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STABILITY OF EMBANKMENT ON CLAY

By Tien H. Wu,! F, ASCE, William B. Thayer,* A. M. ASCE,
and Sheng S. Lin3

INTRODUCTION

In 1969, the Ohio Department of Transportation began construction of the
interchange for Interstate Routes 77 and 80 at Independence, Ohio. The project
included a high embankment and a deep excavation as shown in Fig. 1. The
embankment was almost completed to the final height in March 1971 when
a slide occurred. The extent of the slide is also shown in Fig. 1.

This paper summarizes the construction performance of the embankment,
followed by a description of the detailed investigation carried out to determine
the mechanism of the slide.

GEeoLoGgY AND SubsoiL ConbpiTions

The site was located in the Cuyahoga River Valley about 5 miles (8.1 km)
south of Cleveland. During the Illinoian and Wisconsin glaciation the valley
was repeatedly covered by the continental glaciers and related glacial lakes
of various levels. The glacial geology and history of the lakes have been described
by Leverett (3). According to Leverett’s map the site was submerged under
the water of Lake Maumee. Studies by Bagley (1) have revealed that the subsoil
in the Cuyahoga Valley is comprised of four till layers separated by lacustrine
clays, which indicate the presence of glacial lakes older than Lake Maumee.

The subsoil conditions at the site are shown in Figs. 2, 3, and 4. In general,
a thick layer of lacustrine clay extends from the surface to about El 605 ft
(184 m). The major portion of this consists of varved clay which is a silty
clay with silt and fine sand laminations. Shear displacements in the varves
have been observed in several samples [Fig. 5(a)]. Within this lacustrine clay

Note.—Discussion open until February 1, 1976. To extend the closing date one month,
a written request must be filed with the Editor of Technical Publications, ASCE. This
paper is part of the copyrighted Journal of the Geotechnical Engineering Division,
Proceedings of the American Society of Civil Engineers, Vol. 101, No. GT9, September,
1975. Manuscript was submitted for review for possible publication on May 29, 1974.

'Prof. of Civ. Engrg., Ohio State Univ., Columbus, Ohio.

*Engr., E. D’Appolonia Consulting Engrs., Pittsburgh, Pa.

*Grad. Research Assoc., Ohio State Univ., Columbus, Ohio.
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4 m and 192 m) are layers containing
The *‘silt” layers contain up to 70%
out 50% silt; the remainder consists
plastic limits are around

914

and between El. 605 ft and 630 ft (18
different proportions of silt and clay.
silt, whereas the ‘‘clay’’ layers contain ab

mostly of particles smaller than 2Zp. The liquid and
29% and 17% for the *“‘silt’” layers and around 40% and 15% for the ‘‘clay”

layers. The thickness of the individual layers range from about 1 in.-24 in.
(25 mm-610 mm); the thicker layers are mostly “clay.” In Figs. 2, 3, and
4 the individual *‘silt’” and ‘‘clay’ layers are not identified and are shown
together as silty clay. The strength of the ‘‘clay’ is variable and ranges from
soft to medium. Slickensides [Fig. 5(b)] have been found in several samples,
some of which were taken before the slide occurred. The major portion of
the failure surface at Section AA passed through the soft clay layer near El
612 ft (187 m). Note that the ground surface at Section CC is near El. 600
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FIG. 1.—Location Plan (Station Numbers Are in 100 ft; Contour Elevations Are in f;f

feet) (1 ft = 0.305 m)

ft (180 m). Thus, the material described in this paragraph is not present in
this section.

Below approx El. 605 ft (184 m) there is a layer of glacial till whose basé |
is located between El. 570 ft and 580 ft (174 m and 177 m). A second layer
of varved clay exists below this till. Its character is similar to the first varved
clay layer. Within the second varved clay a layer of soft to medium silty clay
up to 5 ft (1.5 m) thick has been encountered in some borings. Its liquid and
plastic limits are around 40% and 20%, respectively. Slickensides have also
been found in this clay. The potential failure surface at Section CC passed
through this layer. Below El. 540 ft (165 m) lies anot
stiffness of the till increases with de
of 50 blows/ft (160 blows/m) or more have been recorded near

(156 m).

