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Abstract. A tsunami caused by a landslide caused extensive damage at Statland, Norway in
2014. The landslide was probably triggered by man-made vibrations. To understand better how
vibrations from vibratory compaction affect slope stability, a frequency domain numerical tool
(Comsol Multiphysics) has been extended to account for realistic non-linear soil behaviour.
The tool is validated by comparison with field experiments of vibratory compaction. The non-
linear analysis is believed to capture the essential behaviour of the vibratory compaction and
the response of the slope. The numerical analysis and evaluations indicate vibratory compac-
tion can have contributed to triggering the slide at Statland. To perform compaction in the
vicinity of slopes with low stability near the shoreline with vibration susceptible soils we sug-
gest: 1) using lighter equipment and/or higher loading frequencies or performing compaction
without vibration, and avoiding excessive jumping of the vibratory roller drum; 2) applying
thinner layers and more time between compaction passes, allowing for drainage of potential
built up pore pressures; 3) monitoring slope horizontal and vertical displacements at some
critical points; and 4) monitor pore pressures at critical points, if possible.
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1 INTRODUCTION

A landslide-induced tsunami caused extensive damage at Statland, Norway in 2014. Only
luck prevented any fatalities. The investigation of technical cause [1] concluded the slide was
likely triggered by vibratory compaction of a rockfill in the shoreline in connection with devel-
opment and extension of a near shore recreation cottage area. For safer nearshore developments
it is very important to understand better the processes involved in the landslide triggering.

Often ground conditions along the Norwegian fjords consist of loose soil deposits with silt
and sensitive clays. In combination with artesian water pressure the stability of such shoreline
submarine slopes can be very low. The combination of loose soil and low stability makes these
slope extra vulnerable to vibrations.

A tentative procedure on how to account for cyclic- and dynamic effects during vibratory
compaction near slopes with vibration sensitive material, was proposed [2]. However, such ap-
proach may not always be practical, especially in small projects. Therefore the possibility of
establishing a vibration limit has also been investigated in [3]-[4]. Through linear elastic models
accounting for soil non-linearity by an ad-hoc reduction of soil stiffness depending on the in-
duced strains. Recently, an equivalent linear numerical tool has been developed which has been
validated against data from compaction and pile driving vibration experiments [5]. This tool is
applied to the Statland case to better understand how non-linear soil properties affect the dy-
namic response of the slope. The following section gives a brief description of vibration trig-
gered landslides and soil compaction induced vibrations before describing the numerical model
and results for the Statland case.

2 VIBRATION-TRIGGERED LANDSLIDES

It is commonly not considered likely for non-blasting construction vibrations to cause land-
slides. We have only found the following potential cases in the literature:

e The Trestyckevatten slide south of Uddevalla, Sweden in 1990 [6] was most
likely triggered by a heavy vibratory roller which caused the failure of a berm designed
to provide additional stability to an embankment for the E6 highway.

e  The Asele-slide in 1983, also in Sweden [7] caused the failure of a road embank-
ment that was partially submerged due to filling up of hydro-electric reservoir. The slide
was triggered by tractor- pulled 3.3 ton vibratory roller.

e The 1987 Lake Ackerman slide caused damage to Highway 94 in Michigan,
USA [8]. Six 22-ton trucks with vibrator plates generating signals for a seismic refrac-
tion study triggered the slide. The road embankment consisted of hydraulic fill of
loosely deposited sand. Hryciw et al. estimated the cyclic shear strains induced in the
fill of up to 0.06%, which could be enough to generate pore pressure build up and cause
failure in loose fine silty sand ([9], [10]).

e The 1994 Skagway landslide reported in [10] have similarities with the Statland
case, however there is limited information on the road construction done shortly before
the slide. It is not clear if compaction can have contributed to the landslide.

The above cases were all near shoreline submarine landslides with loose ground conditions.
For landslides where rock blasting was a potential trigger, the slide occurred in combination
with other adverse factor such as low stability prior to blasting, higher than normal ground water
level due to high precipitation, artesian pressures, erosion at the slope base, temporary place-
ment of fill masses, etc. In addition, the existence of thin sand or silt layers within the clay are
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confirmed in many cases, and are hence assumed to have played a crucial role [12]-[13]. These
adverse factors also play an important role, when construction vibrations induce landslides.

