/blog t (1)
where € strain rate,

Ae = € - €, and

Alogt = logt,y-logt.

This method was used to analyze data from this study,
and an example is shown in Figures 1 and 2. To find
the yield stress, the strain rate calculated from Equation
1 was plotted against effective, applied, deviator stress.
The first major "break point" in the curve was

2

considered the yield stress. Murayama and Shibata (13)
refer to these plots as the ''viscosity diagrams''

in many of the 24-hour tests, problems were
encountered in the hydraulic system. There appeared to
be minor pressure drops in the system overnight which
caused decreases in effective stress. In addition, the
rubber o-ring in the top cap of the triaxial chamber,
which served as a pressure seal, produced drag on the
loading piston at very slow rates of strain and caused
erroneous results. Consequently, some load increments
in the 24-hour tests were considered invalid. Maintaining
each stress level on the sample for 24 hours made it
necessary to keep a sample under a confining pressure
for over a week. This was undesirable since possible
diffusion of air through the membrane might lead to
unreliable pore pressure measurements.

Murayama and Shibata (13, 16) proposed and
documented a method by which yield stress can be
located from tests of much shorter duration than 24
hours. In their procedure, a deviator stress is applied
in equal increments at a uniform interval and in a
stepwise fashion. The strain is measured at an equal time
lapse from each beginning of the step of stress. Their
results indicated the location of yield stress obtained
was independent of time at which the strain readings
were taken. An example of their viscosity diagrams
showing this relationship is given in Figure 3. This
procedure was used in later testing in this study. The
strain rate was calculated using the logarithmic slope of
the deflection-time curve from four to eight minutes.
Using this procedure allows one to avoid most of the
problems associated with the 24-hour test. Also, the
entire creep test can be run in less than one day.
Viscosity diagrams, presented under the section titled
RESULTS AND ANALYSES, having only three or four
points are from tests lasting 24 hours.
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RESULTS AND ANALYSES

Viscosity diagrams for the remolded soils are
presented in Figures 4 through 8. Strain rates were
calculated from Equation 1, and the times for figuring
€ were either 24 hours or 8 minutes. Two methods were
used randomly to insure the compensation of systematic
errors. The magnitudes of e cannot be compared from
test to test because they were calculated for different
times.

Many of the diagrams exhibit more than one break
point. Kawakami and Ogawa (17), in reporting data
from repeated loading tests on triaxial and uniaxial
compression samples, presented viscosity diagrams
containing several break points. They were using a
rheological model consisting of Maxwell, Voigt, and
Bingham bodies. The break points were considered
beginning points of slip occurring in the specimen. This
would be equivalent to slippage of the Bingham body
of the rheological model. The lower yield limit
mentioned by Murayama and Shibata (13) and Schultze
and Krause (1) below which no slippage in the sample
occurs was undefinable in most viscosity diagrams
reported herein.

Two of the viscosity diagrams for the Calloway soil
series exhibited an unusual property. At stress levels
approaching or exceeding the peak stress, the slope of
the viscosity diagram began to decreac In one case
(Calloway Series -- confining pressure = 1u psi) the
magnitude of e itself actually decreased (deviator stress
= 14.4 psi). It was suspected that application of a stress
approaching the peak stress to a sandy-silty soil could

initiate dilation in the sample as a shear plane was

formed. This process of dilation could possibly offset
the effects of creep. To test this hypothesis, a creep
test was performed on an Ottawa sand sample under
a confining pressure of 10 psi. Results in Figure 9 seem
to substantiate the idea that dilation does become a
behavioral factor for sandy soils near the level of peak
stress.

The first major break point in the viscosity diagram
was considered the yield stress. All of the yield stresses
for the remolded soils occurred in the vicinity of 50
percent of the peak stress. The highest was 58 percent
and the lowest was 40 percent. The average value of
yield stress occurred at 49.7 percent of peak stress. This
relationship is displayed graphically in Figure 10.

A multiple regression analysis was performed on
the data in Figure 10. The resulting relationship between
yield stress and peak stress is given by

oy = 0.497 g, 2
where oy yield stress and

0y peak stress.
In this analysis, the regression line was constrained

through the point (0, 0). The o, versus o,, correlation

y
coefficient was 0.996 and RZ equaled 0.991. To
determine the range over which the average could vary
without contradicting the data, a two-tailed test of
hypothesis was performed using the student's t

distribution (18):

r=y + 211/ s2n (3)

where r = range,
y = average of the observations,
32 =  estimate of the variance, and
2.11 = constant that leaves 2.5

percent area in each tail of the
distribution curve.
From Equation 3, the 95-percent confidence limits are
2.5,
. To show the effects of confining pressure and the
percent of clay on location of the yield stress, Figures
11 and 12 were plotted. It is evident neither confining
pressure nor percent of clay appeared to have any effect
on the location (within the range of values tested). This,
apparently, is further confirmation of data presented in
Figure 10.

The magnitude of yield stress did not increase
linearly with confining pressure; the functions were
slightly concave downward (Figures 13 and 14). This
was not exactly in agreement with Scott's data (14)
which indicated a linear relationship existed between
peak stress and confining pressure (Figure 19). However,
there is excellent agreement between these data and
Scott's at the intercept of the functions with zero
confining pressure. In the present data, the zero
intercept varied between 4.5 and 5.5 psi while Scott's
data varied between 8.0 and 12.0 psi (twice the yield
stress). This would indicate the yield stress of an
unconfined creep test would be about 5 psi. This was
not confirmed experimentally.
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Roscoe and Schofield (10, 19) predicted there
should be a constant ratio between pore pressure
increment and deviatoric strain increment. Walker (11)
and Arulanandan, et al (12) have published data
supporting this idea. However, Arulanandan states
further this probably holds true for undisturbed soils
only. Arulanandan presents data for remolded kaolinite
samples that show the pore pressure reaches a peak
shortly after loading and then decreases to zero over
long periods of time. This difference in behavior
between remolded and undisturbed samples in undrained
creep tests was attributed to the counterbalancing
effects of thixotropic hardening in the remolded soils
and the arresting of secondary compression in the
undisturbed soils. A more complete discussion of these
forces is given in Arulanandan's paper.

Pore pressure did, in fact, decrease to zero over
the 24-hour period for the remolded samples in this
study (Figure 15). However, it did so in much less time
than was indicated in Arulanandan's data.

Mohr's failure envelopes were constructed using the
yield stress values and the results are shown in Figures
16 and 17. It was intended that effective strength
parameters be used in this analysis. However, the
24-hour pore pressure readings were used (zero psi),
making the analysis, in effect, one of total stress. The
internal friction angles, ¢, were very low, ranging from
4.5° to 5.9°. The cohesion values varied from 1.6 to 2.6
psi.

Suklje (3) indicated that any state of stréss less
than the slopes of the Mohr's envelopes in Figures 16
and 17 will produce creep that is decreasing with the
logarithm of time. Any further increase in the slope of
stress beyond those presented will produce creep that
is constant or accelerating with the logarithm of time.
Suklje also stated that cohesion values for creep should
be less than those for peak (Table 2).

Relaxation test data from Scott's report (14) were
utilized for comparisons of peak relaxation modulus
with yield stress. The plots of peak relaxation modulus
against peak stress for all remolded soils are shown in
the APPENDIX. Following the earlier analysis that yield
stress is approximately equal to 50 percent of the peak
stress, the plots in the APPENDIX were used to
construct Figure 18. A multiple regression was again
used to determine the relationship between peak
modulus and yield stresses:

My, = 1293 oy 4

pr

where M peak relaxation modulus and
o yield stress.
The 9§I-percent confidence interval for the average,

y, of 131.77 was 125.51 < y < 138.04 (from Equation

pr _

14

3). This analysis has two sources of error: one from
scatter evident in the peak relaxation modulus versus
peak stress data and the other from peak stress versus
yield stress data. Equation 4 would not be as accurate
as the regression analysis indicates.

If the peak relaxation modulus is known, an
estimate can be made of the peak stress without
performing the triaxial test. The yield stress is related
to the peak stress by Equation 2:

oy = 0497 g,,.
The yield stress is related to peak relaxation modulus
by Equation 4:

My, = 1293 oy,

Substituting Equation 2 into Equation 4, Mpr =129.3
(0.497 o) or

Mpr = 64.3 oy 5)
Figure 19 is a comparison of peak stress versus confining

pressure from actual test data with data calculated from
Equation 5.

