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Abstract. This paper discusses the residual shear strength of a granulite residual soil that was involved in a large landslide
in Brazil. The residual strength was investigated because of the great mobility achieved by the soil after failure. The
experimental program comprised physical and mineralogical characterization and residual shear strength measurements.
Direct shear tests show a progressive breakage of soil structure. In the tests the soil showed brittleness under the higher
normal stresses. The residual friction angle measured in direct shear test is about 12.0°, remarkably smaller than 25.0°
measured in peak. For ring shear tests a linear failure envelope indicates a friction angle of 7.7°. The mobilization of the
residual condition imposes a severe fall in shear strength and may explain the mobility presented by the soil during the
reported landslide. Particle size analysis indicated that the material becomes finer after more energetic sample preparation,
but the shearing did not cause significant particle disintegration. Most of the published correlations between the residual
friction angle and clay fraction or plasticity index do not apply to this material.
Keywords: direct shear, residual strength, residual soil, ring shear, structured soil.

1. Introduction

Residual shear strength is important in understanding
the stability of old landslides, in the assessment of the engi-
neering properties of soil deposits which contain pre-
existing shear surfaces and for risk assessment of progres-
sive failure in new and existing slopes (Lupini et al., 1981;
Skempton & Petley, 1967; Skempton, 1985). It is also im-
portant for the design of remedial measures (Stark & Eid,
1994) and for the understanding the role of residual
strength in first time failures (Mesri & Shahien, 2003).

In problems associated with mobility of soil mass af-
ter instabilities due to liquefaction, some researchers use
the term residual shear strength to describe the fully soft-
ened strength of soil (Norris et al., 1997; Wang et al., 2007;
Dewoolkar et al., 2015). In such cases, the concept of resid-
ual shear strength is taken as the drop of shear strength by
changes in porosity and excess of pore pressure in an un-
drained failure rather than by the processes described in the
former papers (e.g.: Skempton & Petley, 1967; Skempton,
1985).

In 2008, hundreds of landslides were reported in
Southern Brazil after heavy rainfalls, many of them involv-
ing residual soils of granulite. In a specific case, the failure
was triggered 14 days after the main rains ceased. The mo-
bilized soil mass, detached from a 50 m high elevation, pre-
sented a high mobility and travelled about 500 m as a
mudflow along a flat area until deposition.

One hypothesis is that after the landslide triggering
the shear strength had dropped to residual values along the
failure surface and inside the unstable soil mass, causing
the acceleration and fluidization (with undrained condi-

tions) of the soil. When the shear strains cause a decrease in
the soil friction angle to values lower than the fully softened
(critical value) and undrained conditions are created, the
displacements necessary to reach equilibrium will be very
large.

Considering this case, a study about residual shear
strength of the soil involved in these landslides was con-
ducted in order to investigate the validity of this hypothesis
and to contribute to the understanding of the residual
strength of tropical soils. This study was conducted in terms
of drained residual shear strength and aimed to measure the
shear strength parameters and assess the effects of the
shearing process to the integrity of soil particles. Some ob-
servations concerning the influence of test type on the
strength parameters measured, the form of sample prepara-
tion and the validity of correlations between residual fric-
tion angle and soil physical properties have been made.
Drainage conditions during the movement of the unstable
mass are not further discussed here.

Both direct shear device and ring shear device can be
used to measure residual friction angle (�’r) as both allow
unidirectional shearing of a soil specimen, but the second is
considered the most reliable. But only the ring shear appa-
ratus can apply large shear strains (or large displacements)
without reversing the direction of the shearing process
(Bishop et al., 1971; Bromhead, 1979; Tika, 1999; Suzuki
et al., 2007; Skempton, 1985; Stark & Eid, 1994; Watry &
Lade, 2000). Although ring shear apparatus are not com-
monly found, and many designers and researchers use di-
rect shear tests results, Vithana et al. (2011) have shown
that measurements of �’r from direct shear are almost 2
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times higher than those obtained from ring shear in tuffa-
ceous clay and mudstone samples; circa of 1.02 to 1.3 in
loess, siltstone and alluvial loess samples. Chen & Liu
(2013), on the other hand, measured similar values of �’r

