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CHAPTER 1

INTRODUCTION

11 GENERAL

Groundwater is the largest source of potable water in South Africa given that the
country is semi-arid to arid with approximately 50 per cent of the geology congtituting
the Karoo Supergroup (Botha et al., 1998). The Supergroup is characterised by multi-
stratification of sediments (Truswell, 1970), which were intruded and veneered in
places by the Jurassic dolerite dykes and sills during a period of extensive magmatic
cataclysm that took place over aimost the entire Southern African subcontinent duing
one of the phases in the Gondwanaland break-up (Chevallier et al., 2001). They
represent the roots and the feeders of the extrusive Drakensberg basalt that are dated
around 180 My making it one of the largest outpouring of flood basat in the world
(Chevallier et al., 2001). What is significant for hydrogeology are horizontal fractures,
which are the major groundwater conduits that developed as a result of these post-
Karoo tectonic events. The horizontal fractures are not only common at the parting
planes of the sediments but can also be intercepted within a single lithological unit.
Severa morpho-tectonic models were proposed to explain the magma emplacement
and the fracturing of the sediments and the most recent model is that of Chevallier et
al., (2001). They proposed an integrated and complementary mechanism of
emplacement where the dykes play a dominant role. The details and the justifications
of the theory are covered extensively in Chevalier et al., (2001).

The complexity of the Karoo geology has made the groundwater flow and the
surrounding mechanics difficult to understand. Severa techniques (Bangoy et al.,
1992; Bangoy et al., 1994; Barker, 1988, Helweg, 1994) have been applied to
simulate groundwater flow in these aguifers but with little success and most of the
investigations conducted have revealed that these aquifers are very complex, both in
geometry and hydraulics. A typical example is the work of Botha and co-workers
(1998), which was focused on understanding the geology, geometry and physical
properties of Karoo aguifersin South Africa, which that revealed, among other things,
the deformability of these aquifers. The development of secondary features in UO5, a
borehole at the Campus Test Site of University of the Free State, over a period of
three years as depicted by the televiewer results, Figurel.l (Botha et al., 1998) is a
clear testimony of matrix dynamics.
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Figure 1.1: Cdlliper and acoustic scanner images of Borehole UO5 on the Campus
Test Site. The position of the main water-yielding fracture is shown by the
caliper curve on the left and its orientation by the tadpoles on the right
[Botha and Cloot, 2002].

The borehole was excessively pumped during the 19931996 period for academic and
research purposes since it was the highest yielding borehole at that time. Ever since
this observation the deformation of Karoo aquifers became a topical issue that saw
Botha and Cloot (2002) pursuing the subject. In their work they focused on aquifer
deformation caused by the interaction of groundwater and the solid matrix. The
seismo-effect of the pump was not part of the study, however. It is the latter that
forms the basis of this work.

1.2 BACKGROUND

The most effective and cheapest procedure for understanding the geometry and
physical properties of an aquifer is by analysing pumping test data. As pointed out
above, the physical and mechanical properties of the Karoo aquifers are quite
complex and differ from the homogeneous and isotropic geological formations as
evidenced by the deviations in the drawdown curves as seen in literature data
(Krusemann & Ridder, 1994; De Marsily, 1986; Theis, 1935).
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Figure 1.2: Small oscillations in pumping test data captured in borehole UO5 at 10-second
intervals using a pressure transducer. The borehole was pumped at 1.26 I/s.
U023 and UO25 were used as observation boreholes during the test. The test
was conducted at Campus Test Site, University of the Free State.

The most outstanding observation of interest to this work is the presence of
oscillations in some of the drawdown curves (Figure 1.2). In order to elaborate the
magnitude of the oscillations, the pumping test data of borehole UO5 were further
processed. A Theis model was fitted to the data (Figure 1.3) and the effect of water
loss was filtered from the field data (Figure 1.4). This exercise was applied to the
oscillatory part of the data, which is the first 1960 seconds. A Fourier transform of the
data (Figure 1.5) showed that a range of frequencies isinvolved in the generation of
oscillations displayed in Figure 1.4.

It is clear from this analysis that oscillations exist in pumping test data. In most cases
they are often dismissed as noise. However, the inconspicuousness of oscillations in
some drawdown curves is due to the poor and rudimentary sampling techniques
employed during pump testing. In essence, the use of equipment with poor resolution
and the preconceived idea of the data expected have led to one fundamental
phenomenon in Karoo hydrogeology, if not in hydrogeology in genera, being
overlooked.

It is evident in Figure 1.2 that this phenomenon is more prominent in pumping
boreholes than in observation boreholes, indicating distance and pumps dominancy.
There are severa theories postulated about the phenomenon and the most relevant is
that of Biot (1956) on system deformation.
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Figure 1.3: The Theisfit (pink) to the pumping test data of borehole UO5. The objectiveis
to remove the drawdown effect in the signd

The essence of Biot's theory is that a system (an aquifer in this case) oscillates when
disturbed by an external force as it restores its equilibrium state. The removal of
groundwater offsets the system from its equilibrium state setting it into oscillations as

it reverts to its initial state. Botha and Cloot (2002) investigated the applicability of
the theory to the impact of discharge rate on the deformation of aquifer matrix.

©
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Figure 1.4: The residua drawdown after removing the effect of water loss from pumping
test data of borehole UOS. It clearly demonstrates the oscillatory behaviour
of the data.
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Figure 1.5: The Fourier transform of the oscillatory datain Figure 1.4 showing the range
frequencies involved.

1.3 OBJECTIVE OF THE STUDY

The purpose of the work is to investigate the pump as the causative factor of
oscillations observed in drawdown curves captured from boreholes intersecting
bedding fractures in Karoo aquifers.

14 SCOPE OF THE RESEARCH

The framework of the research revolves around the mechanical effects of the pump on
groundwater dynamics. The aspects of the pump of interest to the research are the
vibrations and the sound generated during pumping. The responses of borehole water
to aguifer deformation and to sound pressure form the focal point of the research. This
is grafted on the premise that for the oscillations to develop, the aquifer should
deform oscillatory and hence the proposed diaphragmatic deformation hypothesis.
The second line of reasoning is based on the direct impact of pump sound on borehole
water. The pressure variations caused by pump sound on borehole water might be the
causative factor for the development of the oscillations in drawdown curves. It is for
this reason that sound forms part of the arguments in justifying the dominant effect of
pumps on groundwater behaviour. Whatever way the problem is diagnosed; the elastic
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and the seismic theories will play fundamenta roles. These theories are an integral
part of the problem domain of the research.

The quantification of energy transmitted, reflected or attenuated as the seismic waves
propagate through aquifer lithologies will not form part the research. However,
qualitative arguments based on these processes will be raised in highlighting the
impact of the mechano-effects of the pump on groundwater flow.

It is important to state explicitly upfront that the work covered in this research may
have the same fundamental s as the research of Botha and Cloot (2002) but the focuses
are different. The work of the latter gravitates towards forging a relationship between
the hydraulic and mechanical properties of aquifers by investigating the influence of
abstraction (water remova from an aquifer) and not the mechano- effects of the pump.

15 THE APPROACH

The hypothesis forming the basis of the research postul ates that the mechanical effects
of electrical and diesel pumps induce mechano- and geo-acoustic deformations in an
aquifer leading to the oscillatory response of borehole water.

The conceptualisation of the sequence of events is shown in Figurel.6. According to
the model, the pump seismicity instigates the driving force F with components acting
perpendicularly to the fracture. Opposing the force F is the hydrodynamic force H (an
assumption) of water in the fracture In a case where the aquifer is losing water the
opposing forces B and D develop (Hughes and Brighton, 1967; Raudkivi and
Calander, 1975). These forces result from the flowing of water. The force B is
positive in the sense that it is acting in the direction of pumping and, likewise, the
opposing force D is negative.

As the system loses water with time, the impact of the force F increases, offsetting the
dynamic equilibrium with H, although strictly speaking F will remain constant. This
is due to the fact that less and less water will be available to counteract F, gradually
subjecting the fracture to strain and stress which could contribute to the eventual

collapse of the fracture if allowed to continue without monitoring. The borehole yield
will ultimately drop or even dry up altogether.

A typical example isthe groundwater supply of Nourpoort, a Karoo town in Northern
Cape, which has an aquifer with four boreholes within a distance of 5 m on the same
horizontal fracture, which were drilled consecutively after the previous borehole dried
up. The boreholes are equipped with electric pumps, which are operated at full
capacity during peak demands, especialy holidays when the water demand increases.




Introduction

In order to justify the hypothesis, both theoretica and field investigations are
conducted. One- and two-dimensional mathematical models are devel oped taking into
account the intrinsic characteristics of an aquifer and the behaviour of a pump. The
hydraulic and mechanical characteristics of an aquifer are considered. The models
simulate the phenomenon at different levels.

The one-dimensiona model is strictly based on the mechanical properties of an
aguifer. The presumption is that the oscillations observed are caused by the direct
response of the water level of the borehole to aquifer deformation when subjected to a
harmonic external force.
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Figure 1.6; Force orientation in fracture flow

The two-dimensional mathematical model of Botha and Cloot (2002) is modified to
assmilate the pump seismicity. The model takes into account both the hydraulic and
elastic properties of an aquifer. It is an advanced form of the one-dimensiona model.

Severa field investigations were conducted aimed at verifying the mathematical
models and reproducing the oscillations shown in Figure 1.2. Seismic instruments,
pressure transducers and submersible pumps were used in the investigations. It should
be highlighted here that the pressure transducers used in capturing data in Figure 1.2
had higher resolutions than the transducers used in the investigations covered in this
thesis. The Campus Test Site at the University of the Free State was the selected test
ground mainly because the oscillations were detected in one of the boreholes at the
site. The other reason was that the geometry and the geology of the aquifer are well
understood and documented.




Introduction

16 THE STRUCTURE OF THE THESIS

The diaphragmatic phenomenon of the fracture system forms the basis of the research
covered in the thesis. Because the phenomenon is pump driven, the evolution and
distribution of forces in the system become crucial to the study. In the aquifer system,
the forces are manifest as seismic waves that instigate the proposed diaphragmatic
deformation. Hence, an outline of eastic and seismic theories is done in Chapter 2.
The trandation of proposed physical processes into mathematical models giving rise
to both one- and two-dimensional models is conducted in Chapter 3. In Chapter 4, the
models are solved numerically and compared with field observations. The conclusions
and recommendations are outlined in Chapter 5.




CHAPTER 2

SEISMIC THEORY AND BOREHOLES WAVES

2.1 INTRODUCTION

Like any other material, rocks deform when subjected to an external force. Depending
on the magnitude and the physical properties of these rocks the deformation can be
elastic or plastic. During elastic deformation the rock returns to its initial state when
the external force is removed. In plastic deformation the rock will not regain its
original state on remova of the external force. Nearly al rocks undergo plastic
deformation once the applied force exceeds a certain elasticity threshold. The
deformation of rocks is investigated by analysing the strain and stress distribution.
These investigations congtitute the field of elasticity in material sciences.

The theory of elasticity essertialy entails the study of internal forces in a solid body.
These forces arise from the interaction between the molecules in the body; which
ensures the existence of a solid body as such and hence its strength. They also act
when no external forces are applied to the body. The theory of elasticity focuses on
the effects of forces on a body.

In this research the body of interest is an aquifer and the source of external force isan
operating pump. The pump vibrations generate a force that will propagate through an
aquifer as a seismic wave, which, according to the proposed hypothesis, instigates a
diaphragmatic deformation on coming into contact with a bedding fracture. Therefore,
apart from the theory of easticity, seismic theory aso plays a crucia role in this
work. Since seismic theory is grafted on the theory of elasticity, the latter is discussed
as a subsection of the former in Section 2.2.

It is the reaction of groundwater to the diaphragmatic deformation of the bedding
fracture that is suspected of being the main cause of oscillations present in the
drawdown curves. This may be one way in which the pump can be held responsible
for the generation of oscillations. Another way is through the sound it generates
during operation. The variation in sound pessure causes borehole water level to
fluctuate accordingly. As a result, the water waves generated propagate throughout
the fracture. This may be the reason for poorly defined oscillations in observation
boreholes (Figure 1.2). Borehole waves are an integra part of the system and for that
reason are described in Section 2.3. The general discussions are given in Section 2.4.




2.2

Seismic theory and borehole waves

SEISMIC THEORY

2.2.1 Theory of elasticity

In general the size and shape of a solid body can be changed by applying forces to the
external surface of the body. These forces are opposed by interna forces that resist
the change in size and shape. As a result, the body tends to return to its original

condition when the external forces are removed. This property of resisting changes in
size or shape and of returning to the undeformed condition when the external forces
are removed is elasticity. This is a common phenomenon in materials, and aquifers
should be no exception.

The bedding fractures of the Karoo Supergroup, like any other cks, can be
considered perfectly elastic provided the deformations are small. The threshold of
fracture elasticity depends on the physical properties of the rocks forming an aquifer.

The theory of elagticity relates the applied forces to the changes in size and shape that
result. The relations between the applied forces and the deformations are expressed in
terms of the concepts of stress and strain.

2.2.1.2 Sress

Stressis aforce per unit area. When aforce is applied to a body, the stress is the ratio
of the force to the area on which the force is applied. For a force perpendicular to the
areg, the stress is said to be a normal stress (the pressure) for example. When the force
applied is tangentia to the element of area, the stress is called shearing stress. For a
body surface in the zdirection, the normal and the shearing stresses acting on this
surface are expressed as s ,,, S , and S ,, respectively. Similar components for the x
and y surfaces are given by (S 4 ,S vy ,S xy) and (s \y, S \x,S |, ) respectively. These
components areillustrated in Figure 2.1.

The harmonic force generaed by the pump should be dominant in the horizontal
plane since the rotations are in that plane. In the field, a geophone (sensor) sensitive to
three components (Z, N, E) of ground motion was used and the response indicated
that the force from the pump also has a vertical component (Z). It is the component
orthogonal to the hydrostratigraphic unit that causes the proposed diaphragmatic
deformation.

10
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Figure2.1: Thecomponents of stress[Telford et al., 1990]

2.2.1.2 Srain

When an elastic body is subjected to stresses, changes in shape and dimension occur.
These changes are strains and can be resolved into certain fundamental types. It isthe
evolution of strains that manifests in the diaphragmatic deformation proposed. The
derivation of expressions of strain is done in most textbooks on material sciences and
seismology (Telford et al., 1990) and repeating it here is not necessary. However, of
relevance to the research is the knowledge of normal strains and shearing strains. If
(u,v,w) are the components of displacement of a point P(x, Y, z), these strains may
be expressed as (Telford et al., 1990):

Normal strains: €y = u
x

v

ey =—

{z
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Shearing strains:
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The normal strains are of particular interest to this work. The changes in dimensions
given by the normal strains result in fracture volume change; the change in volume
per unit volume is dilatation and is represented byD . Thisis expressed as

fu v w
D=eytey te, =—+_—+_—

ix Ty 1z

In the case of a fracture, the aperture opening is at maximum when uncompressed and
least at minimum when subjected to normal stresses from a pump.
2.2.1.3 Hooke'slaw

Hooke's law relates strain to the stress subjected to a body when the strains are small.
The law states that a given strain is directly proportional to the stress producing it.In
general, Hooke's law for an isotropic medium is expressed in the simple form
(Telford et al., 1990):

si =1 D+2Ge;; i=XxYy,z (21
Sij =Geij; i,j:X,y,Zil J (22)

where | Cand G are the Lamé constants. The parameter G is a messure of the
resistance to shearing strain and is referred to as the modulus of rigidity or shear
modulus.

