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Abstract: Ground vibrations triggered by machine foundations can influence adjacent structures
in both serviceability and durability limit states. In order to control the potential damage to
structures in the vicinity of the source, it is important to be able to predict the response of the
surrounding soil. This study investigates the soil response induced by a harmonically loaded
foundation with coupled swaying-rocking motion embedded in a soil layer over a half-space with
the use of finite-element models developed in Abaqus. The soil medium is modelled in the
frequency-domain as a linearly elastic material with frequency-independent damping. Appropriate
‘non-reflective’ conditions are applied at the boundaries to minimise wave reflections. Initially, an
axisymmetric model of homogeneous half-space is developed, with anti-symmetric boundary
conditions applied to simulate coupled swaying-rocking oscillations. To establish a general trend
for the spatial attenuation of vibration amplitude, multi-variable functions are fitted to the results
obtained from these analyses. The proposed relations are subsequently employed for a
preliminary assessment of the vibrations transmitted by the shaking table and reaction mass of
the new University of Bristol Soil Foundation Soil Structure Interaction Facility (SoFSI). Noting
that the final configuration of the facility is still under design and that the soil properties have not
been accurately established yet, this case study allows for useful comparisons between analytical
solutions and a full three-dimensional finite-element simulation.

1. Introduction

One of the elementary goals in the design of foundations subjected to machine-type loadings, is
to limit their motion amplitudes to within certain thresholds, so that machine foundation vibrations
will not disturb the adjacent environment, such as neighbouring structures (Gazetas, 1983). The
dynamic response of machine foundations has been analysed using the simplified Mass-Spring
Dashpot (MSD) or Winkler model (Hetenyi, 1946, Terzaghi, 1955, Barkan, 1962 and Prakash and
Puri, 2006), a small elastic half-space (Lamb, 1904, Reissner, 1936, Sung, 1953, Gong et al.
2006 and Chowdhury and Dasgupta 2008), reduced domain using Lysmer boundary elements
(Lysmer, 1965). Gazetas (1991a, 1991b) presented a range of simplified formulas and design
charts for the soil-structure stiffness at a particular frequency under different vibration modes, for
both surface and embedded machine foundations with different shapes. The above analysis
generally concentrates on the dynamic response of the soil near the sources of ground vibration.
This allows engineers to control the effects of machine foundation vibrations in design.

However, for some machine-type loaded foundations (such as shaking tables), large amplitude
vibrations are inherent. In order to avoid the large amplitude ground vibration causing structural
damage to existing buildings in the vicinity of the source, the study of vibration propagation and
attenuation through the soil domain to the far-field is required.

Due to the complexity of the problem, related mainly to the inhomogeneity of the soil and
modelling the soil boundary conditions, realistically, wave attenuation in soil media is often
analysed numerically. Finite element (FE) simulations of wave propagation and attenuation were
mostly carried out for common ground vibration sources, such as hammer compaction, pile
driving, blasting and transport loading (Yang and Huang, 1997, Hall, 2003 and Yang et al., 2003).
Nevertheless, the input motions were mostly taken from field test recordings. This means that the
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solutions are strongly case-dependent and are not reliable to generalise to the case of machine
foundations.

In this paper, the FE software Abaqus is employed to develop numerical models of wave
propagation induced by the harmonic forced vibration of a rigid shallow foundation. The
characteristics of the wave attenuation from the source are studied using a 2-D axisymmetric
model, where the soil is modelled as a homogeneous half-space. The simulations are run using
the ‘direct-steady-state dynamic’ analysis procedure formulated in the frequency domain. Two
excitation modes are considered, namely swaying and rocking, and an attenuation relationship is
developed by adopting the dynamic stiffness of the foundation (Mylonakis el al., 2006) and a wave
attenuation equation.

In view of the above, a preliminary assessment of the vibrations generated by the new University
of Bristol Soil Foundation Structure Interaction (SoFSI) Facility is performed. This facility will
include a large shaking table attached to a rectangular reaction mass to be fully embedded in a
bi-layered soil deposit. The dynamic response of the foundation due to shaking table operation is
initially evaluated analytically, and the vibrations transmitted to neighbouring structures are
estimated with the aid of the proposed attenuation relationship. The obtained results are then
compared against the predictions of a full 3-D finite element model, run on University of Bristol's
HPC BlueCrystal 3. It is emphasized that the design of the Bristol SoFSI Facility is still ongoing,
hence this analysis is performed for a concept configuration that might differ from the final one.
Furthermore, as the geotechnical investigation had not been completed at the time of the analysis,
this work is based on preliminary estimations of the associated soil parameters and the results
obtained herein might not be compatible with the performance to be specified by the final design.