ANALYSES OF CASE HISTORIES
USING RHEOLOGICAL PARAMETERS

Grayson County, Western Kentucky Parkway, Milepost
96

In June 1968, an investigation was initiated of an
unstable embankment (Figure 20) located at Station

6922+50 (Milepost 96) on the Western Kentucky
Parkway, approximately one mile west of Leitchfield.

This was done under another study KYHPR 68-48,
"Investigation of Landslides on Highways''.

The unstable area is located in the westbound lanes.
Travelling west, the roadway emerges from a cut section
to a fill at Station 6924+00. The unstable mass is located
in the fill, constructed on a 1°00' curve and a grade
of -3.9 percent. Figure 21 is a view of the slide area
as it appears from the west.

A complete description of the history, topography,
and geology of the slide area will be given in the final
report on study KYHPR 68-48.
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TABLE 2

COMPARISON OF PEAK WITH

CREEP COHESION

COHESION (psi)

SOIL PEAK CREEP
Kaolinite 3.3 2.5
Baxter 2.0 1.8
Calloway 0.9 1.7
Eden 2.5 2.6
Maury 3.2 1.6
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Field and Laboratory Investigations

Nineteen soil borings were made to monitor
fluctuations in the water table. Shelby tube samples
were obtained from borings 1, 5, 6, 7, 9, 11, 12, and
13 ir accordance with the method for thin-walled tube
sampling of soils (ASTM Designation: D 1587). These
were for strength determination and classification
purposes. Figure 22 is a typical cross-section of the slide
area showing the soil profile and extreme fluctuations
of the watertable.

Two slopeinclinometers were installed at Station
6922+50 at the top and at the toe of the embankment.
Resultant horizontal movement versus depth curves and
resultant horizontal movement versus time curves are
shown in Figures 23 and 24.

Shelby tube samples were extruded in the
laboratory, cut to the proper length, and covered with
wax to insure protection while awaiting testing. Visual
descriptions were made using the visual-manual
procedure (ASTM Designation: D 2488 T) and moisture
content specimens were taken. A complete description
of care and preparation of the samples is given in Scott's
report (14).

Consolidated-Isotropic-Undrained (CIU) triaxial
tests and relaxation tests were performed on the
undisturbed specimens and the results analyzed
according to procedures outlined by Scott (I4).
Consolidated-undrained creep tests were also performed
using procedures described by Allen (15) and were
analyzed by the method given in this report under
PROCEDURES.

Results of Laboratory Tests

Visual inspection indicated Layer 1 (embankment)
was a brown-to-gray, slightly organic clay having a very
stiff consistency and a moisture content ranging from
13 to 17 percent. These embankment materials had a
liquid limit and a plastic index of 26.4 and 124,
respectively, and classified as an A-6(7) soil (AASHO).
Layer 2 (foundation material) was a brownish-gray clay,
firm in consistency, having a moisture content from 14
to 20 percent. The liquid limit was 31.4 and the plastic
index was 11.5. The foundation classified as an A-6(7)
soil. A summary of the classification data is given in
Table 3.

Results of the CIU triaxial tests for Layers 1 and
2 are plotted on a "P-Q diagram" in Figures 25 and
26. Figures 25a and 26a are the same as Figures 25b
and 26b except only the peak deviatoric stress points
are plotted. The method of least squares was used to
construct the failure curve (K¢ line) through the peak
deviatoric stress points. The effective internal friction
angle, @', and the effective cohesion, c', for Layer 1
were 26.7° and zero, respectively. ¢' and. c' for Layer

2 were 25.1° and 3.3 psi.

Scott (14) proposed a number of methods for
constructing Mohr's failure envelopes solely from
information gained from two or three relaxation tests
and one triaxial test performed on a single sample. One
of these was used in this case history. In this method -
a sample was set in the triaxial chamber and
consolidated overnight under 10-psi confining pressure.
A relaxation test was performed the next morning and
the confining pressure was then increased to 50 psi.
After again consolidating overnight, a second relaxation
test was performed. A regular triaxial test was then
performed at the end of the second relaxation test. The
peak relaxation modulus at 5S0-psi confining pressure was
plotted against peak stress from the triaxial test and a
line was drawn through the point (0, 0). The peak stress
at 10-psi confining pressure was found by extrapolating
horizontally the value of the peak relaxation modulus
at 10 psi until it intersected the straight line already
constructed. From that intersection point, a line was
constructed vertically, intersecting the horizontal axis at
the value of the peak stress at 10-psi confining pressure.
The stress values thus obtained were used to construct
the Mohr's stress circles in Figures 27a and 28a.

To obtain effective stress parameters for Figures
27a and 28a, the value of the product of A and B was
plotted against confining pressure of 50 psi and, again,
a straight line was drawn between that point and the
origin. The product of A and B at 10-psi confining
pressure was then read graphically (Figures 27c¢ and
28c). The pore pressure was then calculated from

Au = AB (g - 03), (©)

where Au
0p-03 =

change in pore pressure and
deviator stress.

The pore pressures were subtracted from the puak
stresses (Figures 27b and 28b) to give the values ior
¢' and c' in Figures 27a and 28a.

Scott's data indicated that a linear relationship
existed between peak relaxation modulus versus peak
stress and between A times B at failure versus confining
pressure. His data also indicated that both relationships
passed through the origin. This was the basis for
constructing Figures 27b,c and 28b,c. Complete
descriptions and discussions of this method and others
are given in Scott's report (I14).

21



GRAYSON COUNTY
WESTERN KENTUCKY PARKWAY
MILEPOST 96

——SLOPE INDICATOR

SLOPE INDICATOR

777

FOUNDATION (BROWN CLAY LOAM}

L
Ty WATER Tag, o

22

BEDROCK
STATION 6922450
Figure 22. Cross Section of Station 6922 + 5t
Showing Location of Slope
Indicator  Casings -  Western

Kentucky Parkway.




DIAL CHANGES RESULTANT HORIZONTAL

WEST EAST DEPTH MCVEMENT { INCHES)
-100 100 200 300 400 FT} ¢ i.0 2.0 3.0 4.0 5.0
- i T T 1 10 T T -
- 5 -
WESTERN KENTUCKY PARKWAY
MILEPOST 96 -l 10 i-9/26/68
2-10/8 /68
WELL NO.I 3-.12/17 /68
{5k 4.2 /25 /69
5-3/5 /69
6-3 /14 /69
-[20 7-4 /24/69
8-7/2 /69
- - 9-1/27/70
o 25 I0-4 /20/70
1-6/1/70
-|30 12-7 /20/70
13-3 /8 /73
lagl 14-7 /13 /72
6 |- TOP
- WESTERN KENTUCKY PARKWAY
2 -
:: 5 MILEPOST 96 7.5 FT
R WELL NO. |
o0 4| B
» T 16 FT
)
422 24 FT
g n-—;% 2TeFT
2
sy
29 |
[eNe]
32.5FT
== 0 | esasg—pele—eo L ot sl : L : - i B 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
TIME (DAYS) .
Figure 23. Slope Inclinometer Results, Well

No. 1, Western Kentucky Parkway.

23



HORIZONTAL RESULTANT

MOVEMENT (INCHES)

24

WESTERN KENTUCKY PARKWAY
MILEPOST 96
WELL NO.2

DiAL CHANGES

RESULTANT HORIZONTAL

SOUTH NORTH 'D{'E.';)T MOVEMENT (INCHES)
-5 5 o 15 20 25 (0] A 2 3 4 .5 6 N .8

0 1 T ] T 1 1) t 1

Ie

5 -

1e] -

15 B 7—3/14/69

8-7/2/69
5 9—1/27/ 70
20 10— 7/ 20/ 70
It— 7/13/ 72

25 L 12— 65/15/ 73
8
71| WESTERN KENTUCKY PARKWAY IFT.

MILEPOST 96
.6 |- WELL NO.2
S
4 7.5FT.
3 |-
2l- 12.5FT.
(0] | { | }
(0] 200 400 600 800 1000 1200 1400 1600
TIME (DAYS)
Figure 24. Slope Inclinometer Results, Well

No. 2, Western Kentucky Parkway.



50

50

WESTERN KENTUCKY PARKWAY

Figure 25.