12
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Equation (2.1) states that a normal stress may produce strains in directions other than
the direction of the stress, Equation (2.2) states that shearing stresses are associated
with only shearing strain.

If the stress is increased beyond the elastic limit, Hooke's law no longer holds and
strains increase more rapidly. Strains resulting from stresses that exceed this limit do
not disappear entirely when the stresses are removed. The premise at this stage is that
during its evolution, a water-supplying fracture to a pumping borehole will build a
history on its deformation each time the elastic limit is exceeded. It will eventualy
collapse as a result of fatigue. It is this phenomenon that may be responsible for the
failure of boreholes in the Karoo aguifers, which would have been pumped over a
long period of time. The duration to the point of failure is coupled to discharge rate
(Botha and Cloot, 2002) which is proportiona to the intensity of the vibrations. The
latter relation is demonstrated later in the thesis.

2.2.1.4 Elastic constants

In addition to the Lamé constants, the Y oung Modulus (E) and the Poisson’s ratio v
can aso be used to formulate relations of physical quantities in the theory of
elasticity. The use of constants is usually a matter of choice.

The Y oung Modulus and the Poisson’sratiov are expressed as:

S . _G(3 (+20)

v="2w
eX)(
(2.9
_-e, _ I ¢
e, 2(¢G)

The Young Modulus in particular gives a direct relation of physical quantities of
immediate relevance to the research, that is, a relationship between the normal stress
caused by pump vibrations and the resultant fracture deformation.

According to Figure 1.6, in response to the normal stresses, the water generates a
hydrodynamic pressure H, on fracture planes, which in the vertical plane can be
expressed as

s ,=-H

2z ps
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The shearing stress is zero and hence

Sy =S, =S, =0

Then, k isthe ratio of the pressure to the dilatation (Telford et al., 1990) given as

H, 3 ¢+2G
3

bulk modulus =k =-

(2.5)

The minus sign is inserted to make k positive.

Equation (2.5) illustrates the weakening effect of the hydrodynamic pressure as the
system loses water. Ideally, the physical fracture volume does not increase but the
volume occupied by water decreases, reducing the effective hydrostatic pressure
necessary to counteract the normal stress due to pump vibrations.

2.2.2 Wave equation

By applying the continuity and mass conservation principles, fracture deformation can
be expressed as a function of time and distance from a driving external force.

Newton’s second law of motion states that an unbalanced force equals the mass times
the acceleration. Force acting on an aquifer in the z direction will cause motion in that
particular direction. The unbalanced force per unit volume in the z direction is given
as

The displacerrent of the formation in the z direction is given as w, timeas t and the
density of the formation is represented by r . The force is, however, counter-balanced
by the inter-granular stresses acting in all three directions, resulting in Equation (2.6):

w x 9z
Similar equations can be written for motion along thex and y axes. Thus,

2
rﬂW—ﬂSZX+‘nszy+ﬂSZZ (2.6)

2
ﬂu_ﬂsxx+ﬂsw+ﬂsxz
[ S Ty 1z
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Using the Hooke' s law the stresses can be replaced by the strains as follows:
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By anaogy the equations for u and v are written as

2
rﬂ——(l ¢+G)_+GN u (2.8
t?

v I >

—=( &+ G)— +GN 2.9
"1 ( )ﬂy+ v (2.9)

The wave eguation is obtained by differentiating the three equations with respect to x,
y and z and adding these results. This gives
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"Wy (o )3112 T P
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that is,
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The generalised wave equation is therefore expressed in the form

Jiz% LY (2.11)

The wave equation (Equation 2.11) relates a time derivative of a displacement (the
left side) to spatial derivatives (the right side); and the constant of proportionality is
J?. The constant is a composition of aquifer properties that includes the shear
modulus and density. The rotationa aspects of the system that are not of interest to
the research are thus ignored.

It should be noted that Equation (2.11) describes the wave motion in genera through
a body. It demonstrates the relation between the mechanical properties of a body and
the external force applied. It therefore implies that the pump vibrations in the aquifer
are propagated in the form of a wave. For Equetion (2.11) to be problem specific, the
intrinsic properties of the body should be incorporated as well as the characteristics of
the external force. For the purpose of the research, aquifer properties and pump
vibrations are considered. Thisis an exercise that is conducted in the next chapter.

BOREHOLE WAVES

The generalised wave equation (Equation 2.11) can assume different forms depending
on the physics of a system. By introducing systemspecific quantities the model
transforms to problem specific. This principle is revisited in Chapter 3 where the
problem-specific model will be derived.

In general, when pumping a borehole two major aspects of relevance to the research
manifest, namely, the tube waves and the seismic waves. Tube waves are waves
travelling in the direction of the axis of the fluid-filled borehole and the seismic waves
in this instance are the waves that propagate in the rock. The theory of tube waves in
boreholes has been covered extensively in literature (White, 1965; Biot, 1952). The
work is specific to the petroleum industry, however.

In an empty cylindrical hole, a kind of surface wave can propagate along the axis of
the hole with energy confined to the vicinity of the hole. These waves exhibit
dispersion with phase velocity increasing with the wavelength. At wavelengths much
shorter than the radius of the hole they approach Rayleigh waves (Aki and Richards,
1980). The phase velocity reaches the shear velocity at wavelengths of about three
times the radius. Beyond this cut-off wavelength, they attenuate quickly by radiating
S-waves. In a fluid-filled cylindrical hole, in addition to a series of multireflected
conical waves propagating in the fluid, tube waves exist without a cut-off for the

16
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entire period range. At short wavelengths, they approach Stoneley waves for the plane
liquid-solid interface. For wavelengths longer than about 10 times the hole radius, the
velocity of tube waves becomes constant, given by the bulk modulus k of the fluid
and therigidity n of thesolid, as v =c(1+k/m) ¥*, where c isthe acoustic velocity
(Aki and Richards, 1980).

The main source of tube waves investigated is sound pressure (White, 1965). Coupled
with this phenomenon is the direct effect of Rayleigh waves on the fluid in a borehole.
The analogy in this case is that the pump generates seismic waves that propagate into
the aquifer according to the seismic theory covered in Section 2.2. The vibrations and
the sound waves can aso propagate along the borehole to the water level. White
(1965) investigated the impact of the pressure waveform created by the passage of a
Rayleigh wave.

The work of White (1965) not only strengthens the basis of this research but aso
demonstrates the complexity of the dynamics. A brief description of his work is
outlined below.

2.3.1 Tube waves in permeable formation

Most geological formations penetrated by boreholes are porous and permeable to
varying degrees. As mentioned in Chapter 1, a bedding fracture is the highest
attainable permeability in the Karoo Supergroup.

When pumping, the pressure transients in the borehole will cause water to flow in and
out of the wall of the hole, provided it is not cased. This forced flow consumes some
energy, which affects the phase velocity of waves travelling aong the fluid column
(White, 1965). This phenomenon isillustrated in Figure 2.2.

The phenomenon shows that there are two ways in which the proposed diaphragmatic
deformation manifests. The water flushed out of the borehole by a harmonic force can
also force the fracture to open and close diaphragmatically. The pressure build-up in
this case concentrates in the fracture by virtue of its high porosity.

Since it is not within the scope of this research to decouple the effect of sound from
the vibrations, and since the latter can somehow be quantified in the field, it is
necessary to illustrate some of the solutions obtained by White (1965) on the effect of
Rayleigh waves. The Rayleigh wave at this stage is assumed to be the waveform
manifesting from pump vibrations.

In his theoretical approach to investigating the impact of Rayleigh waves on the
generation of tube waves, White (1965) considered a pressure waveform created by
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the passage of a Rayleigh wave. The two potentials describing the Rayleigh wave are
the compressional wave potentia f and the shear wave potentia y , given as

¥

\

f (x,zt)= %Qg Alw)e ™e 1z gy

1 ¥ 2|SQnW(1 C 2/a )3/2 SR - izt
t)=- — Al d
y ,(xzt)=- sz ey (w)e e 7" dw
satisfying
7 '|12f 1 7%
LN L 2.12
ﬂXz 1122 azﬂtz ( )
and
'n?yy+'nzyy:iﬂzyy (2.13)
x> 122 b? 2
respectively.
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Figure 2.2: The three contributions to volume flow for tube waves into a fracture [adapted
and modified from White, 1965]

It should be noted that y-direction is treated as a boundary, thus y , and the system of
wave eguations is based on the coordinate system in Figure 2.3. This is a component
of y inthe y-direction and not a partial derivative.

The parameters used are defined as
m=(l/ck - Ya)?p,
k=@/cz-Yb?)¥,

Il =w/c  (wave number)
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wherea is the speed of compressional waves (Equation 2.10) in the solid, b is the
speed of shear waves b =JGT, A(w) is the wave amplitude as a function of
frequency, ci is the phase velocity of the Rayleigh wave, ¢, is the speed of low
frequency tube waves and w is the angular frequency. By definition

1 1 x<0
sgn(x) =10 x=0
1 x>0

+ X
Figure2.3:  Coordinates for discussion of a Rayleigh wave coupled to a fluid-filled
borehole

Equation (2.11) is similar to Equation (2.12), which is a compressional wave. By
considering the shear stresses, Equation (2.13) is generated. The latter is not of much
use to this work and is therefore ignored since the focus is on the effect of normal
stresses on the hydrostratigraphic unit.

The final waveform was seen to consist of a convolution of the assumed waveform

f(T) with arelatively simpk function consisting of two terms. For terms in the total
expresson varying as e ™, K=K, =(l/c.>-1/a?)?. For terms vaying as
e ™ K=K, =(1/cs? - Y/b?)¥2. These steps were applied to the total expression, and
the elastic constants were all expressed as velocity ratios. By using these expressions,
White (1965) found that the pressure in a borehole caused by the passage of a
Rayleigh wave was characterised by horizontal particle velocity f(T) to be

20



Seismic theory and borehole waves
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The second term R of Equation (2.14) is plotted in Figure 2.4 for several depthsin
the borehole. Thisis the pressure response when the horizontal particle velocity in the
Rayleigh wave is an impulse.

A h—

lime=1¢, T/L

Figure 2.4 Pressure in a borehole caused by the passage of Rayleigh wave.
Horizontal particle velocity in the Rayleigh wave is taken to vary asd(t) at
the origin [White, 1965].

It is interesting to note that a differently predefined Rayleigh wave the resultant
pressure wave can have a different impact altogether. A prominent feature is the d
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function, of opposite polarity to the assumed horizontal particle velocity, representing
atube wave travelling down the hole.

A Rayleigh wave from an oscillating source will presumably have a harmonic effect
on borehole water. The periodicity of water level response will be of the same order
of magnitude as the driving force athough the phase may differ from the field
observations mainly due to the development of secondary waves (Hugen's principle)
that may distort the effect of the original wave.

In the case of the work of White (1965), it is important to note that the mathematical
solution of the pressure depends on the conceptualisation of the effect of the Rayleigh
wave.

2.3.2 Rayleigh waves

The manifestation of Rayleigh waves from pump vibrations and probably their
dominance in aquifer deformation cannot be underestimated. It is for this reason that a
discussion on these wavesis covered in this section.

The characteristics of the Rayleigh waves are described in detail by Telford et al.
(1990), Kearey and Brooks (1985). Foti (2000) compiled the characteristics of these
waves for different media including the multilayered media such as the Karoo
aquifers. For the multilayered systems, the following points regarding Rayleigh waves
are worth highlighting (Foti, 2000):

i.  The phase velocity is frequency dependent, also for an elastic medium
(geometric dispersion).

ii. Ingenerd, for a given frequency several free vibration modes exist, each
one characterised by a given wavenumber and hence a given phase
velocity. The different modes involve different stress and displacement
distributions with depth.

iii.  Itisnecessary to distinguish group velocity from phase velocity.
iv.  Particle motion on the ground surface is not necessarily retrograde.

In the presence of an external source acting on the ground surface it is
necessary to account for mode superposition, that which has some major
consequences:

a The geometrical attenuation is a complicated function of
the mechanical properties of the whole system.
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b. The effective phase velocity is a combination of modal
values and is spatially dependent.

v. Because of the difference between phase velocity and group velocity,
mode separation takes place moving away from the source and hence the
pulse changes shape.

It is also important to note the characteristics of these waves in homogeneous media
in order to obtain an explanation for the dominance of some phenomena in Karoo
aquifers and not in others. The characteristics concerning Rayleigh waves in a
homogeneous half space are (Foti, 2000)

= Their velocity of propagation is quite similar to that of shear
waves. The r@tio between the two is a function of the Poisson
ratio, but it is comprised in a very narrow range (0.87 to 0.96).

= The associated particle motion is elliptical retrograde on the
surface, with the major axis being vertical.

= The propagation involves only a limited superficial portion of the
solid, having athickness nearly equal to one wavelength.

= Geometrical attenuation as the wave departs from a point source is
related to the square root of distance and hence it is less sensible
than for body waves.

= Congdering a circular footing vibrating at low frequency, about
2/3 of the input energy goes in surface waves and only the
remaining portion in body waves.

= Their material attenuation is much more influenced by shear wave
attenuation than by longitudinal waves one.

As discussed above, White (1965) demonstrated theoretically the impact of Rayleigh
waves on borehole waves leading to the generation of tube water waves, however, the
system is more complicated when viewed holisticaly. There are two half-spaces of
interest for a pumping borehole, namely, the ground surface and the atmosphere; and
the intact geology and the inside of the borehole as the wave propagates vertically
down the borehole. The propagation of the latter constitutes a point source for the
subsequent waves that propagate into the geosphere (Hugen's principle). Owing to
(i), different wave trains are regenerated giving rise to phase velocities. Depending
on the phase angle, the superposition of these different waves can lead to high
displacements (Foti, 2000) which are capable of inducing significant deformations. In
relatively homogeneous isotropic linear elastic halfspace Rayleigh waves are not
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dispersive (Foti, 2000), that is, their velocity of propagation is a function of the
mechanical properties of the medium, but it is not a function of frequency. It therefore
follows that the manifestation of deformation in stratified media is not only dependent
on frequency but also on the mechanical properties of the media. Again it can be
postulated that the deformations are more pronounced when pumping the borehole at
a certain frequency, hence explaining the inconspicuousness in some pumping test
data.

2.4 DISCUSSIONS

The deformation of an aquifer and the propagation of vibrations depend on its
mechanical properties.