3 STATLAND LANDSLIDE

January 29, 2014, a submarine landslide and a resulting tsunami [14] caused damage to port
facilities and nearshore infrastructure at Statland, in the county of Nord-Trendelag, Norway.
Some photos of the damage are shown Figure 1. The newly constructed road and part of an old
molo was swept away by the landslide. Luckily no humans was in vicinity when the landslide
occurred. The tsunami slammed into buildings many of which were totally or partially de-
stroyed. The investigation of the possible slide causes [1] established the slide occurred an hour
and half after the filling and compaction work was finished. It further concluded it was very
likely the construction work triggered the slide.

Deltaic deposits have accumulated over years along the margin of Namsfjorden outside the
small community of Statland. The deposits consist mainly of loose sands and silts overlaying
marine and partly sensitive clays (quick clays). The soft and weak soil conditions result in very
low static factors of safety for the partially submarine slope [1]. In addition, there are consider-
able amount of organic material down to depths of 14 m beneath the seabed [1], which origi-
nated from sawmill industry in the area during the last 120 years. The sedimentation rate in the
area is estimated to be in the order of 12 cm/year. Thus, there are considerable amounts of
material still undergoing consolidation.

Such loose silty soils are susceptible to strength degradation due to vibrations, and thus some
preliminary analysis of the impact of vibratory compaction on the slope stability was performed
in [1]. The analysis indicated that compaction may have contributed to slide triggering in com-
bination with other factors such as low tide and low static stability.

Figure 1 Photos showing damage caused by the Statland landslide. The right hand side photos compare the
situation before and after the landslide with yellow dashed line showing the shoreline after the slide.
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4 VIBRATIONS FROM VIBRATORY ROLLERS

Ground vibration from vibratory rollers transmits large dynamic loads to the soil in order to
compact the fill materials during construction. Such dynamic loads can possibly cause pore
pressure build-up and reduce soil strength in vibration susceptible soils such as loose silt and
sand, and sensitive clays. This should be considered when carrying out construction work near
slopes with such soils. The strength reduction depends on soil conditions, cyclic load amplitude
and number of load cycles.

Performing vibratory roller compaction according to guidelines such as the Norwegian
standard NS 3458 involves passing over the same area sometimes up to 8 times with the roller.
This means a soil element is exposed to a large number of vibration cycles. The number of
cycles depends on the speed of the roller and the vibration frequency. Vibratory rollers have
vibration frequencies typically between 20-40 Hz and, on some rollers, both the load amplitude
and vibration frequency can be varied, depending on the type of soil and the thickness of the
compacted layers. The speed of the roller is typically between 0.5 m/s to 1.5 m/s. E.g. for the
case of the Statland landslide ([1]) a low estimate of number of cycles indicated the soil in the
upper part of the slope had experienced several hundred cycles with strains large enough to
build up pore pressure.

The vibration amplitude depends on the vibratory roller's dynamic behaviour and its inter-
action with the ground during the compaction process (see e.g.[14]and [16]). There are various
vibration modes, changing from full contact between drum and the substrate, to the periodic
loss of contact during normal operation, to a less desirable chaotic bouncing of the drum as
shown in Figure 2. Bouncing occurs when the period for one cycle is longer than the time for
loss of contact and is more common at larger load amplitudes and can cause increased vibration
amplitudes.

Vibratory compactors can start bouncing when the compacted fill is becoming stiffer after a
number of passes over the fill. When this happens the roller drum will lose contact with the soil
during a longer part of each vibration cycle and therefor do not vibrate with the same frequency
as the compacted fill and soil. When bouncing occurs the soil is subjected to load impulses with
a frequency which can be closer to the soil deposit's natural vertical vibration frequency. This
can lead to larger vibrations and possibly pore pressure build up further away from the roller.
There may be a "double" resonance if the natural frequency of the vibratory roller and the un-
derlying fill is close to the natural vibration frequency of the soil layers in the slope.