2. Wave propagation in homogeneous half-space

2.1 Wave propagation

The propagation of ground vibrations depends on the type of excitation source, frequency of
vibration, distance between the source and the receiver and geometry. Vibrations are transmitted
through the soil media by body waves (P-wave and S-wave) and surface waves (mainly Rayleigh
waves) (Kramer 1996; Massarsch 2000). Figure 1 illustrates the wave propagation in a half-space
caused by a ground vibration on the soil surface. Body waves propagate through the soil with
hemispherical wave fronts, while Rayleigh waves propagate radially outward along the surface.

Equations (1) and (2) represent the attenuation functions of body waves and Rayleigh waves,
respectively, along the surface of elastic half-space (Braja and Ramana, 2011). It shows that the
amplitude of Rayleigh waves attenuates slower than body waves with distance from the source,
r. This means Rayleigh waves can cause larger ground displacement than body waves at
distance r, when the same vibration amplitude is applied at the excitation source. Therefore,
Rayleigh waves are identified as the most critical wave form in this study.

Amplitude « % (3-D Body wave) (1)

Amplitude « \E (3-D Rayleigh wave) (2)

Source of vibration
(any mode) .
——__ f Rayleigh wave

Y

key:
— Direction of wave propagation
= Wave motion

Compression wave . L
= *» Distance from the source of vibration

Figure 1: Propagation of body waves and Rayleigh waves in elastic half-space
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Figure 2: Model of circular foundation embedded in homogeneous half-space: (1) horizontal
swaying vibration and (2) rocking vibration

2.2 Development of the finite element model

In this section, a 2-D numerical model is developed for analysing the wave attenuation in an
elastic half-space from a harmonically excited embedded shallow foundation. The dimensions of
the foundation and the material properties are shown in Figure 2. A hysteretic damping ratio ¢ =
5% was adopted for the soil domain. Horizontal swaying and rocking oscillations are applied
harmonically to the foundation with a frequency range of 0 — 50Hz. Wave attenuation is analysed
along the soil surface in the radial longitudinal direction (along r).

The FE code Abaqus was employed in this study. To account for three-dimensional attenuation
effects in a computationally efficient way, an axisymmetric model is opted. The model consists of
a circular foundation with radius, R = 9.4m, and depth, D = 5m embedded in a soil domain, which
has dimensions width x depth = 30R X 50D (282m x 250m). The circular foundation is assumed
to be fully rigid and the footing surfaces are assumed rough. Therefore, the foundation is
simulated by constraining the nodes at the interface between the foundation and soil in all degrees
of freedom. Harmonic vibrations of the foundation are defined as a harmonic displacement to a
master node on the interface. As a result, the model is simplified in that only the soil body is
needed to be modelled, and it reduced the computational cost.

The finite elastic soil domain is modelled using four-node bilinear axisymmetric elements with
reduced integration and hourglass control (CAX4R). In order to avoid filtering of high wave
frequencies by large elements, Kuhlemeyer and Lysmer (1973) suggest a relationship between
the maximum element size and shortest wavelength:

1

Lmax < glmin (3)

In this study, the maximum element size, L,,,, was determined based on the minimum Rayleigh
wavelength, 4 .,;», Which can be calculated using equation (4) by applying the highest vibration
frequency of interest, fi,qx-

VR

AR,min = f_ 4)
max
where the velocity of Rayleigh wave, Vy, can be determined from equation 5 (Kramer, 1996):
Ve —8V* — (16a? —24)V? —16(1 —a?) =0 (5)

In which V =V, /V, . The shear wave velocity, V;, can be calculated through the relationship
between shear modulus of soil (G) and soil density (p).

G E
Vs - \[; - \/2(1+v)p (6)

Braja and Ramana (2011) proposed an equation expressing « in terms of Poisson’s ratio, v:

1-2v

2-2v ()

A maximum excitation frequency of 50Hz was employed to the model. By substituting equation
(6) and (7) into equation (5), it can be obtained that V = 0.93, and V; = 230 m/s, therefore, the
minimum Rayleigh wavelength is calculated as A ,,;, = 215 m/s. According to equation (3), the
allowable maximum element size is 0.54m. As a result, the model was discretised into uniform
elements with a side length of 0.5m.