Bedrock was encountered at El. 540 ft (165 m) in a boring 900 ft (280 m)
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FIG. 5.—(a) Shear Displacement in Varved Clay [El 564 ft (170 m), Boring $-4-71;
Undrained Shear Strength = 056 tsf (53.5 kN/m?}]; {b) Slickenside in Silty Clay
[El. 628 ft {190 m); Boring $-1-71; Undrained Shear Strength of Intact Part = 0.44

tsf (42.1 kN/m?)]
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FIG. 6.—Measured Water Levels (Piezometer P-11-71) {1 ft = 0.305 m)
drock was not found in any of the borings at

west of the site. However, be
been carried to EL 510 ft (156 m).

the site, the deepest one having

DesiGN AND CONSTRUCTION PERFORMANCE

made prior to construction, from which 3-in.

A total of six boreholes were
les were obtained. Laboratory tests performed

(76-mm) diam thin-walled tube samp
included unconfined compression, triaxi

a relatively soft silty clay was encoun
lowest unconfined compression strength measured was 1,060 psf (50.8 kN /m?).

The soft layer at El. 610 ft (186 m) was not detected in these borings. Subsequent

excavation of the cut south o
soft to medium silty clay near
soft to medium layers at ElL. 61
known prior to construction of the embankment.
Stability analyses made during the design stage wi
and shear strength from unconfined compression tests gave a §

EL 612 ft (187 m). Thus, the presence of the

al, and consolidation tests. In one boring |
tered near El. 560 ft (171 m) and the
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22 f ; . '
o diC::ol'Ste:[t)lon CC, which was considered to be the critical section. Slope
locationsat — S.ett]ement‘PlathTmS, and pieZometers were installed at various
o monitor the field performance. Their locations are shown in Fig
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ost completed to its final height at Sections AA and BB, a slide occurred
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The extent of the slide was clearly identifiable by cracks at the top of the
embankment and bulges near the toe. Subsequently large horizontal movements
were recorded by the slope indicator measurements at Section CC and construction
was stopped in this section with the top of the embankment at El. 660 ft (201
m). Fig. 6 shows a typical plot of the piezometric levels during construction.
The piezometric levels measured at the time of failure are shown on the sections
in Figs 2, 3, and 4. The measured displacements of a slope indicator tube
at Section CC is shown in Fig. 7.

The investigation that followed included the installation of additional piezome-
ters and slope indicator tubes. In Fig. 1 these are indicated by numbers that
end with 71. Deflections of the slope indicator tubes were used to establish
the slip surfaces shown in Figs. 3 and 4. Additional 3 in. (76-mm) thin-walled
tube samples were obtained from boreholes for the piezometers and slope indicator
tubes. Several block samples were cut by hand from test trenches whose locations
are shown in Fig. 2. Test trench B is located close to the failure surface and
the samples are considered to be more representative of the soil in the failure

zZone.
INVESTIGATION OF SHEAR STRENGTH

General.—As part of the investigation, samples of the subsoil and embankment
material were subjected to the unconfined compression test and the consolidated-
undrained triaxial test. All samples of subsoil were taken by 3-in. (76-mm) thin-wall
tube samplers. Similar samples were taken of the embankment material where
it consisted of clayey silt. However, in certain sections the embankment material
consisted of clayey silt mixed with broken shale. About 25% of this material
was larger than 3/8 in. (9.5 mm). For this case, samples were compacted in
the laboratory at the field density and water content using the soil fraction
that passed the 3/8-in. (9.5-mm) sieve. The measured strengths are close to
those of the tube samples. Hirst and Mitchell (5) have shown that if a sand-clay
mixture contains less than 50% sand, the percentage of sand does not exert
a significant influence on the stress-strain characteristics of the mixture. Based
on this observation the results of the preceding tests are considered to be
representative of the fill material.