Full-scale tests of vibratory compaction [17], [18] indicate the largest vibration amplitude
occurs when the drum vibration frequency is about twice of the natural vertical vibration fre-
quency of the system consisting of the drum and underlying fill and soil as shown in Figure 6.
This is interpreted as that every other cycle the roller is in the air, and every other cycle it "hits"
the compacted fill and soil in phase with the natural vibration frequency between roller and fill.

Jumping reduces the compaction efficiency [17] and is undesired. Therefore, some modern
vibratory roller have various types of automatic feedback control systems to avoid such jumping
[12]. The jumping is reduced by changing drum vibration amplitude and/or frequency ([19]).
Since jumping can cause larger vibrations it is also undesired with respect to slope stability and
should be avoided. The lower graph in Figure 2 shows schematically the dynamic behaviour of
a vibratory roller drum and the vibration frequency halving which can occur during jumping.
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Figure 2 Dynamic behaviour of a vibratory roller drum, a) full contact, b) periodic loss of contact, and c)
double-jumping. Spectrum show the period doubling when the drum jumps. From [19].

5 NUMERICAL METHOD

Numerical simulations of effects from vibro-compaction done earlier in [2]-[4] were based
on linear elastic material properties. Soil nonlinearity (reduction of stiffness with increased
loading) was accounted for by manually reducing the material stiffness in the regions subjected
to the largest cyclic strains. Recently we implemented a new feature in Comsol Multiphysics
[5], to account directly for soil nonlinearity by means of laboratory measured strain dependent
secant stiffness and damping. This extended tool is described in the following sections. The
analysis is done in the frequency domain which allows for an equivalent linear soil model to be
used to iteratively account for soil non-linearity.

Modelling of nonlinear soil behaviour with the equivalent linear method originates from the
analysis of earthquake induced ground vibrations [21][22]. With increasing cyclic strain, the
secant soil stiffness decreases, and the damping increases as shown schematically in Figure 3.
This behaviour is often represented by curves showing reduction of secant shear modulus and
increase of damping as shown in Figure 4.

The input parameters in the model is the initial shear wave speed, mass density, and hyster-
etic damping. In the frequency domain analysis constant elastic parameters are used, and thus
the nonlinear stress-strain variation cannot be followed. Therefore, for each loading frequency,
the COMSOL solver iterates until there is shear modulus is compatible with the shear strain in
an equivalent linear sense in the whole computational domain. The secant shear modulus and
damping vary with the distribution of shear strain amplitude within the soil around the roller
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drum. The secant shear modulus, Gq, is expressed as varying with the octahedral shear strain
amplitude, y, according to the hyperbolic relationship in Eq. (1).

1

() g

G, =G

where G is the initial shear modulus, n and yref are material parameters. The octahedral shear
strain, v, is a complex variable when operating in the frequency domain, and therefore the equa-
tion was modified in COMSOL to use the amplitude of the shear strain. The material damping
is modelled with a frequency independent damping, which is included in the soil stiffness by
replacing the shear modulus with a complex shear modulus, G; = G;(1 + i2D), where, D is the
material damping factor, and i the imaginary unit.

The above method is not restricted to the hyperbolic law in Eq. (1), other formulations such
as presented in [23]-[26], or simple tabulated data points for shear strain versus G /G , or damp-
ing, for specific materials are also possible. The material damping for the current analysis were
given as tabulated values.

The combination of a cyclic and an average shear stress, can have considerable effect on the
cyclic stress-strain behaviour and damping [27]-[29], but these effects were not considered in
this study. Though the nonlinear cyclic stress-strain and damping-strain behaviour of the clay,
silt and sand materials differ to some extent, in this preliminary study, they were modelled with
the same stiffness reduction and damping curves, based on the empirical equations in [23] with
the soil index input parameters given in Table 1.

Parameter Value Unit
Plasticity Index, PI 20 %
OCR 10 1

oo’ 100 kPa.
n 0.98 1
Yref 0.075 [%]

Table 1: Input parameters for modulus reduction and damping curves.

# Load or stress

-
-

~
I

.