a =
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2.3 Boundary conditions

An appropriate anti-axisymmetric boundary condition is enforced along the axis of symmetry of
the model by restraining the vertical motion of its nodes. Zero-stress conditions are imposed at
ground surface. In physical reality, lateral and downward transmission of waves in the ground is
unobstructed by physical boundaries and theoretically continues to infinity. Nevertheless, the FE
method can only simulate a finite domain. In order to avoid spurious wave reflections at the
boundaries of the FE mesh, two methods are considered: a) increasing the distance of the
boundaries from the excitation source until the change in attenuation of peak displacement at the
ground surface is sufficiently small; b) implement ‘non-reflective’ boundaries to replace the far-
field region. The first method relies on geometrical damping to achieve its goal. The energy is
expected to be entirely dissipated when the size of the model is big enough. However, it can be
time-consuming and computationally intensive. Therefore, ‘non-reflective’ boundaries are applied
at the bottom and lateral boundaries of the model.

Absorbing-boundaries model have been implemented in Abaqus by means of special ‘infinite
elements’ that can be used as a ‘non-reflective’ boundary (Abaqus, 2013). As the model is built
under axisymmetric condition and the finite solid part was modelled as four-node bilinear
elements, for consistency, the ‘non-reflective’ boundaries are modelled as four-node,
axisymmetric, continuum infinite elements (CINAX4). The geometry of the model is shown in
Figure 3(a) and the mesh layout is shown in Figure 3(b). A region of 20R from source along the
surface is of interest in this study. Therefore, a 10R-thick layer surrounding the near-field region
is replaced by ‘infinite elements’.

To verify the effectiveness of this approach, a comparison was drawn against the response of a
model with a fixed far-field boundary (the bottom boundary remaining ‘non-reflective’). In addition,
a smaller dimensioned model was created to compare against, also with a fixed boundary.

10R

| Infinite Elements
100 | CINAX4
|

I_, (a)
X

Figure 3: (a) Dimensions and (b) the mesh layout of the dynamic finite element model of ground
vibration propagation in Abaqus featuring a near-field region comprising conventional finite
elements and a far-field region comprising infinite elements

(b)
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Figure 4: Circular rigid footing on half-space: attenuation of horizontal displacement with
horizontal distance from the footing in horizontal vibration mode with different boundary
conditions
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Ground vibration is generated by horizontal swaying of the rigid foundation at a frequency of w =
110 rad /s, which is then normalised, so its absolute value is arbitrary. The amplitude of the
normalised horizontal displacement (|uy/upol), Where u,, is the maximum footing horizontal
displacement, is plotted against the normalised horizontal distance (r/R) from the excitation
source along the free surface of the soil in Figure (4).

It is seen that, in the smaller geometries, the model with ‘non-reflective’ boundary produced
results identical to the extended geometry models, while the one with a fixed far-field boundary
gave a rather noisy curve, as expected. The results demonstrate that wave reflection will not
affect the wave attenuation profile in a model with a ‘non-reflective’ boundary, because at least a
great part of the vibration energy is absorbed by the infinite elements.

2.4 Wave attenuation due to foundation vibrations

Figure (5) shows the profiles of wave attenuation due to horizontal swaying and rocking
foundation vibrations for different excitation frequencies. The forcing frequencies are represented
in a dimensionless form of wR/Vy (i.e., wR/Vy =0, 1, 3, 6, 9, 12). Attenuation profiles are
calculated along a surface path r/R = 20 (r = 188m) from the centre of the footing. From r/R =
0 to 1, the constant |u, /une| (Figure (5a)) and the linear variation of |u, /u,,| (Figure (5b)) reveal
the perfect rigidity of the foundation. The value u,,, represents the maximum vertical displacement
of the rigid foundation under the harmonic motion. There is a significant variation in the amplitude
of displacement from r/R =110 5 (r = 9.4m —47m). The attenuation of displacement is
sharpest for the static case (wR/V; = 0). For the dynamic cases, attenuation curves are
approaching zero in a wavy pattern as distance increases.

The vibration with high frequencies generates larger soil surface displacement than those with
lower frequencies near the source (1 < r/R < 5). In contrast, soil displacements are smaller for
high excitation frequencies than those for low excitation frequencies, as the distance from the
ground vibration increases (i.e. r/R = 20).

