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Abstract In order to investigate the effect of vibration on
the critical state of dry granular soils, eighty samples of
four different granular materials were tested at four normal
stresses under different vibrational accelerations. The exper-
iments were performed on amodified vibrational direct shear
apparatus with vibrational loading in the horizontal (shear)
direction. Strength loss versus vibration acceleration plots at
different normal stresses, as well as the peak, residual and
vibro-residual shear strength diagrams have been obtained
for the four granularmaterials at different intensities of vibra-
tion. It has been determined that increasing the intensity of
vibration reduces the friction angle of the granular materials.
The effect of particle shape on the strength loss due to vibra-
tion has been observed as well as the effect of vibration on
the normal stress.

Keywords Vibration · Shear strength · Granular soils ·
Critical state · Friction angle

1 Introduction

Granular soils are frequently exposed to vibrations due to
earthquakes, blasting, construction operations, machinery
and vehicle traffic vibrations. The strength behavior of a soil
during vibration depends not only on the vibration charac-
teristics, such as acceleration, frequency and amplitude, but
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also on the physical properties of the soil such as moisture
content, grain size distribution, particle shape, dry density or
void ratio, density and mineralogy of soil particles, cohesion
and internal friction angle.

There has been significant progress in understanding the
effects of vibration on the strength and deformation proper-
ties of soils since the first half of the last century [2,8,9,12,
24,30,31]. A number of different experiments with vibration
application have been conducted on cohesive and cohe-
sionless soils that generated very valuable data leading to
some important conclusions [16,22,25,26,28,35]. All these
findings help to improve the design of different structures
subjected to dynamic loads significantly [2,5,24,27,29,30].

Despite the knowledge gained on this issue in the last
few decades, there is still a lack of understanding on the
mechanism of particle interactions and shear deformation
due to vibration. Therefore, there is a need to study the
shear strength and deformation behavior of soils due to
vibrations. In particular it is specifically interesting to deter-
mine the effect of vibration on the residual shear strength
of soils, that is, the effect of vibration on the critical state,
a unique state independent of the initial density (void ratio)
of the soil that can be reached upon sufficiently large shear
deformations.

If large displacements are anticipated, the design of a
structure, such as an earth or tailing dam, has to take into
account the residual shear strength characteristics of the soils
underlying or/and constituting the structure. In this case, if
the soil is subjected to vibrations, depending on the mag-
nitude of vibration, it may undergo some loss of strength
resulting in excessive deformations and compromising the
stability of the structure. Therefore, it is of paramount impor-
tance to predict and consider the effects of vibrations on the
residual strength of soils.
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2 Previous studies on vibrational loading on soils

There are two important aspects that contribute to the unique
properties of granular materials: ordinary variation in tem-
perature plays no role on the mechanical response of the
material, and the interactions between grains are dissipative
because of static friction and the inelasticity of collisions
[14]. Pokrovsky [21] was the first to investigate experimen-
tally the influence of vibrations on the internal friction of
sand. He showed that the coefficient of internal friction
depends on the kinetic energy of vibration. As the energy
increases, the coefficient decreases, approaching a value 25–
30% smaller than that observed before vibration. These
results were later supported by experiments performed by
Barkan [2],who tested sand at vibration frequency of 140 s−1

and amplitude of 0.5–0.15mm. It is concluded that vibra-
tion has considerable effects on the shearing resistance of
soil and the internal friction is lower than the static fric-
tion during vibration. Increase in acceleration will decrease
the internal friction approaching asymptotically to a limit
value which depends on the properties of a soil. Analogous
experiments conducted on sand having 10–12% moisture
content showed that the moist sand subjected to vibration
had smaller decrease in the internal friction than dry sand.
This was attributed to the capillary forces between soil par-
ticles with 10–12% moisture content.

Additional confirmation of the above observations was
provided by Savchenko [28] who revealed that at a constant
vibrational frequency, the coefficient of internal friction of
sand decreases continuously as the amplitude increases. The
dependence of tan ϕ on the frequency of vibration is more
complicated, and as the test results showed, there exist fre-
quency ranges corresponding to small and large changes in
tan ϕ of sand. Savchenko also tested two sets of medium
grained sand at different moisture contents (2–24%), con-
stant vibration amplitude 0.35mmand twovibration frequen-
cies of 144 and250 s−1, respectively. For both sets of samples
the largest decrease in tan ϕ was observed at approximately
13% moisture content [2]. Barkan [2] concluded that the
principal vibration parameter which determines the effect of
vibrations and shocks on the compaction of soils is the accel-
eration, or rather the inertial force, which acts on the soil
particles during vibration. Metcalfe et al. [20] and Huan [10]
also confirm that the dimensionless acceleration� = Aω2/g
is a key vibration parameter, where A is vibration amplitude,
ω—frequency and g—gravitational acceleration.

