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IMPULSIVE SHEAR STRENGTH OF DE-STRUCTURATED ITALIAN
CLAYS
Gerardo GRELLE 1, Francesco Maria GUADAGNO2, Paola REVELLINO3
ABSTRACT
The knowledge of the residual shear strength of clayey soils during fast shears is particularly significant
to verify the possibility of co-seismic re-activation of landslide bodies. In seismically active areas, such as
the Italian Apennines, the landslide reactivation can be one of the most important ground effects. On this
basis, residual impulsive shear strengths were obtained by means of the ring shear apparatus, opportunely
modified. The kinematic parameters, which characterized shear motion, were related to co-seismic
displacements of rigid landslide bodies, as defined by Newmark’s approach. Test results performed on
samples of typical Italian clays, characterized by different index properties, highlight the influence of the
composition of the material and of the spatial disposition of particles on shear strength. Increase of the
viscous strength in the residual condition determines viscoplastic strength greater than that in the fully
softened condition. Consequently, an exceeding of viscous strength is obtained. Such an effect makes it
possible to hypothesize new co-seismic failures both along the shear zone and in weak layers. The
obtained values of shear strength, in the different conditions, were used in analysing co-seismic landslide
displacement.
Keywords: earthquake-induced landslides, impulsive shear, Italian clays, viscoplastic effects.

INTRODUCTION
In many regions, co-seismic movement of landslide bodies occurs whenever there is a strong earthquake,
revealing, therefore, a time and spatial repetitiveness (Keefer, 1984). This characteristic suggests that the
shear strength mobilized along pre-existing shear zones or weak surfaces is related to the fully-softened
(critical state) and residual state (Stark and Eid, 1997; Mesri & Shahien, 2003).
Fast shear tests and back-analysis on case histories highlight that, in clay soils, the plastic (frictional)
shear strengths, along pre-existing shear surfaces, is influenced by viscous effects and the variation of
shear mechanisms (Skempton, 1985; Ishihara & Hsu, 1986; Tika et al., 1996).
This paper describes some specific aspects of the shear strength behaviour during the fast impulsive
shear. Tests were carried out by means of appropriately modified ring shear instrumentation and using an
un-conventional testing procedure. Complete considerations about the impulsive technique are reported in
Grelle & Guadagno (2010). Different typical clays of the Campania Region in Southern Italy, which are
involved in landslides reactivated by earthquakes, were analysed. In particular, the shear strength was
defined utilising the application of impulsive shear motions along ring-shear surfaces characterized by
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pre-reached fully-softened and residual states. This in accordance with the kinematics condition that is at
the basis of Newmark’s methodological approach (Newmark, 1965) with regard to the determination of
co-seismic displacements and with analogous studies on fast shearing (Jibson, 1993; Vessely &
Cornforth, 1998).

DE-STRUCTURATE CLAY RESISTANCE
The pre-existence of shear-zones implicates the mobilization of post-peak shear strengths. Mesri &
Shahien (2003) demonstrated that shear strengths on shear zones are characterized by residual values,
resulting from the disposition of the particles. These values are ascribed to two specific states: fully
softened and residual (fig. 1a). In particular, along the post-peak drop, Skempton (1964) defined the
points of fully-softened and residual as related to specific behavioural states that are independent from the
tensional history and the strain occurs to constant volume.