Consolidated, Isotropic, Undrained
Triaxial Test Results, Layer 1
(Embankment) - Western Kentucky
Parkway.

MILEPOST 96 o]
- LAYER | °© ©
—- . ©
(o]
e A0 ° o’z 26.7°
- c’= 0 PsI
Vi
] | | | H | } | |
0 10 20 30 40 50 60 70 80 90
’ ’
9, +0s ';G?’ (PSI)
&'=26.7° :
- c’=0 PSI ///
'/. ./
|
90

25



26

S0~ WESTERN KENTUCKY PARKWAY

MILEPOST 96

40 - LAYER 2

o’ = 25.1°
c/ = 3.3 PsI

%]
a ¢

30 40 S50 60 70 80

0

Figure 26.

30 80

& ¢
g%% (PSI)

Consolidated, Isstropic, Undrained
Triaxial Test Resulis, Layer 2
(Foundation) - Western Kentucky
Parkway.



PEAK RELAXATION MODULUS (PSI)

AxB AT FAILURE

o
)

SHEAR STRESS (PSI}
o

w
o
o

n
¢
o

n
o
o

a
o

A
o

(o]

°
~

o
o

o
3

o
>

o
(&

0.0

WESTERN KENTUCKY PARKWAY

MILEPOST 96
LAYER |

@' =g5°
c'= 50 P8I

| ] | | ] L t
0 IO 20 30 40 50 60 70 80
NORMAL STRESS (PSi)

CONFINING PRESSURE (PSI)

Figure 27, Shear Strength Results from Special
Relaxation - Triaxial Test Using One
Specimen, Layer 1 (Embankment) -
Western Kentucky Parkway.

_ 1
|
|
n :
|
I
- I
|
|
1 | L1 ! |
0 5 10 t5 20 25
PEAK STRESS (PSI)
-
- |
|
|
1 | ! | J
o) 10 20 30 40 50

27



28

PEAK STRESS (PSI)

[
(o]
o

500

400

300

200

100

PEAK RELAXATION MODULUS (PS!)
o

0.25

0.20

0.15

0.10

0.05

A xB AT FAILURE

0.00

WESTERN KENTUCKY PARKWAY
MILEPOST 96
LAYER 2

®=16.7°
C =105 Psl

Relaxation - Triaxial Test Using One
Specimen, Layer 2 (Foundation) -
Western Kentucky Parkway.

0 10 20 30 40 50 60 70 80 S0 100
NORMAL STRESS (PSI)

___________ _A..

|

|

t

|

|

|

|

|

|

|

- {1 | ! I I | |
o] 10 20 30 40 50 60 70 80 90 100
PEAK STRESS (PSI)
P
{
| I ] 1 J
0] 10 20 30 40 50
CONFINING PRESSURE (PSI}

Figure 28. Shear Strength Results from Special



TABLE 3

SUMMARY OF CLASSIFICATION TEST RESULTS

WESTERN KENTUCKY
PARKWAY
STATIONS 6921 - 6924
GRAYSON COUNTY

I 64

STATION 1866
SHELBY COUNTY

LAYER 1 LAYER 2 LAYER 1 LAYER 2
Liquid Limit 26.4 31.4 38.1 40.2
Plastic Limit 14.0 19.4 16.8 17.9
1" 100 100 100 100
3/4" 98 99 98 100
3/8" 93 95 87 94
= No. 4 92 91 85 91
‘ﬁ" No. 10 91 88 84 87
_ No. 20 91 86 84 86
& No. 40 90 83 83 85
% No. 60 90 81 83 84
£ No. 140 69 71 81 83
5 No. 200 63 66 81 82
&~ .05 mm 58 59 67 75
.02 mm 57 50 57 59
005 mm 27 28 37 41
.002 mm 21 23 30 34
§  Unified CL CL CL CL
=
o
&  AASHO A-6(7) A-6(7) A-6(11) A-7-6(11)
© Textural Clay Loam Clay Loam Clay Clay

29



Failure envelopes constructed by this method did
not compare well with envelopes obtained from
conventional triaxial tests. The effective strength
parameters for Layer I, ¢' and c', were 8.5° and 5.0
psi, respectively. The peak stress for the test run at
50-psi confining pressure and the product A times B
appeared low. Both factors would produce small ¢'
angles and high cohesion. Scott's method produced a
¢' of 16.7° and c¢' of 10.5 psi for Layer 2. Again, the
product of A times B appeared too low.

Figures 29 and 30 present the viscosity diagrams,
obtained from the creep tests, for Layers 1 and 2. As
would be expected, there was more scatter in the
location of the yield stress in the undisturbed soils than
in the remolded soils. Figure 31 shows the relationship
between yield stress and peak stress for the undisturbed
soils. From a regression analysis, yield stress equalled
52.3 percent of the peak stress compared to 49.7 for
the remolded soils.

Mohr's envelopes were constructed far Layers 1
and 2 using the yield stresses (Figures 32 and 33). As
in the case of the remolded soils and for the sake of
consistency, zero pore pressure was used making the
analysis one of total stress. The strength parameters for
Layer 1 were 5.0° (¢) and 1.8 psi (c'). ¢ equalled 9.4°
and c equalled 0.75 psi for Layer 2.

Stability Analysis (As Built)

Slope inclinometer data presented in Figures 23
and 24 indicate the well at the top of the embankment
(Inclinometer 1) has moved in a northeasterly direction
and the top of the casing has moved a total of 5.8 in.
Inclinometer 2, at the toe of the embankment is moving
northwesterly. The top of the casing has moved
approximately 0.7 in. Figure 34 is a plan view of the
slide showing the directions of thrust of the moving
mass. From visual observations and slope inclinometer
data, the failure surface at Station 6922+50 is located
in the foundation at 27.5 ft under the shoulder and
at 9.0 ft under the toe and intersects the roadway in
the middle of the driving lanes. There is no visible break
at the toe.

Stability analyses were performed on the
cross-section at Station 6922+50 using a computerized
solution of Bishop's Simplified Method of Slices, by
Yoder and Hopkins {20). Using the peak shear stregnth
parameters obtained from the CIU triaxial tests (Figures
25 and 26) and the highest observed watertable, the "as
built" factor of safety was 1.849 (Analysis 10, Table
4). The theoretical failure surface agrees fairly well with
the observed (Figure 35). The theoretical factor of
safety indicates the embankment should not have failed
and the design, therefore, was adequate when using peak
strength parameters. However, if one assumes the
available cohesion in the foundation is a decreasing

30

function with time and that it eventually becomes zero,
then the long term factor of safety would be 1.044
(Analysis 9, Table 4). This analysis (labeled ''Residual"
in Table 4) was made assuming high watertable and
excess pore pressures due to seepage (Figure 36). It
would appear, therefore, that a decrease in cohesion was
indeed the case and, consequently, contributed to
failure.

Analysis was made using shear strength parameters
from Scott's method using relaxation data. Using a low
watertable, the "as built" factor of safety was 3.220
(Analysis 4, Table 4). This is 63 percent greater than
the peak strength analysis using a low watertable
(Analysis 1, Table 4).

Analysis 11 in Table 4 was made using creep
strength in conjunction with the high watertable. The
minimum factor of safety was 0.701. There was
excellent agreement between the observed and
theoretical failure surfaces (Figure 37). However, the
failure surface in the creep analysis was deeper at the
toe than the observed failure surface.

Remedial Analysis

Three different remedial designs were analyzed.
The first was a change in the side slope from 2:1 to
3:1. Analysis 7, using peak parameters and a high
watertable with seepage, yielded a factor of safety of
2.178 with the slope change. "Residual”" strength
(Analysis 8), using the same water conditions, gave a
factor of safety of 1.372. However, creep strength
(Analysis 6) had a factor of safety of only 0.811 for
the slope change. Figure 38 shows the theoretical failure
surfaces for these three analyses.

In the second design, a berm 40 ft wide and
approximately 25 ft high (Berm 1, Figure 39) was used.
Again, using a high watertable with seepage conditions,
the factors of safety for peak, ''residual”, and creep
strengths were 3.601, 2.527 and 1.056, respectively.
This is obviously an overdesign if one considers only
peak or ''residual” strength; however, this would be
strictly a minimal design if creep strength were the
governing factor in design.