To study the influence of particle size on the effect of
vibration, Savchenko conducted experiments on four differ-
ent sizes of sand at vibrational frequencies of 144 and250 s−1

and constant vibration amplitude of 0.35mm [2]. The results
revealed that the effect of vibration on internal friction in sand
is directly proportional to the diameter of the sand grains [2].
On the other hand, Maslov [15] performed a series of experi-

ments on sands and concluded that vibrationdid not cause any
changes in the coefficient of internal friction of sand, and that
the changes in its shear resistance were due to a decrease in
the normal stress caused by vibration. Shibata and Yukitomo
[32] carried out drained triaxial vibrating tests. The results
revealed that the dynamic strength increasedwith the increas-
ing of the density of sand, and that the influence of vibration
frequency on the strength of sand was rather remarkable, the
higher the frequency, the lower the shear strength.

An interesting concept of “Dynamicfluidization”was pro-
posed by Richards et al. [23]. They considered the effect of
earthquake accelerations on dry granular soils. It is hypoth-
esized that the imposed accelerations at some critical level
changes the state of the soil, causing general plastification,
such that the soil becomes, in a sense, an anisotropic fluid. It
is assumed that the main trigger of fluidization is the inertial
forces acting between the particles of a granular soil. It is
shown that fluidization depends mainly on horizontal accel-
erations, not vertical accelerations. Another distinguishing
feature of fluidization is that when it occurs, flow takes place,
if at all, in finite increments rather than continuously, with
the increments corresponding to the acceleration pulses of
an earthquake above a critical value.

The authors distinguish three stages of dynamic fluidiza-
tion: initial, intermediate and general. Initial fluidization is
recognised as a threshold above which significant loss of soil
shearing resistance may occur. For a dry sand at its neutral
condition Ko initial fluidization takes place at � < 0.3 and at
even lower values for soils having smaller friction angle. For
saturated loose granular soils, it is postulated that the initial
fluidization will initiate liquefaction because of collapse of
the soil structure under shear flow. At intermediate dynamic
fluidization stage, the soil continues to lose its shearing resis-
tance and provide support of the external loads from internal
shearing generated by the inertial forces. When soil reaches
the general dynamic fluidization stage, its shear strength is
mobilized on a broad range of orientations, and the soilwithin
these directions behaves like a viscous fluid [23].

Youd [37] performed laboratory experiments by mount-
ing a direct shear apparatus on a shaking table to show the
effects of vibration on the shear strength and void ratio of
dry granular materials. It was concluded that each vibratory
equilibrium void ratio1 was also the critical void ratio when
the sample was sheared under the same vibration. The crit-
ical void ratio and coefficient of internal friction both were
reduced considerably during vibration.

Dijksman et al. [7] conducted experiments using a split-
bottom shear cell, in which a layer of glass beads (1–1.3mm
diameter) having 18 mm depth was driven by the rotation of
a rough disk of radius Rs = 4 cm mounted flush with the bot-

1 Vibratory equilibrium void ratio is defined as the ultimate minimum
void ratio for a sample densified at a particular vibration.
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tom. The shear cell was vibrated vertically and sinusoidally
with frequency, f, and amplitude, A. f = 63Hz and � varied
from 0 to 1 (� = A(2π f)2/g). It was established that the
rheological curve of dry granular media is non-monotonic,
both in the presence and absence of vibration. In the presence
of weak vibrations, the non-monotonic flow curves govern a
hysteretic transition between slow but steady and fast, iner-
tial flows. In the absence of vibrations, the non-monotonic
flow curve governs the yielding behavior of granular media.