The harmonic force imparted on an aquifer due to pump vibrations propagates as a
seismic wave. Of significance is that the displacement measured on the ground
surface is an indication of the strain and stress experienced by the aquifer (Equation
2.7). Depending on the elastic threshold of the geological formations involved, the
intense pump vibrations can add to the fatigue and the failure of a fracture as observed
by Botha and Cloot (2002). Considering only one aspect and ignoring the other in
projecting the longevity of a system may give longer timeframes than the actual. The
incluson of pump seismicity in the model of Botha and Cloot (2002) may
significantly alter the timeframes.

The development of borehole waves caused by sound pressure can also cause
borehole water to oscillate (Newton’s third law of motion). The important aspect is
that water will aso be flushed into the aquifer, specifically into the fracture. If the
driving force is harmonic, the flushed water will also respond harmonically according
to Newton'’s third law of motion. This excitation is imparted on to the fracture planes.
In essence, the diaphragmatic response of an aquifer can also be driven from within
by water and not just by the vibrations. This aspect is investigated in the field.

The work of White (1965), though theoretical, has an important bearing on the aquifer
dynamics discussed in the following chapters. It highlights the action-reaction
phenomenon that forms the core of the work covered in this thesis.

The work covered in this chapter is generic since the aim was to outline deformation
and waves theories, which form the basis of the work that follows. Problem specific
models are therefore devel oped in Chapter 3.
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CHAPTER 3

MODEL DEVELOPMENT

3.1 INTRODUCTION

In Chapter 2 it was shown that the external force applied to a body may be transmitted
in the form a wave (Equation 2.11). Depending on the characteristics of the external
force applied and on the mechanical properties of the body, Equation (2.11) becomes
problem specific.

The aim of the chapter is to formulate problem-specific mathematical models taking
into account the characteristics of the external force and of the body. The models
should be descriptive of the diaphragmatic deformation principle proposed.

The pump vibrations are the source of the external force and the body of interest is an
aquifer. A harmonic force will be generated by the vibrations. The amplitudes and
wavelengths of the vibrations are to alarger extent determined by the specifications of
the pump and the characteristics of the electricity supply (or generator for a diesel
driven pump). The mechanical properties peculiar to an aquifer should be
incorporated into the mode.

The impact of the pump on an aquifer is not decoupled into sound or seismic waves.
The central argument is that the oscillations detected in drawdown curves are due to
aquifer deformation induced by pump behaviour. Therefore, irrespective of whether
the driving force is through the matrix or direct pressure on borehole water level,
oscillations should devel op.

Both one- and two-dimensional models are developed. The intention is to investigate
the sensitivity and the detail involved in the manifestation of oscillations. The one-
dimensional model is limited to the direct impact of pump vib rations on the water
table. The model assumes a direct relationship between the force imparted on the
aquifer and the response of the borehole water. The two-dimensional model is more
comprehensive, however, allowing the use of all possible scenarios that may cause the
oscillations shown in the drawdown curve (see Figure 1.2). It takes into account the
geometry of the aquifer, that is, the properties of the matrix and fracture. It is essential
to note that the oscillations in Figure 1.2 were observed when pumping and therefore
by coupling the seismic effect of the pump to the groundwater flow and the

25



Numerical Simulation

mechanical deformation models investigated by Botha and Cloot (2002), the field
conditions are s mulated.

Centra to the analysis of both models is the assigning of boundary conditions. The
formulation of boundary conditions is based on the physics of the system. For
instance, the normal stress from a pumping borehole is treated and imposed at the
borehole position as a harmonic function and a zero Dirichlet bourdary condition is
assigned far from the source term. In analysing the two-dimensional model, the
Galerkin technique grafted on the finite element method is applied. The essence of the
technique is discussed further on in this chapter.

The force generated by a pump is dominant in the horizontal plane by virtue of its
rotation. However, it has a vertical component as well; confirmed in the field by the
response of a geophone sensitive only to vertical ground motion. The characteristics
of the geophone are elaborated on in the instrumentation section in Chapter 4.
According to the hypothesis, it is the vertical component that engineers the proposed
diaphragmatic deformation of a hydrostratigraphic unit and therefore only oscillations
relative to the vertical component of the displacement are considered.

The one-dimensional model is formulated and solved analytically in Section 3.3.
Similarly, the two-dimensional model is formulated in Section 3.4. In order to solve
the two-dimensional model, the boundary conditions are explicitly imposed and are
described in Section 3.5. The Galerkin technique, which is instrumental in solving
these models, is outlined briefly in Section 3.6 and its application is illustrated in
Section 3.7. The overall discussions are conducted in Section 3.8.

The numerical results are presented in Chapter 4 where a comparison with field data
is made.

3.2 HYPOTHESES

In general, oscillations in drawdown curves are prevalent in boreholes equipped with
electric and diesel pumps. At high discharge rates these pumps tend to vibrate
intensely, generating mechano-, geo-acoustic and to some extent thermal
deformations. These pump effects are intense close to the pump and could add
significantly to the failure of horizontal fractures.

The proposed diaphragmatic principle argues that horizontal fractures deform during
pumping. Fracture planes constrict and dilate forcing the water in between to respond
accordingly as illustrated in Figure 3.1. The change in fracture aperture determines the
amplitudes of oscillations that can be observed in sampled drawdown curves.
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L

"

Figure 3.1: The digphragm behaviour of afracture with impermeable planes. Stage (a)
is congtriction and (b) dilation. The difference in aperture size between the
two phases, Dw, forms the wave amplitude.

Fracture deformation can be induced during pumping activity in three ways namely:
= uneven pump frequency;
= dischargerate; and
= pump seismicity.

321 Deformations generated by uneven pump frequency

The flow of water from the fracture into the borehole and to the surface is not
constant. This is something that is common at the borehole-fracture interface. Water
flowing from the fracture to a borehole is not immediately discharged to the surface
on reaching the pump owing to changes (jerks) in frequency caused by fluctuations in
voltage (Driscoll, 1989). Rarefaction and compressional waves are generated as water
flows back temporarily into the fracture. The resultant pressure waves exert force on
the fracture planes causing the dilatation and constriction of the fracture when
subsiding. It is this phenomenon of rarefaction and compressional waves that result in
the digphragmatic behaviour of the fracture. This voltage jerk phenomenon is
commonly associated with diesel-driven pumps and rarely associated with electric
pumps. Since the oscillations were observed in a borehole equipped with an electric
pump, this hypothesis cannot be the main cause of oscillations in our specific case and
therefore will be disregarded in this work.

3.2.2 Deformation duetofracture water loss
According to Biot’s theory (1956), water abstraction from an aquifer should be the

most obvious cause of fracture deformation. The loss of water through pumping will
significantly reduce the hydrodynamic force H, according to the force distribution in
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Figurel.6, leading to the dominance of the normal force from the mechanical
vibrations of the pump. According to Biot’'s theory, the system (an aquifer in this
case) will oscillate when disturbed. Biot (1956) developed a system of equations to
justify this principle. Botha and Cloot (2001) adopted the theory and apply applied it
to Karoo aquifers. The computed results did not show oscillations in the drawdown
curves observed in the field, although they did indeed show that aquifers deform when
pumped. However, their model did not take the seismicity caused by the pump into
account. The inclusion of the pump seismicity in the numerical model in this work
could make a difference.

3.2.3 Deformation dueto pump seismicity

The mechanical vibrations of the pump generate a normal stress, which induces the
congtriction and dilatation of the fracture. Owing to the presence of water, a
hydrostatic force opposing the normal force develops. Since the normal stress is
harmonic, so is the hydrogtatic force that results. The entire behaviour results in a
diaphragmatic deformation and hence the oscillations that are observed in the
pumping test data (Figure 1.2). Fracture constriction displaces water causing the water
level of the borehole to rise. Dilation restores the fracture state by inducing an influx
of water that leads to a drop in the water level of the borehole. It is the repetition of
these two antagonistic processes that gives rise to the oscillations observed in the
drawdown curves. The constriction and the dilatation processes are so rapid that it is
difficult to observe the oscillations in manually sampled pumping test data. This could
be the main reason why oscillations are not a feature familiar to most groundwater
practitioners. The presence of oscillations in pump test data depends on the resolution
and sensitivity of the equipment used (Botha et al., 1998).

Coupled with the direct effect of pump seismicity is the sound pressure variation.
Pressure variation on the water level can aso induce oscillations. It is, however, not
within the scope of this research to decouple these two aspects of the pump. In view
of the complexity of the dynamics, the focus will be on the pump vibrations.

For the purposes of this study, the last two hypotheses are egarded as the prime
causative factors for the diaphragmatic deformation of fractures and for that reason
they are investigated further.
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33 ONEDIMENSIONAL MODEL

The combination of theories discussed in subsections 3.2.2 and 2.2 is considered to be
the major cause of fracture deformation in practical operations.

For practica purposes, the impact of pump seismicity can be investigated by
switching on the pump without allowing the discharge of water. This explicitly forms
the basis of the derivation of the one-dimensional model shown later in this chapter.

The derivation of the mathematical model is focused on the impact of seismic wave
y in Equation (2.11) on reaching a hydrostratigraphic unit. The unit of interest to the
research is a deeply situated bedding fracture. The conceptua model shown in
Figurel.6 is used for this purpose.

Considering the system in dynamic equilibrium, the force distribution can be
expressed as.

F+B-H-D=0 (31)
Since the behaviour of interest in the system is in the vertical plane, forces acting on
the fluid in the horizontal plane can be ignored. This reduces the model to

F-H=0 (3.2

By virtue of the geometry of the system (borehole and groundwater flow behaviour)
setup, which resembles a cylinder (Figure 3.2), the cylindrical coordinate system is
considered (Figure 3.2).

Figure 3.2: The cylindrical coordinate system applied with the centre of the borehole
asthe origin.
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According to the coordinate system the groundwater flow velocity V would have
three components given by

<
I
U8’

>
o
(e oxy ey end

(33)

N

Since the research is focused on the vertical deformation caused by norma stress
generated by the pump, the angular component g of the dynamics can be ignored. The
radia and vertical components of Equation 3.2 can be written as

respectively.

It should be reiterated that the driving force F consists of the normal stress from the
pump and aso the gravitational force. In this case the hydrodynamic force H is the
force exerted by the fracture water when subjected to normal stress.

In formulating the mathematica model for the system, the approach adopted in
subsection 2.2.2 is repeated. The normal force in this case is considered to be acting
on the solid matrix of the aquifer. The fraction of the solid matrix in an aquifer is
expressed as (1- €) where e isthe porosity.

The approach will modify Equation (2.7) to

Tow_
it

ro-e) N%s (34)

where s  isthe actual stress acting on the solids, r  isthe density of the solid matrix
and N2 in this case in the cylindrical coordinates is reduced to:

e 12,11
N _ﬂrz +r " (35)

The Young modulus E is a constant and the displacement w is a function of timet and
radial distance r, thet is, w=w(r,t). Using Equations (2.3), (2.4) and (3.5), Equation
(3.4) is rewritten as
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E

= 20+V) (3.69)

(1- e)rsﬂfzw=e%'nr(rﬂrw) .G

where v is the Poisson coefficient, G is the shear modulus and E is the Young
modulus.

The mathematical model (Equation 3.6a) is descriptive of ground displacement with
radial distance from the excited pump. If he deformities shown in Figure 1.1,
including pump vibrations, are responsible for the collapse of bedding fractures in
Karoo aquifers, then it clearly explains why successful boreholes are drilled within a
few metres of the failed boreholes (Rasmussen, 1998).

The model is similar to Equation (2.7) except that it is specific to the aquifer scenario.
Like Equation (2.7), the model describes the displacement of the ground as the pump
vibrations propagate through the aquifer. The formulation of the model in terms of the
radial component is due to the fact that the oscillations registered in a borehole are as
aresult of the summation effect of the normal force from the pump over the area of its
influence.

The next step is to formulate a relation between the seismic wave propagating in an
aquifer and the water-level response in a borehole. This is achieved by solving
Equation (3.6).

In order to find the analytical solution of Equation (3.6) boundary conditions are
applied. The following boundary conditions were selected in accordance with the
assumed harmonic force generated by pump vibrations.

For undisturbed water level at time t =0, the boundary condition is given by

w(r,0) =,w(r,0)=0

This boundary condition simulates the condition when the pump is not operating,
implying no ground displacement and velocity.

When pumping, ground motion at pump position is described by

WR,,t) =w, Snwt
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The condition assumes the harmonic ground motion resulting from the pump
vibrations. Far from the pumping borehole, that is a distance L, the ground motion is
zexro, thus

w(L,t) =0

where R, is the radius of the borehole, L is the length of the aquifer, and w is the
frequency of excitation.

The first step is to aply a transformation function, Equation (3.7), in order to
generate homogeneous boundary conditions.

eer-Lo.
W= v+ vvoghisnwt 37)
-Lg

Inserting Equation (3.7) into Equation (3.6) yields an equation for v (Equation 3.6 b).

e é—1+rr12(r- L)Wzg

iy - 2,(09,) =

where 2 =49 r . from Equation (3.6). For Equation (3.7) to be consistent with

the proposed boundary conditions, the following conditions are imposed:

V(R,,t) = 05 v(L,t)=0; v(r,t) =0; ‘ILVL:oz%

Applying the principle of superposition and expressing the solution v(r,t) asasum of
two solutionsv,(r,t) and vA(r t), that is as:
v(r,t) =v,(r,t) +v,(r,t)
satisfying the respective equations defined as follows:
For v4(r,t)
MY, - 29, (11,v,) = 0 (389
r

V,(R,1) =0; v(L,t)=0

32



Numerical Simulation

. _-ww/(r-L)
Vi(r0) =0; |, = —R-L
and for w(r,t)
v, - lﬂr (rf,v,) = Lg_l +n(r - L)wzgsnwt (3.8b)
r

Vz(Ro!t) = 0; Vz(L,t) =0

v,(r,0)=0; TV

Vo =0

3.3.1The solution of v,(r,t)

The solution of v (r,t) in Equation (3.8a) is determined in this section as follows:

Let v,(r,t) beacomposite function of R(r) and T,(t) expressed as:
vy (r,t) = Ry(r)Ty(t) (3.9

Substituting Equation (3.9) into Equation (3.8 @ we get Equations (3.10) and (3.11).
The partition into two equations stems from the fact that both terms in Equation (3.8a)
have to be zero for it to balance.

i

P MPI%T, +kT, = 0 (3.10)
P
T.(rT,R) +k’R =0 (3.12)

i
i
|
i
il
P
I
i

Equation (3.11) is satisfied by the Bessel functions of index O;

R =0J,(kr) + ?Y,(kr)

applying b-c
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1 0J,(kR) - 2Y,(kR) =0
103 (kL) - ?Y,(KL) =0

The nonttrivial solution of Equation (3.11) is provided by:

‘]o(kl Ro)Yo(kI L) - ‘]o(kl L)Yo(kl Ro)

that is, defining the eigenvalues k,; 1=1,2,---

For such values we have

n - OIJo(k{ Ra)
1 YkR)
and R reads
_n¢ J.(kR)Y,(kr)u
=0 a A Sk - A S
BEOPETT N Ry
For T, we have
.k K
T, =E 9n—t + F cos—t
m m
Vl :é:ITLIRl,I
s a an K k _J(kR)Y, (kr)
V.= & (@, sn i+ FoosT (ki) - =S 2
but

Implying F, =0 "1 hence,

ﬂtvl(r10) =-

Ww, (r - L)

(R -L)

v,(r,00=0

'Jo (kl Ro )Yo (kl ’ r)

o k
= al. al,l _r;](‘]o (k| I’) -

Yo (kl Ro )

)
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- ww,(r - L)

Furthermore expanding in Bessel series
(R-L)
= 4.C,.J, (k)

This provides a set of equations for the remaining coefficientsa, | " | .