To insure a better design that would provide a

greater margin of safety against soil creep, the width
of the berm was increased to 60 ft (Berm 2). In this
analysis (Analysis 17), designing with creep strength gave
a factor of safety of 1.407, which was considered an
adequate design to insure against large strains resulting
from soil creep. Peak and "residual’ strength analyses
yielded factors of safety of 5.065 and 3.596,
respectively, for this case, shown in Figure 40,



WESTERN KENTUCKY PARKWAY
MILEPOST 96
LAYER ¢

H-| S-2
CONFINING PRESSURE =70 PSI

YIELD STRESS/PEAK STRESS = [7/46 = 35.4% Figure 29' ViSCOSity Diagrams’ Layer l
(Embankment) - Western Kentucky
Parkway.

n
¥

(as/alnt) x 10°

-
WESTERN KENTUCKY PARKWAY
= MILEPOST 96
LAYER
8-N-1 S§-6
CONFINING PRESSURE =30 PSi
Tl-
YIELD STRESS/PEAK STRESS *
YEILO STRESS 94/22.7=41.4%
— \ i\ i 3 ¢ | ' i ' i 1 ' 8-
O ™ 8 127 16 20 24 28 32 36 40 44 48 5 56
DEVIATOR STRESS (PSI)
k-
» 5|
E
q
5
4 4-
36[— 3
WESTERN KENTUCKY PARKWAY
MILEPOST 96
LAYER | |-
32-H-1| S-7
CONFINING PRESSURE = 10 PSI|
2l -
YIELO STRESS/ PEAK STRESS = 7.3/11.5 = 63.5% L ———YIELD STRESS
I A | 1 i I 1 ! ! 1 T
24 ¢} 4 [ 12 6 20 24 28 32 36 40 44 48 52 56
DEVIATOR STRESS (PSI)
Soq-
»
=
E
<
T
e
12]
sl
al- YIELD STRESS
1 | i 1 ; | 1 1 1 1 i 1 i 1
0 2 4 20 22 24 26 28

10 12 14 16 18
DEVIATOR STRESS (PSI)

31



72,

cgl- WESTERN KENTUCKY PARKWAY
MILEPOST 96
o LAYER 2
CONFINING PRESSURE= 30 PSI
60|-
56|- .
YIELD STRESS/ PEAK STRESS = 13.5/36.0- 38.0%
s2|-
48|
44
.
Q|-
n
Eag|-
4
%
g%
2e|-
24_
20|-
i6|-
12k
&
4 YIELD STRESS
1 [ i 1 1 1 I 1 ! 1 I 1
0O 4 8 12 16 20 .24 28 3 36 a4 48 52 56
DEVIATOR STRESS'{PS!)
‘{2j
_WESTERN KENTUCKY PARKWAY
8- MLEPOST 96 P
LAYER 2
54~
CONFINING PRESSURE = 70 PSI
60
5el-
YIELD STRESS/PEAK STRESS * 43/715:60.1%
52|
48|
44|
-]
“4C-
=
E3¢f-
g
332—
28|~
24|
20|
16|~
12
YIELD STRESS
8l
al-
O \ i i 1 1 4 i ] 4 1 i
§ 0 B 20 25 30 35 40 45 50 65 60 65 70
DEVIATOR STRESS (PSt}

32

Figure 30.

144 -

MILEPOST
_LAYER 2

120~

12]-

(as/alnt) x p*
g2 32 =2 8
T : | :

BH
o
T

40|-

32~

24f-

VIELD smsssj

[}

Viscosity  Diagrams, Layer 2
(Foundation) - Western Kentucky
Parkway.

13- WESTERN KENTUCKY PARKWAY

CONFINING PRESSURE =50 PSi

YIELD STRESS/ PEAK STRESS = 29/53 = 54.7%

20 24 28 I )
DEVIATOR STRESS {PSi)



70

60

WESTERN KENTUCKY PARKWAY
MILEPOST 96
(ALL LAYERS)

5 Y = 0.523X
E o
<40}
(2]
[%2]
w
o
-
(/2]
30
o
-
u
>
)
20}
o)
o
iof- o
o
] 1 | 1 1 | ! ! ! !
0 10 20 30 30 50 60 70 80 30 100
PEAK STRESS (PSI)
Figure 31. Yield Stress as a Function of Peak
Stress, All Layers, Western
Kentucky Parkway.
40 -
WESTERN KENTUCKY PARKWAY
sl MILEPOST 96
= LAYER 1}
L
[/2]
[2]
2
20
o ®=5.0°
C =1.8 PSI
& y = 100 KIPS/CU FT
T
10
1 1 i

Figure 32.

40 50 60 70 80

NORMAL STRESS (PSt)

Failure Envelope Using Yield Stress,
Layer 1 (Embankment) - Western
Kentucky Parkway.

}
90 100

33



40

L
O

SHEAR STRESS (PSh)
n
[s)

o

69

34

WESTERN KENTUCKY PARKWAY
MILEPOST 96
LAYER 2

@94
C = 075 PSI
7= 091 KIPS/CU FT

1

1 J
[o] 10 20 30 40 50 60 70 80 80 100

NORMAL STRESS (PSI)

Figure 33. Failure Envelope Using Yield Stress
- Layer 2 (Foundation) - Western
Kentucky Parkway.

25400 6924400 6923+ 00 6922+00 6921+00

GRAYSON COUNTY

WESTERN KENTUCKY PARKWAY

'

MILEPOST 96 9 50 100’

Figure 34. Plan View of Slide Area Showing
Directions of Movement of Soil
Mass - Western Kentucky Parkway.