Of special interest are the theories of “Mechanical flu-
idization” [6] and “Acoustic fluidization” [18] attempting to
explain the large runout distance of big rock avalanches. The
essence of mechanical fluidization is the concept that high
energy input into a granular mass causes high impulsive
contact pressures between individual grains such that they
become statistically separated and themass dilates. The inter-
nal shearing resistance is thereby reduced as shown by Bag-
nold [1] and Bjerrum et al. [3], and the mass may flow under
gravity when dilated. The high relative velocity between the
base of the high-speed debris flow and the bedding mater-
ial of the flow channel causes high speed shearing with high
energy resulting in dilation as shown by Bagnold [1] for a
granularmaterial subjected to unidirectional shearing [6]. On
the other hand,Hungr [11] conducted high velocity ring shear
experiments and did not observe any effect of “mechanical
fluidization”. Several types of materials were tested, includ-
ing two sizes of relatively coarse sand, mixtures of sand and
rock flour, polystyrene beads and sand in water. All of these
materials have been tested under different velocities and nor-
mal stresses. All exhibited straight linear residual strength
envelopes with zero cohesion and unique angles of residual
friction, practically unaffected by the speed of shearing [11].

The acoustic fluidization theory proposed by Melosh [18]
is another attempt to explain the large runout distance of

sturzstroms observed on earth, as well as on the moon and
Mars. Based on this theory, a thin layer of material can be
fluidized by strong enough sound waves at the bottom inter-
face of the moving debris, if its volume is large enough to
retain enough acoustic energy to maintain fluidization. An
important aspect of the flow process is that sound (acoustic
energy) is created as the debris moves, and that the sound
must have short wave-lengths compared to the dimensions
of the fluidized rock debris. Melosh [19] also suggested
that the overburden pressure at some faults can be relieved
by means of acoustic fluidization and allow it to slide at
low average stress [18]. Later Sornette and Sornette [33]
found an inconsistency in Melosh’s theory of acoustic flu-
idization in explaining fault motion but acknowledged that
the relevance of acoustic fluidization still remains an open
question.

As it is seen from the studies mentioned above, nowadays
there is no comprehensive model that can fully explain the
mechanism of the effect of vibrations on the shear strength
characteristics of soils. Moreover, some of the findings seem
to contradict each other. Therefore, the shear strength char-
acteristics of soils under the influence of vibrations remains
an open subject.

3 Testing equipment and procedures

In order to investigate the effects of vibration on the residual
shear strength of granular material, a direct shear apparatus
was modified into a vibrational direct shear apparatus [34] as
shown in Figs. 1 and 2. Themodifications include installation
of an electromagnetic actuator (11) between the proving ring
(3) and the shear box (2), as well as two load cells (10 and 12)
to measure the shear forces at the top and bottom halves of
the shear box (2). An extension (13) of the main body (5) is
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6 
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8 

9 7 

114 
12

13

(a) (b)

Fig. 1 a Conventional strain controlled direct shear apparatus and b
modified strain controlled vibrational direct shear apparatus; where: 1
control box of the direct shear apparatus; 2 shear box for soil sample;
3 proving ring; 4 screw for zero setting of shear load before starting a
test; 5 main body of the direct shear apparatus; 6 frame for transferring

normal load to the soil sample placed in the shear box (2); 7 legs of the
direct shear apparatus supporting the main body (5); 8 lever system to
provide normal load to the soil sample; 9 weights to apply the normal
load; 10 load cell; 11 actuator; 12 load cell; 13 extension of the main
body (5) of the direct shear apparatus to accommodate the actuator
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Fig. 2 Photograph of the modified direct shear apparatus

Table 1 Physical characteristics of the glass beads and sands

Material Particle
density
ρs(g/cm3)

Dry
density
ρ(g/cm3)

Void
ratio e

Porosity n

Glass beads 0.1mm 2.65 1.49 0.779 0.438

Glass beads 0.5mm 2.65 1.566 0.692 0.409

Fine sand 2.65 1.46 0.815 0.449

Coarse sand 2.65 1.755 0.510 0.338

needed to accommodate the actuator (11). The actuator (11)
consists of two electromagnets, and the frequency and force
can be changed by a control panel. The vibration generated
by the actuator is in the horizontal shearing direction.

Measuring equipment consists of two LVDTs to measure
the vertical and horizontal displacements, two load cells (10

and 12) and two uniaxial accelerometers to measure vertical
and horizontal vibrational accelerations on the soil sample.
One of the accelerometers is mounted on top of the loading
plate to measure vertical vibrational accelerations and the
other accelerometer is attached to the top halve of the shear
box in the direction of shearing to measure horizontal vibra-
tional accelerations. The output signals are collected by a NI
CompactDAQ System, which in turn is connected to a PC to
record the data with NI LabVIEW software.