3.3.2 Thesolution for v,(r,t)

The solution of v,(r,t) in Equation (3.8b) is determined in a sSmilar way as v,(r,t),
but because of its heterogeneity the Duhamel method is applied.

In applying the Duhamel method to find v,, one replaces the inhomogeneous
problem by a homogeneous equivalent assuming that the inhomogeneous term
becomes the initial condition applied a time t <t . In this case the homogeneous
equivalent considered for Equation (3.8 b) is V(r,t) and the homogeneous part
becomes

MY =29, (9 V)
with the following boundary conditions:
V(R,1) =0, V(Lt)=0, V(rt) =0,
According to Duhamel method the initial boundary condition becomes

+m2(r - Lw? Ysnwt

TV(rt)=—o & v

(R,- L) &

t
Then it follows that v, (r,t) = oy (r 1.t )dt
0

We have
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Jo(kR)Y, (ki)
Yo (kl ’ Ro)

o .kt kt
V= al. (bl,l sn4m+b2’| COS_rIn)(Jo (kr)- )

and therefore
V(rt)=0and b, =h, tan(Kt)
Implying
kr;: (k't)cosﬁ)(J (kr)- JO(KRO)YO(KF))

V=3 '
abn Yok R)

For by, , again we make a Bessel expansion of

w

R OL)8 +mi(r- Lw? Hs'nvvt

and identifying the coefficient of this series with

‘]o(kl )Y (kir))a b“ ki ( klt ( k{ )(Snkit ))
m

V] = Quer)- =
o |

Provide b, "1 b, =b, (k,t)

Further, one has v, (rt) = (‘)V(r,t,t )dt thatis
0

_ 3 (KR)Yo(K 1) o kit kt Kkt U
Vo (r, 1) = (3, (kr)- Yk R) )a d)l,(sm— tan—— osF)th
Finaly
W(r,t) = v, + Vv, +Ww, ((F:o-' LL)) snwt

According to the proposed diaphragmatic deformation hypothesis, the changes in
water level, Dz, are due to the constriction and dilation of the fracture resulting from
the normal force from pump vibrations. In essence the integration of the
displacements over the aquifer area at any given time expressed as.

4L
— cv(r,t)rdr
ROFQN( )
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is equated to the changes in water level to give

L
D2(t) = —- (1 Hrck (3.12)
Rog
34  THE TWO-DIMENSIONAL MODEL

The model (Equation 3.12) formulated in the preceding section addressed the problem
in one dimension. In this section a two-dimensional model is formulated which takes
into account both the vertical and the horizontal components of the system. By
introducing the vertical component the hydrostatic force becomes effective. It is this
additional aspect that separates the two modek. However, strictly speaking the system
of equations outlined in this section is not two- but three dimensional and the two-
dimensional aspect will only surface when solving the equations. From this point
onwards in this thesis the hydrodynamic pressure that has been represented by H, is
replaced ssimply by a p to be consistent with the notation in Botha and Cloot (2002).

As stated in Chapter 1, the two-dimensional model is grafted on the work of Botha
and Cloot (2002) and the only difference is in the way the system of the equations is
solved.

The generaised form of Equation (3.4) isgiven as

r@-e)¥s =N +F" (3.13)
where
N:fl+’}l+21
1 riq 1z

with F™ accounting for external forces such as gravity and s is the stress tensor. As
before the angular variations are ignored.

3.4.1 Water response

According to the proposed hypothesis, the normal stress caused by pump vibrations
will generate strain e on a fracture, which can be expressed in terms of aperture
change as
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e=N:u (3.14)

The volumetric dilatation e is negative when the fracture is congtricted by the normal
stresses from the pump and positive when dilated. Coupled with the strain changes is
the change in porosity. The change in fracture water content q,, can be described with
an equation of the form

qu.p)=e=e, +e&s,p) =g, +e(xy,zt) (3.19)

where e, istheresidua porosity of the fracture inherited from the matrix history.

The density of the water, r,, will also be affected by the stresses experienced by the
fracture and the pressure exerted by the fluid. The impact of these forces can be
described through the constitutive relation for density of afluid

D,r, =br, where D, =1/1p

p

where b, is the isothermal compressibility coefficient of the water, which can be
expressed as (Kruseman and De Ridder, 1994):

b = - dVW/VW
w dp

where v,, is the volume of water and the change in hydrodynamic pressure is given by
dp . The negative sign shows the inverse relation between the two variables. The
density is therefore expressed with an equation of the form

rw(zt)=ralb,pzt)]

Applying the assumption that the rate of fracture deformation, v’ is small, together
with Equation (3.14), the classical groundwater equation (Botha, 1996; Bear, 1979):

Dt(r qu): N ' [rw(KN] - quf)] +erw
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can berewritten in theform
r,De+b,r, edp=N-[r (KNj)]+r F, (3.16)

where | is the piezometric head. In a saturated medium, assuming that e, is
constant, the left hand side of Equation (3.16) can expressed as

r20(D,e+b,e)Dj =r2g(D,e+b e)D; (3.17)

For a seismic wave to be transmitted effectively in an aguifer the assumptions made
are that the grains of the rock matrix are compressible and the normal stress caused by
pumping remains constant. The assumptions alow the volumetric compressibility of
the rock matrix to be defined as (Botha, 1996; Bear, 1972; Bear 1979):

a=- V—stb =——D.e (3.18)
Substituting Equation (3.17) into Equation (3.16) gives
r29(D,e+b,e)Dj =r20[@- e} +be]Dj =r,SDj (319

The equation differs from the conventional models used to describe the flow of
groundwater by the replacement of the volumetric compressibility of the rocks in the
specific storativity, S, with the dilatational strain. Burbey (2001) also expressed this
parameter in terms of the mechanical properties of the rock (Equation 3.20).

u
S =r_ga +eb ¢ 3.20
o ngm WH ( )

The dilatational strain is the real physical mechanism controlling the specific
storativity, S, of an aquifer. The relation is very important for the management and
control of boreholes because the dilatational strain is a function of the displacement

39



Numerical Simulation

vector u, which may not just depend on the compressibility of the fracture, but also on
other parameters such as the discharge rate of a borehole (Botha and Cloot, 2002).
According to the research, the storativity determines the volume of water that may be
available when a fracture deforms diaphragmatically.

3.4.2 Therock specie

The characteristics and behaviour of the rock specie are described in detail in the
work of Botha and Cloot (2002), and in this section the essential aspects relevant to
this work are highlighted.

If it is assumed that there are no sources and sinks of the rock matrix specie and that
the solids in the matrix are in compressible (r ,, is a constant), the continuum
equation for the rock matrix reduces to

D,@-e)=-Nq@1- e)v"] (3.21)
and the equation of motion is expressed as
d o~
r.l-e)—v"=Nxs"+B"
dt

where use was made of therelations q,, =(1- €) and r ,, =r (1- €). It will again be
assumed that v™, which is nothing other than the time derivative of the displacement
experienced by the rock matrix, henceforth denoted by U, is small. The convective
terms in the equation of motion for the rock matrix may therefore be ignored and the
total time derivative replaced by its equivalent partial derivative to obtain

r.(1- e Du=Nxs"+B" (3.22)

This equation will obviously not be complete unless explicit expressions are provided
for the dress tensor and the body forces. To achieve this, the stress tensor s™ will,
according to Newton’'s third law of motion, consists of two components— the stresses
experienced by the rock matrix, s and its interacton with the fluid pressure.
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Therefore the stress tensor for a water-saturated rock matrix in the subsurface of the
earth is of the form

s =s +epl (3.23)

where | is the unit Cartesian tensor.

If it is assumed that the deformations experienced by the rock matrix are small,
Hooke's law can be used to relate the stress tensor, s , to the strain tensor, e, and hence
the displacements U. Biot (1941) expressesthese relationsin the form

s, tep=2G(e, + €)

1- X

522+ep:26(e22+1 n €)

S g3 tep=2G(ey; + e (3.24)

1-2n
S, =2GE,, S13=2G8;, S ,3 = 2GE,;5

and the strain as

€ =215 L +n) - ns +(1- 20)p)

€ =15 5 (140) - s +(@- 2)p]

1
& = £ls 5 (1+n)-ns +(1- )p] (3.25)
_S12 o S8, _Sa=
€ 2G’el3 2G’ezs G

with

S =S 13%S 5, +S g3
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the trace of the stresstensor s.

The possibility exists that rocks may not obey the linear functions Equations (3.24)
and (3.25), especialy near boreholes that are pumped at high discharge rates. In such
cases the rock may not regain its original form once the stress is removed, but retains
residual strain. This suggests that it would be more appropriate to express the strains
as

e=e’+e'(s, p)

where €° denotes the residual strains induced by stresses and €' the dependence of
the strains on the stresses and pressure.

Although there are a large number of functions that could be used to represent the
non-linear behaviour of the stresses and strains, the present discussion will be based
on the following non-linear relation

To C T 1 C
SiSii__nSiitlsih

T , (1,1=1293 (3.26)
J E(Sitj+5ijc) |Si(j:|(SiT'Sﬁ)

where s'isthe tensor with elements given by the numerators of the expansions of e,
in Equation (3.25)

si=[s,;@+n)-sn+(1- 2n)p]
s;=@+n)s; (i,j=1273 (3.27)

The approximation of €' in Equation (3.26) has two advantages. The firgt is that it
reduces to the linear expressions for the strains in Equation (3.25) if

s§|=as] ands /s ® Oasshown by the Taylor series of the components of €'

16 1 142 1 A0

s © S = ( ) ks 0V

e =—1T8.(-a)——+(@1-a+a’)— s+ + =
Eé 2as, 3@s;) as; »Uu

e ] J Jgu
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This approximation is very useful because it can be used to linearise Equation (3.26)
and to represent the linear part of Hooke' s law when the aquifer deforms. The second
advantage is that it represents many of the properties of the stress strain relations for
rocks, as represented in Jaeger (1969). These include plastic behaviour whenever the
stresses become very large and the strengthening of the material under compression.
This behaviour is best seen when comparing the various curves of the rocks in Jaeger
with the graph of the inverse of Equation (3.26).

8]

exp[w(e))] - 1
: wWe)=—7ro— (3298
did

s & |explw(el)] +s |

Sﬁz(sﬂsﬂ)

Equations (3.28) and (3.30) apply only in the case where the magnitudes of these
stresses and strains increase non-linearly. It is because of this characteristic that they
are referred to as the nontlinear law of Hooke.

3.4.3 System of equations

In the work of Botha and Cloot (2002), the system of equations summarised in this
section was used primarily to investigate the impact of the discharge rate on aguifer
deformation.

In the thesis, these equations form the basis on which the effect of pump vibrations is
built. This approach is grafted on the fact that the oscillations in Figure 1.2 were
observed when the borehole was pumping and vibrating.

The capability of the eguations hinged on how well they represent both the
mechanical properties of the aquifer and the dynamics therein. These equations are as
follows:

r,De+b,r .eD.p=N{r,(KNj)]+F,
r (- e)DFu=Nxs® +F?
du(s,H,)=e =e, +e(s,p)

e=e° +¢€'(s, p) where €° isthe residual strain.
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The solving of these equations is based on the Petrov-Galerkin finite element
approximation of the equations. It is the solving of these equations that marks the
point of departure of the current work from the work of Botha and Cloot (2002).

3.5 BOUNDARY CONDITIONS

35.1 Gereral

The above system of equationsis solved by making use of boundary conditions which
simulate the dynamics of the system as observed in the field.

The physics of the system evolves around the mechanics of the pump and the reaction
of the aquifer to the pump. Assessing the impact of abstraction in isolation is not a
priority of the research. In fact this aspect of the dynamics was addressed in the work
of Botha and Cloot (2002). Since the proposed hypothesis involves hydrodynamic
pressure, H ;, — athough not extensive — simulations are conducted for different
discharge rates to quantify its contribution to the development of oscillations.
However, the boundary conditions imposed in the Botha and Cloot (2002) model will
not be changed. Botha and Cloot (2002) assigned a constant flux boundary (Neumann
boundary condition) to a borehole as the discharge rate and a constant head boundary
(Dirichlet boundary condition) far from the pump when solving the groundwater flow
equations. In order to solve the ground motion models a similar set of boundary
conditions was added.
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3.5.2 Boundary conditions applied to ground motion models

The boundary condition commonly applied to the system at any point in time prior to
pumping is

wW(r,0) = T,w(r,0)=0 (3.30)

The condition states that for a borehole that is not pumping, the ground displacement
is zero. When the pump is switched on, the ground motion induced at the edge of a
borehole of radius R, is assumed to be of the form

WR,,t) =w, snwt (3.31)

Far from pump vibrations, that is, a a distance L away, the ground motion is
expressed as

W(L,1)=0 (332)

These conditions are the same as those applied to the one-dimensional model in
Section 3.3.

35.3 Applying boundary conditions to the model

In the field the ground vibrations were observed to obey an exponential- like decay
with distance from a pumping borehole (Figure 3.3), so when assigning the boundary
condition (Equation 3.31), a distance L, <L is considered (Figure 3.4) where the
vibrations are effective. In this scenario the pump vibrations are applied at the aquifer
and the water response is monitored. This is the best representation of the proposed
diaphragmatic deformation.

Similar to this setup is the introduction of a foreign source of seismic energy. A
hammer and a plate were used as externa sources of energy and the reaction of the
borehole water was monitored. In numerica terms the boundary conditions are
depicted in Figure (3.5). The simulated drawdown curves are compared to field data
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Alternatively, the oscillatory function can be added to the flow to determine the
aguifer response on the ground surface. The approach is instrumental in identifying
the contribution of the intermittent flashing in and out of water in a fracture. The
fracture deformation induced, as proposed in subsection 3.2.1, is ssimulated. The set-
up in Figure 3.4 can be repeated here except that the boundary condition is applied to
the flow, which is in accordance with the cup effect of the pump.

It should be noted that when applying these conditions in solving the numerical
model, the condition

w(r,z=0,t) =w, snwt, " r1 [R,,L], "t30

is observed.

3.6 THE GALERKIN FINITEELEMENT METHOD

The application of finite element approximation in solving a differential equation is
common (Botha and Pinder, 1983; Cakmak et al., 1987).
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Figure3.3: Ground motion with distance from an excited pump which is

not discharging water. The pink triangles indicate the
repetition of sampling at the stations. The amplitudes in
counts are directly proportional to displacement in
nanometres.
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Borehole Position

N

Figure 3.4: Boundary conditions assigned to the aquifer with particular reference to
pump characteristics.