The results of consolidated-undrained triaxial tests are plotted in Fig. 8. It
appears that & = 31.7° satisfactorily represents all the materials tested. The
standard deviation is 2.7°. Alternatively, one may use the dashed line A to
represent the data points for the silty clay and the dashed line B for the fill.
They correspond to & = 27.5° and 35°, respectively. The average values of
the undrained shear strength measured in unconfined tests and ¢ and & measured
in triaxial tests are given in Tables 1 and 2 for the various soils. Typical plots
of unconfined compression strength versus depth are shown in Figs. 2, 3, and
4. The soft silty clays at El. 610 ft and 560 ft (186 m and 171 m) coincide
with the horizontal portions of the slip surfaces in Sections AA and CC,
respectively.

Shear Strength of Silty Clay.—Since large portions of the slip surfaces in
both sections passed through silty clay the strength properties of the soft soils
near El. 612 ft and 565 ft (187 m and 172 m) were subjected to detailed investigation.

While all borings in the slide area and near Section CC encountered the

ElL 612

] 1f5t anfd 565 ft (187 m and 172 m). The undrained shear Strength ranges

o 5 tsf-0.68 tsf (14.4 kN/mz2- kN/m?) with a mean of 0.45 tsf g43

lel )and'astandarddewationof0.19tsf(l8.2kN/m2).General] sf' k cg

wi{e ound in samples with very low strengths, ey Tl

o ;22[{3 off block samples were cut from test trenches A and B (Fig 2)

piovma al]'l s .ro‘m the two trenches are similar with respect to Atterberg li.mits'
so similar to samples of the silty clay obtained near El 612 ft and

TAB —
LE 1.—Results of Shear Strength Measurements for Sections A-A and B-B

Bulk | Unconfined
den- compres-
s :nty siop, Triaxial Test Simple Shear Test
B p:’:‘r:g G, in il Sy in c, in Sy in
iy s | pounds é, Pounds  Ipounds| §, poul.'mds
. s . per per in per per in per
= cf:uare squere | de- squere square| de- squere
tvpem o (c;:))t f(c;c;t g;'g)es foot foot | grees ?oot
6,
— (6) (7) (8) (9)
clay and
shale
frag-
ments 140
Brown silty el = N N -
clay and
varved
clay El
630-660 125
Uniform * w® = g K
gray clay
El 623-
630
Gray silty llij ) e - 0 = —
! 0 31.7 | Section A-As 0 22 | Section A-As
o 2,030-3,200 645-1,180
o Section B-Ba Scction'B-B'
Glacial i 1,270-1,370 440
below

*Preconsolidation pressure = 7,000 psf.

Note: | psf = 0.0479 kN /m?; | pef =0.157 kN/m3
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previous values, their sensitivities are also between 1.5 and 2. However, this
information is not sufficient for determination of the sample disturbance.

To study the effect of stress state on shear strength, a series of consolidated-
undrained simple shear tests (2) was performed on samples from the test trenches.
In series 1, the samples were consolidated under different vertical stresses smaller
than the preconsolidation pressure and then sheared at constant volume. In
series 2 the samples were first consolidated under 6.0 tsf (575 kN/m?) and
then allowed to swell under reduced stresses. After this they were sheared
at constant volume. The volume was maintained constant by continuous adjust-
ment of the vertical stress during shear.

Ladd (6,7,8) has used the relationship between normalized shear strength
s,/ T . and overconsolidation ratio OCR to evaluate the in-situ shear strength,
in which &, denotes the vertical stress. In series 1, the maximum vertical

stress, @ is equal to the preconsolidation pressure, p, of the clay deposit;

vm?