The testing procedures basically follow ASTM D3080/
D3080M (Standard Test Method for Direct Shear Test of
Soils under Consolidated Drained Conditions). The change
in testing procedures includes the application of vibration
close to the end of a test when the soil sample reaches the
critical state. Vibration is applied while the sample is being
sheared. Frequency and force of the vibration are adjusted to
a certain level and then kept constant.

4 Tested materials

To evaluate the effect of vibration on the residual strength
of granular material, four different dry granular materials
(a total of 80 samples) were tested. The materials were 0.1
and 0.55mm glass beads, as well as fine and coarse sands.
These materials were selected to investigate the effect of
particle shape and size on the vibro-residual strength char-
acteristics at different vibrational accelerations. Particularly,
different sizes of glass beads (0.1 and 0.55mm) were chosen
to check how different inertial forces (due to different size
particles), generated among particles by vibration, contribute
to the vibro-residual strength. On the other hand, coarse sand
(well-rounded) and fine sand (angular) samples were chosen

Fig. 3 Particle size distribution of the materials tested (note that the plot of irregular shape glass beads does not show the actual particle size
distribution of the material, but rather its upper size limit)
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Fig. 4 Pictures of the glass
beads and sand under a
microscope with ×50
magnification. a 0.1mm glass
beads; b 0.55mm glass beads; c
fine sand and d coarse sand

(a) (b)

0.1 mm 0.1 mm

(c) (d)

0.1 mm 0.1 mm

Fig. 5 Shear strength diagrams of 0.1mm glass beads, 0.55 mm glass beads, fine and coarse sands (φr—residual friction angle)
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Table 2 Test results of 0.1mm glass beads

Vibrational
force (N)

Normal stress
(σ kPa)

Peak strength
(τp kPa)

Residual
strength
(τf kPa)

Vib.-Res.
strength
(τfd kPa)

Vertical
acceleration
(g)

Horizontal accel-
eration (g)

Strength
loss (� τ kPa)

1.61 23 21 19.5 18 0.03 0.1 1.5

50 38.5 35 33 0.03 0.11 2

118 82.5 71 68 0.04 0.12 3

200 137.5 113 109.5 0.04 0.12 3.5

3.22 23 21 16.5 15 0.09 0.22 1.5

50 38.5 29 26.5 0.08 0.23 2.5

118 83.5 67 63 0.07 0.22 4

200 135.5 114 108 0.065 0.2 6

3.71 23 21 18 15.5 0.075 0.25 2.5

50 38 31.5 28 0.09 0.28 3.5

118 85.5 70 65 0.08 0.24 5

200 132 111.5 105 0.07 0.23 6.5

5.18 23 21.5 17 14 0.11 0.42 3

50 38 32.5 26 0.11 0.38 6.5

118 84 73 63 0.105 0.325 10

200 136 121 108 0.09 0.3 13

7.14 23 22 17 13 0.14 0.5 4

50 39.5 36 26.5 0.13 0.43 9.5

118 83.5 73 56 0.15 0.43 17

200 135 115 94 0.13 0.38 21

Table 3 Test results of 0.55mm glass beads

Vibrational
force (N)

Normal stress
(σ kPa)

Peak strength
(τp kPa)

Residual
strength
(τf kPa)

Vib.-Res.
strength
(τfd kPa)

Vertical accel-
eration (g)

Horizontal
acceleration (g)

Strength loss
(� τ kPa)

1.61 23 17.5 13.5 12.5 0.04 0.11 1

50 32 25.5 24 0.035 0.11 1.5

118 69 55.5 53.5 0.035 0.08 2

200 111 82 79 0.035 0.09 3

3.22 23 17 14 12.5 0.07 0.175 1.5

50 30.5 24.5 22.5 0.07 0.175 2

118 65 51.5 47.5 0.07 0.175 4

200 101 84 78 0.07 0.17 6

3.71 23 18 14 11.5 0.1 0.28 2.5

50 32 25.5 22.5 0.085 0.23 3

118 64 54 48.5 0.09 0.23 5.5

200 103 82 73 0.085 0.23 9

5.18 23 17 14 10.5 0.105 0.325 3.5

50 31 25.5 21 0.105 0.325 4.5

118 62.5 51.5 43 0.105 0.325 8.5

200 106 81 68 0.09 0.325 13

7.14 23 18 13.5 9 0.16 0.46 4.5

50 32.5 25 19 0.16 0.46 6

118 61.5 53 42 0.16 0.42 11

200 106 83 66.5 0.14 0.43 16.5
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Table 4 Test results of fine sand