Displacement
or strain

Figure 3 Schematic cyclic stress-strain loops for a soil element. The red triangle and the grey shaded loop shows
the definition of elastic energy and hysteretic loss energy respectively in one cycle. The cyclic "back-bone" or
"skeleton" curve which controls the shape of the hysteresis loops, is shown by the blue dotted line. Assuming a

hyperbolic shape this line is given by Eq. (6).
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Figure 4 Shear Modulus reduction and damping versus shear strain used in COMSOL analysis.

Absorbing boundaries of the Perfectly Matched Layers (PML) type [30] are used to reduce
unwanted wave reflections from the boundaries of the computation domain in the dynamic
analysis. This also allows for modelling of radiation damping.

Since the soil strains become large near the vibratory roller it is important to have mesh
element size fine enough to resolve the high strain and stress gradients. A comparison between
1%t and 2™ order elements are given in section 7.2. Also the element size should be small enough
to resolve the wave lengths appearing for the various stress and strain conditions at the various
frequencies analysed. In three dimensions it is most likely faster to adopt the mesh size accord-
ing to the frequency, i.e. the higher frequency the finer the mesh. In 2D we have found for some
models it was faster to use "brute force" and use the same fine mesh for all frequencies.

6 VALIDATION BY COMPARISON WITH FULL SCALE VIBRATORY ROLLER
COMPACTION EXPERIMENTS

A qualitative comparison of the vibratory roller drum vertical displacement amplitude is
shown in Figure 5. The left figure show measured response in the field [19] and the right figure
show simulated response for 3D model as described in section 7, for several load amplitudes
constant with frequency. The maximum applied load amplitude is 258 kN shown with light blue
line with circle — marked 1 in the legend, the other curves are for lower load amplitudes as
indicated by the numbers in the legend. The figure clearly demonstrates that the developed
model is able to capture the resonance frequency reduction with increasing load amplitude as it
appears due to resonance match with the roller vibration frequency. Some data points are miss-
ing in the computation due to lack of convergence in the solver which tends to appear at very
large vibration amplitudes. Improved convergence can likely be achieved with a finer mesh.
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Figure 5 Qualitative comparison vibratory roller drum response to capture the change of resonance frequency
due to increasing load amplitude. The left figure is from [19].

To demonstrate quantitatively the equivalent linear method can capture essential features of
nonlinear dynamic soil behavior during vibratory compaction, we have compared numerical
results with full-scale compaction experiments described in detail in [17] and [18], and in ref-
erences therein. Several frequency sweep tests were run with the roller passing over an area
being compacted. The vertical displacement amplitude of the roller during the sweep tests are
shown in Figure 6 a). Within each pass over the compacted area, the frequency is "swept" from
15 to 35 Hz. With increasing number of passes of the vibratory roller, the frequency of the first
peak found between 15 and 20 Hz increases due to increasing soil stiffness due to the effect of
the compaction. The second peak in each curve at about 30 Hz is due to the drum is bouncing.

An axi-symmetric model was used for quick analysis of the vibro-compaction experiment.
The drum, the compacted gravel layer and the underlying rock fill were modelled with 2" order
solid finite elements. Absorbing boundaries was applied on the outer and bottom boundary of
the model. A stiff block with a mass of 7600 kg represents the roller drum. The vertical dynamic
load on the drum, due to an eccentric moment of 7.3 kgm, is proportional to the square of the
rotation frequency giving a load amplitude of 83 kN at 17 Hz increasing to 258 kN at 30 Hz.
The depth to bedrock was assumed 5 m in the model.

To account for the densification during compaction, the model was run with different initial
shear wave speeds in the gravel fill layer of 160, 180, 200 and 220 m/s. A Poisson's ratio of 0.3
was used in the gravel fill. The rock fill shear wave speed was assumed to vary linearly between
from 220 m/s beneath the fill to 270 m/s at 5 m depth. The rock fill density and Poisson's ratio
were set to 2000 kg/m? and 0.3 respectively.

To model the effect of soil nonlinearity on the response of the drum, the curves for shear
modulus reduction and damping versus shear strain shown in Figure 3 were used for the gravel
fill. For simplicity, the same curves were used for the rock fill as well.