TABLE 2.—Results of Shear Strength Measurements for Section C-C

Unconfined
d BUI.k con:lpres- Triexiel Test Simple Sheer Test
ensity, sion,
in ] c, in Sy N ¢, in Sy iN
pounds| pounds |pounds &, pounds |pounds &, pounds
per per per in per per in per
Soil cubic squere |squere | de- | squere |square| de- |squere
type foot foot foot grees foot foot grees foot
(1) (2) (3) (4) (5) (6) (7 (8) (9)
Fill-gray clay and shale
fragments 140 800 0 31.7 — — — —
Gray and brown organ-
ic silt 125 1,200 0 31.7 — — — —
Glacial till El. 575-590 125 4,000 0 31.7 — — — —
Varved clay El. 565-
575 125 2,000 0 31.7 — — — —
Gray silty clay El. 555-
565 125 900 0 31.7 | 2,500° 0 22 1,190+

a Preconsolidation pressure = 7,000 psf.
Note: 1 psf = 0.0479 kN/m?; 1 pcf = 0.157 kKN/m?.

this is equal to 2.5 tsf (239 kN/m?) for samples from trench A and about
3.5 tsf (335 kN/m?2) for samples from trench B according to the e-log p curves
obtained from consolidation tests. In series 2, the value of &, is 6 tsf (575
kN/m?). The test results are shown in Fig. 9(a). The data for trench A indicate
that the results from series 1 and 2 are not very different. In view of the
significant difference between the strengths of the samples from the two trenches,

we note that several of the samples from trench B contained slickensides and

fissures. Their direction was nearly horizontal.

The shear strength along the failure surface was obtained by multiplying the |

value of s,/a ., for the appropriate OCR by the existing overburden pressure.
For simple shear, the results of samples from trench B were used in the
calculations. The calculated values are given in Tables 1 and 2. The shear strength

h

GT9
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varies because of variations in the initial overbur; o
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for consolidation followed the same pattern as
The results are shown in Fig. 9(b).' T!le
ter, A, measured in triaxial

924

condition. The stresses used
those used in the simple shear tests.
influence of the OCR on the pore pressure parame

ts is shown in Fig. 10. - .
tesT;e residual shear strength was measured by repeated shearing mn the direct

d so that the slickenside was alined
hear apparatus. The sample was place
ivith tthopening between the two halves of the shear box. The tests were
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FIG. 12.—Results of In-Situ Shear Testson Embankment Material {1 tsf = 95.8 kN/m?)

performed in the drained condition. The residual shear strength is represented

by &, = 14°.
In-Situ Shear Tests. ‘ ;
tests were performed on the fill material (

8-in. (200-mm) ID. A normal force was applieq
the shear force was applied by a torque which was in

— During the repair of the slide several in-situ vane shear
9). A schematic diagram of the appar:tus
i in Fi hear plate has a 12-in. (300-mm) OD and an
is shown in Fig. 11. The vane s p R e
creased until failure occurred:

1
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After this the normal stress was increased and the process repeated. The range
in the normal stress is from 0.67 tsf-6.00"tsf (64 kN/m2-580 kN/m2). The
normal and shear stresses at failure fall within the shaded zone in Fig. 12.
Line A is taken to be the average of all the failute envelopes. Since the loading
procedure took only from 1 hr-2 Hr the results are considered to represent
the undrained shear strength.

AnNALYsIS OF PORE PRESSURE RESPONSE

Of the 29 piezometers installed for the project, 18 were located in the vicinity
of the three sections. Five piezometers were located at or beyond the toe of
the embankment and these registered zero excess hydrostatic porepressure. As
the tips of these piezometers were located near either El. 610 ft or 560 ft
(186 m or 171 m), the measurements suggest that there was little spreading
of excess hydrostatic pore-water pressure through horizontal layers of pervious
soil.