TABLE 4

. SUMMARY OF STABILITY ANALYSES
NLIMBER
ANALYSIS OF STRENGTH PARAMETERS WATER SIBE SLOPI  FACTOR OF TYPE DEFINITIONS OF
NO. LAYERS  (SEE DEFINITIONS OF STRENGTI) TABLE SAFETY ANALYSIS STRENGTH
1 2 Peak Strength (1) Low 21 1972 Grid Search Q) PEAK STRENGTH
Obtuined fram
2 E) Cicep Strength (2) Low 2k 0.747 Giid Search Conventional Triaxial
esls.
3 2 Residual Steengeh (3) Low 201 1185 Grid Search
LAYERS 1 & 3
4 2 Special Strength (4) Low 21 iz Grid Search a= 260
c = 0.0 Kips/h=
6 2 Creep Steength (2) High 3 van Guid Search v = 096 kipsfiy?
i 2 Peak Strength (1) Tigh 31 2178 Grid Scurch LAYERS 2 & 4
6 =250°
] 2 Residual Strength {3) High 3 1372 Grid Search o = 475 kips/id
. ¥ = 094 kips/fi®
Pl ki Residust Strength (3) High 2:1 184 Giid Search
(2) CREEN STRENGTH
10 1 Pesk Steength (1) High 21 1849 Grid Scarch Obtained from Creep
Tests.
8] 2 Creep Strengih (2) High 211 0.701 Grid Search
LAVERS | & 3
12 2 Peak Strength (2} Low 3l 2.290 Grid Search ¢ =
¢ = 259 kipafi2
13 1 Crapp Steeagth (2) Low 3 1.850 Grid Seurch ¥ = 096 kips/ft}
14 2 Residual Strength (3) Low 3t 1477 Grid Search LAYERS 2 & 4
¢ = 94"
15 2 Creep Suength (2} Low 2.0 (Berm 1) 1.087 Grid Search ¢ = .108 kips/fi2
¥ = 094 Kips/f13
16 pd Creep Strength (2) Low  2:1 (Berm 2) 1.422 Grid Sewch
@A) "RESIDUAL" STRENGTH
7 2 Creep Strength (2) High 2.1 {Bern 2) 1.407 Grid Search This is Peak Steength
Obtained from Triaxial
1% 2 Creep Steenglh (2) High  2:0 (Borre 1) 1056 Cyid Search Tests with Cohesion Assumed
Equal to Zero.
£l 2 Creep Strength (2) Low 20 (Berm 1) 1.477 Detailed Analysis
uf Failure Circle LAYERS 1 & 3
vl
Rl 2 Crecp Strength (2) Low 2:1 (Merm 2) 2.152 Detniied Analysis £ =040 kipsffe
of Failurc Circle = 0% kipsitd
2 2z Creep Strenglh (2) High  2:1 (Bern 2) 2.058 Betailed Analysis LAYERS 2 & 4
of Faiwe Circle b =251°
¢ = 0.0 kips/N?
22 2 Creep Strength (2) High 2.1 (Berm 1) 1407 Detailed Analysis v = 894 kipsffd
of Failure Circle
(4) SPECIAL STRENGTH  Obtaincd
23 b Crecp Stength (2) Higl an 0.904 Detailed Analysis in Same Maoner as Above,
of Failure Circle
LAYERS | & 3
24 2 Creep Suength (2) Nigh 21 0.733 Detailed Analysis ¢ = BS
of Faiinre Citcle ¢ = 720 kipsffd
¥ = 0% k\pslf(J
25 2 Creep Strength {2) Low 2l 0.783 Detailed Analysis .
of Failure Circle LAYERS 2 & 4
o =167
26 1 Peak Steength (1) Low  2:l (Berm 1) 3.899 Detailed Analysis ¢ = 1512 kips/i?
of Fatlure Citcle y = 094 kipsffc’
27 2 Pesk Steenpth (1) Low 3:1 2578 Petailed Analysis
of Kailure Circle
28 2 Puak Strength (1) Bigh 21 (Berm 1) 3700 Detailed Anslysis
of Fuilure Ciccle
29 2 Creep Suength (2) Low 2l 0.956 Detailed Analysis
af Failure Ciscie
30 2 Peak Suenglh (£) Low 21 (Berm 2) 5.622 Detuiled Analysis
of Failure Circle
31 2 Peak Strength (1) High 21 2083 Detailed Analysis
of Failure Circle
32° 2 Peak Strength (1) High 2:1 1941 Botailed Aualysis
of Faiure Circke
33 2 Peak Strength (1) tigh 31 2.429 Detaiied Analysis
of Failure Circle
34 2 Resldual Strength (3) High 2:1 (Becm 1) 2627 Detaited” Analysis
of Failure Lircie
15 2 Residval Swength (3) High 2.1 (Berm 2) 3.952 Detailed Analysis
of Failure Circle
36 2 Residual Steength (3) Low  2:1 (Berm 2) 4.213 Detailed Analysis
of Failure Ciccle
37 2 Residual Strength (3) Low 2:1 (Berm V) 24820 Belailed  Analysis
of Faiture Circle
k] 2 Peak Strength (1) High  2:1 (Berm 2) 5536 Delaiied Analysis
of Failure Circle
19 ] Residusl Strength {3) Low 31 1691 Detaifed Analysis
of Failure Circle
40 2 Residual Strength (3) Low 20 1.265 Betailed  Analysis
uf Fuse Ciccle
a1 2 Residual Strengehr (3) High 2 117 Detiiled Analysis
af Failure Ciicle
42 a Residual Steength (3} Nigh 3 1.545 Detailed Analysis
of Failure Circle
43 2 Residuul Susopth (3) High 21 (Berm 2) 1.596 Grid Scarch
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In all three remedial designs, material used in the
berms and the slope change was assumed to have the
same strength parameters as the embankment (Layer 1).

Water did not appear to be a majoi problem in
this slide. The factor of safety decreased only 12 percent
(from 1.972 to 1.849 using peak strength) as the
watertable was raised from its lowest observed elevation
to the highest. The "residual" factors of safety decreased
only 14 percent (from 1.185 to 1.044) while the creep
factors of safety changed from 0.747 to 0.701, a
decrease of five percent.

In summarizing this case history, the analyses
indicated the peak strength considerably overestimated
the available long-term strength. Thé ''residual”
parameters gave a better indication of strength; however,
a design based on this definition of strength would
appear to have little margin of safety against large strains
occurring in the earth structure. To prevent large plastic
deformations, it appears creep design would provide the
best method because it clearly indicated failure of the
embankment of this site. A summary of all computer
analyses made on this case history is given in Table 4.

Shelby County, 1 64, Milepost 44

This slide is located on 1 64 in Shelby County at
Station 1866+00, approximately 1 mile east of the
Waddy-Peytona interchange. The highway is divided into
two embankments at this location and the unstable mass
is located on the slope and inside shoulder of the
eastbound lanes. The roadway transitions from a cut to
a fill at Station 1865+00 and it is on a -3.0 percent
grade. Located at Station 1868+50 is a 6-ft by 6-ft
reinforced concrete box culvert, skewed 53 degrees
right. Photographs of the slide and its immediate vicinity
are shown in Figures 41-43.

Trouble was first noted in 1966; and in 1969, an
investigation was undertaken as a part of Research Study
KYHPR 68-48. A detailed discussion of the history,
geometrics, topography, and geology will be given in the
final report on research study KYHPR 68-48.

Field and Laboratory Investigation

Forty-five borings were made at this site for
watertable observations, soil samples, and rock cores.
Undisturbed Shelby tube samples were obtained from
11 borings. These samples were obtained and prepared
in the same manner as described in the previous case
history. Consoclidated-Isotropic-Undrained (CIU)
relaxation, triaxial, and creep tests were performed along
with classification tests on the Shelby tube samples.

Two inclinometer casings were installed at this site.
Well No. 1 was located at the top of the embankment,

just behind the guardrail at Station 1865+70. The
second (Well No. 2) was installed in the slope halfway
between the top and toe of the embankment at Station
1866+00.

Results of Investigation

From visual identification, the embankment
material (Layer 1) was a reddish-brown clay with a stiff
to very stiff consistency. The moisture content varied
from 18 to 26 percent. The foundation material was
a gray-to-brown clay having a stiff consistency and a
moisture content varying from 16 to 24 percent.

The embankment material classified as an A-6(11)
soil (AASHO) having a liquid limit of 38.1 percent and
a plastic index of 16.8. Hydrometer analysis indicated
43.1 percent was smaller than 5 u. The foundation was
an A-7-6(11) soil. Its liquid limit was 40.2 percent and
the plastic index was 17.9. Forty-eight percent was
smaller than 5 u. Table 3 sununarizes the classification
and particle size data.

The "P-Q diagrams" for embankment and
foundation are presented in Figures 44 and 45. The
shapes of the stress paths indicated that the material
in both layers was overconsolidated (16). The effective
strength parameters for the embankment were 30° for
¢' and 42 psf for ¢'. The foundation had a smaller ¢'
of 24.2° but a higher ¢' of 474 psf.

Employing a second method proposed by Scott
(14), an additional failure envelope was constructed for
each layer. A plot was made of peak stress versus
confining pressure from data obtained from the CIU
triaxial tests performed on each layer (Figures 46a and
47a). In Figures 46b and 47b, the product of pore
pressure parameters A and B is plotted as a function
of confining pressure. To find the effective stress circle
for any confining pressure, the peak stress is read from
46a or 47a and the pore pressure at that particular
confining pressure is calculated using Equation 6 after
reading the value of A times B from 46b or 47b. The
failure envelopes in 46¢ and 47c were calculated for
confining pressures of 10, 30, and 50 psi using this
procedure. The effective parameters for embankment
and foundation were 21.8° (¢') and zero (c') and 30.0°
and zero (c'), respectively.

The results of the creep tests are given by the
"viscosity diagrams'' in Figures 48 through 50. Two
creep tests were run on a third layer that was not in
the immediate slide area (Figure 50) and was not used
in the stability analysis but are presented for record.
Analysis of yield stress as a function of peak stress is
given in Figure 51. Regression analysis indicated the
yield stress was equal to 47.5 percent of the peak stress.

39



ide

Shoulder of Bastbound Lanes on I

f Surface Break at Ins
64 at Station 1865 + 50.

iew o

Vi

igure 41.

F

iew of Slide Area,

Vi

General

igure 42,

F

on I 64 Near

Looking South,
Milepost 44.

40



Area,

of Slide

Looking East, on I 64 Near Milepost

44,

View

General

43

Figure

70

<
o
] <
wo ¢
~ o -
< -
— (723
> w
0 (o]
o >
x o
.} <
w w
-
Z2n =
A2
o o~ O pm
ZWS Tm N 3%2
w4 noeo W
Brxew Bzw Bzxwn
® ® ®
o <« o g«
n m - mwm 4M2
W W [
© © ‘o w~
S8rxnw Bxrxren oxTow ~
L
® ® @ >
»n
a
x
N
o ¢
o o
O¢® Opd ~ .
o¥Id I%m 2m- oo
. noa w o -
85xtw Bxw BTTown
. . 1 1 1 1 1
o o o o o [=]
© " < m ~ -
4
(1Sd)

mb|

o

jole]

t

80

80

70

60

50

40

20

20

o]

— (PSh

3

(of

+

d

Undraine
1

ic,

Isotrop:

b

idated
Triaxial Test Results,

(Embankment) - I 64.

