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Measurement of Drained Residual
Strength of Overconsolidated Clays

TmMoTHY D. STARK

The drained residual shear strength of overconsolidated clays is an
imporant parameter in assessing the stability of slopes that contain a
preexisting shear surface, The main issue influencing a laboratory 125t
ing program to measure the drained residual strength is whether a nat-
ural or laboratory-formed shear surface will be used. A multistage test
procedure using a modified Bromhead ring shear apparatus and an over-
consalidated, precut, remolded specimen is described that provides a
reliable and practical method for measuring the drained residual shear
strength. Results of ring shear tests on 32 clays and clay shales reveal
that the drained residual strength is controlled by clay mineralogy and
the quantity of clay-size particles. The liquid limit is used as an indica-
tor of clay mineralogy, and the clay-size fraction indicates the quantity
of clay-size particles, which are particles smaller than 0.002 mm, There-
fore, increasing the liquid limit and clay-size fraction decreases
the drained residual strength. The ring shear tests also reveal that the
drained residual failure envelope is significantly nonlinear for overcon-
solidated clays with a clay-size fraction greater than 50 percent and a
liguid limit between 60 and 220, Analysis of several case histories
shows that this nonlinearity should be incorporated into a slope stabil-
ity analysis. Previous correlations do not provide an accurate estimate
of the drained residuval strength because they (a) are based on only one
soil index property. for example, clay-size fraction or plasticity; and (&)
do not provide an estimate of the stress-dependent nature of the resid-
ual failure envelope. A new correlation is presented that is a function of
the liguid limit, ¢lay-size fraction, and effective normal stress and can
be used to estimate the entire nonlinear residual failure envelope,

The concept of residual strength has contributed greatly toward
understanding the long-term shearing resistance that can be mobi-
lized in overconsolidated clay slopes. The drained residual shearing
resistance can be significantly lower than the peak strength (Figure
1) and is a crucial parameter in evaluating the long-term stability of
new and existing slopes and the design of remedial measures.
Skempton (/) concluded that the drained postpeak strength loss
observed in overconsolidated clays is caused by (@) an increase in
water content because of dilation and (&) the orientation of clay par-
ticles parallel to the direction of shearing (Figure 1), In normally
consolidated clays the drained postpeak strength loss is caused
entirely by the orientation of ciay particles paralle! to the direction
of shear. Large continuous shear displacements in one direction are
required to orient the clay particles parallel to the shearing direction
and to achieve a drained residual strength condition,

Skempton (2) concluded that slopes that have undergone [ or
2 m of displacement should be designed using a drained residual
strength. Therefore, the drained residual strength pertains to slopes
that contain preexisting shear surfaces, such as old landslides or
soliftucted slopes, in shears in folded strata, and sheared joints or
faults (7). The residual strength also is applicable to failed embank-
ments and the occurrence of progressive failure in slopes. Slopes
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that have not undergone previous sliding can be designed using the
fully softened strength (2), which corresponds to the peak strength
of a remolded normally consolidated clay (Figure 13

Stark and Duncan (4) and Chandler (3) have described several
landslide case histories involving overconsolidated clays in which
previous sliding had not occurred, and the back-calculated friction
angle is less than the fully softened value. These case histories sug-
gest that there may be circumstances in which slopes that have not
undergone previous sliding may require design strengths that are
less than the fully softened value. One such circumstance is the
repeated loading caused by the annual draw-down cycle of a reser-
voir. Stark and Duncan () concluded that the slide in the upstream
slope of San Luis Dam was caused by the accumulation of shear
displacement and associated strength loss induced in the overcon-
solidated foundation clay during the 14-vear reservoir draw-down
history. The possibility of mobilizing a strength less than the fully
softened value in natural or man-made slopes that have not under-
gone previous sliding is currently being studied by the author,

MEASUREMENT OF
DRAINED RESIDUAL STRENGTH

Laboratory measurement of the drained residual strength requires
the use of a specimen that (a) contains a natural shear surface or (&)
can be precut or presheared to form a shear surface. As a result, the
main issue to be decided in planning a residual strength test program
is whether the shear surface will be formed naturally or in the lab-
oratory, The resulting laboratory testing procedure will be signifi-
cantly different depending on the technigue used to form the shear
surface. Other important issues in laboratory testing are whether a
direct shear or torsional ring shear apparatus will be used, and the
use of a single-stage or multistage test procedure. In a multistage
test, after a residual strength condition has been established under
the first effective normal stress, shearing is stopped. and the normal
stress is doubled. The specimen is allowed to reconsolidate under a
higher normal stress before shearing is recommenced. This proce-
dure is repeated for a number of effective normal stresses 1o esti-
mate the drained residual failure envelope. [n summary. the labora-
tory test procedure recommended to measure the drained residual
strength will depend primarily on the type of shear surface (feld
versus laboratory), test apparatus, and test procedurs,