Figure 1. a) Typical shear stress-strain behaviour of the over and normally consolidated clays;
b) Distribution of the shear stress in the shear band
In reference to the shear zone, Skempton & Petley (1967) and Bishop (1971) demonstrated that the fullysoftened state characterizes a de-structured layer that will in the future contain the hypothetical sliding
surface (fig. 1b). Consequently the attainment of the residual condition requires shear displacements,
which are higher than those required for the fully-softened condition. In particular, residual strength is
ascribed to a complete reorientation of the laminar particles along the shear direction (Lupini et al.,
1981).
Shear tests have shown that the residual strength is highly conditioned by the shearing rate (Skempton,
1985; Lemos, 2003; Tika, 1996; Vessely & Cornforth, 1998). Skempton (1985) defined, for different clay
types, the possible influence of the shear rate increase along the shear surfaces characterized by residual
state conditions. The shear strength behaviour and the principal effects produced during the monotonic
fast residual shearing have been investigated and analyzed in detail by Lemos (2003) and Tika et al.
(1996). In reference to the relationship between fast minimum strength and residual value, they define
three principal effects, which result from the application of the fast shear rate:
• positive rate effect – it is attributed to soils with a granular size mainly composed of clayey particles
(CF > 50% - high plasticity clays).
• neutral rate effect – it is attributed to granular soils which are mainly composed of massive particles
(silt or sand), with a very small percentage of clay particles (CF < 3 to 5%).

•
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negative rate effect – generally, it is attributed to soils with a clay fraction (CF) inferior to 40%
(clayey siltstone).

The afore-mentioned studies highlight that the shear strength patterns, during the fast residual shearing, is
the result of the effect primarily produced from different shear mechanisms. In some cases, a small
variation of the pore water pressure occurred. In fact, in soils characterized by negative rate effects, the
pore water pressure measures, executed by Lemos (2003) and Tika et al. (1996), emphasized that this
pressure did not influence, or only slightly influenced, the shear strength reduction below the slow
residual strength during fast monotonic shearing. These authors, in accord with Skempton (1985)
acknowledge that turbulent, sliding and transitional shear mechanisms, described by Lupini et al. (1981),
characterize the fast residual strength on the basis of clay soils index properties.
The different shear mechanisms are governed by reciprocal mobility of particles and consequently by the
viscous strengths (Vulliet & Hutter, 1988). The shear rate behaviour resulting is attributed to the
combined influence of the viscous shear strength τv and the plastic (or inviscid considering the small
elastic component) shear strength τP. More recently, a constitutive non-linear three component model was
proposed (Di Benedetto & Tatsuoka, 1997; Di Benedetto et al., 2002; Tatsuoka et al., 2002) (fig 2). The
shear total stress τ, measured at the same irreversible strain, depends on an inviscid component τf (or rateindependent) and a viscous component, τv, (τ = τf + τv). Additionally, the strain rate, v, is due to the
elastic, ve, and irreversible or viscoplastic rate, vir, (v = vir + ve).

Figure 2. Possible viscoplastic behaviours in relation to high shear rate increase (by Tatsuoka et
al., 2008 modified)
Tatsuoka et al. (2008) attribute viscous behaviour to four basic viscosity types related to the shape and
size of the particles: Isotach, TESRA (temporary or transient effects of strain rate and strain acceleration),
Combine and P & N (positive and negative). Isotach viscosity has been observed in NC plastic clays but
also in OC London clay (Sorensen et al., 2007) in undisturbed and remoulded samples. Relatively
different angular granular soils exhibited other viscosity types (Duttine et al., 2008).

TESTING PROCEDURE
The basic instrumentation utilized for the shear tests with an impulsive–dynamic character, was the
Bromhead ring-shear apparatus (Bishop et al., 1971; Bromhead, 1979). This apparatus was modified in
order to generate, control and acquire the shear strength both under slow monotone and impulsive fast
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shear rate conditions (fig.3). Specifically, the basic scheme of the equipment is constituted by an external
electric motor controlled by an inverter unit that had been previously programmed with the following
input parameters:
• angular acceleration (α+) and angular deceleration (α-);
• maximum angular rate (ωmax) and minimum angular rate (ωmin);
• time step expressed in milliseconds (s-3) of the maximum angular rate (tωmax) and minimum angular
rate (tω0).
Specifically, the impulsive shear motion has had the following characteristics:
• equal ramps of acceleration and deceleration (α+=α-);
positive maximum rate (shear direction) (ωmax>0);
•
void minimum rate (ωmin = ω0 =0).
•
The table in figure 3 shows further parameters that characterized the impulsive shear motion resulting
from the kinematics relationship of the input parameters. Furthermore, a sample time of 0.1 seconds
(10Hz) was used to define the behaviour patterns of the shear strengths during impulsive shear motion.