using both techniques.
Most studies related to residual shear strength are fo-

cused on sedimentary and artificial soils (Skempton &
Petley, 1967; La Gatta, 1970; Bishop et al., 1971; Town-
send & Gilbert, 1973; Kenney, 1977; Lupini et al., 1981;
Skempton, 1985; Skempton & Vaughan; 1993; Stark &
Eid, 1994; Tiwari & Marui, 2005; Wang et al., 2007; Toy-
ota et al., 2009; Eid et al., 2016). There is much less resid-
ual shear strength data from residual soils formed through
rock alteration under tropical and sub-tropical environ-
ments (Tanaka, 1976; Wesley, 1977; Boyce, 1985; Simões,
1991; Lacerda & Silveira, 1992; Rigo et al., 2006).

Since mineralogy can control residual shear strength,
as suggested by Hawkins & Privett (1985), Skempton
(1985), Stark & Eid (1994), Chattopadhyay (1972), Vau-
ghan et al. (1978), Meehan et al. (2010) and Collotta et al.
(1989), much of the knowledge about residual shear
strength of sedimentary and laboratory mixed soils does not
necessarily apply to tropical residual soils (Boyce, 1985).
In addition, Rigo et al. (2006) showed that measured values
of �’r in tropical soils from Southern Brazil are affected not
only by soil mineralogy, effective normal stress and parti-
cle size distribution but also by particle weathering, parent
rock and pedogenetic processes. That may be the reason
why many authors have reported that largely used correla-
tions between residual friction angle and simple physical
indices, developed for sedimentary soils, do not apply to re-
sidual soils (Hayden et al., 2018; Stark & Hussain, 2013;
Wesley, 2003; Stark & Eid, 1994; Boyce, 1985).

Since the works of Charles & Soares (1984), Hawkins
& Privett (1985) and Skempton (1985), many other re-
searchers have shown that the shear strength envelopes of
clayey and plastic soils are nonlinear, especially at a low ef-
fective normal stress (Stark & Hussain, 2013; Stark & Eid,
1994; Mesri & Shahien, 2003).

Particles of some residual soils can suffer disintegra-
tion by manipulation during the sample preparation or dur-
ing the tests, as shown by Collins (1985), Silveira (1991)
and Rigo (2005). Soils with partly altered minerals are
prone to be crumbled. Thus, it is not simple to define pre-
cisely/definitely the amount of clayey or silty particles on
these soils in order to predict the residual friction angle
through a correlation and if the failure envelope will be lin-
ear or nonlinear.

Hoyos et al. (2014), Infante Sedano et al. (2007) and
Merchán et al. (2011) showed the effects of suction on the
residual strength of soils. Such results are important on
soils that occur in unsaturated state and this condition is im-
portant in large areas of the world. For soils in tropical and
humid areas and for failures preceded by rainy periods, the
suction role does not seem significant considering that be-

cause of the high saturation degree the suction level tends to
be low (but should be evaluated in each case).

2. Soil Description
The soil studied occurs in Vale do Itajaí, Santa Cata-

rina state, South Brazil. The coordinates of the studied area
are UTM 696995E and 7024013S. The elevation is around
58 m above the sea level. The material was mobilized in a
landslide that occurred in 2008, 14 days after a main event
of heavy rainfalls (more than 700 mm/4 days). Such heavy
rainfalls occurred after a period of more than 60 rainy days.
The landslide scar and the deposited soil are shown in
Fig. 1, as well as the 500 m path followed by the soil after
the failure.

The soil is a residual soil from granulite that region-
ally occurs in soil profiles of thickness larger than 50 m
without lateritic features even at small depth. A careful
field inspection confirmed that relict structures were absent
in the scar. Its main soil physical properties are presented in
Table 1.
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Figure 1 - Aerial view of studied area (a) and the mobilized soil
after the landslide (b and c).