Borehole Position Hammer-Pae

Figure3.5:  Boundary conditions assigned to the aquifer for the introduction of the
hammer-plate as the source of seismic energy.
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The basic principle behind the approximation is to approximate the dependent
variable u(x) inadifferential equation such as

Lu(x)=F (3.33)

as the sum of set of known, piecewise continuous polynomials,f;(x) say, in the
independent variables, x,

ux)=Q f ; (Xu; (3.34)
j=1

The unknown coefficients, u;, are then determined by substituting this sum into

Equation (3.33) and forcing the set of weighted residuals
fi(X)éTzlf (Xu; - F (i=1--,m)

to be zero in some average sense. In the case of the Galerkin finite element method,
this is achieved by integrating the residuals over the domain of the differential
equation, W, and equating each residual to zero. This operation generates, in general,
aset of algebraic equations of the form

éi(X)[LéfJ(x)uj - Flaw=0, (i=1--,n)

w =

that can be solved for the unknown u;, which on substitution into Equation (3.34)
will yield an approximate solution of Equation (3.33).

3.7 DISCRETISATION OF THE MODEL

3.7.1 Theconservation of fluid mass

The manifestation of the diaphragmatic deformation of a fracture is due to the
compressibility of waterb,, (Equation 3.35) induced by seismic waves from a pump.
The compressibility serves as a shock absorber preventing the collapsing of the
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fracture. The water displaced in the process finds sanctuary in the borehole, which
leads to water level fluctuations.

b, = L/Vw (3.35)
dp

To accommodate the compressibility of water, Equation (3.15) which is strictly valid
for incompressible fluid flow is transformed so as to be applicable to compressible
fluid flow. This is achieved by expressing the Darcy flux in terms of the permeability
of the medium instead of the hydraulic conductivity as (Childs and Collis-George,
1950; Botha and Cloot, 2002)

KNj (1) :%N(pﬂwgz)

Although it is possible to relate the permeability tensor, k , to the porosity of a porous
medium, since there is no available information on the tensorial properties of the
permeability for Karoo aquifers, it will be assumed that the permeability is a scalar,
that the medium is isotherma and that the viscosity of the fluid mis constant.
Applying the assumptions and Equation (3.13) transforms the equation governing the
conservation of fluid mass into a deformable porous medium and a compressible fluid
which is found to be of the form

r ,DN>u+b, r eD p=Nxr W(r—an(p +r,02]+F, (3.36)
If the vectors
G(t) ={uo () uy (), u ()
p(t) ={po(®), Pu(t),- P (D)} (337)

ae used to denote the time-dependent coefficients of the semi-discrete
approximations for the displacement and pressure respectively, the system of
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equations arising from the finite element discretisation of Equation (3.36) can be
expressed symbolically as

pD,i(t +Qth>(t)+%[|6(t)R+b] =2+ (3:38)

Alternatively the time derivative approximations of, D,i(t) and p(t), which are

Dtuj 1) @Uj (tk+1?:)'t u; (t)

(3.39)
p; @, (t)p;(te)+ la Py (tisn)
are used to transform (3.38) to
N AN+l K AN AN k
pxu+p"(Q+—RDt) =pxu"+Qp" +(?+f - —b)Dt  (3.40)
m m
The symbols P, Q and R in these equations are matrices with elements
Py = @ WX DF QONF | (x)dW
w
Gy = (Puel T, (D (F | (X)dW
w
r = W@+ b, g2NF, (x)Nf | (x)dw
w
while f, ? and b are vectors with e ements

f = @ W b (WD F(x, )W
W

g, = O W DI | (x,1)dS
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b = @gr 2(x,t)D,f, (x,t)dwW
w
where

g (x, 1) =n>(k/mf; ()Nj (x,t)

represents a Neumann boundary condition and therefore only exists if the prescribed
boundary conditions entail either a nonhomogeneous Neumann or a Cauchy
boundary condition

3.7.2 The equation of motion

The discretisation procedure is also applied to the equation of motion if provision is
made for the non linearities in the stresses associated with the matrix skeleton.

The equation of motion can be expressed as
r.(1- e)D’u=Nxs +lep) +B"

where p is the fluid pressure, e the porosity of the medium, s are the stresses
created by forces other than the water pressure and | the unit matrix. Multiplication
of this equation by the basis function, f;(x), and the application of Green’s theorem
to the right-hand side of the equation yield

& (- €)f ,()DUdW = - &f, ()sdW+ g, ()N depdW+ ¢§; () B dW+ ¢§, ()s ndS

(3.41)

where n is the unit normal vector on the outside of the boundary, dw of W. The first
term on the right-hand side of Equation (3.41) can be ssimplified by replacing s with
the linearised form of s* in Equation (3.42) expressed in terms of the dilatational
strain, e, defined as
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e=Z[Ru + (Nu)T]
2
and as
S @, +2G[e+{V/(1- 2v)I €
to obtain
ANF )saw= ceRIF (x) {Ru + Au) T +{v/(1- 2} eldW+ F ; (X)s aW
W W W
The spatial finite element approximation of Equation (3.41) is therefore given by
2N N ~T A &V 0o e (¢] m
MDZI(t) + HG(t) + VO (t) - WP(t) = ——=d°+s° +b™ +¢&’
el- 2vg

or if Equation (3.39) is used to approximate the time derivative, D(i(t)

7

Man+l+(u)Z[H0n+l+Van+l_ an+1] - M[ZUn _ un—l]+(u)2gm{ Qde +So +bm +Sbg
el- g u

(3.42)

The symbols ((t) and p(t) are defined as in Equation (3.37), while M, H, V and W
are matrices with e ements

m; :éi(x)r s@- e)f ; (x)dw
w
h; = &Nf () >Nf | (x)dwW

v = NI, (0 R | (0] aw
W
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Program Initialization
1 Prepare grid
. Specify aquifer properties
3. Compute integrals in  loca
coordinates
4, Load initial state of system

Iteration Loop

n=n+1 | =1 m

I
Stop
Criterium
t, 3ty

if

convergence

Compute

n+1| n+1,
( (U™ Hy

- Update stress-strain particulars
- Store data, if needed

- Update time-step, if wanted

k Next Iteration Step

l=1+1

Figure 4.3: Flow chart of the general agorithm used to solve the system of Equations
3.40 and 3.42.

w, = ¢, (0eNf | (x)dw
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and d€, s and b™ vectors with elements

d® = &t (x)ledW

w

§” = (Nf i (x) s (AW
W

b™ = )\ ; (x)BMdw

w

s = ¢§i (s ndS
daw

Equations (3.40) and (3.42) represent a set of four equations, which can be used to
solve for the four unknowns G™* and p™**. It is important though to note this system
of equations has to be solved iteratively if s isnonlinear, as illustrated by the flow
chart of the general algorithm in Figure 3.5.

3.8 DISCUSSIONS

Central to this chapter is the formulation of the mathematical models that will
simulate the response of an aquifer when pumped. The one-dimensional model
simulated the direct relation between the matrix deformation and water level response
in an aquifer. The model does not take into account the hydrodynamic pressure the
water may impose on the normal stresses generated by a pump. Apart from that it is
independent of pumping.

The two-dimensional model is not directly developed in this chapter but a system of
equations is adopted from Botha and Cloot (2002). In essence it is a three-dimensional
model which is reduced to a two-dimensional model on solving. The idea of adopting
the model is not to repeat the work of Botha and Cloot (2001) but to add the seismic
effects caused by the pump to the model equations, which Botha and Cloot (2001)
neglected to do. The pump seismicity is added as boundary conditions, which defined
the framework of the mathematical solution of both the deformation models and the
groundwater flow models. The Galerkin technique is then applied to solve the
nonlinear models by generating approximating solutions using basis functions which
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converge in the intended solution through iterations. This linearised the nonlinear
models in a piecewise fashion, thus making the computations simpler and faster.

In the next chapter, the models are solved numerically.
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CHAPTER 4

FIELD INVESTIGATIONSAND NUMERICAL RESULTS

41  GENERAL

Thus far the discussions have revolved mainly around the formulation of
mathematical models and little has been mentioned about field investigations.
Refocusing on practical investigations forms the central theme of this chapter with the
purpose of investigating the scenarios generated in Chapter 3.

Severa experiments aimed at investigating various causative factors suspected of
directly or indirectly influencing the mechanics of oscillations were conducted. The
experiments integrated the seismological and hydrogeological aspects of the system,
taking into account the pump seismicity and borehole water responses. The geophone,
Event Acquisition Recording System (EARS), equipped borehole and hammer
constituted the seismological component with pressure transducers adding a
hydrogeological dimension to the total package of the equipment used.

The chapter starts with a discussion of the Campus Test Site in Section 4.2, where the
experiments were primarily performed, and this also forms the basis for the model
developed by Botha and Cloot (2002). The section aso outlines the geology and the
hydrogeology of the aquifer highlighting its unique features. The field investigations
are discussed in Section 4.3 and the comparison with the numerical results of both the
one- and two-dimensional models is conducted in Section 4.4. The chapter concludes
with a discussion summing up the field investigations and the numerical work in
Section 4.5.

42 CAMPUSTEST SITE

421 Geology

The Campus Test Site at the University of the Free State covers an area of
approximately 180 x 192 n?, and was originally intended as a test site for
postgraduate students. Several percussion boreholes and core-boreholes have been
drilled into the aquifer over the years with the intention of understanding its intrinsic
characteristics. The positions of the holes are shown in Figure 4.1. Five of the seven
core-boreholes were drilled vertically and two at an inclination of 45° to verify the
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horizontal orientation of the fracture that forms the main conduit of water to boreholes
on the site (Botha, et al., 1998).

The geology of the dite is characteristic of the Beaufort Group of the Karoo
Supergroup (Kent and SACS, 1980). The site is situated partially on a basal outcrop
of Spitskop Sandstone, but mainly on the underlying Campus Sandstone. Outcrops of
the mudstones that overlie the Campus Sandstone are superficially covered by soil
and clay.

422 Geometry

There are three aquifers present on the Campus Test Site, as shownin Figure (4.2).
The first aguifer is a phreatic aquifer that occurs in a laminated aternation of
mudstones and siltstones (6-9) m thick, and a fine-grained, cross-laminated rhythmite
sequence (1-6) m thick. A black carbonaceous shale layer, (0.5-4) m thick separates
the first aquifer from the second and main aquifer. This aquifer occurs in the 8-11 m
thick Campus Sandstone layer, and is confined. Unique to the second aquifer is the
presence of a bedding fracture approximately 21 m below the surface (Figure 4.3) that
dlices the sandstone hydrostratigraphic unit into two subunits. Tracer tests conducted
a the Site showed that in borehole UO28, one of the boreholes used in the
investigations covered in the thesis, the fracture is situated at a depth of 20.5 m
(Chiang and Riemann, 2001).

The effective aperture width of the fracture is 10 mm (Botha et al., 1998). The third
aquifer, also a confined aquifer, occurs in a succession of interbedded mudstone.

43  FIELD INVESTIGATIONS

431 I nstrumentation

In the investigations, STS 8730 pressure transducers (Figure 4.4 a) were installed in
boreholes UP16 and UO28 to observe water levels. The transducers had the following
specifications:

Temperature range; -5°C to 50°C

Max pressure: 3 bar
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Figure 4.1 Borehole layout on the Campus Site. Coordinate origin (vertical axis) —

3221036m, (horizontd axis) —78832 (m)

The ground motion was recorded using Event Acquisition Recording System (EARS)
(Figure 4.5 @ and the three-legged geophone (Figure 4.5 b as the sensor. For the
positioning and referencing of the data, a global positioning system (Figure 4.4 b) was
connected to the EARS.
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Figure 4.2: Schematic diagram of the different geological formations and aquifers
present on the Campus Test Site [Botha et al., 1998]

Figure 4.3: Captured borehole video images of the fracture in borehole UO23 at the test site.
Thefractureis at adepth of 21.1 — 21.2 m below ground level.

The specifications of the EARS as provided by the manufacturer are given in Table
4.1. In the experiment the buffer ring was set to 10 seconds. This is the period during
which datawill be recorded completely before it responds to any further excitations.
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Table 4.1: Specifications of EARS

SPECIFICATIONS |

3 Differentia input channels

18 bit Sigma- Delta Conversion

108 dB Dynamic range

4 Gain settings to interface with a variety of seismometers
Common mode rage of + 2.5 volts @gain 1

Sample rates: 25 up 200 samples per second

Automatic DC offset calibration

Integrated anti-alias filters

RS 232 interface to Data Acquisition unit

Power 10.8 KW

A submersible pump instaled in UP16 a a depth of 30 m was used in the
investigations.

The SM-6 Geophone of the B-coil type was used in the investigations as a sensor.
Three components of ground motion are recorded, namely the vertica (Z), the
Northern (N) and the Eastern (E) (Figure 4.6). These components are helpful when
characterising waves. The Rayleigh and the Love waves generated by a seismic
source in the earth’s surface are identified by the Z component, which the latter waves
do not have (Telford et al., 1990). The geophone specifications provided by the
manufacturer are given in Table 4.2.

Figure 4.4 The STS pressure transducers (a) used for water-level acquisition and the
GPS (b) used for data referencing of ground motion in the EARS.
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Figure 4.5 The Event Acquisition Recording System (&) and the threelegged
geophone (b) used in the acquisition of ground motion.

N

Figure4.6: The configuration of the three components recorded by the
geophone.

432 SEISAN

The SEISAN seismic analysis system is a complete suite of programs and a smple
database for analysing earthquakes from analogue and digital data. The programs of
relevance to this study aredirf, MAKEREA, MULPLT and EEV.

In the analysis conducted in this thesis, field data stored in the EARS are downloaded
into a working directory (BLOEM) (C\SEISMOWORBLOEM) created using
MAKEREA. Two folders, REA and WAV, are aso created automatically in the
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process. The REA folder contains field readings and WAV stores the digital data files.
For the program to recognise the data, the program dirf is run which assigns
identification numbers to the traces. The MULPLT program is used for displaying
traces. The picking of amplitudes, velocities, phase readings and plotting of traces is
done using the EEV program.

The ground motion option was selected for the calculation of the ground motion. It
offers the option of calculating displacement (nm), velocity (nm/sec) or acceleration
(nm $?). The details of the SEISAN program are outlined in the SEISAN manual
(Havskov and Ottemdller, 2001).

Table 4.2: The SM-6 geophone specifications

SPECIFICATIONS

Frequency

Natural frequency 4.5 Hz

Typical spurious frequency 140Hz

Tolerance 0.5 Hz

Damping

Open circuit damping 0.56

Open circuit damping tolerance | +/- 5%

Sensitivity

Open circuit sensitivity 28.8V/m/s(0.73 V/in/s

Tolerance 5%

Moving mass 11.19 (0.39 02)

Resistance

Standard coil resistance 375W

Tolerance +0.5 %

Physical

Diameter 25.4 mm (1in)

Height 36 mm (1.42in)

Weight 819 (2.8502)

Operating temperature range - 40 °C to 100°C (-40°F to +212 °F)
_______________________________________________________________________________________________]

433 Experiments

4.3.3.1 General

The investigations were conducted using boreholes UP16 and UO28, which are 8.95
m apart. Borehole UP16 is equipped with a submersible pump installed at 30 m below
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ground level. In both boreholes pressure transducers were installed to keep track of

groundwater fluctuations. Seismic stations were marked at 1 m intervals from UP16
to UO28 as shown by red dots in the schematic layout in Figure 4.7. The stations were
used for seismic sounding. The hammer-plate and the sensor were configured on these
stations and the water level was continuously recorded throughout the experiments.