Figure 3. Scheme of the impulsive ring-shear apparatus. The table shows the kinematics
parameters of the impulsive shear motion
Preliminarily, the samples were submitted to a check phase of the fully-softened and residual strength
values on remoulded samples in accordance with the operational standard D 6467 ASTM. In order to
define these values as a fundamental operational reference, at least three verification tests were carried
out on each sample.
The check of the impulsive shear strengths, for both the fully-softened and residual conditions, was
carried out using a non-conventional test procedure. This procedure included five consecutive shear
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stages, each characterized by an initial condition of void shear strengths. It is similar to the one described
by Skempton (1985) and Tika et al. (1996) relative to the check of the fast residual strength.
Synthetically, the procedure includes the following consecutive stages:
• Stage 1 - Application of the slow shear motion (3.5 10-3 mm/min) for the attainment of the fully
softened state;
• Stage 2 - Application of the impulsive shear motion;
• Stage 3 - Application of the slow shear motion (3.5 10-3 mm/min) for the attainment of the residual
shear strength;
• Stage 4 - Application of the impulsive shear motion;
• Stage 5- Attainment of a maximum value with a monotonous slow shear rate (3.5 10-3 mm/min).
The objective of the tests was to investigate the behaviour of impulsive shear strength-displacement
curves under different shear rates. In fact this type test is executed at normal tensions of 294 kPa with
impulsive stage (stages 2 and 4) executed at a linear mean rate Vmed of 1.64, 3.35, 5.02 e 6.78 mm/s and
frequency of 2Hz.
The impulsive shear motion used in the tests are characterized by kinematical parameters which were
calculated by taking into consideration the geometrics shafting ratio between the motion produced by the
external motor and that effectively applied to the ring shear cell. Furthermore, acceleration ramps of 0.25
g and 0.35 g, were used in order to assure the same frequencies of impulsive shear motion.

EXAMPLES OF RESULTS AND DISCUSSIONS
Shear tests were conducted on samples of clayey formations outcropping in Campania Region (southern
Italy) and frequently involved in landslide events of the earth-flow type (Guadagno et al., 2008; Revellino
et al., 2010). The soil samples were collected in pits excavated in typical outcrop zones and they belong
to the following formations:
• sample 01 – “Varicoloured Clay” formation (Upper Cretaceous – Eocene);
• sample 02 and 03 – Clayey levels of the “Red Flysch” formation (Upper Oligocene – Lower Miocene);
• sample 04 – Clays of the “Ariano” Unit (Lower Pliocene).
Table 1 shows their main index and mineralogical characteristics.
Table 1. Main mineral and propriety index of the samples
Mineral
(% in weight)
Quartz
Calcite
Dolomite
Feldspar
Chlorite
Illite / Smectite
Kaolinite
Total massive
particles
Total laminar
particles

Sample

Propriety
index
(%)