Vibrational
force (N)

Normal
stress (σ kPa)

Peak strength
(τp kPa)

Residual
strength
(τf kPa)

Vib.-Res.
strength
(τfd kPa)

Vertical accel-
eration (g)

Horizontal
acceleration
(g)

Strength loss
(� τ kPa)

1.61 23 27 21 19.5 0.045 0.15 1.5

50 53.5 40 38 0.045 0.12 2

118 110 87.5 85.5 0.05 0.12 2

200 178.5 139 137 0.045 0.11 2

3.22 23 26.5 20.5 17.5 0.1 0.26 3

50 49 38.5 35 0.1 0.27 3.5

118 107.5 83 77.5 0.09 0.27 5.5

200 170.5 137.5 131 0.07 0.23 6.5

3.71 23 30 22 18.5 0.09 0.25 3.5

50 51.5 37 33.5 0.1 0.27 3.5

118 107.5 81 75 0.09 0.27 6

200 169 143 134.5 0.08 0.25 8.5

5.18 23 29.5 22 17.5 0.1 0.37 4.5

50 51 39.5 33.5 0.115 0.38 6

118 108.5 82.5 71.5 0.105 0.37 11

200 171 134 121 0.1 0.32 13

7.14 23 30 21 14.5 0.17 0.5 6.5

50 50.5 37.5 27.5 0.155 0.49 10

118 108 83 65 0.145 0.47 18

200 177 138 116 0.145 0.45 22

Table 5 Test results of coarse sand

Vibrational
force (N)

Normal stress
(σ kPa)

Peak strength
(τp kPa)

Residual
strength
(τf kPa)

Vib.-Res.
strength
(τfd kPa)

Vertical accel-
eration (g)

Horizontal
acceleration
(g)

Strength loss
(� τ kPa)

1.61 23 25 18.5 17 0.045 0.12 1.5

50 42 34.5 33 0.04 0.12 1.5

118 88.5 67.5 66 0.045 0.1 1.5

200 145 108.5 106.5 0.04 0.1 2

3.22 23 24.5 18.5 16.5 0.075 0.2 2

50 43 34 31.5 0.065 0.2 2.5

118 89 67.5 64.5 0.07 0.19 3

200 145.5 111 107 0.07 0.18 4

3.71 23 24 18.5 16 0.085 0.23 2.5

50 44.5 33.5 30.5 0.075 0.22 3

118 93.5 70 66.5 0.075 0.21 3.5

200 148.5 116 111 0.075 0.2 5

5.18 23 24 18 14.5 0.12 0.35 3.5

50 43 34.5 29.5 0.09 0.33 5

118 91.5 71 65.5 0.1 0.28 5.5

200 148 110 102 0.08 0.28 8

7.14 23 23.5 18 12 0.2 0.59 6

50 44.5 32 25.5 0.145 0.4 6.5

118 91 68.5 59 0.135 0.39 9.5

200 147 109 95 0.1 0.39 14
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Peak strength

Residual strength

Vibro-residual  strength 

Fig. 6 Shear stress, vertical displacement, horizontal and vertical accelerations versus strain of fine sand subjected to a normal stress of σ = 50kPa,
140Hz vibration frequency and 5.18N vibration force

in addition to the glass beads in order to evaluate the effect
of particle roundness on vibro-residual strength of the mate-
rials, particularly, to observe the influence of particle friction
during the induced vibration.

The samples [6 cm × 6 cm × 3.2 cm (W × L × H) in
size] were tested at 23, 50, 118 and 200kPa normal stresses
in strain-controlled mode at a shear rate of 0.61mm/min.
A vibration frequency of 140Hz was used in all samples.
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Fig. 7 Shear stress plots of three fine sand samples tested at 118kPa normal stress and different vibration accelerations

From each type of granular material five sets of samples
(four samples in each set) were tested at five different vibra-
tion intensities. The maximum impact forces of the actuator
electromagnets were 1.61, 3.22, 3.71, 5.18 and 7.14N. Note
that these impact forces are the designed forces provided by
actuator. The actual impact forces may vary during the test.
They were measured by the accelerometers and load cell. All
data was recorded at a rate of 1kHz.