1 § . : 1.2

0.8

06|

U/l

04}

0.2}

0 — —— —_— - = 0 ; — =
0 5 10 15 20 (@) 0 5 10 15 20 (b)
IR /R

Figure 5: Circular rigid footing on half-space: attenuation of (a) horizontal displacement and (b)
vertical displacement with horizontal distance from the footing in horizontal vibration mode;
v=0.3,§=5%

7,=0.50, 7,=0.79, R?=0.929
T T |

T T T T T T
1 wRNR =0
1
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Figure 6: Curve-fitting of the displacement attenuation profiles in half-space
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At the same distance from the source, the amplitudes of the vertical displacements due to
foundation rocking are larger than those of the horizontal displacement due to foundation
swaying. This indicates that the ground vibration in a rocking mode has potentially more
pronounces effect to nearby structures.

2.5 Characterisation of wave attenuation half-space

The attenuation properties of ground vibration are dependent on the type of vibration excitation.
Attenuation of the vibration amplitudes during propagation through the soil is mainly caused by
geometrical damping and soil material damping. The purpose is to investigate the attenuation
properties of two ground vibration modes (horizontal swaying and rocking) for different
frequencies.

Bornitz (1931) proposed an expression that describes the attenuation of the amplitude of ground
vibration with distance from the excitation source:

- (5)“ e~ (%) 8)

=
:

Ujo

in which u;, represents the maximum displacement amplitude in either horizontal (swaying) or
vertical (rocking) directions, of the vibrating rigid foundation. The amplitude of the transmitted
vibration along the soil surface is represented by u;; y, is a geometric damping factor and « is a
material damping factor. In order to analyse the influence of excitation frequency on the
displacement attenuation, the material damping coefficient was expressed in a dimensionless
form as:

R
a =7y, (O;—R) 9)
where y, is the loss factor of the attenuation.

As the Rayleigh waves are treated to be the critical propagation form, the factor y; is taken as
0.5. The numerically evaluated attenuations functions for both horizontal and rocking vibration,
were fitted to equation (8), using least square. As shown in Figure 6, the factor y, is determined
as 0.8. The goodness of the fits is demonstrated by the coefficient of determination R?, which is
close to one.

3. The Bristol SoFSI Facility case study

In this section, a case study is presented, where the problem is extended to a harmonically
vibrating rigid rectangular foundation, fully embedded in a soft soil layer over stiffer bedrock. The
geometrical characteristics of the foundation and the applied excitation correspond to a possible
concept configuration of the new University of Bristol Soil-Foundation-Structure Interaction
(SoFSI) Facility, which is currently under design. The configuration analysed herein includes a
50t capacity shaking table and a soil pit, built in a concrete reaction mass with and a total mass
m = 2454t and external dimensions 2B X 2L X D = 11m X 25m x 5m, as shown in Figure 7. The
shaking table, including the platform, specimen and ancillaries, has a total moving mass of m,,, =
85t, its centre of gravity is assumed to be at the surface of the foundation, while its motion is
taken as horizontal and harmonic, with an acceleration amplitude a,, = 1.52g (g = 9.81m/s?) for
a frequency range f = 3 — 20Hz. The foundation is assumed to be fully embedded in a 5m deep
clay layer with shear modulus G = 100MPa, Poisson’s ratio v = 0.3 and density p = 1.9Mg/m?,
underlain by mudstone with G = 100MPa, v = 0.4 and p = 2.2Mg/m3. Material damping was
taken as ¢ = 5%. Note that the aforementioned soil properties are preliminary estimations of the
actual in-situ conditions, as the results from a detailed geotechnical investigation were not
available at the time of the analysis.

3.1 Analytical solution

The dynamic response of the foundation, namely the base horizontal displacement u,, and the
rotation 6,,, were initially obtained analytically ignoring torsional effects (6, = 0) as follows:

-1

— — D
oy (| S Ko +iw b Cymd] _ w? "M { o i } (10)
Oxo) | |K K C C D m,,a,D
x,0 yrx rx yirx X m> I, m=m
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Figure 7: Analyzed configuration of the Bristol SoFSI Facility
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Figure 8: Superposition assumed for the bi-layered soil deposit

where I?y, K,, and I?y,x are the lateral horizontal, rocking and swaying-rocking coupling term of
the frequency-dependent dynamic stiffness, C,, C,, and C, ,, are the corresponding dashpot
coefficients, w = 2nf is the angular frequency and I, is the mass moment of inertia of the
foundation about the base longitudinal axis x.