Sample
01

02

03

04

Wl

71

51

45

44

PI

48

32

27

22

CF-2µ

60

50

48

37

01

02

03

04

25
3
35
37

17
1
2
16
40
24

23
2
11
43
21

15
13
4
4
6
44
14

28

21

25

36

10µ

87

90

84

64

72

79

75

64

A

79

61

56

60

5th International Conference on Earthquake Geotechnical Engineering
January 2011, 10-13
Santiago, Chile
Samples 01, 02 and 03, classified as "high and middle-high plasticity clays", belong to structurally
complex formations (Picarelli, 1993). The specimens utilized in the tests were prepared following the
procedures introduced by Rippa & Picarelli (1977). Specifically, in order to guarantee a homogeneity
composition, each specimen was obtained from a unique sample subjected to watering and remoulded
cycles.
Test results in slow ring-shear conditions are showed in the τ - σn’ diagram. Fully-softened friction angles
φFs ranges from 20.0° (Blue clay - sample 04) and 10.0° (Red Flysch clay - sample 03). Furthermore, the
residual friction angles φRe changes between 16.0° (Blue clay - sample 04) and 5.9° (Varicoloured clay sample 01). These values are close to results obtained by standard ring-shear procedure. It is possible to
confirm the relationship between the fully-softened and residue frictional angles and, particle mineralogy
and plasticity properties.
Figure 4 shows the patterns of impulsive shear curves linked to the displacement and the impulsive time
shear application. With regard to the fully-softened condition, a more or less hyperbolic pattern after the
peak, and a slight tendency towards an increase of the maximum values [maxFs]D with velocity, were
confirmed. This increase appears to be more relevant for the [maxRe]D; in this case the shear strength
curves show an irregular pattern or a linear pattern (isotach visco-plastic type) for the lower impulsive
shear rates.

Figure 4. Strength curves results from impulsive shear tests performed on pre-reaching fullysoftened and residual condition; (a) vi< V* and (b) vi>V* (for V* see figure 5).
For shear rate detected, the behaviour of the strength up to maximum impulsive value [maxFs]I and
[maxRe]I shows a isotach type for almost all samples. However, patterns of the maximum impulsive
strengths values versus the maximum impulsive shear rate are defined by the following equations:
[maxFs]I = S0(Fs) +λ(Fs)vm
[maxRe]I= S0(Re) +λ(Re)vn

(1)
(2)

where S0(Fs) and S0(Re) are the slow monotonic shear strength values (So(Fs)=τ (Fs) /σn ; So(Re)=τ (Re) /σn); λ(Fs)
and λ(Re) are constant angular coefficients; n and m are exponential indexes.
The greatest increase showed of [maxRe]I, compared to [maxFs]I, determines the “impulsive critical shear
strength” S*, which refers to a specific “impulsive critical shear rate” V*. It seems that these two
parameters are influenced by index properties of clays. In particular, figure 5a highlights a linear
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correlation between the “impulsive critical shear rate” V* and PI and CF. Additionally, the figure 5b
shows a significant linear correlation between the “impulsive critical shear strength” S* and tagφFs and
tagφRe.

Figure 5. a) Impulsive critical shear rate in function with some index parameter; b) Impulsive
critical shear strength in function with frictional strength values
The results of the impulsive shear tests bring to light several discussion points on the role of shear
mechanisms and, therefore, of index properties, during impulsive shearing, in both the fully softened and
residual condition.
Figures 6 shows the results of the SEM (scanning electron microscope) analysis related to the type 1 test
of the sample 02 at normal tension of σn = 490 kPa. This analysis highlights particular micro-structures
and the disposition of particles which can be interpreted in relation to shear mechanism type. In
particular, figure 6a illustrates the random disposition of particles in the fully softened condition. The
subsequent impulsive shear stage (Fs)I causes a partial disposition of the laminar particles along the shear
direction (figure 6b). Furthermore, the presence of deep striae highlights a de-structure action of massive
particles (particular of figure 6b) during the shear. It is possible hypothesized that this condition does not
determine the prerequisite for the development of the sliding shear mechanisms but rather for transitional
shear mechanisms.
The phenomenon related to the progressive alignment of laminar particles along the shear direction is
confirmed by the hyperbolic decrease pattern of the strengths during the shear; furthermore, for the
sample 04 with CF < 40%, the transitional shear mechanism justifies minimum values [minFs]I close or
inferior to the slow residual strengths.
The stage (Re)I foresees that the impulsive shear happens on shear surfaces characterized by a “face to
face” particle disposition (fig. 6c). In this condition, in accordance with Tika et al. (1996) and Lemos
(2003), a shear mechanism of the sliding type is hypothesized for soils with a CF around 50% and above;
therefore for samples 01, 02 and 03. In fact, as it is shown in figure 6d, the shear surface is characterized
by iso-orientated particle striae in spite it presents small rippling bands (fig. 6b, x500 enlargement).
Furthermore, the above-mentioned authors associate a transitional shear mechanism to soils with CF
below the 50%. Such shear mechanism types can be associated to the sample 04, subsequent to an initial
sliding shear mechanism. The results obtained by tests highlight shear strength variations in relation to the
impulsive shear rate both in the fully-softened and residual condition. With regard to the latter, and taking
into consideration the afore-mentioned interpretations, it is possible to hypothesize a maintenance of the
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sliding shear mechanism (laminar flow), in the first shear cycles, for each soil tested. As a consequence,
this implicates exclusively mobilization of visco-plastic shear strengths.