Consol

44

Figure

Layer

41



5 (pSI)

o
2

42

70

60

S0

40

30

20

@ @ ;10 @ o 330 . INTERSTATE - 64
S-4A s-1 " SHELBY €O."
- " MILEPOST -44
® %2200 ® % = 80 - LAYER-2 . °
S-4 ' S- 3A :
- 0 =30 . 0. =70
@ H-34 @ H-36
5-38 S-4
$=242°

T =.474 KIPS/FT2

0 1 1 1 .I 1 1 | i ! -
0 10 20 30 40 50 60 70 80 90 100
e o .
—'Lz (PS1)
Figure 45. Consolidated, Isotropic, Undrained

Triaxial Test. Results, Layer 2
(Embankment) - I 64. -



®
o

-]
(=]

CONFINING PRESSURE { PS1)
F-3
(=)

A

INTERSTATE —64
SHELBY Co.
MILEPOST 44

LAYER |

®
(=]
g

-]
o

N
[«

CONFINING PRESSURE ( PS!)
&
o

1 1 1 [ 1 3 i 1 i 1 § 1

20 26 30 35 40 48 S50 S8 60 68 -.300 -.200 ~100 -.000 100 .200 .300
FAILURE STRESS(PSI1} _ AB AT FAILURE

40

™n (7]
o o

SHEAR STRESS { PSI)
5

d

INTERSTATE - 64
SHELBY Co.
MILEPOST 44

. LAYER |

®=2.8
C=0

| | 1 1

b

o [+ 20 30 40 80 60 70 80 0

NORMAL STRESS{ PSI)

C

Figure 46. Shear Strength Results from Special
Relaxation - Taaxial Test Using One
Specimien, Layer 1 (Embankment) -
I 64.

43



®
o

[
o

CONFINING PRESSURE (PSt)
™ »
o o

(=}

44

INTERSTATE — 64

[o]

SHEAR STRESS (PSI}

SHELBY CO.
MILEPOST 44
LAYER 2
- .. 80
o
<
w 60 |
4
>
(2]
7]
g 40 |-
o
)
2
= 20
2 o)
=]
1 L ] l I Q4 [ l - ]
20 40 60 80 100 -150 -080 00 .050  .i50 250 .350
FAILURE STRESS (PSI) AB AT FAILURE

a h

60 - INTERSTATE -64
SHELBY CO.
5o |- MILEPOST 44
LAYER 2
40
30
20
i0
0 10 20 30 40 50 60 70 80 90 100

NORMAL STRESS (PSI)

C

Figure 47, Shear Strength Results from Special
Relaxation - Triaxial Test Using One
Specimen, Layer 2 (Foundation) -
I 64.



45~

38~

[
1]

(asfant)x 10

INTERSTATE 64

SHELBY CO-
MILEPOST 44

" LAYER |

CONFINING PRESSURE=10 PSI

YIELD STRESS /PEAK STRESS=
B8.0/1.0= 727 %

10t~
5_
L i ] i ] ] (] ] [] I ! 1 1
o k4 4 B8 10 12 ] 16 8 0 22 24 26 28
DEVIATOR STRESS (PSI)
90—
INTERSTATE 64
SMELBY CO.
MILEPOST 4
8- LAYER |
H-32 S-28
CONFINING PRESSURE =50 PS|
70|
YIELD STRESS /PEAK STRESS = 20.6/56.3 » 36.5%
aql-
?
‘50~
z
g
Jao

Y{ELD STRESS

2& ’5'3 28

T [ & 16
DEVIATOR STRESS (PS{)

e

1 L
20 22

48.

Viscosity  Diagrams, Layer

(Embankment) - I 64.

Figure

105,

INTERSTATE g4
SHELBY CO.
MILEPOST 44
LAYER |

H-18  §-|
CONFINING PRESSURE=30 PSI

100

YIELD STRESS/PEAK STRESS =
15.8/35 « 45.1%

-~

&

(Ag/amt) 2 10
m ]

YiELD STRESS

20 IS 40 44 ag %2
DEVIATOR STRESS (PSI)

1

45



a5

INTERSTATE 64
SHELBY CO.
MILEPOST 44
40 LAYER 2
CONFINING PRESSURE =20 PS!
350
o . . . .
Figure 49. Viscosity  Diagrams, Layer 2
YIELD STRESS/PEAK STRESS = .
13.5/23+ 58.7% (Foundation) - I 64,
30-
T
w 251
5
b
deo-
YIELD STRESS
vk 90
INTERSTATE 64
SHELBY CO.
MILEPOST 44
o [ LAYER 2
CONFINING PRESSURE =40 PS1
5 or
YIELD STRESS/PEAK STRESS =
22.8/50.8 - 38.8%
| 1 L L ] 1 L 1 [ 1 1 o S —— [Za] 3
0 & § 18 16 20 24 26 32 36 40 44 48 52 66
DEVIATOR STRESS (PSI)
b=}
50
5
g
Jeol-
0k YIELD STRESS
20|
180~
;70 INTERSTATE 64
SHELBY CO.
MILEPOST 44 1o
160~ LAYER 2
H-l S-3
150 CONFINING PRESSURE =50 PSI
o % c s 2 i 3o 3
190 DEVIATOR STRESS (PSi)
130~ YIELD STRESS/PEAK STRESS * I7.5/33= 63.0%
te0
H0k-
k=)
200
&
3u
i o
B
50 \—w«\‘IELD STRESS
o
acl
30+
s0F
10 0
1 1 | 1 L 1 1 L 1 H | | Il 1]
0 2 4 8§

8 10 12 14 8 18 20 22
DEVIATOR STRESS {PSi}

46



{a6/amt) z 10°

INTERSTATE 64

SHELBY CO.
MILEPOST 44
LAYER 3

CONFINING PRESSURE =30 PSI

YiELD STRESS/PEAK STRESS = 27.7/42.0:65.9 %

80~

5 .

YIELD STRESS

i i 1 b Fl

L
20

g

{ag/amt) u 10°
$

201

INTERSTATE 64
SHELBY CO.
MILEPOST 44
LAYER 3

H

YIELD STRESS/PEAK STREGS » 22.6/58.5= 38.6%

-1 S-18 '
FINING PRESSURE=50 PSI

YIELD STFlE_SSX

Figure 50.

i
17 @ B 20 " 22 23 24 25 26
DEVIATOR STRESS {PSI}

Viscosity Diagrams, Layer 3 - I 64.

47



40

INTERSTATE - 64
SHELBY COUNTY
MILEPOST 44

48

Stress, All Layers - I 64.

Y =0.475X
- 30
n o]
)
/2]
®
w @ o
@ 20
[
o o)
a ®
W [O)
> 10
' @
o i L 1 I ! | L | | '
10 20 30 40 50 60 70 Y 80 100
PEAK STRESS {(PSI)
Figure 51. Yield Stress as a Function of Peak




Strength parameters for the embankment, using
yield stress, were 7.7° for ¢ and 2.0 psi for c. The
foundation had a higher ¢ of 10.2°, but cohesion was
equal to that of the embankment (Figure 52).

The inclinometers near Station 1866+00 indicate
the failure surface is approximately circular and is at
a depth of about 15 feet (Figures 53 and 54).
Inclinometer No. 2 shows a second shear Zone about
5 ft below the surface. This zone was probably initiated
as a result of the deeper shear zone. The horizontal
movement versus time plot in Figure 53 shows the
movement began to accelerate at Well No. 1 between
500 and 700 days. Shortly after 700 days, complete
failure occurred closing the well. In spite of repairs at
this site, Well No. 2 is open and the reading taken at
1300 days appears to indicate movement has accelerated
between 700 and 1300 days (Figure 54). However, it
is suspected that most of this movement occurred when
the embankment failed, which would probably cause a
discontinuity in the curves shortly after 700 days.
Sufficient readings were not taken to verify this.