Nine piezometers were located beneath the embankment and registered
significant excess-hydrostatic pore pressures. Out of these, five had their tips
located near El. 560 ft (171 m) which is the elevation of the lower soft layer.
The pore pressures measured in these piezometers were compared with pore
pressures estimated by available theories. For this purpose, the measured
piezometric levels were plotted versus the embankment elevation as shown in
Figs. 13(a) and 13(b). The solid lines show the rise in the piezometric level
with loading and in a few cases a subsequent drop caused by consolidation.
For example, the drops in piezometric level in Piezometer 11-70 when the
embankment was at El. 640 ft and 648 ft (195 m and 198 m) occurred while
no material was being added to the embankment (Fig. 6). To obtain the ‘‘undrained
pore pressure’’ it was assumed that no consolidation took place during loading.
The drop in pore pressure following loading was ignored and the pore pressure
increments during the succeeding load increments were added together. The
results are shown by the dashed lines in Figs. 13(a) and 13(b). Since some
dissipation of pore pressure undoubtedly occurred during construction, this
method underestimates the undrained pore pressure. The irregular shape of
the curves is believed to indicate pore pressure response to stresses caused
by embankment construction in areas adjacent to the piezometers. Because
of the irregular construction pattern, it is not always possible to determine
accurately the loading conditions at all times.

The high phreatic surface [Fig. 2, 3, 4, and 13(b)] is unusual and deserves
attention. The phreatic surface was determined by observation of water levels
in the slope indicator tubes. The space around each tube was packed with
sand and was not sealed at the surface because of embankment construction.
Thus, considerable surface water could have entered the tube. In our judgment
the water levels are not representative of the phreatic surface. Therefore, the
excess-hydrostatic pore pressure was taken to be the difference between the
initial ground-water level and the piezometric level.

Piezometer 1 [Fig. 13(a)] showed a comparatively regular relationship between
embankment elevation and piezometric level. The values of the undrained pore
pressure, Au, are plotted versus the principal stress, Ao, for different stages
of embankment construction in Fig. 14. For the other piezometers, only the
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final pore pressure and final Ag, are shown. Dashed line A represents the

havior of these piezometers. . .
av’i‘rliag t;c‘?ree pressure change, Au, was estimated by the following methods. In
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Au

1
?(Ao, + Ao, + Ao,)

in which Ac,, Ao, Ao,

(12)
Au= Ao, + A(Ad, — A,

= the three p;incipal strésses. In Skempton’s theory

and in Henkel’s theory (4)

Au= AUOCT + aATOCT

in which o o and 7o = octahedral normal and shear stresses, respectively.
If the pore pressure is measured by triaxial tests, then

The stresses were computed by the finite element method for linear elasticity
and for nonlinear elasticity. The values of A were taken from Fig. 3. As it
turns out, the pore pressures computed by the elastic, Skempton’s, and Henkel’s
theories are very close to each other. They are shown in Fig. 14 as a shaded
zone. In general, the calculated pore pressures are slightly higher than the pore
pressures measured in the silty clay as represented by line A. Note that if
the phreatic surface is represented by the water levels in the slope indicator
tubes, the measured pore pressure would be considerably less than the predicted
values.

The changes in pore pressure measured by four piezometers whose tips were
located in varved clay and glacial till are plotted in Fig. 14 as line B. The
pore pressures are considerably smaller than those measured by piezometers
located in the silty clay. The measured preconsolidation pressures of the varved

clay and glacial till vary over a wide range. Thus, no attempt was made to
predict the pore pressure from theory.

STABILITY ANALYSIS

The stability of the embankment was analyzed by the method of Morgenstern
and Price (11) using the observed failure surface. A total stress analysis was
made assuming that the loading takes place in the undrained condition. Three
methods may be used to choose the shear strength. The first method is to
use one-half the unconfined compressive strength. The shear strengths for the
various soils are shown in Table 1 and 2. A second method is to use the normalized
shear strength from the simple shear test for the strength of the soft silty clay
layer at El. 610 ft and 560 ft (186 m and 171 m), as shown in Tables 1 and
2. A third method is to use the normalized shear strength from the triaxial
tests for the strength of the soft silty clay layer.