Figure 6. SEM analysis of the shear surface produced by: a) monotonic slow shear on fullysoftened state; b) impulsive fast shear on fully-softened state; c) monotonic slow shear on
residual state; d) impulsive fast shear on residual state
The experimental data highlights how the impulsive shear motions, which induced V* exceeding, can
determine new specific failure surfaces. These failures, which involve S* dynamic shear strength, can be
localized in the zone that present fully softened strengths in static conditions.
In stiff clays, the structure of pre-existing shear zones is constituted by a shear surface, with isorientated
particles along its interfaces, immediately surrounded by de-structure and watering clays that have a random
disposition of particles. Along the shear surface the strength is defined by φRe while inside the de-structural
layers it’s defined by φFS. In this context, new possible failures may occur inside the de-structural layers
when the impulsive critical shear rate V* is exceeded.

CONCLUSIONS
The implementation of the Bromhead ring-shear apparatus enabled measurements of the residual shear
strength of saturated clay soils, in a condition of impulsive shear displacements. The impulsive shear
motion appears to be characterized by kinematical parameters close to those induced by rigid
displacements of landslide bodies during seismic events, as defined by Newmark’ s methodological
approach. In particular, the impulsive shears permitted the attainment of elevated fast shear rates (up to
6.33 cm/s) with displacements relative to mean shear rates approximately 10 times smaller.
In general, during fast shear displacements, the strength behaviour along the slip surface can be defined as
the result of an interdependent combination between the viscous affects and the shear mechanisms. This
latter influences the viscous strength, being characterized by the type and disposition of the particles
during the shear. In particular, the increase of the viscous strength, in connection to the shear rate, proves
to be:
• greater on the slip surfaces characterized by sliding shear mechanisms;
• smaller on the slip surfaces characterized by transitional shear mechanisms;
• not particularly relevant or void on the slip surfaces characterized by turbulent shear mechanisms.
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Therefore, it is possible to affirm that the viscous affect is greater along slip surfaces characterized by
residual strength and smaller for sliding surfaces characterized by the fully-softened state. For all shear
mechanisms, it is possible to highlight a rapid strength increases also for small dynamic shear rates.
Along shear surfaces characterized by a residual condition, the greater increase of the strength with shear
rate determines the attainment of the dynamic critical strength S*. This strength implicates the attainment
of the dynamic critical shear rate V*, above which, new failures inside in the fully-softened state, are
possible. Such a condition determines trigger dynamic strengths which are not particularly susceptible to
the shear rate increases and, thus, with values near to S*.
From such conditions it is possible to hypothesize that strong seismic motions induce new failure
conditions both near pre-existing slip surfaces and along weak layers characterized by advanced watering
process. In all the cases where co-seismic motions induced displacement rates below of V*, the
displacements occur along shear surfaces characterized by a residual condition. However, this latter, an
increase of shear strength implies an increase of the displacement shear rate.
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