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A new acoustic method to determine the volumetric water content of unsaturated sands

M H A Mohamed' and K V Horoshenko¥

Abstract

This paper presents an innovative experimental approach for simultaneous meatsuoéme

the suction head, volumetric water content and the acoustic admittance of urdaanaie
Samples of unsaturated sands are tested under controlled laboratory conditiers.t§ges

of sand with a wde range otiniform particle sizes are investigated. The reported experiments
are based on a standard Buchner funnel setup and a standard acoustic impedamég &ube. |
novel nondestructive, nofinvasive technique that relates the key geotechnical parameters of
sandssuch as volumetric water content, density and grain size distribution to the acoustic
admittance and attenuation. The results show a very sensitive dependence of the acoust
admittance on the volumetric water content controlled by the value of suction heied.ap
Analysis of the obtained data demonstrates that the relationship between the volwatetr
content and the real part of the surface admittance in the frequency range-01 2D Hz

can be represented using a logarithmic &qoa It is found that the coefficients in the
proposed equation are directly related to the uniformity coefficient aadatoustic
admittance of the dry sample, which can easily be measured or predicted for eabgmadf
sands. A validation exercise conducted to examine the accuracy of the proposed equation
using a sand sample with markedly different properties. The results of ttiatialiexercise
demonstrate that the proposed relations can be used to determine very accueately th

volumetric wate content within the porous specimen from the acoustical data. The error in
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the acoustically measured volumetric water content is found to €% over the full range

of volumetric watecontents @< #<n, wheren is the sample porosity).
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Introduction

Accurate data for the volumetric water content/degree of water saturatiosaturated sts

is essential for a range of geotechnical and geoenvironmental engineeblemarcuch as
modelling of hydraulic hysteresis, coupling flow and st®sain relations in unsaturated
soils, rehabilitating a drainage system, migration of contaminanimsaturated soils and
designing a costffective remediation scheme etc. For exampmeemnt proposed models for
the mechanical behaviour of ungated soils incorporate coupling between the degree of
saturation and stres¢rain measurements (Wheeleraét2003; Gallipoli et al. 2003). Many
models have been developed to predict the flow of water and contaminants in unsaturated
zones (Bear 1979; Parker and Lenhard 1987; Fenwick and Blunt 1998). Thar&agter in

a majority of the existing models for unsaturated soils is the volumetric watientolegree

of saturation and/or matric suction. For a successful application of the proposed, tiedels
relationship between volumetric water content and matric suction head ndedadourately

measured.

A serious major limitation of a majority of the currently available measurementigeesnis
that they are either intrusive/destructive or their accuracy is not sufffoiethe geotechnical
applications.Here wecall-assumethat a methodis non-destructie if it does not require
disturkanceor removal of parof the sample while the test is in progreAsnon-intrusive

method meansghat no devices are inserted into samplarrent methods which afdnon-

destructiveand non-intrusivemetheds,—suech-ase manly based on measuring thX-ray
attenuation_and gamma ray attenuation (Tidwell and Glass 1994; Lenhard et al. .1993)

These methodsave been developed and used to measure the volumetric water content or the

degree of saturationhich require-TFhese-mihods-requiran expensive laboratory setup and

accurate calibration is to be undertaken for specific experimental arrangemesttlayge.



In addition, theey only enable measurement of the volumetric water content or degree of
saturation at a single p and while the water is stagnant. Recently, the synchrotromy X
technique has been developed to overcome the difficulties isunmeg water saturation
during dynamic flow with short delay of seconds (Tuck et al. 1998; DiCarlo et al. 1997).
However, aly a relatively small area of less than 0.5 can be tested at a particular time. In
addition, the use of Xand gammaay attenuation techniques can pose a health hazard,

especially if proper precautions are not undertaken.

Intrusive methods, such #me domain reflectometry and electrical conductivity methods are
also used to measure volumetric water content by inserting a probe into thengid. SEhe
electrical conductivity method works by measuring the electrical condyctitia medium,

which is linked, with the amount of water present since solid particles are catsidera
non-conductive medium. To enhance the electrical conductivity of the water a smaltyquant

of sodium chloride is added. The electrical conductivity method has been proven to produce
successful results (Leverett and Lewis 1941; Rhodes et al. 1976; Eckberg and Sunada 1984).
However, noravailability of standard electrical conductivity probes hinders triesygread

use of this technique. The time domain reflectometry technique is a recedestanctive
butand intrusive technique for measuring volumetric water content using electretiagn
waves (Topp et al. 1980; Topp and Davis 1985). The measurements of the volumetric wate
content are based on the dielectric properties of the soil sample, which is a functien of t
amount of water in the soil. It should be noted that any concentration of air bubbles around
the rods results in reduced accuracy. In addition, it is recommended to calibrajeipinecat

before use for a pacular soil in order to eliminate the associated error.