Natural Shear Surfaces
Samples containing natural shear surfaces can be obtained from

pits, shafts. runnels. open faces, and bore holes. However. bore hole
samples are the least desirable because it is difficult to locate the slip
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TABLE 1 Clay and Shale Samples Used in Ring Shear Tests
Initzal Specific Clay
Water Unit Size
Sodl Clay and Shaie Clay and Shale Content  ‘Weight Liquid Plastic Fractian Activity
Nao. Samples Lecations %) iim | Limit Limiy 1561 [PIICF)
1 Glacial Till Urbana, IL 8.4 1681 24 16 18 .44
2 Loess Vicksburg, MS 14.0 16.5 28 18 10 1.00
3 Bootlegger Cove Clay Anchorage, AL 34.8 18.6 35 18 41 0.39
4 *Duck Creek Shale Fulton, IL 53 240 37 25 18 0.63
5 *Chinle Ired) Shale Holbrook, AZ 10,9 22.7 ] 20 43 0.a4
1] *Colorado Shale Maontana, MT 5.6 21.2 46 25 73 0.23
7 Panache Mudstone San Francisco, CA 14.2 19.6 47 27 a1 0.43
B *Four Fathem Shale Durham, England 3.3 251 50 24 33 0.73
] Mancos Shale Price, UT 4.9 245 52 20 63 0.51
10 Panoche Shale San Francisco, CA 12.0 20.2 53 25 50 0.48
11 *Comanche Shale Proctor Dam, TX 11.8 231 62 3z 58 0.44
12 *Bearpaw Shale Billings, MT 15.7 21.8 68 24 g1 0.86
13 Slide Debris San Francizco, CA 18.1 - 19.6 63 22 56 0.84
14 Bay Mud San Francisco, CA 73.0 15.0 76 41 16 2.139
15 *Patapsca Shale Wasghingten, D.C. 21.6 0.7 77 25 £g 0.88
16 *Pigrre Shale Limon, CO 243 201 B2 30 42 1.24
17 Santiago Claystone San Diego, CA 20.7 18.6 B9 L 57 0.79
18 Lower Pepper Shale Waco Dam, TX 21.0 20.3 94 26 77 0.88
18 Altamira Bentonitic Tuff Portuguese Bend, CA 62.0 17.5 88 37 1] 0.20
20 Brown Londen Clay Bradwell, England 33.0 189 101 as 123 1.02
21 *Cucaracha Shale Panama Canal 18.4 20.7 11 42 B3 1.10
22 Otay Bentonitic Shale San Diego, CA 27.0 17.6 112 53 73 0.8
23 *Denver Shala Denver, CO 30.5 18.7 121 ar &7 1.25
24 *Bearpaw Shale Saskatchewan, Canada 1.3 19.0 128 27 43 2.35
25 Dahe Frm Shale Qahe Dam, 50 27.6 201 138 41 78 1.24
26 *Claggett Shale Bentan, MT 11.7 22.7 157 31 T 1.78
27 *Taylor Shale San Antonio, TX 35.2 18.0 170 33 72 1.82
28 *Pigrre Shale Reliance, SD 42,8 17.7 184 55 B4 1.54
29 Oahe Bentonitic Shale QOahe Dam, SD 354 18.9 192 47 &5 1.96
30 FPanoche Clay Gouge San Francisco, CA 348 21.8 219 56 72 2.25
an Lea Park Bentonitic Shale Saskatcheawan, Canada 36.0 17.3 253 48 &85 3.15
a2 *Bearpaw Shaie Ft. Peck Dam, MT 15.8 21.8B 288 a4 aa 2.77

* Index Properties from Mesri and Cepeda-Diaz (1986)

parallel to the shear. It should be noted that the direct shear tests
reported here were conducted with 2 square specimen 60 X 80 mm
in plan dimensions and 38 mm thick. Stark and Eid {/3) used a
landslide case history in the Santiago clay store to show that the
residual failure envelope measured using a ring shear apparatus and
normally consolidated. intact. remolded specimens (Figure 2) is in
eood agreement with feld observations,

In the original Brombead ring shear apparatus (/). settlement of
the top platen into the specimen container caused by consclidation
and shearing can induce significant wall friction along the inner and
outer edges of the specimen. This wall friction can lead to an over-
estimation of the residual shear strength. Stark and Vettel (J5)
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FIGURE 2 Drained residual failure envelopes for Santiago
clay stone.

concluded that the wall friction will be significant if the vertical dis-
placement caused by consolidation and shearing exceeds (.75 mm.
Soil can be added during the consolidation process such that the
intact, remolded specimen is at or near the top of the specimen
container before shearing. This is a time-consuming process, but it
results in satisfactory test results (Figure 2).