Stability Analysis (As Built)

Using the effective peak strength parameters from
the CIU triaxial tests (Figures 44 and 45), the "as built""
factor of safety was 1.010 (Analysis 31, Table 5). This
was made using the highest observed water table and
also assuming excess pore pressures were present due
to seepage. To determine the effect of watertable
fluctuations on stability, the line of seepage was dropped
to its lowest observed elevation (Analysis 43, Table 5).
This increased the factor of safety 40 percent to 1.409,
thus indicating water may have been a contributing
factor to instability. Figure SS shows the observed and
theoretical failure surfaces for these two cases.

To consider the effect of loss of shear strength on
stability because of decreasing cohesion, Analysis 39 was
made assuming no cohesion and using ¢' angles
determined from the CIU tests (labeled ''residual”
strength in Table 5). Using the highest elevation of
seepage, this case yielded a factor of safety of 0.719.
However, using the lowest observed seepage line
(Analysis 45), the "'residual"' parameters predicted 1.101
(Figure 56).

Using high watertable conditions, the creep
strength parameters and the parameters from Scott's
proposed method (labeled special strength in Table S)
provided factors of safety of 0.841 and 0.609,
respectively (Analyses S0 and 34). In the case of creep
analysis, dropping the watertable to its lowest elevation
increased the factor of safety only 17 percent to 0.986
(Analysis 47). These cases are shown ,in Figure 57.

Remedial Analysis -

A number of designs were analyzed. A slope change
from 2:1 to 2 1/2:1 was made. Figure 58 shows factors
of safety of 1.454, 0.991 and 1.001 for peak (Analysis
32), "residual'’ (Analysis 44), and creep (Analysis 33),
respectively. These were made assuming the highest
watertable and that the materials used in making the
slope change had the same strength parameters as did
the embankment. Although this design yields a
theoretical factor of safety slightly greater than one for
creep analysis, this could not be considered an adequate
design for either creep or ''residual’ strength.

Changing the slope to 3:1 (Figure 59) increased
the factor of safety 87 percent to 1.872 using peak
strength (Analysis 27). Analysis 36, using a 3:1 side
slope in conjunction with 'residual'' strength, had a
factor of safety of 1.307 -- an increase of 82 percent.
An increase of 40 percent was realized (1.181) with the
slope change of 3:1 using creep parameters (Analysis
20). The 3:1 slope would appear to be adequate for
peak and ''residual'' strength design. If large amounts
of soil creep were to be avoided, this design would be
somewhat marginal.

In an effort to increase the factor of safety from
a marginal design of 1.181 and to provide better
insurance against large creep deformations, a berm 33
ft wide and approximately 25 ft high was analyzed
(keeping the slope above the berm at 2:1). This provided
adequate security against deep failures; the minimum
factor of safety would be approximately 1.30. However,
this design would not prevent small failure surfaces from
passing through the slope above the berm as there were
several circles with factors of safety very close to 1.0.
To prevent these shallow failures, the embankment slope
was changed to 3:1 and a small 24-ft wide berm was
added (Figure 60). Analysis indicated this was a good
remedial design inasmuch as shallow failures were not
critical and the factors of safety against deep failures
using peak, ''residual", and creep parameters were 2,112
(Analysis 54), 1.512 (Analysis 56), and 1.306 (Analysis
55), respectively.

The stability analysis program developed by Yoder
and Hopkins (20) will provide a detailed printout of
all forces on each slice for any given failure circle. An
example printout is shown in Figure 61 (Analysis 25).
Column eight lists the available shear strength for each
slice, and column nine lists the shear stress on each slice.
In making remedial designs, special attention was paid
to the balance of these two forces for each dice. In
each design analyzed, there was a minimum of four or
five slices in the upper portion of the slope which was
overstressed. In the case of Figure 61, there were eight
slices overstressed. In attempting to remedy this, a
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FS= 1.390
WIBTH OF EACH SLICE = 5.0551
N wiJ}) WW(J) WE(J) MTHET A NB®AR COtMI%BR SHEAR SHEAR CNSINE SINE
SLICF WETGHT V] COHFSTON STREN(:TH STRESS THETA THETA
(KIPS) (KIPS) (KIPS) {KIPS) (KIPS) (KIPS)H (KIPS)
1 24262 0.0 24262 0.5970 0.R51 1.456 2.951 1.941 0.5135 N.8581
2 4,634 0.673 3.962 0.6891 3.7R6 1.456 2.890 3.664 0.6122 0.7907
3 6.145 1.588 4,557 0. 7609 4,547 1.456 2.723 4,444 0.46905 Cla7233
4 7.129 2.231 4.89R 0.8187 4.RT1 1.45%6 ?2.987 4,676 0.7549 0.655*
5 T.712 2+ 666 5.046 0.8657 4,948 1,456 2.470 4.539 0.A085 0.5885
b R.148 2.933 5.215 0.9209 4,963 1.456 2.600 4,246 0.853% 0.5211
T 8.A17 3.056 5.761 0.9499 5.504 l. 456 2.624 4,000 0.8912 0.4537
R 9.227 3.3R4 S.842 0.972¢ 54557 1.456 2.578 3.564 0.9224 0.3863
9 9.401 3.412 5.989 0.9R91 5.699 1.456 2.561 2.998 0.9478 0.3189
10 9.360 3. 328 6.037 1.0004 5.757 1.456 2.540 2.354 0.9679 11,2515
11 9.116 3.139 5.977 1.0067 5.742 1.456 2.514 1.678 0.9829 0.1841
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1A 5.605 0.893 4,711 0.9734 5.007 1456 2. 150 -0.857 0.9882 -.1529
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I8 3.291 0.0 3.29] 0.A8128 4,050 (.0 2.836 -0.947 (1.9577 -~«2R77
19 2.088 (1af1 2.088 0.7559 2.762 (.0 1.934 -0,741 0.934R -+3551
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StJM= 4R.610
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TABLE §