Varying the initial shear wave speed from 180 m/s to 220 m/s gave a good match with the
frequency variation of the first frequency peak observed in the experiment as can be seen in
Figure 6 b). The 2™ response peak is due to bouncing of the drum and is not possible to account
for in the numerical model due to assumption of full contact between drum and soil.

The experimental response amplitude at the higher frequency of 30 Hz, is not very much
higher (~20%) than the response at 15 Hz. Thus the load amplitude experienced by the soil in
the experiment when the drum vibrates with 30 Hz and bounces is likely not much larger than
the one at 15 Hz.
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The analysis show it is necessary to use a nonlinear soil behaviour to obtain a good match
with the frequencies observed in the experiments. As shown in Figure 7 the computed shear
modulus reduces to less than 10% ofits initial value beneath the drum and the material damping
factor exceeds 15%. There are many uncertainties in the non-linear modelling in terms of phys-
ical input parameters and the numerical model itself. However, the good match with experi-
ments give confidence the method could be used for the analysis of vibro compaction near
slopes and other related applications where the nonlinear soil behaviour is important, e.g. foun-
dations subjected to large dynamic loads [5].
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Figure 6 Vertical displacement amplitude of vibratory roller drum in frequency sweep test. a) Experimental re-
sult (Modified after [17]). b) Numerical results.
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Figure 7 a) Shear modulus reduction and b) soil damping factor beneath vibrating block representing roller drum
at 17 Hz for an initial shear wave velocity of 200 m/s in the fill layer.

7 VIBRATION ANALYSIS OF THE STATLAND LANDSLIDE

7.1 Numerical model

A three-dimensional calculation model was established (shown in Figure 8) based on the 2D
geometry used in the investigation of the cause of the slide [1]. The colours indicate the shear
wave speed as determined from CPT tests made at the site, with interpretation based on empir-
ical equations from [31]. A road was constructed by compacting a rock fill layer (upper most
yellow layer) and replacing older loose fills (in turquoise). Older fill material which was not
replaced is shown in light green. The old fill contains various materials such as wood chunks
etc. The shear wave speed in the replaced masses and in old fills are based on NGI's experience
with similar materials [1]. The bed rock is modelled linear elastic with an assumed shear wave
speed of 2000 m/s (shown in blue). Above the bedrock there is loose recently deposited material
consisting of sand, silt and quick clay with shear wave speeds decreasing with depth from over
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200 m/s between of 2 m to 3 m depth beneath the sea floor to about 100 m/s at 25 m depth. This
was modelled with three thicker layers in yellow, orange, and red with constant initial shear
wave speeds of 150, 120 and 100 m/s respectively. The Poisson's value in the fill mass is set to
0.4 and in soil below ground water level 0.495. The water above the submerged part of the slope
has not been modelled. For an analysed vibrating submerged foundation under similar condi-
tions, the water was shown to increase both radiation damping and added soil mass [32][33],
thus it will likely have an effect of the dynamic response of the slope, but it is neglected here.

There was no information available about stress-strain curves for the materials at the time of
analysis, therefore for simplicity, in the current model the same relative shear modulus reduc-
tion versus strain curve was applied to both fill and natural soil. The natural soil is very loose
and as such the modulus-reduction curve may give a too stiff response. However, the objective
was to estimate the order of magnitude of the induced strains in the soil.
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Figure 8 Model used for the vibration analysis of the Statland landslide case. Colours show shear wave speed in
the fill and natural soils. The bedrock shear wave speed was set to 2000 m/s (shown in blue).

The vibratory roller used during the compaction work was a Volvo CE SD 115D with a
2.1 m wide and 1.5 m diameter drum. Further technical information about the vibro compactor
is available in [34]. The part of the drum in contact with the soil is modelled as a 2.1 m long,
0.3 wide and 5cm thick, rigid plate placed close to the edge of the slope (as shown in Figure
10). The plate mass is equal to the dynamic mass of the whole drum, which was estimated to
3570 kg based on the nominal displacement amplitude of 1.92 mm and load amplitude of 257
kN at a vibration frequency of 30.8 Hz. The Young's modulus of the plate was set to a high
value to simulate the drum to be very rigid. The load due to eccentric mass was applied uni-
formly on the plate and there is no slippage allowed between the plate and the soil. Most vibra-
tory rollers can only operate within a few pre-set frequency values. Here we assumed the load
is continuous in the range from 0-30 Hz and proportional to the square of the drum vibration
frequency, similar to the load in the full-scale experiments [17].