The computed safety factors for the three sections are given in Table 3.
It can be seen that use of the shear strength from unconfined compression
lests overestimates the safety factor for Sections AA and BB. Safety factors
of 1.08 and 1.28 were obtained with the shear strength from simple shear tests.
Note that the simple shear tests were performed on block samples taken from
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limited area. Unconfined compression tests indicate that the strengths of t]l;e
i al .are somewhat higher than the average strength of tube sam;]). s
lt):«:.ﬁglr: fsrinr;pt;i failure zone. If this difference is not attributed to grteafr ;ar:f;) $§
disturbance sufferred by the tube samples then the a;e:z;gct:h : lr)t]ao f]t( i
material in the failure zone may b.e lesosf t:lhails] ;t;:es;tvr:gcg,; L ot 178
lfl::cftdorfsoroif ITF())ISe ::garl .tZ%St;eII::ovxi:iv:iered reasonable. Use of the triaxial test

results leads to serious errors on the unsafe side.

TABLE 3.—Computed Safety Factors

Safety Factor
Measuremant of N:::lc:::i :\f Se::_t:m Seé:_tiBon Saé:_tgn
C(a15)a - (szt)rangth (3) (4) (5) 2((;)1
1 Consolidate-undrained Effective stress 1.55 1.95 :
2 Si::l’i;?l’e‘i tlh;:ittest , Effective stress :?153 :jg :;2
3 Unconfined compression |Total stress .
4 Cc::::)lidatcd-undrained Total stress 291 1.73 2.68
5 Cc:::tfnatl \t:)j:mw simple |Total stress 1.28 1.08 1.69
shear test
TABLE 4.—Effect of Various Parameters on Safety Factor
Method of Maasuramahnt P::::::;er liz ot f::g
C:ls)a ant:l;;sis i st(rse)ngt (4) (5) (6)
1 Total stress Simple shear p.=3.0tsf g:g :(1)3
2 Total stress Simple shear p, = 4.0 tsf g:.g :‘:‘(‘)
3 Total stress ln::‘fli;hw test ;,:‘ == 01;1 stif g:.g i%
4 Effective stress Simple shear Reduced pore pressure g:g 2:00
5 Effective stress Simple shear High pore pressure g:g :g(s)

Note: 1 tsf = 95.8 kKN /m?2.

3 ¢ & tren,
ek ey M
used are given in Tables 1 and 2. ¢ ; Lo
ﬁ:iart?;ti?iips near El. 565 ft (172 m) and the piezometric §urfa<§:sa; 1 BB
in Fig. 4 was used to determine the pore pressure. A} Secftlc:ll:: <lip siriis
none c;f the piezometers had their tips near the elevation o Mt
Thus, the piezometric surface was estimated from the relatl?n:thx; e
DA F is i timated pore pressure fo

A in Fig. 14. Note that this is the es ¢ 1 shoul

zg;‘:i?tiox: in tie silty clay. The pore pressures in the varved clay and till s
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be smaller. Thus, the analyses may underestjmate the safety factor. However,
the computed safety factors are all considerably larger than 1. Therefore analyses
with the results from both the simple shear and triaxial tests lead to overestimates
of the safety factor. H

The preceding safety factors were olftained with mean values of shear strength
and judgment was involved in the choice of the preconsolidation pressure and
the pore pressure. Therefore, it is desirable to investigate the effects of these
parameters on the computed safety factor.

In the total stress analysis the evaluation of the shear strength from the
results of simple shear tests is based on a preconsolidation pressure of 3.5
tsf (340 kN/m?). It may be as low as 3.0 tsf (290 kN/m?) or as high as
4.0 tsf (380 kN/m?2). The safety factors obtained with these values are given
in Table 4 as Cases 1 and 2. As another possibility, we may choose to use
the results of the in-situ shear tests to represent the strength of the fill. Then
¢, = 800 psf (38 kN/m?) and ¢, = 11.5°. With other conditions remaining
the same as for Case 5 in Table 3, a safety factor of 1.38 was obtained for
Section BB (Case 3 in Table 4). The safety factor for Section AA does not
change appreciably.

In effective stress analysis, a major uncertainty is the pore pressure at failure.