The physical characteristics of the tested materials are
provided in Table 1. The particle size distributions of the
four materials are given in Fig. 3. Representative samples of
the materials were examined under a microscope to deter-
mine the shape of the particles (see Fig. 4a–d). It is seen
in Fig. 4a that the 0.1mm glass beads contain significant
amount of irregular shape grains and some beads are smaller
than 0.1mm. Therefore, the “0.1mm glass beads” should be
treated as a mixture of fine sand and glass beads with 0.1
mm and smaller sizes. The 0.55mm glass beads are basi-

cally ideal spherical shape (see Fig. 4b). From Fig. 4c–d it
can be seen that the fine sand particles have angular shape
and the coarse sand is well rounded. The shear strength dia-
grams and the residual friction angles of the four materials
are shown in Fig. 5.

5 Test results under vibrations

Summary of the test results of 0.1mm glass beads, 0.55mm
glass bead, fine and coarse sands are given in Tables 2, 3, 4
and 5, respectively. Figure 6 shows a typical plot of shear
stress, vertical displacement, horizontal and vertical accel-
erations versus strain of fine sand. Shearing resistance of
the material was measured using a load cell mounted at the
top half of the shear box [see Fig. 1b (12)]. Vertical dis-
placements were measured from an LVDT attached to the
loading plate of the shear box. Horizontal and vertical accel-
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Fig. 8 Shear strength envelops of 0.1mm glass beads tested at: a 1.61N vibration force; b 3.22N vibration force; c 3.71N vibration force; d 5.18N
vibration force and e 7.14N vibration force

erations were obtained from an accelerometer attached to the
top half of the shear box in the direction of shearing and a
second accelerometer measuring vertical accelerations of the
loading plate, respectively. All data except vertical displace-
ment were collected at a rate of 1kHz. Due to the technical
characteristics of the LVDT, vertical displacements were
measured at a rate of 2Hz filtered from an original rate of
1kHz.

As seen in Fig. 6, vibration was applied when the soil
reached the critical state. The shear resistance plot shows
that during vibration there is an immediate strength loss
� τ from residual to vibro-residual state. The vibro-residual
strength remains practically constant during vibration.When
vibration is terminated the shear strength of thematerial grad-
ually increases and reaches the quasi-static residual strength
value.

All the samples have experienced contraction, decrease in
volume, due to vibration as shown in the vertical displace-

ment plot in Fig. 6. It is seen that contraction takes place
during vibration and the volume change is permanent or plas-
tic. The initial volume before vibration cannot be restored
when vibration stops.

An example of the effect of an increase in horizontal
vibration acceleration on the residual shear strength of fine
sand is provided in Fig. 7a–c, which shows the plots of
fine sand samples tested at 3.71, 5.18 and 7.14N vibrational
forces of electromagnets and 0.27, 0.37 and 0.47g horizontal
accelerations, respectively. The example demonstrates that at
constant normal stress (118kPa) and vibration frequency an
increase in vibration acceleration by 0.1g results in greater
strength loss.

The peak, residual and vibro-residual shear strength
envelops of 0.1 and 0.55mm glass beads, as well as fine
and coarse sand at five different vibration forces are shown
in Figs. 8, 9, 10 and 11, respectively. The peak, residual and
vibro-residual friction angles of the four materials are given
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Fig. 9 Shear strength diagrams of 0.55mm glass beads tested at: a 1.61N vibration force; b 3.22N vibration force; c 3.71N vibration force; d
5.18N vibration force and e 7.14N vibration force

in Tables 6, 7, 8 and 9. As seen in Figs. 8, 9, 10 and 11
and acceleration values in Tables 2, 3, 4 and 5, increase
in the vibration force results in an increase of vertical and
horizontal accelerations and amplitudes (not provided in
Table 2, 3, 4, 5), which in turn results in a greater loss in
residual strength at a given normal stress. From the tables
and figures it is seen that vibration decreases the residual
friction angle.

It should be mentioned that all the samples tested have
experienced compression due to the applied vibration, which
correlates well with the experimental results obtained by
Youd [38]. It is interesting to note that after the termination
of vibration no change in vertical displacement (void ratio)
has been observed. On the other hand, the post-vibrational
shear resistance increases from vibro-residual strength back
to the residual strength value before applying vibration. This
implies that the compression of the specimens caused by

vibration did not affect the actual shear zones, otherwise
an increase in shear stress, greater than the static residual
strength, would have been observed in post-vibrational shear
behaviour [34].