The soil water characteristic curve (SWCC), previ-
ously determined in accordance with the recommendations
of D5298/2010 (ASTM), revealed that for the range of satu-
ration degree in which this soil was sampled the suction
levels were lower than ~50 kPa. Considering the very wet
period that preceded the landslide, the expected suction val-
ues should have been even lower. So, it is unlikely that suc-
tion had any significant role in the failure process and it was
not taken into account.

In its natural state, the soil is composed mainly by silt
as shown in the particle size curve (Fig. 2) obtained with the
use of dispersive solution, according to procedures de-
scribed in D422-63/2007 (ASTM). Before sieving, the
crumbs of the soil were broken up using a mortar and rub-
ber covered pestle. Care was taken to prevent disintegration
or reduction of individual particles, using enough force as
necessary to break up the aggregations without destroying
the individual particles. The results revealed about 20 % of
clays and the soil is classified as a silt of low plasticity (ML)
by the Unified Soil Classification System - USCS (ASTM
D2487/2011). Tests without the dispersive solution were

also carried out and the difference between them is shown
in Table 2 with the clay fraction being the most affected.

The differences observed in Fig. 2 may be in part ex-
plained through the analysis with Scanning Electron Mi-
croscope (SEM). The images reproduced in Fig. 3 were
made from crumbles carefully extracted from the inner part
of an undisturbed sample. The crumbles had about 5 mm di-
ameter and before the analysis they were air dried for 96 h
and then oven dried for 24 h. Metallization of these samples
was made by a first layer of carbon and a second layer of
gold. SEM analysis was carried out in a SEM model JEOL
JSM5800.

As shown in Fig. 3a some of the clay particles are
grouped together forming clusters of silt and sand size.
Other particles are adhered to larger particles (Fig. 3b).
Feldspar crystals appear very altered and sometimes the
cleavage planes are opened being susceptible to disintegra-
tion under mechanic actions (Fig. 3c).

In mineralogical terms, the soil is formed mainly by
quartz, feldspars and kaolinite. Small amounts of illite and
smectite were also found in X-ray diffractometry. These
analyses were carried out in soil samples composed by par-
ticles smaller than 2 �m. With these fraction 4 pastilles
were prepared: the first was analyzed in natural condition
without orientation (powder), the second was analyzed in
natural condition with orientation, the third was previously
saturated with ethylene glycol (to find expansive minerals)
and the last was previously heated at 550 °C for 2 h (for a
better detection of kaolinite). The analyses were made us-
ing a diffractometer Siemens Bruker AXS, model D5000
with a goniometer � - �. The results were assessed with ba-
sis in the reference spectra of the JCPDS database.

3. Experimental Program
The soil was sampled in 15 cm edge blocks, in accor-

dance with Brazilian Standard NBR 9604/1986 (ABNT).
The blocks were extracted from the same location, in the
middle of the landslide scar, which would represent around
6 m depth on the original profile. There was no visible het-
erogeneity in the exposed soil profile, except for the upper
layer of organic topsoil.
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Table 1 - Summary of physical properties.

wL

(1) 47

wP

(1) 31

PI

(1) 16

G(2) 2.65

�d
11.9 kN/m3

e 1.21

wnat

(3) 40.7 %

Sr

(3) 87 %

(1)According to D4318/2010 (ASTM); (2)According to
D854/2010 (ASTM); (3)Measured 8 months after the event.

Table 2 - Percentages of fractions obtained in the tests.

Fraction(1) With dispersive
solution

Without dispersive
solution

Gravel 0 0

Coarse sand 0 0

Medium sand 1.92 1.73

Fine sand 18.75 19.81

Silt 63.87 78.09

Clay 15.46 0.37

(1)According to NBR 6502/1995 (ABNT).Figure 2 - Particle size curves of studied soil.