The static stresses from the weight of the vibratory roller may somewhat increase the stift-
ness and strength of the soil beneath the drum, but this is not accounted for in analysis. The
static load diminishes quickly with depth as opposed to the dynamic loads which penetrate
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much deeper. As a verification, the static stresses in the model due to the weight of the plate
have been compared with field measurement [35] of a similar vibro compactor. The stresses are
of the similar magnitude. Analysis performed in connection with the validation showed the
increase in static stress beneath the drum has little effect on the overall vibration response. It
was checked by changing low strain shear wave speed with 25% in the layer closest to the drum
resulting in 10% change in resonance frequency. This was considered to have little consequence
for computing the dynamic effects of vibro compaction on slope stability.

7.2 Effect of soil non-linearity and frequency dependent load

The numerical 3D model is still under development with tuning of mesh size and discretiza-
tion to handle the large strains in the vicinity of the drum. However, the numerical results are
considered to still be informative for engineering purposes and are therefore presented here.

Figure 10 shows the vertical response of the drum with blue curves for a load increasing
with the square of the vibration frequency from 10 kN at 5 Hz to 257 kN at 31 Hz. The peak
response, taken as average of the two points on the plate, is 3.5 mm at 20 Hz for a load of 109
kN. The drum response increases rapidly when the load frequency approaches 20 Hz due to
local resonance between the drum and soil immediately beneath it.

At 4 m below the drum and 10 m further out in the slope (locations indicated with arrows in
Figure 10) the vibration amplitude (shown with green and red curve in Figure 9) increases when
approaching 15 Hz, which appears to be the natural frequency of the slope. The vibration further
away from the drum do not increase above 15 Hz even though the load amplitude and the drum
response increases very much at that frequency. This is interpreted due to 1) the soil can only
transmit a limited shear stress due to the non-linear soil behavior [31] and 2) the increasing
dynamic resistance due inertia of the vibrating plate. This is also indicated by the maximum
shear strain plots for 14 Hz and 20 Hz (Figure 10 and Figure 11). For vibration frequencies
below 15 Hz there is very low shear strains except in the vicinity of the drum. For vibration
frequencies of 20 Hz and above, the shear strain amplitude do not increase very much even
though the load amplitude doubles from 20 Hz to 30 Hz. The shear strains reach values for
which pore pressure build-up can be expected [9], particularly for a large number of cycles and
if the soil cannot dissipate the pore pressure. Such built-up pore pressure may also spread to
critical parts of the slope through permeable layers which often exist in quick clay deposits of
this kind. ([36]).
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Figure 11 Maximum shear strain at 20 Hz. Colour scale is logarithmic from 0.01 % to 10% shear strain. At
10 m from the drum towards the slope the maximum shear strain reaches 0.025 %.

Using 2" order elements allows improved capturing of large strain amplitudes around the vi-
brating plate (drum), and also reduces possible volumetric locking due to high Poisson's values
in the submerged part of the slope. Figure 12 shows the response for the same model as in
Figure 9, except for the use of 2" order elements. The peak response of the drum now occurs
at 15 Hz compared to 20 Hz for the model with linear element. The vibration amplitude of the
drum is approximately the same as for 1% order elements with some increase to the sides of the
drum due to local nonlinearity (see solid and dashed blue lines). However, the applied load
amplitude on the drum is much lower with 61 kN at 15 Hz, compared to 109 kN at 20 Hz, which
indicates the response is to stiff with the 1% order elements.

Using the 2" order mesh discretization give a softer numerical behavior of the soil, and the
frequency at the peak response of the drum-fill now coincides with the slope's natural vibration
frequency of about 15 Hz. The vibration amplitude 4 m beneath and 10 m in front of the drum
increase rapidly with frequency as shown with green and red curves in Figure 12. 4 m beneath
the drum the maximum velocity amplitude is about 35 mm/s and 10 m towards the slope it is
20 mm/s. These velocity amplitudes correspond to shear strains high enough to cause pore pres-
sure build up [9]. The double resonance, i.e. the coincidence of resonance frequency of the
drum and compacted fill with the slope's natural vibration frequency likely have contributed to
the relatively large shear strains induced.