5.1 The effect of strength loss due to changes in normal
stress caused by vibration

Changes in the shearing resistance can be due to changes in
the normal stress during vibration,Maslov [15]. In this study,
vertical acceleration has been measured in order to calculate
the normal stress acting on a sample during vibration. From
Newton’s Second Law of Motion (F=ma), knowing the ver-
tical acceleration of the loading plate and the mass acting on
the loading plate, the force due to vibration can be calculated.
Using the area (A) of the sample, the reduction in normal
stress can be calculated from � σ = F/A. Knowing the � σ
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Fig. 10 Shear strength diagrams of fine sand tested at: a 1.61N vibration force; b 3.22N vibration force; c 3.71N vibration force; d 5.18N vibration
force and e 7.14N vibration force

value and using the residual shear strength diagram (equa-
tion) of the material, the strength loss � τ` due to reduced
normal stress � σ is obtained.

The measured total residual strength loss � τ and the cal-
culated residual strength loss � τ` due to the normal stress
reduction caused by vibration are provided in Figs. 12, 13, 14
and 15, where � τ is equal to the total strength loss, � τ`
is the strength loss due to reduction in normal stress σ,
for samples tested at normal stresses of σ = 23, 50, 118
and 200kPa, denoted by 1, 2, 3 and 4 respectively in the
figures.

As seen in Figs. 12, 13, 14 and 15 the residual strength
loss � τ`due to a reduction in normal stress � σ caused by
vibration for the all materials are very small compared to
the total strength loss � τ. Therefore, it can be concluded
that although there is some reduction in normal stress due to
vibration, the contribution to the loss in residual strength is

minimal and the strength loss is mainly due to the material
fluidization.

5.2 The effects of accelerations on residual strength loss

Based on the data from Tables 2, 3, 4 and 5, the total resid-
ual strength loss are plotted against horizontal acceleration
for 0.1mm glass beads, 0.55mm glass beads, fine sand and
coarse sand and the results are shown in Figs. 16, 17, 18,
and 19. As seen in Figs. 16, 18 and 19 the effect of horizon-
tal acceleration on the strength loss for 0.1mm glass beads,
fine and coarse sand is nonlinear under higher normal stresses
of 50, 118 and 200kPa. The relationship is practically linear
at low normal stress of σ = 23 kPa. Also the plots become
more nonlinear with the increase in the normal stress from 50
to 200kPa. On the other hand, Fig. 17 shows that the strength
loss versus horizontal acceleration relationship for 0.55mm
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Fig. 11 Shear strength diagrams of coarse sand tested at: a 1.61N vibration force; b 3.22N vibration force; c 3.71N vibration force; d 5.18N
vibration force and e 7.14N vibration force

glass beads is practically linear under all normal stress values
(23, 50, 118 and 200kPa). This can probably be explained
by the absence of irregular shape particles in this material
(see Fig. 4b). It has been discussed earlier that the 0.1mm
glass beads were not round which consisted of angular and
irregular particles. It can be considered as a mixture of fine
angular sand and glass beads having size up to 0.1mm in
diameter.

As it was mentioned above the irregular shape of particles
comprising the tested 0.1mm glass beads, fine and coarse
sands results in nonlinearity of horizontal acceleration versus
residual strength loss diagrams at higher normal stresses (50,
118 and 200kPa). It is apparent from Figs. 16, 18 and 19 that
unlike the plots of samples tested at 23kPa normal stress,
the samples tested at higher normal stress values demon-
strate less strength loss at low horizontal accelerations than
they would do if their plots were linear. This phenomenon
can be explained by the additional friction among particles

Table 6 Friction angles of 0.1mm glass beads

Vibrational force (N) ϕ(◦)

Peak Residual Vibro-residual

1.61 33.3 27.8 27.3

3.22 32.9 29 27.9

3.71 32.3 28 27

5.18 33 30.5 28.2

7.14 32.6 28.7 24.4

due to their irregular shapes. The irregular shape of parti-
cles generates greater shear resistance during their rotational
and translational motions induced by relatively low vibration
intensities.