The position and orientation of the block samples
were registered before moving them to the laboratory. Un-
disturbed specimens were trimmed from these blocks in or-
der to guarantee that the shearing would occur in the same
direction as the field failure. This was considered important
as the original rock is metamorphic and the soil structure

may preserve an anisotropic behavior. Direct shear tests
have been carried on these undisturbed specimens accord-
ing to general recommendations of D3080/2004 (ASTM).

The tests were carried out in saturated condition un-
der effective normal stress of 50, 100, 200 and 380 kPa.
Drained tests were chosen as they seem to represent the soil
condition up to the onset of larger mass displacements. Af-
ter the landslide triggering, the shear conditions probably
changed to undrained conditions due to the dramatic rate
increase (there is no field monitoring to support this as-
sumption).

Computation of the shear rate based on values of t90

(t = 11.6.t90) pointed out to a shear time of about 100 min.
Considering the soil classification (ML) the authors de-
cided to use a value 2 times larger than the 200 min sug-
gested by the D3080/2004 (ASTM) for this kind of soil.
The shear rate chosen was 0.016 mm/min that corresponds
to ~400 min for a displacement of 7.5 mm. Each specimen
was sheared 4 times: 3 reversal tests were carried out after
the first one. To execute the reversals, normal stresses were
reduced to 50 kPa and, after repositioning the specimen in
the starting point, the required normal stress was applied
again, and the new shearing stage started.

Ring shear tests were carried out following the
D6467/2006 (ASTM) instructions in an equipment origi-
nally described by Bromhead (1979). This apparatus re-
quires remolded specimens, which were prepared with the
soil fraction passing in the #40 sieve. Before sieving, the
crumbs of the soil were broken up using a mortar and rub-
ber covered pestle. Care was taken to avoid disintegration
or reduction of individual particles, using enough force as
necessary to break up the aggregations without destroying
the individual particles (as recommended in D6913/2009
(ASTM)). This procedure aimed to keep the microstruc-
tural features of the soil. Moisture content was corrected in
order to reach the plastic limit (wP = 31 %) as suggested by
Stark & Vettel (1992) and Bromhead (1986). Distilled wa-
ter was added to a soil sample of known dry mass and man-
ually mixed and homogenized. The sample was kept
hermetically closed in a bag for 48 h in order to obtain ho-
mogenization. The ring shear cell was filled manually,
pressing the soil with a spatula until filling up the shear cell.
The tests were performed with effective normal stress rang-
ing from 25 to 600 kPa adopting a single stage technique
(i.e. for each stress level one specimen was tested). Prior to
the measuring test, a pre-shearing step was carried out to
rapidly reach the residual strength condition (Anayi et al.,
1988; Stark & Vettel, 1992). The rate used during the tests
was 0.12°/min (0.089 mm/min), which is considered slow
enough to prevent the occurrence of excesses of pore pres-
sure. The drainage occurs through the top and the bottom of
the specimen where there are porous rings.

The granulometry of the soil used in one ring shear
test (�’ = 200 kPa) was determined before the test after
specimen assembling and after the test with the soil sample
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Figure 3 - Scanning electron microscopy images: (a) Detail in the
box: silty size clusters formed by clays and fine silts; (b) Detail in
the box: clays adhered to large quartz particle; (c) Cleavage of an
altered feldspar crystal.



being taken from the region along the shear surface. As the
amount of soil available was small, sieving and sedimenta-
tion procedures could not be used. Laser scanning was em-
ployed instead, using a CILAS 1180 apparatus without the
use of dispersive agents. The analyses were made in a pow-
der sample through the consideration of their light-scat-
tering properties based on ISO 13320-1/2009 recommenda-
tions.

4. Results and Discussions
The initial physical characteristics of soil specimens

used in direct shear tests are shown in Table 3. All the spec-
imens presented almost the same unit weight, porosity and
saturation degree with the exception of the specimen used
in the test under effective normal stress of 380 kPa, which
had lower void ratio and higher dry unit weight.