The difference in response of the slope below and above the resonance frequency is also
clearly seen in the plots of shear strains for 13 Hz and 16 Hz as shown in Figure 13 and Figure
14. Figure 14 shows a node-antinode wave pattern with regions of high shear strains surround-
ing areas with low shear strains.

2419



Jorgen A.T. Johansson, Joonsang Park, Christian Madshus, and Carl Wersall

6 = T

Fm— P 1240
5.5L | — Drum towards slope
_ I\ 1220
. Drum ' \
E 5r1— 4 m below drum I \ 1200
; 45|~ 10 m towards sea on surface | \ 180
%— 41| — Load amplitude ~ 1160 ]
g | ~ =
s 3.5r | 1140 ES
-
E 3+ ll l120 &
£
o
$ 2.5} [ {100 3
o l 3
0] L o
2 2 l 180 A
s {60
t
@ 1+ 140
=
0.5r 120
O : i i 10

5 10 15 20 25 30
Frequency (Hz)

Figure 12 Vertical displacement amplitude (left axis) and load amplitude (right axis) versus loading frequency.
Peak drum response at about 15 Hz.
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Figure 13 Maximum shear strain at 13 Hz for load amplitude of 46 kN. Colour scale is logarithmic from
0.01 % to 10% shear strain.
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7.3 Effect of bouncing drum

To understand better the effect of a jumping drum on the slope stability and soil-nonlinearity
we have compared the response for four different load amplitudes all at 15 Hz close to the
natural frequency of the slope, at which vibrations can propagate out towards the slope surface.
This comparison have so far only been done for 1% order elements, but give a qualitative indi-
cation.

Comparing static stress due to weight on the drum with dynamic stresses beneath it, indicates
the drum may not be in contact with the soil in parts of the vibration cycle (i.e. it is bouncing).
The non-contact situation starts at frequencies in the range 12-15 Hz in this analysis. The fre-
quency range will vary with drum mass, load amplitude and the non-linear soil stiffness.

It is not fully correct to apply the equivalent linear method to the problem of a bouncing
drum. However, the estimated vibration amplitudes are likely on the high side and thus it would
be conservative to use the approach to estimate the effect of compaction on slope stability. As
mentioned, the load acting on the drum is proportional to the square of the drum vibration fre-
quency. Thus when the drum is bouncing, the load amplitude applied to the drum is controlled
by the drum vibration frequency, even though the soil vibrates with a lower frequency.

The following analysis tries to capture the underlying mechanism causing the second vibra-
tion peak around 30 Hz as shown in Figure 6 a). A comparison of stiffness degradation at a
vibration frequency of 15 Hz is given in Figure 15 a) - d) for load amplitudes of 67 kN (not
bouncing), 101 kN (partial loss of contact), 134 kN (partial loss of contact) and 269 kN (double
frequency bouncing at 30 Hz as shown in Figure 2 ¢) and in the experiment result Figure 6a).
269 kN is the load for a roller vibration frequency of 30 Hz.

For the lower load amplitude (67 kN) there is only stiffness degradation locally beneath the
roller and some 30-40% reduction in the upper part of the old fill towards the sea. With increas-
ing load amplitude, the stiffness reduction reaches deeper down, at 100 kN load the reduction
is about 60% at a depth of 1.5 m. For a load of 134 kN the stiffness reduction is more than 60%
down to 2-meter depth. For the large load amplitude of 269 kN the stiffness degradation is
occurring in a larger soil volume down to some 4 meter depth and the old fill sustains larger
stiffness degradation down to 2 meter depth.
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Figure 15 Reduction of shear modulus for a vibration frequency of 15 Hz for a load amplitude of 67 kN in a),
corresponding to 25% of maximum load amplitude. In b) the load is 101 kN, in ¢) 134 kN and in d) the maxi-
mum load amplitude of 269 kN is applied.