The downloading of the water-level readings from the pressure transducers was done
at the end of the entire fieldwork.

To enhance the oscillatory behaviour in the water level signals, the first derivatives
were conducted. The derivatives were plotted adjacent to the field readings. The
forward derivative technique was used which is expressed as:

h-h

i -1

Ct

The piezometric heads h and h_, were captured at times t, and t;_, respectively
(Wang and Anderson, 1982).

The traces captured in the field per experiment are incorporated in the text. The
amplitudes of traces as recorded by the respective componerts of the geophone were
determined and in cases where the components are not determined explicitly it should
be assumed that the maximum amplitude of the composite signa is implied. The
seismic traces are plotted on the vertical axis with amplitudes of traces recorded by
the respective components of the geophone, and time in seconds is plotted on the
horizontal axis. The numbers, which are illegible in some cases inside traces plots, are
the minimum and maximum amplitudes of the signal that triggered the geophone.

In order to study the frequencies giving rise to the signals, Fourier transformation was
conducted on a selected seismic signal. The main objective of the transformations was
to determine the significance of mains frequency supplied to the pump in the overall
ground motion caused by pump vibrations.

4.3.3.2 Experiment 1

The purpose of the first experiment was to determine the characteristics of waves
generated by the pump. The pump was switched on and not allowed to discharge
water. Ground motionwas recorded at stations at increasing distances from the pump.

The maximum amplitudes of ground motion at each station were plotted (Figure 4.8).
The pink triangles in the figure are repeated readings intended to verify the first
readings, which showed a deviation from the trend displayed by the preceding
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readings. The amplitudes were read directly from the EARS monitor and no
conversion to displacement was done since this needed post-processing software.
However, it should be noted that the amplitudes displayed are directly proportional to
the conventiona displacement (Havskov and Ottemdller, 2001).

The seismic readings taken at stations 4, 4.5 and 5 metres showed amplitudes in
nanometre range (Table 4.3). The corresponding seismic traces from stations 4 4.5
and 5 are shown in Figures 4.9, 4.10 and 4.11. The responses of the water levelsin
both boreholes, UP16 and UO28, were captured and are shown in Figures 4.12 and
4.14 with the first derivatives in Figures 4.13 and 4.15 respectively.

UP16 @
1
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2
3
4

5

e 6
7
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8
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Figure 4.7 The schematic layout of the boreholes and stations on the Campus Test
Site used in the field investigations

The graph (Figure 4.8) shows an exponentia-like decay of the amplitude with
distance from the pumping borehole. The characteristic is of a direct wave (surface
wave) and not a body wave because of the closeness to the source (Kearey and
Brooks, 1995; D’Arnaud Gerkins, 1989), which is typical of a Rayleigh wave
(Telford et al., 1990), a member of the surface.

It travels along the surface of the earth and involves a combination of longitudinal and
transverse motion. The characteristics of the Rayleigh waves are detailed in Chapter
2. The fact that the geophone recorded a vertical motion distinguished the wave from
the Love wave — another member of the surface waves that propagates parallel to the
ground surface. The amplitude of the Rayleigh wave decreases exponentially with
depth (Telford et al., 1990).
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Figure 4.8: Ground motion with distance from an excited pump that is not discharging
water. The pink triangles indicate the repetition of sampling at the stations. The
amplitudes in counts are directly proportiona to displacement in nanometres.

Table4.3: Ground characteristics as the pump in UP 16 is excited without
discharging
Station | Ground Displacement Ground Veocity | Ground Acceleration
(hm) (hms? (hm s?)
4 1529834.8 77811728.0 7103732224.0
45 1465853.1 75551728.0 7324891136.0
5 1253128.8 64297120.0 5460332032.0
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The seismic trace captured at 4 m from UP16 with the pump switched on
but not discharging water. The components of the geophone are shown on
the vertical axis and time on the horizontal axis. The minimum and
maximum counts for each event recorded by the geophone components
arealso shown.
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Figure 4.10: The seismic trace at 4.5 m from UP16 with the pump switched on but not
discharging water. The components of the geophone are shown on the
vertical axis and time on the horizontal axis. The minimum and maximum
counts for each event recorded by the geophone components are also
shown.
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The seismic trace at 5 m from UP16 with the pump switched on but not
discharging water. The components of the geophone are shown on the
vertical axis and time on the horizonta axis. The minimum and maximum
counts for each event recorded by the geophone components are also
shown.
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Figure4.12:  Drawdown observed in UP 16 with the pump on but not discharging water
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4.3.3.3 Experiment 2

In the second experiment the impact of discharge rate on ground motion is
investigated. The seismological motion of the ground at a fixed station was monitored
as the discharge rate was varied. The details of the practical execution are shown in
Table 4.4. There are two facets to this approach: the first is to derive a relationship
between discharge rate and ground motion and the second is to evauate the
contribution of the hydrodynamic pressure on the development of oscillations.

Table 4.4: The practical execution of Experiment 2

. EARSTIME
Station | Date Sarting | Fniding Remarks
7-26- | . _ Started 9:26 and stopped at 10:26.
2 2002 935 10:25 Discharge rate ~ 3.688 I/s
2.6 Started recording at 10:36 am
oo0p | 10:45 12:09 stopped 12:10 pm.
Discharge rate ~1.746 |/s
~7.96- Started 12:40 am and stopped at
2002 12:49 13:45 13:46. Discharge rate 3.249 I/s
~3.2491/s
.96 Started at 13:56 and stopped at
2002 14:06 14:55 14:56.
Discharge rate 4.0261/s
7.96- Stated at 15:05 and stopped at
2002 15:14 16:06 16:07. No discharge.
of water
Started at 16:16 and stopped at
7-26- . _ 17:16. Intervention was occurred at
2002 16:24 1715 this point due to spillages of water
a the pump.

The geophone was positioned at 2 m from the pumping borehole and the discharge
rate was varied. The drawdown curves of UP16 and UO28 when pumping the former
at 4.06 L/s and the respective first derivatives are given in Figures 4.17, 4.18, 4.19
and 4.20. The quantitative results for the discharge rate of 4.06 L/s are shown in Table
4.5, and the other discharge rates seemingly did not manage to trigger the geophone.
This can be explained by the fact that wave trains of different phases were generated
(Foti, 2000) leading to a destructive interference resulting in no or aweaker signal.
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Figure 4.16: The seismic trace at a station 2 m from UP16 discharging water at 4.06
L/s. The components of the geophone are shown on the vertical axis and
time on the horizonta axis. The minimum and maximum counts for each
event recorded by the geophone components are aso shown.

Table4.5: The variation of ground motion with discharge rate

Station Discharge Rate (L/s) | Amplitude (nm)
2 4.06 314

It is clear when comparing the information in Table 4.3 and Table 4.5 that when
discharging water from a borehol e the ampltude of the ground motion is significantly
reduced. This can be attributed to the loss of hydrodynamic force to oppose the
compressing effect of the pump vibrations (Figurel.6). This implies that the
hydrodynamic force is smdler when the system is losing water than when not
pumping.
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Figure4.19:  Drawdown curve of UO28 as UP16 dischargesat 5 L/s
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Figure4.20: Thefirst derivative of the datacurvein Figure 4.19
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The numerical experiments of Botha and Cloot (2002) showed that discharge rate is
the main contributing factor to the failure of Karoo aquifers. The coupled effect of
pump vibrations and discharge rate further complicates the entire dynamics of the
system making it difficult to delineate the main causative factor.

4.3.3.4 Experiment 3

In contrast to Experiment 1, the water-level fluctuations were recorded without
switching on the pump. The intention was to investigate the impact of ground roll on
borehole water.

The aquifer when discharging water should be viewed as being subjected to a forcing
frequency resulting from the pump. Naturally the aquifer is constantly subjected to
spurious forces from various sources. The natural frequencies and the forcing
frequency from a pump combined (principle commonly known as frequency
modulation) will have a different effect on the system than when either force is in
isolation.

In the experiment, the ground roll, as the effect of natural frequencies are referred to
in seismology, was monitored and so was the water level in borehole UO28 (Figure
4.21). The sources of ground roll are mainly of anthropogenic origin athough natural
factors such as wind may also contribute.

The water response in UO28 was monitored (Figures 4.21 and 4.22).

Unfortunately the geophone used in the monitoring of these frequencies did not record
anything. This does not, however, mean that the ground is not slbjected to any
frequencies. The main reason may be that the frequencies were not strong enough to
trigger the geophone.
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Figure4.22: Thefirgt derivative of datain Figure 4.21

76



Field investigations and numerical results

4.3.3.5 Experiment 4

This experiment was a repetition of Experiment 1 except that water was discharged.
The corresponding ground motion was captured (Figure 4.23) and a frequency
spectrum of the seismic trace was analysed (Figure 4.24).

From the spectrum, it is clear that there are at least six dominant frequencies,
however, only two are of interest to the study, namely, around the 5 Hz and near the
10 Hz marks. The threshold frequency needed to trigger the geophone should be 4.5
Hz (Table 4.2), and from the spectrum, Figure 4.24, that frequency does not exist,
indicating the pump dominance on aquifer behaviour. This subsequently suggests that
the lack of response from the geophone in Experiment 3 implies that the ground roll
frequencies were below the threshold limit of 4.5 Hz. It is worth noting that the
frequency of the ground roll depends on the strength of the extraneous sources and
therefore is not fixed.

The quantitative ground characteristics are given in Table 4.6. The drawdown curves
and the first derivatives of UP16 and UO28 are shown in Figures 4.25, 4.26, 4.27 and
4.28.

Comparing the data in Tables 4.3 and 4.6, the amplitude of ground motion is larger
when the borehole is pumped at 1.025 L/s than when not pumping. In contrast, the
maximum amplitude recorded when pumping at 1.025 I/s (1.807 mm) is larger than
the maximum amplitude when pumping the aquifer at 4.06 L/s (31.4 nm). Thisimplies
that there is an optimum discharge rate at which the hydrodynamic force and the
force resulting from vibrations are in equilibrium.
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The seismic trace captured at 4 m from UP16 discharging at 1.025L/s. The
components of the geophone are shown on the vertical axis and time on the
horizontal axis. The minimum and maximum counts for each event recorded
by the geophone components are also shown.

Table4.6: Maximum ground amplitudes recorded at 4 metres from UP 16 discharging at

1.025L/s
Ground Displacement | Ground Velocity | Ground Acceleration
(hm) (nm s?) (hm s?
1806972.0 57807748.0 3193180672.0

78



Field investigations and numerical results

€4.8 e

4.6 B

4.4

I i I ‘ | | |

1.0 1.6 2.5 4.0 6.3 10.0 15.8

Frequency Hz

Figure4.24:  Thefrequency spectrum of the seismic trace shown in Figure 4.23.
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Figure4.28: Thefirst derivative of the graph in Figure 5.27

5.3.3.6 Experiment 5

A seismic sounding was conducted with a hammer-plate placed a metre from the
sensor in the survey line between boreholes UP16 and UO28. A typical seismic
signature generated by a hammer is shown in Figure 4.29 and the ground reaction is
tabulated in Table 4.7.

The response of the water level was continuously recorded throughout the experiment.
The borehole water response in UO28 is shown in Figure 4.30 and its derivative in
Figure 4.31.
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Figure 4.29: The seismic trace generated by hammering the ground. The
components of the geophone are shown on the vertical axis and
time on the horizontal axis. The minimum and maximum counts
for each event recorded by the geophone components are also

shown.

Table4.7:

The response of the ground to a shock wave shown in Figure 4.29

Ground Displacement Veocity Acceleration
(nm) (nm s?) (m s?)
517 658.1 2.546 x 10’ 15x 107
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Figure 4.30: The water responsein UO28 as an externa force is applied with a hammer

and the sensor positioned at one metre away.

3.00E-03

E

c

2 1.50E-03

o

g

[m)]

O-OOE+OO T T T T T T T T T T T T T
0 4 8 12 16 20 24

Time (mins)

Figure4.31: Thefirst derivative of datain Figure 4.30

By comparing Figures 4.21 and 4.30, it is clear from the observations that the
borehole water reacted to the external energy. The ground was struck at 2-minute
intervals. The step signature of Figure 4.30 may be due a to summation effect of the
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seismic energy as the water was flushed from the borehole. It should be noted that
UP16 was not pumping.

4.3.3.7 Experiment 6

Experiment 5 was repeated except that both the source and the sensor were in the
same position. The water- level responses are shown in Figures 4.32 and 4.33. In terms

of seismology the data captured has no significant meaning hut the corresponding
water fluctuations do have some significance.

As in Experiment 5 the borehole water response displayed a step function. Again this
indicates that the hammer effect was reaching the borehole water level.
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Figure 4.32: The water response in UO 28 as an externa force is applied with a

hammer and the sensor positioned at the same station
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Figure4.33: Thefirst derivative of UO28 datain Figure 4.32

4.3.3.8 Experiment 7

The source and sensor were placed at borehole UO28 with the pump in UP16
switched off. The arrangement enhanced the impact of sound wave and pressure from
a Rayleigh wave on the water level. The borehole water responded in the same way as
in Experiment 5 and 6 but the step effect was more defined, probably because the
hammering was done at the borehole. Ground hammering was done every minute.

The arrangement enhanced the impact of sound waves and pressure from a Rayleigh
wave on water level. The seismic wave in this case could have propagated through the
matrix and along the borehole walls because of the proximity of the source to the

borehole. Direct waves are usualy the first arrivals in such a set-up (Telford et al.,
1990).
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Figure 4.34: The water response in UO 28 as an externa force is applied with a hammer
and the sensor is positioned at UO28.
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Figure 4.35. Thefirst derivative of the data curve in Figure 4.34

4339 Experiment 8

In this experiment the borehole discharged at maximum discharge rate and was
alowed to recover. The drawdown curve during pumping is shown in Figure 4.36 and
the corresponding derivative in Figure 4.37. Throughout the experiment ground
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motion was captured at 0.5 m from UP16. The seismic graphs drawn up at the
following times in the morning, 6:22, 6:24 and 6:39, are shown in Figures 4.38, 4.39
and 4.40 respectively. The quantitative results are to be found in Table 4.8.