" The effect of the pore pressure on the safety factor was investigated by stability

analyses in which the pore pressures in the varved clay and till were taken
as one-half of those determined from the piezometric levels shown in Figs.
2 and 3. This is considered to be a more realistic estimate of the pore pressure
in the varved clay and till. The computed safety factors for this reduced pore
pressure are given in Table 4 as Case 4. On the other hand, field measurements
have shown that the pore pressures after failure may be much larger than those
before failure (6). For Case 2 in Table 3, the pore pressure is represented
by line A (Fig. 14). If the pore pressure in the failure zone increased during
failure, the pore pressure after failure could have been higher than that represented
by line A. For this reason, stability analyses were made with piezometric levels
lhat are 10 ft (3.3 m) above those shown in Figs. 2 and 3 over the top of
lhe embankment. The piezometric levels then drop at a uniform rate to coincide
with the piezometric levels in Figs. 2 and 3 at the toe of the embankment.
The computed safety factors are given in Table 4 as Case 5.

_ Finally for Case 1 in Table 3, if we use ¢ = 27.5° for the silty clay and
¢ = 35° for the fill as suggested by lines A and B in Fig. 8, slightly different

safety factors would result. However, the changes in the safety factors are
insignificant.

Uncertainry

The results of stability analyses have shown that the computed safety factor
Mmay vary over a considerable range although the inputs may all be considered
“reasonable.’’ Thus, it is desirable to evaluate the uncertainties.

It may be asked first whether the failure should have been expected if all
lhe information had been available prior to construction. Alternatively, using
lhe Computed safety factors and the observed performance, deductions may
be made on the reliability of the methods used for determination of shear strength.

he average of the safety factors for Sections AA and BB is taken to represent
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that of the slide. Accepting the proposition that the sima;f)le stflea: testf glwl%s
i trength, the safety factor ol 1.18,
the best measure of the undrained shear stren L
i 5 in Table 3), represents the bes
i he average of 1.28 and 1.08 (Case Table e b
vav:slvcv}:’.rl Saécording to our judgment. Due to uncertainties in the preci1025911dTat1t)c>ln
1.12-1.27 (Cases 1 an in Table
sure the safety factor may range frorr} . ‘ .
E;eslf it is assumed that the safety factor is a random‘vgnabl‘e/ Wltl‘(l) 37umform
istributi imi ficient of variation, V15 0.07.
bution between these limits, the coef’ ; i : e
dlsgtlh:r sources of uncertainty that should be considered mclutc)ii soil v;rlaplllt%l,
i i i ies in stability analysis. 1o
ressive failure, strain-rate effect, and mgcs:uracn ! st .
2::1guate soil variability we note that the coefficient of va'natlontoff ths l:ﬁd\::;?,:?j
nfined compression test 10r bo
shear strength as measured by the unco ‘ el
i i ing the spatial correlation develop
lay and silty clay is approx 0.5. Us'mg $
(1:1:%,. 13 leads to a coefficient of variation of the order of v, —d0.2 tVsS fl:);
the average shear strength along the sllip s;;lltface, in vsvhtl;l:::t t\;'lz3 s;gosc:,l
i iati s assume
coefficient of variation of the test results. This as et
i i h a series of layers. If a significan
is approximately circular and passes throug
lporggn of the slip surface follows a weak layer V? would bezloarg;'a;eazsr o(:i
the order of 0.4 V. Using the latter case, we obtain V, = 0.20.

i i ies i sis cannot
due to progressive failure, strain-rate effect, and inaccuracies 1n analy :

be determined precisely, but estimates based on published inforrfr;ation ha\;(ei
been made (14,15). These estimates indicate that tc}lle ium off;pe:se te 0;ec‘t,sar v;/;;xon
’ - 5% and the coefficien
e the safety factor by 5% to +‘1 ‘ ef
Tsh it%ween 0.10 and 0.17. In the following calculatlon§ l‘t is assumt?d .that 31e
net effect on the safety factor is zero and the coefficient of variation, Vs,
is 0.15. .
Using the approximation that