The original specimen container of the Bromhead ring shear
apparatus was modified by Stark and Eid (/4); their device is
described subsequently to {a) overcome the problem of wall fric-
tion; (b) allow the use of overconsolidated. precut. remolded spec-
imens: and (c) permit the use of a multistage test procedure. It can
be seen from Figure 2 that the ring shear tests on intact and precut,
remolded specimens are in agreement. It should be noted that the
normally consolidated, intact, remolded specimens in Figure 2 were
obtained by adding a substantial amount of remolded soil paste
during consolidation of the intact specimen, such that the specimen
was flush with the top of the container before shearing.

Figure 3 illustrates the effect of wall friction on the measured
residual strength of Pierre shale from Reliance, Seuth Dakota
{Table 1). It can be seen that using normally consolidated. intact.
remolded specimens and a single-stage test procedure in the origi-
nal Bromhead ring apparatus provides a good estimate of the resid-
ual strength at effective normal stress less than approximately
50 kPa. At effective normal stresses greater than 50 kPa, consoli-
dation of the specimen and soil extrusion during shear cause the
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reduce the time required to establish a drained residual failure enve-
lope because a new specimen does not have to be prepared, consol-
idated, and precut for each effective normal stress. In addition, the
horizontal displacement required to reach a residual strength condi-
tion is significantly reduced because a residual strength condition
was attained during the first stage of the test. A multistage test also
ensures that the same material is tested at each normal stress, which
results in a more reproducible residual failure envelope.

Figure 4 presents the shear stress—horizontal displacement rela-
tionships for a normally consolidated, intact. remolded specimen
and the second stage of a multistage test on an overconsolidated,
precut, remolded specimen. These tesis were conducted on Santiago
clay stone (Table 1) at an effective normal stress (o) of 100 kPa.
The precut specimen exhibited a significantly lower peak strength
because the specimen had already attained a residual strength con-
dition during the first stage of shearing ar an effective normal stress
of 50 kPa. As a result, only approximately 10 mm of horizontal
displacement is required to achieve a residual strength condition
during the second stage of the test,

The intact, remolded specimen exhibited a significantly larger
peak strength because a shear plane had not been previously formed
and no recrientation of the clay particles occurred before drained
shearing. As a result, a horizontal displacement of approximately
70 mm is required to obtain a residual strength condition. Because
the shear displacement rate is 0.018 mm/min, it takes an additional
2.5 days to achieve a residual strength condition using an intact spec-
imen compared with the precut specimen. It should be noted that the
displacement rate of 0.018 mm/min used in the ring shear tests
described hers was estimated using the procedure described by
Gibson and Henkel (/&) and a degree of consolidation of 99.5 percent.
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It also can be seen in Figure 4 that the precut and intact specimens
yielded similar residual strengths. This was accomplished by adding
soil and reconsolidating the intagt, remolded specimen so that
settlement of the top platen was negligible before shear. It should
be noted that the vertical displacement of the precut, remolded
specimen is only about 0.03 mm (Figure 4). This is less than the
vertical displacement observed during the first stage of shearing
(0.06 mm) and substantially less than the (.35 mm measured with
the intact specimen. The reduction in vertical displacement is attrib-
utable to the overconsolidated nature of the precut specimen and the
smaller horizontal displacement required to reach a residual
strength condition. This minimal vertical displacement ensures that
a negligible amount of wall friction is applied to the shear plane
during a multistage test,

Some shear apparatuses may not be suited 1o a multistage test
procedure. For example, in a direct shear apparatus a new shear
surface may be created during subsequent shearing stages because
of consolidation of the specimen under a successive normal stress.
This consolidation may lead to a lowering of the previous shear
surface below the gap berween the upper and lower halves of the
shear box, thus creating a new shear surface,

The original Bromhead ring shear apparatus can be used to mea-
sure the drained residual strength accurately if senlement of the top
platen, caused by consolidation, soil extrusion during shear, or both,
is limited to 0.75 mm (/5). The modified Bromhead ring shear appa-
ratus significantly reduces the time required 1o estimate a drained
residual failure envelope by allowing the use of an overconsoli-
dated, precut, remalded specimen and a multistage test procedure.
An overconsolidated, precut, remolded specimen and a single-stage
test procedure can be used in a reversal direct shear apparatus
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FIGURE4 Drained ring shear test results for Santiago clay stone at
effective normal stress of 100 kPa (14).