It is reasonable to conclude that there is scope for the development of an aeécatatirate,
simple, environmentally safe, namvasive and inexpensive approach for measuring of the
volumetric water content of sands. This paper presents for the first time a technique that
enables simultaneous measurement of the volumetric water content under ammpeadas

of suction head using airborne sound wawdsch are able to penetrate the open pore

structure of the sand sample.

Background: Propagation of sound wavesin granular media

This section presents basic definitions and review of the fundamentals of sound poopagati
in granular media such as sands. Propagation of sound waves in gragdilisicomplexit
involveselastic and kinetic energy exchange between the solid particles and thediquéd

as viscethermal interactions. In granular media, the solid particles form avediatiigid
skeleton, which can be filled with various fluids. Figure 1 shows a schematimdraivan
unsaturated sand skeleton filled with water and air. The vibration of thet@kelvhich an
airborne sound wave incident on a sand sample can excite, is relatively rsmaplitude
because of the marked difference between the densities of air and skeleton nratdmisl. |
case, the acoustic energy tends to enter and propagate through the interconnected pores
between the particles in the form of an airborne compressional wave. Thertfe
proportion of the open, interconnected pores and their distribution and size are majiad mater
characteristics that influence the propagation of sound waves in a porous mediutmeover t
audio frequency range. It is generally accepted that the pores developednbttereslid
grains are related to the particle size distribution (Brooks and Corey 186dshiénkov and
Swift 200]). The presence of water in the pore spaces reduces the availabilityfibédhir
pore channels for sound propagation as well as it affects tlséicef@operties of the

unsaturated soils (Lambe and Whitma869). Two key acoustic parameters, which are the



complex, frequency dependent characteristic impedaz;peg) and complex wavenumber
u

(k, =2), can beused to describe sound propagation in a granular medium and account for
G,

the amount of water trapped in the pores. Heiethe acoustic pressure in the matenak
the acoustic particle velocityy is the angular frequency equals 2af in which f is the

frequency of sound in Hertz argj is the complex speed of sound in the material pores. The

value of the complex wavenumber relates to the speed of the sound in the porous space

(Reg,) and the rate of itattenuationimc,, where Re and Im stand for the real and imaginary

parts, respectively. The value of the characteristic impedance determinedith@fabound
waves to enter the porous medium. In outdoor sound propagation tlaetehatic acoustic

admittance £,) is often adopted and is defined as the inverse of the characteristic acoustic

impedances, = z,*.

If the thickness of a porous layer is less or comparable to the wavelength of sdutie a
acousticattenuation in the layer is relatively low, then the reflection from the back of the
porous layer(e.g. from the water tablay of importance. In this case, the characteristic
admittance needs to be replaced with the surface admittance which takescmiot dbe
interaction between the incident and reflected acoustic waves in the dagebépter Il in
Zwikker and Kosten1949). The surface acoustic admittance is defined as the ratio of the
acoustic particle velocity to the acoustic pressure at tagace between the porous layer and
the air halfspace. In a particular case, when the back of the granular layer is boundad with

impervious, acoustically hard and reflective surface (e.g. watea ovvw-permeability

ceramic), then the surface acousiitmittance can be obtained using the following equation:



p(@) = f,(w) tanhik, @ )3 ) (1)

wherei =+/-1 andd is the thickness of a neseformable porous layer. It should be noted
that the value of the surface acoustic admittamcemplex and is composed of two parts: the
real and imaginary parts. The real part fR@v)) is linked to the specific acoustic resistance
and relates to the acoustic energy which is able to penetrate and propagyeafe the porous
sample. The imagary part (Inf5s (w)) refers to the specific acoustic reactance and relates to

the acoustic energy conserved in the sample.

A number of parameters including the type of soil, the moisture content and degree of
compaction would influence the surface admittance of unsaturated soils. Attenborough (1985
and Marten et al. (1985) found that propagation of the sound wave is significanttgctigc
the soil type. These and other works illustrate that the acoustic sadatuéance for the
majority of sands andays can be approximated by the value of the characteristic admittance,

(B(@) = B,(w)) because of the relatively high acoustic attenuation and the relatigtly hi
layer thickness typical for many types of natural sands for wtaohik, @ 3 )— 1. It was

suggested that soils could be classified as acoustically soft, moderatedomatarials
(Attenborough 1985). For acoustically soft soil, the real part of the impedameg&iively
independent of frequency and the imaginary padngly decreases with frequency. Changes
in the structure of the soil due to the compaction process and the presence of rooidture
result in significant changes in the pore structure (Zhiqu et al. 2004) and acoustityyel

which is determined byhe real part of the complex wavenumb&ek, (@). This was

basically due to the reduction in the volume of pores that are available for the samentbwa
travel through. In this way the structure and distribution of pore sizes can be linkeal to t

acoustic admittance so that the condition of soil can be determined remotely byhg@xaosi
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sample to airborne sound. The method is likely to be limited to soils with median psidicle
approximately 15Qum and above. This limit is determined by the viscous boundary layer

thickness which becomes comparable or greater than the maximum pore, siae,the

frequencies of sound considered in this work {50600 Hz). The thickness difie viscous

boundary layer for sound propagation in a pore is givenopy M (Chapter 1l in
\ p.