Figure 4 shows the direct shear results (stress-dis-
placement curves) including the magnitude of shear
strength parameters in (a) peak, (b) after the first shearing

stage and (c) at large strain condition (end of test). Al-
though a reduction of mobilized shear stress can be ob-
served under all the normal stresses tested, this reduction is
much clearer under 200 kPa and 380 kPa as a more brittle
behavior can be observed. So, besides the shear displace-
ment, the importance of higher normal stress is quite re-
markable in the mobilization of residual strength.

At the beginning of each shear reversal stage, the mo-
bilized shear stress is higher than measured at the end of the
previous stage. This is probably due to the partial disar-
rangement of the particle alignment caused by the reversal
process itself, a common criticism of this technique (see
Stark & Eid, 1994; Skempton & Petley, 1967; Skempton,
1985; Stark & Vettel, 1992; Hawkins & Privett, 1985), but
the shearing stress dropped very quickly with the straining.

Except for the tests under �’ = 50 kPa, the behavior is
typically contractive in all tests. The contraction in the first
shear stage of the test under �’ = 50 kPa is probably due to
voids reduction, which does not occur during consolidation
with higher normal stresses. Unfortunately, due to limita-
tions of the direct shear apparatus, such data cannot be ex-
amined quantitatively.

The peak shear strength parameters were derived
from the highest shear stress measured in each test. The
failure envelope for post peak shear strength was defined
from a stable value of shear stress or from that for a dis-
placement of 10 %. The failure criterion for residual condi-
tions was defined from the final stable value of shear stress
at the 4th stage.

Although large displacements are required for the
mobilization of the (minimum) residual shear strength,
considering the final mobilized shear stress of the 4th sta-
ges (4 tests), a linear failure envelope was obtained result-
ing in a residual friction angle (�’r = 13°) and cohesive
intercept (c’r ~ 12 kPa), which represent a remarkable drop
from the peak strength.

The initial physical properties of the remolded speci-
mens used on ring shear tests are presented in Table 4.
These specimens were molded with higher density than un-
disturbed specimens to prevent that after the consolidation
step the specimens become too thin.

The stress-displacement curves obtained from ring
shear tests on remolded samples are shown in Fig. 5. The
mobilized shear stress becomes stable when displacements
exceeded about 20-30 mm. The tests with normal stresses
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Table 3 - Physical properties of specimens used in direct shear
tests.

50 kPa 100 kPa 200 kPa 380 kPa

w (%) 40.3 40.0 42.0 39.0

� (kN/m3) 16.3 16.2 16.4 16.6

�d (kN/m3) 11.6 11.5 11.5 11.9

e 1.24 1.25 1.25 1.18

Sr (%) 86.3 84.7 89.7 87.6

Table 4 - Physical properties of specimens used on ring shear
tests.

w (%) 31.0

� (kN/m3) 16.7

�d (kN/m3) 12.8

e 1.03

Sr (%) 79.4Figure 4 - Results of direct shear tests.



of 400 and 600 kPa showed small shear strength peaks even
after the pre-shear procedure (as reported by Lupini et al.,
1981).

Figure 6 shows the effective normal stress plotted
against stress ratio (�r/�’) and friction angle derived for the
end of the tests. The data indicate that the residual friction
angle is affected by effective normal stress and the failure
envelope is not linear. This is typical of soils in which slid-
ing is the mechanism that controls the mobilization of re-
sidual strength, as high stress and/or displacement converts
edge-to-face to face-to-face particle interactions, according
to Stark & Eid (1994). In this soil, this is probably due to the
high proportion of flatty particles, including some silts (as

suggested by Anderson & Hammoud, 1988; Hawkins &
Privett, 1985). Other authors such as Stark & Eid (1994)
and Skempton (1985) report such non-normalization as
caused by large amount of clay particles, which is not the
case in this soil. The non-linearity of the failure envelope
becomes clearer for effective normal stresses higher than
400 kPa (Fig. 7).

Shear strength parameters derived from these ring
shear and direct shear tests are summarized in Table 5. The
failure criterion adopted was the stabilization of mobilized
shear stress at the test end.