It is reminded that no analytical expressions of the above dynamic stiffnesses and dashpot
coefficients are available for bi-layered soil deposits like the one examined herein. Therefore,
these terms were estimated assuming the superposition that is schematically illustrated in Figure
8. For example, the horizontal stiffness was calculated as:

I?y — I?;urf.Z + I?;mb,l _ I?;urf,l (11)

where the superscripts surf, 2, emb, 1 and surf, 1 imply “at the surface of layer 2”, “embedded in
layer 1” and “at the surface of layer 17, respectively. The corresponding quantities for surface and
embedded foundations were calculated according to Gazetas (1991a, 1991b). Furthermore, it is
noted that material damping was taken into account in the dashpot coefficients as follows:

Ctotal — Cradiation + & (12)
w
Finally, the total displacement of the foundation at the surface was calculated as:
Uy = Uyo T Oxo D (13)

This was then attenuated using Equations (8) and (9), to derive the transmitted vibrations in the
form of horizontal displacement, velocity and acceleration, at different distances from the facility.
Since the critical transmitted waves are Rayleigh (surface) waves, the soil parameters
corresponding to the top clay layer were used in the calculations.

3.2 3-D numerical model

The plan of the meshed 3-D model is shown in Figure 8 along with its dimensions. The elastic
soil domain is modelled with linear eight-node brick elements with reduced integration (C3D8R).

7
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3-D infinite elements (CIN3D8) are employed to act as ‘non-reflective’ boundaries. A steady-state
dynamic analysis is undertaken in the frequency-domain. Based on the Rayleigh wave velocity in
the topsoil layer (Vz; = 215m/s) and the relationship between wavelength and element size of
the model (equation 3), a mesh with a uniform element size of 1m was generated.

In order to capture the influence of the slab embedment, the vibrating slab is simulated explicitly
in the numerical model as a rigid body with perfectly rough surfaces (no slip between slab and
soil). Due to the effect of the embedment and roughness of the slab, as well as the eccentricity
between the applied force and the resultant resistant forces, the obtained movement of the slab
is coupled horizontal swaying and rocking.

e

ry=5.5m

r,=15.0m
10L

r; = 30.0m

ry =60.0m

Figure 9: Plan view of undeformed mesh with model dimensions
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Figure 10: Predicted horizontal (a) displacement (b) velocity (c) acceleration against frequencies

3.3 Comparison against analytical formulae

To gauge the reliability of both the analytical solution and the numerical analysis for this case
study, the results obtained from the 3-D model are compared with the analytical results. As shown
in Figure 9, four stations on the soil surface are chosen along the longitudinal direction from the
source. The responses of the soil surface are compared against the analytical solutions for the
examined frequency range in Figure 10, in terms of the variation of the absolute amplitudes of
horizontal displacement |u, |, velocity |v,| and acceleration |a, | with the applied excitation
frequency.

A good agreement can be observed between the analytically and numerically obtained results,
especially for small excitation frequencies and for stations close to the excitation source. This

8
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indicates that the assumed superposition used for the analytical calculations provides good
predictions of the dynamic response of the foundation. Nevertheless, discrepancies are obtained
for further stations and high-frequency excitations. This is likely due to wave reflections between
the interface layer and the soil surface, which are not taken into account by the attenuation
relationship. The far-field boundary might also contribute to wave reflection, especially in the
presence of a bi-layered soil deposit. Still, it is demonstrated that the proposed attenuation
relationship provides reasonably accurate predictions, at least for preliminary design purposes.

4. Conclusions and recommendations for further work

In this study, a numerical investigation of the wave attenuation produced by a harmonically
vibrating source in different vibration modes was conducted in the frequency-domain using the
FE software Abaqgus. Simulations were carried out based on the assumption of a linear-elastic
soil material. Based on the results presented, the following conclusions were drawn:

e Numerical results are compared well against the analytical solution for close distances and
low excitation frequencies.

¢ An infinite soil domain can be numerically approximated by introducing special infinite
elements to enforce a ‘non-reflective’ boundary condition; rigid boundary conditions were
shown to cause unrealistic wave reflections, even if the boundaries are located at large
distances from source.

e The effect of the high frequency foundation vibration is more pronounced than that of the
lower frequencies for the soil in vicinity of the ground vibration.

e Waves generated from lateral oscillations of the foundation attenuate faster than those
from rocking oscillations in half-space.

Further development based on this study could include investigating the influence of:

¢ Wave attenuation in the transverse direction from the ground vibration source.

e Wave propagation in a layer over rigid bedrock.

¢ Different shapes of foundation as the vibration source using 3-D numerical simulations.

e Non-linear constitutive laws for the soil material.

o Wave barriers to mitigate the damage to the surrounding structures caused by excessively
transmitted vibrations.
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