Table4.8:  The ground response as the water level drops
Time | Ground Displacement (nm) | Velocity (nm s7) | Acceleration
(nm s?)
6:22 | 30.8 6007.1 1318235.5
6:24 | 86.6 5801.0 972978.4
6:39 | 101.1 14834.8 2807780.0

The results clearly show that as the water level decreases the ground motion increases.
According to Figurel.6, as the borehole discharges, the hydrodynamic force decreases
causing an imbalance in forces leading to the dominance of the driving force resulting
from pump vibrations. It should be noted that a submersible pump loses discharge rate
gradually as the water level decreases and thus as observed the smaller the discharge
rate the larger the ground motion.
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Figure 4.36: The water response in UO 28 as UP16 is discharge at its maximum rate of over

5L/s.
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Figure4.37. Thefirst derivative of drawdown curve in Figure 4.36.
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Figure4.38: The seismic trace at 0.5 m from UP16 at time 06:22 as the borehole
discharges a 5L/s. The components of the geophone are shown on the
vertical axis and time on the horizontal axis. The minimum and maximum
counts for each event recorded by the geophone components are also shown.
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Figure4.39: The seismic trace at 0.5 m from UP16 at time 06:24 as the borehole
discharges a 5 L/s. The components of the geophone are shown on the
vertical axis and time on the horizontal axis. The minimum and maximum
counts for each event recorded by the geophone components are a so shown.
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Figure4.40: The seismic trace at 0.5 m from UP16 at time 06:39 as the borehole

discharges at 5 L/s. The components of the geophone are shown on the
vertical axis and time on the horizontal axis. The minimum and maximum

counts for each event recorded by the geophone components are also shown.

4.4 NUMERICAL RESULTS
44.1 General

Pivotal to the smulations conducted in this section is the field data. The data include
the water levels, frequencies and amplitudes of ground motion. The characteristics of
ground motion are deduced from the seismic traces and the water responses are
recorded by the pressure transducers.

In the one-dimensional model, the aquifer parameters such as aguifer stiffness,
frequency and amplitudes of ground motion are the inputs, with the corresponding
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output being the borehole water response. The water responses are compared with the
observed field data for accuracy.

In order to maintain consistency with the work of Botha and Cloot (2002), the
approach applied to the problem is similar to theirs, particularly the defining of the
spatial extent of the problem. Some of the agquifer parameters such as aquifer stiffness
are directly adopted from their work. The deviations of the model results should be as
aresult of the inclusion of pump seismicity in the problem.

4.4.2 Finite element implementation

The finite element implementation of the model followed essentially the same
procedure as that followed by Botha and Cloot (2002). The aquifer of interest is 520
m in the radial direction and 50 m thick. The bedding fracture situated at a depth of 21
m is the main concern since it has a tremendous effect on the convergence and
accuracy of the numerical solution.

For the two-dimensional model, agrid of 520" 50 nt was selected and divided into 28
columns and 46 rows. Six rows were spaced at vertical distances of 0.01 m, 0.2 m and
0.3 m above and below the centre plane of the aquifer (Figure 4.41). The problem
domain was systematically defined by Botha and Cloot (2002) after a series of
experiments aimed at checking convergence and accuracy.

The groundwater flow equations as solved by Botha and Cloot (2002) were not
changed. However, the boundary conditions described in Chapter 3 were added to the
system.

By redefining and careful choice of nodes, al scenarios in Chapter 3 were
incorporated into the single model and solved. By assigning the pump vibrations at
the aquifer section and monitoring the water response, the effect of pump seismicity
and the hammer-plate scenarios are simulated.
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Figure4.41: A section of the finite el ement mesh used in the smulations with the

two-dimensional model

44.3 Parameters

The Young Modulus vaues of 7.5 E+07 Pa and 7.5E+08 Pa were assigned to the
matrix and the fracture respectively. Some of the parameters used in the numerical
models are shown in Table 4.9.

4.4.3.1 One-dimensional model results

The one-dimensional model in Chapter 2 was developed to simulate borehole water
response to ground motion resulting from pump vibrations. To calibrate the model the
data in Table 4.9 was used. These data represent the intrinsic properties of the
Campus Test Site aquifer and the discharge rate used to deduce the ground motion.
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The amplitude of 1.53E-03 m used n the analysis (Table 4.3) was determined from a
seismic trace recorded at station 4 m with the pump in borehole UP 16 switched on
but not discharging water.

The resultant water response was compared with the field data. In this experiment the
pump served as source of seismicity to the aquifer.

In applying the model, a single row grid with 400 columns was generated with an
interspacing of 0.01 m. The discretisation distance of 0.01 m was chosen for
convergence and accuracy in the solution. The numerical solutions for different
stiffness are shown in Figures 4.42 and 4.43.

Table4.9: Parameters used in the numerica model

Stiffness Young Frequency Amplitude Por osity Poisson
(Pa) Modulus (H2) (m)

(Pa)
16000 7.5E+07 10 1.53E03 0.25 0.25
160000 7.5E+08 10 1.5303 0.25 0.25

The outcome of the simulations was not focused on the overal behaviour of
drawdown but on oscillations in the data. For the purpose of the anayss, the
computational results are compared to the data in Figure 1.4. Clearly there is some
resemblance, although in Figure 1.5 the frequency and amplitude are not regular and
consistent, indicating a more complicated phenomenon than that simulated.

There may be several other reasons for the discrepancies observed. The main reason
lies with the complexity of the evolution of the seismic waves as they propagate
through different geological units. As pointed out by Foti (2000) and repeated in
Section 2.3.2, the Rayleigh waves develop different modes at a given frequency. The
original signal would have been transformed on reaching the target feature. The
model did not incorporate these different modes. Another important aspect not
accounted for by the modd is the effect of the sound produced by the pump. The
resultant wave that triggers the proposed deformation could be a convolution of the
seismic wave resulting from the mechanical vibrations and the sound wave from the

pump.

93



Field investigations and numerical results

2.00E-03 I I

~ 1.00E-03 l

E

D

B 0.00E+00

0]

= | I

=-1.00E-03 1] | ]

_2-OOE_03 LJ LJ LJ LJ LJ LJ LJ LJ LJ LJ LJ v
1.00E+01 1.10E+01 120E+01 1.30E+01 1.40E+01 1.50E+01 1.60E+01

Time (sec)

Figure4.42:  Theone-dimensional result with stiffness of 16 000 Pa

This aspect was not incorporated in the model. As observed in Figure 4.24, there is no
clear frequency of 50 Hz, which should represent the mains supplied to the pump. The
absence of such a frequency shows that frequency evolves as it propagates in the
media, an aspect that was not addressed by the model.
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Figure 4.43: Theone-dimensional result with stiffness of 160000 Pa
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The modulation of the ground roll frequency and that of the pump results in a blended
spectrum. This therefore implies that it is not only the harmonic effect of the pump
vibrations that cause the proposed deformation but a convolution of waveforms of
different frequencies, phases and amplitudes.

The amplitudes in Figure 4.43, however, bear a close resemblance to those measured
in the field. This confirms that the fracture stiffness used is within the correct range.

4.4.3.2 Two-dimensional model results

4.4321. General

The system of equations outlined in Chapter 3 is solved numerically by addressing the
scenarios involved, that is, the effect of the pump cups (impellers), the impact of
pump vibrations and the effect of ground hammering. These scenarios were
incorporated into the model by switching the boundary and initial conditions of the
model given in Chapter 3.

4.4.3.2.2 Impeller scenario

The effect of pump impellers on the oscillations observed in the drawdown curves
emanates from the fact that angular velocity has to be involved for the water to be
discharged to the surface. The process is not smooth and continuous. The continuous
flashing in and out of water in aborehole into the surrounding geological formation
initiates fracture constriction and dilatation.

In simulating the scenario, the data in Table 4.5 and Table 4.9 were used. The
discharge of 4.06 L/s was taken from Table 4.5 and aquifer properties from Table 4.9.
The simulated ground motion is shown Figure 4.44. The graphical results depicted in
Figure 4.44 show that as the borehole discharges water, the ground displacement
gradualy rises to a maximum and then gradualy falls away. This trend is confirmed
by the data in Table 4.8. According to Figurel.6, the hydrodynamic forces increase
momentarily as a result of the influx of water but as pumping continues the water
level falls below the fracture position leading to an approximate exponential decay of
ground motion. This behaviour is analogous to an inflated balloon that loses its
rigidity as it gradually deflates. Pumping the borehole is like inflating a balloon, as it
draws water into a region where pump seismicity is dominant but, as it continues with
time, water loss creates disequilibrium with the driving force leading to a decrease in
ground amplitudes. It is important to note that the graph is broadest around the 30 nm
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which is close to 31.4 nm, the maximum amplitude measured in the field when
pumping at a discharge rate of 4.06 L/s (Table 4.5).

It is the continuous manifestation of such a phenomenon that is suspected of causing
the fracture failure in the Karoo aguifers (Rasmussen, 1998).

However, the failure of the signal (Figure 4.44) to resemble the seismograph in Figure
4.16 is due to the fact that in the field several spurious seismic sources are present that
distort the primary signa (Figure 4.24). In addition, by virtue of multistratified
geology, vibrations can undergo multiple reflections before reaching a target feature
and the resultant signal becomes a distortion of the primary signal.
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Figure4.44:  Ground motion with time as aborehole is pumped at 4.06 L/s.

44323 Hammer scenario

The simulations were aimed at reproducing the results of Experiments 5, 6 and 7. The
data in Table 4.7 were used as initid conditions in the smulation. The simulated data
is shown in Figures 445 and 4.46. There is a close similarity between the
experimental results and those simulated for the first few minutes. Both curves show
intrinsic step function behaviour and the difference between the two is the periodicity.
After prolonged hammering the deviations start to occur. This may be due to the
cumulative effect that results in the combined force pushing the water level up
followed by a period of low energy. In the field it is suspected that a composite wave
of Rayleigh waves and sound waves is generated that propagates directly to the water
level leading to the formation of water waves. This aspect of the system was not taken
into account by the model. In a multi- stratified aquifer different wave modes can
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result (Foti, 2000) leading to the generation of several wave trains creating water
waves of different frequencies and phases in a borehole. These waves can
constructively or destructively superimpose resulting in either amplification or
cancellation in the resultant water wave.

44324 Pump excitation without discharging

The pump excitation scenario without discharging was done so as to qualitatively
assess the impact of discharging on seismo-deformations. The simulated results are
shown in Figures 4.47 and 4.48. The results do not differ from the field observations
in Figure 4.14 and 4.15; nor do they differ from the hammer scenario. In fact, the
pump is like a hammer dropped a a higher frequency, that is, according to the
proposed hypothesis; it is the verticd component of the pump vibration that has a
significant impact on the water level.
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Figure 4.45: The simulated water response to ground hammering a 4 m from a borehole

The vibrations measured at ground level were used as initia conditions in the
simulations and a frequency of 5 Hz for the response of the fracture situated at 21 m
was used on the basis of the data deduced from the frequency spectrum (Figure 4.24).
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Figure 4.46: Thefirst derivative of the data depicted in Figure 4.45
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Figure 4.47: The water-level response resulting from a vibrating pump that is not

discharging water.

98



Field investigations and numerical results

1.0E-02

8.0E-03

6.0E-03

Drawdown (m)

4.0E-03

2.0E-03

0.0E+00

1.4E-02

1.2E-02

1

: lll‘lll
40

201 1 601

,.n,ll

801

Time (min)

1001

1201

Figure4.48: Thefirst derivative of datain Figure 4.47

4.4.3.2.3 A discharging and vibrating pump

This scenario is a close approximation of the field observation. The oscillations are
observed in the field when the pump is discharging. The data in Table 4.5 were used
as initial values in the ssimulation. The discharge rate of 4.06 I/s was assigned to the
model and the constant ground motion amplitude was assigned over the entire aquifer
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Figure 4.49:

The drawdown curve for a borehole pumped at 4.06 L/swith pump
causing ground amplitude of 31.4 nm
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The oscillations in this case appeared around the 600" minute. It is a clear indication
that for oscillations to be conspicuous in groundwater certain criteria have to be
satisfied. The water level and discharge rate are two of them. The occurrence of
oscillations can be related to increased volumes of water implying a larger
hydrodynamic force necessary to counter the driving force. This phenomenon is
exhibited at the plateau of the graph, which is associated with water at fracture
position and is typical of field pumping test data captured from a horizontal fracture -
controlled borehole in the Karoo aquifers. It is aso analogous to a system in
resonance. When a system is in resonance, the frequency of the driving force, the
pump vibrations and the discharge rate in this case are in phase with the natural
frequency of an aquifer. Experiment 3 showed that the natural frequency a the
Campus Test Site at the time of the experiment was below 4.5 Hz, which was the cut-
off frequency of the equipment used. When disturbed several frequencies are excited
in response. The frequency spectrum in Figure 4.24 confirms the multi frequencies
that can be generated in a disturbed aquifer.

When a system is driven to resonance the amplitude increases (Figure 4.44 may be a
typica example of frequency modulation) and in most cases it breaks. In an aquifer
the presence of severa frequencies can corvolve with the resonating system thereby
foiling destruction. The damping effect of the matrix also plays the same role.
Whenever the system builds up a history of deformation (Botha and Cloot, 2002), and
on exceeding a certain threshold of tolerance, the system breaks as a result of fatigue.
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It is this phenomenon that is believed to cause the collapse of bedding fractures in
Karoo aquifers.

4.4.4 Ground motion simulation

In this section ground motion is simulated when the pump is switched on and not
allowed to discharge water to the surface. This should not be confused with the
simulations in Section 4.4.3.2.4 where the water-level response was simulated and not
the ground motion.

The field data for ground motion resulting from pump seismicity is shown in Figures
4.9, 4.10 and 4.11 for distances of 4 m, 4.5m and 5 m respectively and the overall
characteristics of ground amplitude decay with distance from the vibrating pump is
shown in Figure 4.8. The data were captured when the pump was on but was not
dlowed to discharge water.

For the purpose of the investigations, the components of the trace in Figure 4.9 are
analysed in detall and compared to the numerical results. The dominant field
frequency from this trace was used in the numerical smulations.
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Figure4.51: TheS-E component of the seismic trace in Figure 4.9.
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Figure 4.52:  The Fourier transform of thetracein Figure 4.51

6000|-

Displacement L
(counts) 4000

20001-

0 i i l

0 500 1000 1500 2000 2500 3000

Time (sec)

Figure4.53:  TheS-N trace component of the seismic trace in Figure 4.9
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Figure 4.56: The Fourier transform of the trace in Figure 4.55
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Figure4.57: The numerical results of ground motion simulation obtained from the two-
dimensional model for an operating pump that is not discharging water to the
surface.
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Figure 4.58: The Fourier transform of the simulated ground motion results shown in
Figure 4.57.

The numerical results in Figure 4.57 and the field data of the trace components in
Figures 4.51, 4.53 and 4.55 have similar amplitude characteristics. The effect of other
frequencies present in the field, which are absent in the smulations, is the main
source of difference between the two signals. The fluctuation of ground motion shown
in the field data may also be caused by the operational characteristics of the pump,
which is not always smooth and continuous. It may also be due to the interference of
seismic waves of either different (especialy where the amplitudes are low) or same
phase angles (in cases where the amplitudes are high).