SUMMARY OF STABILITY ANALYSES

INYERSTATE 64
MILEPOST 44

NUMBER
ANALYSIS OF ST IGTH PARAMETERS WATER CONFIGURATION OF FACTOK OF TYPE OF DEFINITIONS OF
NO. LAYERS (SEE DEFINITIONS OF STRENGTH) TABLE  SIDE SLOPE LIGHTTWEIGHT MATERIALS SAFETY ANALYSIS STRENGTH
] 3 Peak Sirengih (1) High 2 No Lightweighl Materials 1.010 Grid Scarch ) PEAK STRENGTH --
Ohtoined from Conventional Triaxist Tesls.
43 3 Peuk Strength (1) Low 21 No Lightweight Muterdals 1.40Y9 Grid Search
LAYER |
el 1 Peuk Strength (1) Highr ) No Lightweight Materials 1876 id Search &= 300" N
¢ = 042 kipsift
Rh] 3 Peik Steength (1) Itigh 3 No Lightweight Matcrials 2082 Detailee! Anulysis ¥y = 090 kipsll‘(3
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LAYERS 2 & 3
a0 El Peak Streopt {1) Low A No Lightweight Materials 2.095 Grid Scarch ¢ =242
o = 474 kipsfr2
R3] 3 Peak Strengih {1) High 242 Nu Lightweight Materials 1.454 Grid Scarch y = 1066 ki[ulll3
52 3 Peak Strength (1) Low 202 No Lightweight Materials 1236 Gritl Search ) STRENGTH --
. Obtained from Creep Tesls.
kY 1 Peak Steength (11 (5) High 21 C N 0845 Grd Seurch
LAYER |
3R L] Peak Strength (1) (5) High 2t k 1518 Detailed Analysis
of Faiture Circle LAYERS 2 & 3
¢ =10.2¢
c = .28% kipsfft®
N 1066 kipsfi?
30 4 Pcak Strenglh (1) (5) ligh EN] " 1752 Gritl Search
(3) RESIDUAL STRENGTII --
Peak Strenpgth Obtained rom Triaxial Tests
wilh Cohesion Assumed Equal 1o Zero.
50 3 Creep Strengih (2) High hR Nu Lightweight Materials 0.841 Grid Scareh LAYER |
¢ = 300"
17 3 Creep Strength (2) Il 2:1 No Lightweight Materials 0995 Detailed Analysis ¢=0
of Fuilure Circte ¥ = 000 kxps/ﬂl
47 k] Creep Strengih (2) Low 20 Nu Lightweiglt Miterials 0.986 [ Search LAYIRS 1 & 3
¢ = 40
10 3 Creep Stiength (2) Nigle 31 No Lighlwciglt Materials 1181 Grid Search c=0
7 = 1066 kips/it?
qu 3 Creep Strength (2) Tow 3 No Lightweight Materials 1238 Grid Sedich
4) SPECIAL STRENGT! - Ohtaincd from
18 3 Creep Strength (2) High 4:1 Nu Lightweight Materials 2047 the Special Ode-Specimen Test Mcthod
of Failure Circle Developed ili the First Phase of this
Rescareh Study.
ER] 3 Creep Strengih () lligh RN TR Nuo Lightweight Materials L.ool Grid Scorch
LAYER )
4 K Creep Strength (2) Low T2 Nuo Lightweight Muteriats s Crid Scarch ¢ =X
=0
24 3 Creep Strength (2) High 7=, No Lightweight Malerials 1.245 Detailed Analysis Bt (i35 klpg/hz
of Fuilure Circle
LAYERS 2 & 3
¢ = 300"
J— ¢=0
% 4 Ccep Strength {2) (5) High 21 e 1108 Grid Search 3 = 1060, kips/ft3
{5) In Probiemys Where a Lightweight Material
was used. Propertics ol said Materials Wele
25 4 Creep Sirength (2) (5) High 3 L3Y0 Detailed Analysis Assumed to Be as Follows:
of Fuilure Circle
2 4 Creep Stength (2) (5) High 3 *'—V\_L;\h_ 1377 Dewiled Analysis
ol Failure Circle
30 3 Residual Suength (3) High 2 No Lightweight Materials 0.7y Grid Seurch
45 3 Residual Strength (3) Low hA No Ligitw Materials 1101 Grid Scarch
30 3 Residual Strength (3) High X No Lightweight Materials 1.307 Grid Search
40 3 Residual Strength (3) Low 3 No Lighiweight Materiuls 16RO Grid Scarch
44 3 Residual Strength (3) High 22 No Lightweight Materials 0.991 Grid Scarch
4] 3 Residua} Strength (3) Low 2072 No Lightweight Materials 1.002 Grid Search
34 3 Special Strength (4) thgh 2:1 No Lightweight Materials 0.609 Grid Seurch
35 3 Special Suength (4} High 3 No Lightweight Materials 1.307 Grid Search
54 3 Peak Strength (1) High 3:1 (Beren 2) No Lightweight Materials 2.2 Grid Search
55 3 Creep Strength (2) High 311 (Berm 2)  No Lightwetght Materials 1.306 Grid Scarch
56 3 Residual Strength (3) High 311 (Berm 2)  No Lightweight Materiuls 1.512 Grid Search
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number of cases were analyzed using a lightweight
material in various configurations on the side slope
(listed in Table S5). Properties of this material were
assumed to be as follows: ¢' = 35° ¢' = 0, and unit
weight = 70 pcf. This effectively reduced the number
of overstressed slices along the observed failure surface
but did not eliminate overstressing completely. The
lightweight material also allowed shallow failures in the
upper portions of the slope.

Bishop (21), Skempton (22), and others (23, 24)
have shown this mechanism of local overstressing to be
a major factor in the initial stages of formation of a
failure surface. Overstressing causes a redistribution of
stress along the critical circle and possibly overstresses
other slices which originally were not overstressed. This
may cause a concentration of shear stresses (13, 22) and
consequent failure.

In summarizing this case history, it appears the
embankment, as constructed, had little margin of safety
inasmuch as the peak strength yielded a factor of safety
just over one under high watertable conditions. There
was a very definite loss of shear strength with time --
probably caused by large shear strains due to soil creep
and(or) consolidation in the foundation. Additionally,
the presence of a high watertable and excess pore
pressures were major contributors to the apparent loss
of shear strength indicated by the various analyses in
Table 5.

It is noted that the "as built" factor of safety using
"residual’" strength was lower than the creep strength
factor of safety. However, in the analysis of remedial
designs, a very small increase in the cross sectional area
sharply increased the factor of safety when using
"residual" strength. Small increases in cross sectional
area did not increase the factor of safety to as large
a degree when using creep strength. This, in effect, made
the creep strength the governing factor because it took
a much larger cross sectional area to bring the factor
of safety up to an acceptable value. Figure 62 is a
graphic illustration of this relationship.

Analysis 56 appears to be the best design as all
three strength definitions (peak, 'residual', creep)
appear to have adequate factors of safety. These safety
factors could be increased even more if a method were
provided to drain the embankment and lower the
watertable. This could probably be accomplished best
by trenching to a depth of about 15 ft in the ditch
on the right shoulder and backfilling with a granular
material. A granular blanket under the berm and slope
change would keep the newly constructed portion of
the embankment from becoming saturated but would
provide little drainage for the existing embankment.

DISCUSSION

If the assumption is made that excess pore
pressures exist in the soil and cause or are caused by
undrained creep, then peak pore pressures recorded in
the laboratory during the creep tests should be
accounted for in making stability analyses. Figures 63
and 64 compare the failure envelopes constructed using
effective yield stress with those of total yield stress for
the embankment materials of both case histories. The
¢' angle for the Western Kentucky Parkway (Milepost
96) increased from 5.0° to 5.7° while the cohesion

increased from 1.8 to 2.1 psi. At Milepost 44 on I 64,
the ¢' angle increased from 7.7° to 114° and the
cohesion decreased from 2.0 to 1.5 psi. In soils having
a high clay content, it would be reasonable to assume
that excess pore pressures arise from undrained creep;
therefore, an effective stress analysis would be the best
indication of stability.

Figure 65 is a comparison of the total stress ¢
angle, the effective stress ¢' angle and residual stress ¢'
angle for kaolinite. The residual angle was obtained
from tests on a modified Karol-Warner Company shear
box apparatus. It appears that the ¢’ angle using residual
strength from the shear test, is always larger than the
effective ¢' angle obtained from the yield strength.
Comparisons between the "residual" and yield strengths
were not made for the other soils, but more comparisons
should and will be made in the future.

The methods of obtaining a failure envelope from
one triaxial sample, using the peak relaxation moduli
from three relaxation tests, should be used with caution,
especially with undisturbed soils. The pore pressure
parameters A and B, being largely affected by the
overconsolidation ratio, may not necessarily be linear
with confining pressure and could lead to erroneous
results when extrapolating from the confining pressure
at which the triaxial test was run to a smaller confining
pressure.

The peak relaxation modulus at 50-psi confining
pressure did not appear to yield a linear relationship
with the peak relaxation moduli obtained at 10- and
30-psi confining pressure when the three were plotted
against confining pressure. It was suspicioned that strain
hardening caused this as the sample was deformed 0.01
in. three times. Data reported by Konder(25), Krizek
(26), and Allen (15) appear to support this. This
non-linearity would produce extrapolation errors when
trying to determine the peak stress knowing only the
peak relaxation modulus. It must be concluded that this
method should only be used when the availability of
samples is severely limited.
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The effect of consolidation on the creep behavior
of soils was not studied. It is known that consolidation
can increase the effective stress on a soil mass and
thereby initiate or accelerate creep. However, it is also
known that consolidation increases the magnitude of the
yield stress. Murayama and Shibata (1) indicate that if
a clay is consolidated by o, exceeding o,,.. 0

increases to o, and are related in the following way:

0/0e = Om/Ome

where Onc =  preconsolidation pressure,
Oue = yield stress at
preconsolidation pressure,
the new consolidation pressure
(always larger than o, .), and
7, = yield stress at the new
consolidation pressure.
Therefore, it would appear that consolidation has a
somewhat conpensating effect, with the total effect
being equal to the difference between the two.

It was originally intended to perform hysteresis
tests on soils, however, considerable problems with the
equipment prevented accurate. results from being
obtained. Therefore, the data on the few tests performed
were neither reported nor analyzed.

the

Um =

IMPLEMENTATION

It is anticipated that further creep and relaxation
testing will continue in analyzing other landslides and
bridge approaches. Further testing will be performed to
obtain better correlations between yield strength data
and residual strength data. The technical skills and
knowledge gained from this study are being applied to
asphalt and subgrade materials in studying the rutting
behavior of flexible pavements. For the past several
months, several bridge approaches and landslide
corrections have been designed in this state to higher
apparent factors of safety than are usually considered
adequate by less detailed analyses.
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