On the other hand 0.55mm glass beads have practically
round shape and unlike the other materials they do not gener-
ate additional friction due to the irregular shape of the grains.
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Table 7 Friction angles of 0.55mm glass beads

Vibrational force (N) φ(◦)

Peak Residual Vibro-residual

1.61 27.9 21.2 20.7

3.22 25.5 21.6 20.3

3.71 25.5 21.1 19.2

5.18 26.5 20.7 17.9

7.14 26.1 21.4 17.9

Table 8 Friction angles of fine sand

Vibrational force (N) φ(◦)

Peak Residual Vibro-residual

1.61 40.3 33.7 33.6

3.22 39.2 33.4 32.6

3.71 38.2 34.5 33.3

5.18 38.8 32.3 30.2

7.14 39.8 33.6 29.9

Table 9 Friction angles of coarse sand

Vibrational force (N) φ(◦)

Peak Residual Vibro-residual

1.61 34.2 26.7 26.6

3.22 34.3 27.4 26.9

3.71 35.1 28.8 28.2

5.18 35 27.4 26.3

7.14 34.7 27.3 25.1
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Fig. 12 Total strength loss and strength loss due to reduced normal
stress for 0.1mm glass beads

Here the round shape of the particles results in linear pattern
of the horizontal acceleration versus residual strength loss
plots at all normal stress values (23, 50, 118 and 200kPa) as
it is seen in Fig. 17.

It should also be noted that at higher horizontal accelera-
tion strength loss of 0.1mm glass beads, fine and coarse sand
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Fig. 13 Total strength loss and strength loss due to reduced normal
stress for 0.55mm glass beads
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Fig. 14 Total strength loss and strength loss due to reduced normal
stress for fine sand
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Fig. 15 Total strength loss and strength loss due to reduced normal
stress for coarse sand

samples increases notably. This implies that there is a certain
value of horizontal acceleration above which the effect of
irregular shape of the particles becomes insignificant.

Figures 16, 17, 18 and 19 can be used to estimate the
strength loss due to vibration for different normal stresses
and accelerations.

6 Conclusions

Anewexperimental technique and apparatus have been intro-
duced in this paper to study the effect of vibration on the
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Fig. 16 Total strength loss (� τ) versus horizontal acceleration of
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Fig. 17 Total strength loss (� τ) versus horizontal acceleration of
0.55mm glass beads
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Fig. 18 Total strength loss (� τ) versus horizontal acceleration of fine
sand

critical state strength of granular material. If the material is
subjected to vibration after reaching the critical state, there is
a decrease in volume and shearing resistance of the material.
A decrease in volume implies compaction and denser state
which usually leads to higher shear strength in under static
condition. However the shearing resistance of the material is
reduced during vibration. Based on the test results of 0.1 and
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Fig. 19 Total strength loss (� τ) versus horizontal acceleration of
coarse sand

0.55mm glass beads and fine and course sands, the following
conclusion can be made:

1. Upon application of a sufficiently strong vibration at the
critical strength state of a granularmaterial, an immediate
strength loss takes place from residual to vibro-residual
strength, after which the vibro-residual strength remains
practically constant during vibration.

2. Vibration does not have any permanent post-vibrational
effects on the residual strength of granular material, pro-
vided that there is sufficient shear displacement of the
material after termination of the vibration.

3. Initially dense or loose granular material compresses
when vibration is applied at its critical strength state.

4. At a constant vibration frequency, an increase in vibration
force results in an increase in the vertical and horizon-
tal vibration accelerations and amplitudes, which in turn
results in a larger residual strength loss at the given nor-
mal stress.

5. Sufficiently strong vibration lowers the residual fric-
tion angle, that is, the residual strength loss magnitude
increases with an increase in the normal stress.

6. Residual strength loss� τ`due to the normal stress reduc-
tion caused by vibration for the all granular materials
being tested is small compared to the total loss in residual
strength� τ. Therefore, it can be concluded that although
normal stress reduction caused by vibration (in the given
rangeof accelerations) contributes to the residual strength
loss, the strength loss is mainly due to material fluidiza-
tion.

7. For a given test condition, the relationship between the
residual strength loss and horizontal acceleration is non-
linear for irregularly shaped particles. The nonlinearity
increases with an increase in confining (normal) stress.

8. For a given test condition, the relationship between the
residual strength loss and horizontal acceleration is linear
for glass beads (0.55mm) with spherical shape particles
under all normal stresses being tested.
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