8 DISCUSSION

There are usually many contributing factors when construction activities cause landslides.
These could e.g. be unknown soil conditions, such as the presence of weak soil layers and arte-
sian water pressures resulting in lower actual factors of safety than anticipated by the geotech-
nical engineer's stability analysis. In the case of vibratory compaction, one should consider the
effect of increased weight from the fill, compaction induced increase in lateral pressures, and
use of less heavy equipment [37]-[40].

Here we have to tried to understand how vibrations induced by compaction may affect the
slope stability. The computed shear strains due to vibrations from compaction for the Statland
case are large enough to cause pore pressure build up in the soft soil sediments [9]. Considering
the very loose soil conditions as indicated by the post-slide investigation [1] it seems very likely
the construction work caused the landslide and probably the vibratory compaction have con-
tributed to the triggering. This confirms the conclusions in [1].

Vibrations were not measured for Statland case. Therefore it is not known how large the
vibration amplitude was or how large the dynamic impact on the slope was. The analysis pre-
sented in this paper have tried to capture a range of possible load amplitudes and frequencies,
to understand the effect of compaction on slope stability and if it is possible to establish a vi-
bration limit to avoid slope failure. For practical reasons such limit values should be related to
vibration measured on the ground surface. The vibration amplitude on the ground surface is
very high near the vibratory roller, but attenuates quickly with distance. Since the roller is mov-
ing around when it operates it may be difficult to establish a vibration limit since the distance
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to the roller is not known / varying all the time. Thus, the vibrations could be larger than meas-
ured by the vibration sensor. However, if one can measure vibrations on the ground surface at
critical locations, e.g. on based slope stability analysis and tentatively keeping them lower than
20 mm/s it seems unlikely the vibrations could have negative effect on slope stability. In general,
depending on the ground conditions and computed factor of safety for the slope stability, a slope
can tolerate much larger vibration amplitudes than 20 mm/s.

The numerical analysis further indicate for a bouncing roller, i.e. the roller drum is fully in
the air during every other soil vibration cycle, the effect on stiffness and strength degradation
in the ground can be even larger. Thus avoiding bouncing of the drum is imperative when com-
pacting in the vicinity of vibration sensitive soils. Many modern vibratory compaction rollers
can sense and automatically reduce the jumping [15], [19].

The vibration frequency range of many vibratory rollers lies within a range such that when
it bounces the frequency of impact on the ground may coincide with global natural vibration
frequency of slopes. The performed numerical analysis indicates the global natural frequency
of the slope is mainly controlled by the elastic shear wave speeds and geometry. The local soil-
nonlinearity around the drum do not affect the global natural frequency. Further analysis is
needed to understand the interplay ("double resonance") between the global natural frequency,
the local natural frequency of the drum-soil, and how they are affected by soil nonlinear stiff-
ness and slope geometry.

For load amplitudes large enough to cause jumping of the drum, the performed frequency
domain analysis does not capture the partial or no-contact between the drum and the soil. There-
fore the computed vibration amplitudes are likely on the high side. Further comparison with
field measurements and non-linear time domain analysis are needed.

9 CONCLUSIONS AND RECOMMENDATIONS

The numerical analysis indicate vibratory compaction have possibly contributed to trigger-
ing the slide at Statland. The nonlinear analysis is believed to have captured the essential be-
haviour of the vibratory compaction and the response of the slope. The peak response at the
frequency is close to the one stated by the operator of the vibratory roller and the manufacturer's
data sheet.

To reduce the landslide risk during compaction work in the vicinity of slopes with vibration
susceptible soils and low static stability near the shoreline the following is suggested

e Use less heavy equipment and/or higher loading frequencies or perform com-
paction without vibration. Avoiding excessive bouncing of the vibratory roller drum is
imperative.

e Applying thinner layers and more time between compaction passes. Allowing
for more time between placing of layers reduces the number of load cycles applied by
the soil and allows for drainage of potential built up pore pressures both due to cyclic
loading and due to static loading from weight of the fill.

e  Monitor slope horizontal and vertical displacements at some critical points.

e  Monitor pore pressures at critical points. Locations with artesian pressure have
lower stability, any extra pore pressure from the compaction will reduce the stability of
the slope.
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