The Fourier transforms (Figures 4.54, 4.56 and 4.58) show the presence of a dominant
frequency in al cases indicating the modulation aspect of the systems. In the field, the
vibrations of the pump are modulated with the ground roll, which is always present in
the system due to spurious and extraneous sources. The Fourier transforms of the
simulated ground motion signal also shows the same principle to a lesser extent, but
because of the complexity of the ground roll, the aspect of the dominant frequency
was not clearly defined.

4.5 DISCUSSIONS

It should be noted that the water levels captured when using a hammer as a source of
seismic wave showed positive spikes in each case, that is, in Experiments 5, 6 and 7.
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The periodicity also varied with distance from the borehole of investigation. This
applies to readings captured in Experiments 5 and 6 where the seismic source was
shifted to and from borehole UO28. For Experiment 7, which was fixed at UO28, a
constant periodicity can be observed.

It is also essentia to note that the groundwater level is constantly dynamic (Figure
4.21) as aresult of ground roll. However, the application of an external force (in the
form of pump seismicity or a hammer in this case) enhances the behaviour. This can
be seen by lack of periodicity in the first derivatives (Figure 4.22) of the water levels
captured when not pumping the UP16. It can also be argued that the fluctuating
readings recorded (Figure 4.21) are due to the electronics of the equipment and the
counter argument is the fact that the upward trend water level shown in Figure 4.21
should fluctuate around a mean level if it was the electronics that were causing the
behaviour of the water level. However, because the borehole water is subjected to
aperiodic frequency the manner in which it surges in and out of the rock matrix is
aperiodic and thus results in a gradua decrease in the water level.

The ground displacement amplitudes recorded when discharging are smaller than
when not discharging. According to the deformation hypothesis, the hydrostatic
pressure diminishes as water is lost from an aquifer and hence the corresponding
amplitude gradually becomes smaller. It can equally be argued that with the Rayleigh
wave different modes exist (Foti, 2000), leading to the destructive effects of waves
and hence resulting in less ground motion. When executing Experiment 2 a number of
the discharge rates were employed and some of the discharge rates in Experiment 2
failed to trigger the EARS. This could be as a result of the wave cancellation effect
whereby waves of different modes are generated and interact destructively at the
geophone position thus failing to register asignal.

The fact that the oscillations were not as obvious in the field data as they were in
Figure 1.2 shows that the occurrence or the level of development of these oscillations
depend on a number of factors. These factors should include pump position, critical
discharge rate, the water level, distance from observation boreholes and the physical
structure of the fracture of the boreholes involved. It should be noted that the
oscillations in Figure 1.2 were observed when pumping borehole UO5 and not when
pumping UP 16. It should be reiterated that the transducers used when capturing data
in Figure 1.2 were of higher resolution than those used in the investigations covered
in thisthesis.

It can be safely said that oscillations occur in every pumping test data, but in most
cases they are overwhelmed by the effect of discharging. The fact that oscillations
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were observed when applying Dt =0.5minutes in the derivatives implies that the
periodicity of these oscillationsis even greater.

To simulate the physica observations numericaly is a particularly difficult and
complicated task. This is due to the diversity of frequencies and the complex geology
involved that consists of lithologies of different mechanical properties. However, al
was not lost in the simulations conducted, which were very close to the field
observations. An important phenomenon highlighted is the possibility of the
manifestation of resonance in the system. This principle forms the centre of the
discrete existence of conspicuous oscillations in drawdown curves since it requires
clear-cut conditions. The diversity of frequencies in an aquifer (Figure 4.24) and the
damping effect of water (Biot, 1956) are essential in foiling the collapse of the
physical integrity of an aquifer, a phenomenon common in resonating systems. In this
case, a fracture will collapse on exceeding the critical tolerance threshold determined
by its elastic properties (Botha and Cloot, 2002).
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CHAPTER 5

SUMMARY AND RECOMMENDATIONS

51 GENERAL

Groundwater is the largest source of potable water in South Africa given that the
country is semi-arid to arid with approximately 50 per cent of the geology constituting
the Karoo Supergroup. Unique to these aquifers is the morpho-tectonic emplacement
of more competent dolerite sills and dykes that cause the fracturing of Karoo
sediments (Botha et al., 1998). Bedding fractures in particular have proved to be the
major conduits of groundwater in these geological provinces with the matrix serving
as reservoirs that fashion a multiple porous system. Given the vastness and the
importance of groundwater in the country, Karoo aquifers have become the centre of
attraction to many hydrogeologists and geo-scientists over the years who have viewed
them with the common objective of understanding their mechanics and hydraulics.

Botha and Cloot (2002) are two of the researchers who embarked on similar
investigations. The focus of their work was based on formulating a relationship
between the mechanical properties and the hydraulic properties of aquifers. The
approach stemmed from the idea that aquifers deform and was informed by the
development of secondary features in borehole UO5 (Figure 1.1) at the Campus Test
Site at the University of the Free State. The televiewer results obtained in 1996
revealed a brecciated zone which was absent in the previous periodic scans.

Central to the work of Botha and Cloot (2002) was the role abstraction plays in the
longevity of Karoo aquifers, a subject that has been investigated through numerical
modelling. The results showed that aquifers indeed deform when pumped and the life
span of aguifers depends on the discharge rate. Botha and Cloot’s (2002) numerical
model did not focus on oscillations in pumping test data; however, the latter formed
the basis of this research.

5.2 THE RESEARCH

The research was pronpted in particular by the presence of oscillations in the
pumping test data from borehole UO5. The borehole intercepts a bedding fracture at
approximately 21 m below the ground surface. The diaphragmatic deformation of the
fracture was a hypothesis postulated for the development of oscillations in the
pumping test data, with the seismo-effect of the pump as the cause. The sound and the

108



Field investigations and numerical results

pump vibrations form the basis of pump seismicity. The pump vibrations, as
confirmed by field observations and supported by theory (White, 1965), propagate as
Rayleigh waves away from the borehole and down the borehole. The inside of the
borehole should be viewed as a free surface interfacing with solid rock (aguifer
matrix), a criterion essential for the manifestation of Rayleigh waves.

To be effective in causing the deformation, the wave has to propagate along the
borehole with the component orthogonal to the hydrostratigraphic unit instigating the
deformation. The pressure variation on borehole water resulting from sound waves
may be another source of oscillations. However, decoupling the effect of the sound
and vibrations of the pump was not within the scope of this research, but since the
latter could be quantified the work proceeded on the assumption that vibrations are
the basis of the proposed diaphragmatic deformation hypothesis.

5.2.1 Observations

An aquifer should be viewed as a dual skeletal structure, with the geometry defined
by the rigidity of the matrix and the hydroskeletal component offered by groundwater.
This perception is not new in hydrogeology (Kruseman and Ridder, 1994). It is,
however, essential to recognise the co-existence of these components.

Pumping not only removes water from the system but also introduces an internal force
as a result of its vibrations, thus offsetting the system from equilibrium (Figurel.6).
The smaller ground amplitudes observed when pumping are a clear testimony to the
weakening of the hydrostatic component. Excessive pumping can lead to irreversible
plastic deformation (Botha ard Cloot, 2002). In essence, thisimplies that water serves
as a cushion (or damping fluid) to the movement of the solid matrix (Biot, 1956), a
principle utilised in electrokinetic systems (EKS). When a bedding fracture that is
characterised by less porous fracture planes and high water content is deformed it
results in water flowing to regions of low resistance, that is, in the horizonta
direction. This causes the flashing in and out of water in a borehole, which generates
oscillations in the ultimate drandown curve. Fracture planes gradually lose porosity
owing to the precipitation of secondary minerals such as calcite and iron oxides. The
latter is common in the Karoo aquifers.

The resultant oscillations are not conspicuous owing to the overwhelming effect of
discharging. However, the application of post-processing techniques, such as
derivatives, enhances oscillations by suppressing the effect of abstraction. Nearly all
water drawdowns post processed using the derivative technique displayed the
oscillatory characteristics. This indicates that it is an intrinsic characteristic of the
system.
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Another important outcome is the exponential- like decay of ground amplitudes with
distance from an excited pump. In the bedding fractured Karoo aquifers, high-
yielding boreholes are drilled a few metres from the failed boreholes intersecting the
same geological feature (Rasmussen, 1998). This phenomenon is better explained by
postulating that there is a cutoff distance where the pump-induced seismo-
deformations are strong enough to cause fractures to collapse as a result of fatigue.
The latter could be speeded up by abstraction. The effect of abstraction on fracture
failure is investigated in Botha and Cloot’'s (2002) work. The work revealed that
abstraction indeed causes fracture failure; however, the simulated time frames were
longer than the field observations, indicating that perhaps by incorporating pump
seismicity in their models the resultant simulated time frames may be within the field
observations.

It should be noted that for the pump-induced seismo-deformations to be effective, the
seismic wave generated should propagate along the borehole. In this research it was
found that a Rayleigh wave is generated by the pump and, according to the proposed
hypothesis, this is the component orthogonal to a hydrostratigraphic unit that
instigates the diaphragmatic deformation. Coupled to vibrations are the effects of
pressure variations on the water level resulting from the humming noise of a pump
that can also cause oscillations. Experiment 7 may be a good example of the impact of
sound on water level.

5.2.2 Contribution to hydrogeology

Pump seismicity in groundwater was never considered essentid in aquifer
management provided that a proper discharge rate was assigned. The co-existence of
vibrations and discharge rate make it difficult to manage aquifers effectively.
Considering one aspect and ignoring the other can have severe repercussions on the
behaviour of the system in the long run. Aquifers should now be considered in terms
of their mechanical properties in conjunction with their hydraulic properties. These
sentiments are shared by Burbey (2001); and Botha and Cloot (2002).

In addition, the seismological properties of an aquifer should be integrated into
aquifer management given the fact that pump- induced seismo-deformations can lead
to the structural failure of an aguifer. This phenomenon is experienced quite often in
the Karoo where highyielding boreholes are drilled within a few metres from afailed
borehole. As a geat deal of attention is given to discharge rate, the seismic
characteristics of a pump should also be considered when selecting or installing a
pump. Precautions should be taken to reduce the direct transmission of pump seismic
waves into an aquifer mainly via the borehole casing.
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It isunequivocally clear that pump-induced seismo-deformations exist and their effect
on aguifers can be far-reaching in the long run.

5.3 RECOMMENDATIONS AND FUTURE WORK

Since pump seismicity plays a significant role in the overall performance of an
aquifer, it is high time attention is focused on improving the mechanica performance
of pumps so as to minimise the seismic impact on aquifers. Instead of focusing on
discharge rate only, attention should also be directed at selecting a pump with the
right mechanical properties, such as low frequency and low noise. Modifications such
as adding shock absorbers and frequency toning gadgets should also be considered.

The pressure transducers used in this research were of a lower resolution compared
with the initial equipment used in capturing the data presented in Figure 1.2. Low
resolution has a tendency to mask the effect and hence the inconspicuousness of the
oscillations in the raw data captured in this research. Future work should inwlve
equipment with high resolution. The use of hydrophones, which are more sensitive
than transducers, to capture the seismic response of borehole water should be
investigated.

The emphasis of the work covered was more hydrogeological than seismological.
Future work should try to model the seismological evolution of the pump vibrations
as they propagate to a hydrostratigraphic unit of interest. This approach would
improve the numerical models employed in the thesis tremendously. It would also
enable the quantification of deformation with high level of precision, as the amount of
energy reaching a hydrostratigraphic unit of interest and its mechanical properties
would be known.
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ABSTRACT

The research unequivocaly showed that pump-induced seismo-deformations exist,
especially in boreholes equipped with electric and diesel pumps. Central to seismo-
deformations are the mechano- and the geo-acoustic effects on both the borehole
water and the aguifer. These aspects of the pump instigate the proposed diaphragmatic
deformation hypothesis. In an aquifer the pump vibrations manifest as Rayleigh
waves. By virtue of the driving source, the waves are harmonic (White, 1965). To be
effective in engineering the proposed diaphragmatic deformation on a
hydrostratigraphic unit situated severa metres below the ground surface, the waves
propagate along the borehole. The component of the Rayleigh wave orthogonal to the
unit instigates the deformation and thus oscillations are generated in drawdown
curves. Oscillations are a common feature in pumping test data and the masking effect
of abstraction makes them inconspicuous. However, the derivative technigue when
applied to the signal enhances the phenomenon. The technique suppresses the
abstraction effect in the data leaving the time dependent oscillations. The spikes
obtained in some of the derivatives of the pumping test data may suggest a one-sided
deformation, probably the upper lip to a hydrostratigraphic unit. Coupled with the
effects of Rayleigh waves is the pressure variation on the water level caused by the
sound. The humming sound of a pump in operation is capable of subjecting borehole
water to constant pressure variations thus leading to inherent oscillations in the
pumping test data. The conspicuousness of oscillations in the raw pumping test data
(Figure 1.2) can be attributed to the high resolution of the equipment used and
interferences of different wave forms existing in the system.

For a borehole that is continuously in operation, the impact of seismo-deformations
on the physical integrity of an aguifer can be detrimental. In hard-rock fractured
Karoo aquifers, the induced sei smo-deformations can be of astronomical severity. The
fact that successful boreholes are drilled in the Karoo within a short distance of a
falled or “dried up” borehole is a clear evidence of structura failure. Bedding
fractures in particular are very susceptible (Rasmussen, 1998). The radial extent of
failure depends on the strength of the vibrations which are habitually intense close to
the borehole and decay exponentially-like with distance. The ultimate failure of
hydrostratigraphic units after prolonged pumping, which is common in the Karoo,
may be due to the evolution history of deformation that accumulates as residual
strains and stresses (Botha and Cloot, 2002).
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Abstract

The research also revealed that ground displacements are smaller when discharging
than when not. According to the hypothesis, this is due to the decreasing hydrostatic
pressure essential in opposing the normal stress from a pump. It is in this view that
groundwater should be considered as a hydroskelatal component of an aquifer and the
rationale of lowering the discharge rate should not only be seen as a process to
prevent dewatering but as a mechanism for preserving the dynamic equilibrium
between the normal stress emanating from a pump and the hydrostatic force offered
by water. Offsetting the equilibrium can lead to irreversible plastic deformation and
aquifer subsidence (Botha and Cloot, 2002).

The failure of numerical models to smulate the oscillations completely indicates that
the wave that triggers the proposed diaphragmatic deformation of a fracture is more
complicated than the simple harmonic waveform caused by pump vibrations. The
wave should be a convolution of the vibrations, sound and the natural ground roll.
Besides, the pump vibrations on reaching a geologica feature of interest in a multi
stratigraphic geologic terrain would have undergone multiple reflections and
transmissions with the ultimate waveform being a distortion of the primary signal.

The research conducted showed that pump-induced seismo-deformations should have
the same status as the discharge rate in aguifer management. It is clear that the
introduction of measures aimed at reducing the transmission of seismic waves to an
aquifer should be a priority in order to deter the pump-induced seismo-deformations.
This includes preventing the pump and the borehole casing from coming into direct
contact; incorporating gadgets to tone down the frequency of the mains; and installing
shock absorbers between the pump and the ground. The selection of pumps should be
based on the seismological properties of the aquifer that is to be used and its
hydrogeological properties.
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