The value of the residual friction angle (�’r ~ 7.7°)
also indicates the occurrence of a sliding failure (Lupini et

36 Soils and Rocks, São Paulo, 43(1): 31-41, January-March, 2020.

Heidemann et al.

Figure 6 - Stress ratio and friction angle vs. effective normal stress.

Figure 5 - Shear stress-displacement curves from ring shear tests.



al., 1981). On the other hand, according to the correlation
developed by Mitchell (1993), the purely clayey fraction of
this soil (computed from the test with dispersive solution)
would lead to a turbulent shearing, without a smooth and
well-defined shearing surface.

According to Kenney (1977), the sliding-like residual
strength is strongly linked to the lamellar particle mineral-
ogy. Lupini et al. (1981) associate low residual friction an-
gles with the domain of montmorillonite clay minerals,
while high residual friction angles would be linked to the
presence of kaolinites and illites. And, although X-ray dif-
fraction analyses indicate the predominance of kaolinite in
the soil, it presented a low residual friction angle, contrary
to the tendency presented by pure kaolinites studied by
Tiwari & Marui (2005) and Lupini et al. (1981).

Adjusting linear envelopes to direct shear experimen-
tal data gives a �’r that is 1.7 times higher than that obtained
from ring shear tests considering c’r > 0 and 1.8 times if
c’ = 0. As residual friction angles are typically low, even
small differences generate large percentage differences that
reflects on the calculated stability safety factors.

Skempton (1985), Stark & Eid (1994) and Watry &
Lade (2000) had already reported differences in this sense.
Considering the more recent results presented by Vithana et
al. (2011), the values measured in this work are consistent
and fall between the observed by those authors in sedimen-
tary clayey and sandy soils.

The process of sample preparation for ring shear test
seems to cause some soil disaggregation, albeit small. Fig-
ure 8 shows particle size distribution curves of natural soil
and of soil subjected to ring shear tests, obtained following
D422-63/2007 (ASTM) recommendations. It is important
to remember that particles larger than 0.42 mm had been re-
moved from the specimens for the ring shear testing
(< 2 %).

The soil manipulation during preparation of ring
shear test specimens caused some soil aggregate disintegra-
tion mainly in the range between 0.04 and 0.3 mm. Proba-
bly such disintegration reaches sandy and silty clusters and
partially altered feldspars. But the grading did not change
significantly due to the shearing itself (see soil curves be-
fore and after testing - Figure 8). The testing did increase
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Table 5 - Summary of measured residual shear strength parameters.

Condition �’r (°) c’r (kPa) r2

Ring shear (�’n = 25-600 kPa) 7.7 6.9 0.984

Ring shear (�’n = 25-600 kPa), c’ = 0 8.6 0 0.957

Ring shear (�’n = 25-400 kPa), bilinear 9.0 4.3 0.999

Ring shear (�’n = 400-600 kPa), bilinear 4.7 34.0 1.000

Direct shear with reversals 13.3 12.0 0.988

Direct shear with reversals, c’ = 0 15.7 0 0.939

Figure 7 - Shear strength envelopes.



the clay content (particles < 0.002 mm) by about 2.5 %.
Consequently, the low residual shear strength of this soil
seems to be associated to alignment of the particles parallel
to the shear surface and some disintegration of soil clusters
rather than individual soil particles breakage. On the other
hand, the soil clustering may explain the large difference
between peak and residual friction angle in direct shear
tests.

None of the correlations between �’r (ring shear linear
envelope with c’ > 0 or c’ = 0) and clay fraction or plasticity
index, as proposed by Lupini et al. (1981), were able to suc-
cessfully predict the behavior of this soil as shown in Fig. 9.

In contrast, the chart presented by Rigo et al. (2006),
which shows the relationship between �’r and PI found for
quite a number of different soils, including various tropical
soils, seems consistent with the results obtained here
(Fig. 10). The soil studied here presents a similar behavior
to soils tested by Rigo et al. (2006) with partially weathered
minerals, also having a low friction angle and low PI. Ac-
cording to those authors, such behavior is due to the disinte-
gration of some minerals promoted by large displacements
and subsequent particle reorientation. The same explana-
tion appears to apply to the studied soil.