B i e o TR ORIy T T W Pl W © © ©
V2=V2+ Vi+ Vi, ..o

i ici iati f the safety factor, V = 0.26 is
i hich V = the coefficient of variation O {
l(?btv:inled for total stress analysis with the shear ;tr?n‘glth as ?)T)t:tr)g;r;e?s t:)); ttll::
i factor of 1.18, the failure pr ‘
simple shear test. For a safety ‘ st
i be considered as likely. a
order of 0.27. Thus, failure should ‘ : D o
ili -2 (10,14) is required, the safety factor sho
probability of, say, 1072 (10, X g
is i ted safety factor for sec
1.70. Note that this is close to the compu o |
i i ted safety factors with the kn
5 in Table 3). We next consider the compu { 1o K
i ility that the difference between
that failure has occurred. The probabi ‘ o e
d safety factor of 1.0 is due to t ‘
safety factor and the observe 0 gvtiim
i i i he probability that the d1
described previously 18 0.27, whereas t ‘ : e
i i h is 0.73; the latter is more likely
to an incorrect evaluation of the shear strength 1 s
i i the safety factor obtal
onclude that for this particular case hl§tory
':::Sl,dwl:ecconected by —16% and the uncertainty may be represented by 2
fficient of variation of about 0.26. ‘
Co::'\slan alternative, we may also consider the strgngtt} of the fill as ? sog;zz
of uncertainty. Then the safety factor is 1.34, which is the {wgra'ge 01; o
3 in Table 4, may be taken as the upper limit; the lower limit is st sv;;er’
(Case 1 in Table 4). If we choose the average of .1.2'3' as thed?f;st al: fron;
V. = 0.18. The calculated failure probability is not significantly differen
; .18.

that in the preceding case. ) -
3 A ,:mn.,P analvcic can be made for the effective stress analysis with ¢
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¢ as measured by the simple shear test. Iﬂ our judgment, the conditions for
Case 2 in Table 3 represent the best estimate of the in-situ conditions and
the safety factors given for Case 5 in Table 4 dre considered to be the lower
limit. The safety factors computed Avith the reduced pore pressure, (Case 4,
Table 4) are considered to be the most optimistic estimate. Again assuming
a uniform distribution between these limits, the coefficient of variation, V|,
is 0.19 and represents the uncertainty in the pore pressure. The soil variability
as reflected by the scatter in ¢ from triaxial tests is represented by a coefficient
of variation, V, = 0.11. The value of V, is taken to be 0.15 as before. Eq.
6 then gives V = 0.27 for the safety factor and the failure probability is of
the order of 0.23. Thus, failure should also be considered likely. The probability
that the difference between the computed and observed safety factors is due
to an incorrect evaluation of the shear strength is 0.77.

SummaRy AND CONCLUSIONS

Failure of an embankment occurred along a slip surface whose major portion
followed a relatively thin layer of soft clay. The measured deformations and
pore pressures are summarized. Stability analyses using the undrained shear
strength as measured by the simple shear test gave safety factors that are of
the right order of magnitude. Safety factors obtained with results of unconfined
compression tests and triaxial tests are still larger. Stability analyses with effective
stress and using the shear strength from simple shear and triaxial tests also
overestimate the safety factor.

Probability analysis was used to evaluate thé effect of the various uncertainties
on the computed safety factors. It was concluded that discrepancies between
computed and observed safety factors are most likely the result of errors in
the estimation of shear strength. This conclusion is of course based on our
choice of best estimates and upper and lower limits, as well as our judgment
of uncertainties introduced by variationin soil properties and accuracy of analysis.
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Appenpix Il.—NoTaTiON

The following symbols are used in this paper:

A = pore pressure parameter;
¢ = cohesion;
p. = preconsolidation pressure;
s, = undrained shear strength;
u = pore pressure;
V;, = variance;
0,. = octahedral normal stress;
o,, = mMmaximum past pressure;
O vertical stress;
0,,0,,0, = principal stresses;
T,q = octahedral shear stress; and
& = angle of internal friction.
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INTRODUCTION

In the mid 1960’s urban dev
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matter of momentary but serious concern in 1966, when a l-acre landslide
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