It is important to emphasize that this chart was not
proposed by those authors to correlate the residual friction
angle to PI, but rather to state that, in some soils that are not
sedimentary, this property can have a large variation com-
pared to the observed results described by the classical
work of Skempton and co-authors. Although volcanic ash
soils have a large PI and a much higher than expected value
of �’r, the tropical soils with partly weathered minerals
(most with clay particles inside them) have a low PI and a
very low value of �’r. So, Fig. 10 shows the importance of
understanding that the expected behavior of soils is largely
dependent on which group the soil belongs to (sedimentary
clays and sands, lateritic soils, volcanic ash, residual soils
with degradable minerals or micaceous).

5. Conclusions

Ring shear tests on specimens of granulite residual
soil resulted in an average residual friction angle of 7.7° as-
sociated to a sliding mode of failure, despite the small
amount of clay minerals in its composition. Compared to
data of sedimentary soils this value is quite low considering
the small clay fraction in its composition. Reversal direct
shear test results gave a higher ‘residual’ friction angle
(12°) as the reversals cause particle misalignment. The ob-
tained failure envelope was linear.

Specimen preparation for ring shear tests caused so-
me disintegration of clusters of silt and fine sand size and
increased the amount of free fine particles. In the laboratory
tests, the shearing process does not seem to cause further
disintegration as there are small differences between the
pre and post-test particle size distribution curves (the clay
fraction increased by 2.5 %).

The chart presented by Rigo et al. (2006) showed that
the correlation between �’r and PI is dependent on soil ori-
gin and composition. The soil tested presented a relation-
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Figure 9 - Residual strength correlations with clay fraction (a) and
plasticity index (b) (modified from Lupini et al., 1981).

Figure 8 - Curves for the soils used in ring shear tests and refer-
ence grading curve.



ship between �’r and PI that is in accordance with that found
by those authors for soils with partly weathered minerals,
and which has a very different behavior with PI than that
found previously by Skempton and co-workers.

This much lower than expected �’r found here seems
to be associated with particle disintegration and its subse-
quent orientation by shearing. This disaggregation can be
observed in the laboratory during manual specimen prepa-
ration. But the particle size distribution curves obtained be-
fore and after the shearing tests are very similar, thus
implying that most of the soil clusters have been degraded
during the test sample preparation. Ring shear tests have
shown that effective normal stresses have some importance
in the particle alignment mechanism: the residual friction
angle reduces at larger normal effective stresses.

This data suggests that, as shearing displacements ap-
proach failure in the field, there will be soil aggregate disin-
tegration and reduction of internal friction angle, as ob-
served in reversal direct shear tests. There will be a strength
reduction from peak to the fully mobilized residual shear
strength (to values similar to ring shear test results). Ac-
cordingly, such behavior can explain the very fast landslide
failure, as described by eyewitnesses, associated to a re-
markably quick shear strength reduction from peak to fully
mobilized residual strength (associated to cluster destruc-
tion and particle alignment).
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Figure 10 - Tropical soils grouped according to observed residual shear strength and PI (modified from Rigo et al., 2006).
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List of Symbols and Acronyms

�’: effective normal stress
�: shear stress
c’: cohesive intercept
c’r: residual cohesive intercept
c’p: peak cohesive intercept
�’: friction angle
�r’: residual friction angle
�p’: peak friction angle
�: unit weight
�d: dry unit weight
G: density of solid particles
w: moisture content
wnat: natural moisture content
wL: liquid limit
wP: plastic limit
PI: plasticity index
e: void ratio
Sr: degree of saturation
ABNT: Brazilian Association of Technical Standards
ASTM: American Society for Testing and Materials
ISO: International Organization for Standardization
JCPDS: Joint Committee on Powder Diffraction Standards
SUCS: Unified Soil Classification System
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