. -5 . L . .
Zwikker and Kosten, 1949), wherg, = 184x10 kg m* s'is the dynamic viscosity of air,

p.= 1.24 kg/nd is the equilibrium density of air ané =2z f is the angular frequency of

sound. It can be shown that for the maximum frequency of sound considered in this work

(f =1600 Hz), the viscous boundary layer thickngss) is = 38 um, which determines the

lower pore size limit. Below this limit, the value of the wavenumber of sound in seil (s

equation (1)) becomes relatively large because of the asymptotic depd&go&en@ i
p
p

wherei=+/~1. In this case, the maximum penetration depth of sound into the soil sample,
(Rekb)'l, is considerably reduced and the attenuation of sound in the danés, is

considerably increased for the method to be of practical use in the adopted frequegecy r

The effect of water content in porous ground on sound propagation has been considered in
earlier studies (Dickinson and Doak 1970; Cramond and Don 1987; Johnson 2001). Despite
the several attempts, this effect has not yet been properly characterisedcamitelled
laboratory conditions throughout the possible range of volumetric water content/@égree
water saturation. Dickinson and Doak (1970) and Zuckerwar (1983) reported that the
measured flow resistivity of porous ground increases with moisture contenéveiQvanly

limited data for the acoustic impedance were presented and the soil water \@asunately



controlled. Shields et al. (2000) carried out mvestigation for the effect of moisture content

on compression and shear waves in granular materials. It was found that moisturehaantent

a little effect on the wave velocities unless water reacts with the solid partiglesdiace a

high viscous liquid. Sound speed and attenuation have been used greatly in investigations of
unsaturated soils and gassy soils (Sills et al. 1991). However the resultsracegaomplex

and lead to inconsistent outcomes. It was found that sound velocity and attenuation of sound

waves vary substantially with porosity, fluid content, temperature and pressure.

It is reasonable to conclude that so far no accurate acoustical measurements wereiachieved
a controlled laboratory environment in which the volumetric water content could be varied

and measured accuratelynultaneously with the acoustical properti€bere is no evidence

In-addition,-neithdhat either thesound speedor flow resistivity can be used with confidence

to determine thevolumetric water content andedsity of a unsaturated sample of sand

However,someevidencehasrecently-beerobtainedrecentlyby the aithors (Horoshenkov

and Mohamed2006) suggestthat there is a clear link between the acousticnittance

impedancand the degree of water saturatiobhus,in-this-paper-the-use-of acoustic-surface

propose toFremeasure directly thacoustic surface admittanesemeasured-directland link

itedto the volunetric water content in a sand sampleich is determined simultaneously by

independent meandhe-acousticsurface—admittance—is—an—effectiveparameterin—-assessing

Sand samples
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Eight different types ohvailablesilica sand were used in this paper for investigating the
relationships between the acoustic admittance and volumetric water corfiensamples
were carefully selected so that a wide range of particle size distribut@an be studied.
Figures 2 and 3 show the particle size distribution of the selected sand sahgiie 1
presents summary of the physical properties of these saniplesnedian particle size ££)
ranged between 300 to 880n. The uniformity coefficient varied from 1.2 to 3.0. The
coefficient of curvature was around 1.0 for all samples. According to the da&ntecksn
Table 1 and based on the British Standard BS5930 (BS5930 1999), all samples would be
classified as poorlgraded sand. Three samples (2, 4 and 6) with markedly different mean
particle size diameter and uniformity coefficient are selected for presentitiomscopic
images of samples 2, 4 and 6 are presented in Figure 4. Inspection of Figures 2-4 gaggests
samples 2 and dave anarrow range of particle sizes whereas sample 6 consists of a
relatively wide range of particle sizes. In addition, in all samples the nyagdirithe sand

particles are rounded to sub-rounded

Experimental Set-up

A special expemental facility was developed to measure simultaneotisty acoustic
properties of unsaturated sarals well asthe volumetric water contentFigure 5 shows a
schematic diagram of the developed experimentalzelt is based on two standard pieces of
equpment, namely a Buchner funnel and impedance tube. The Buchner funoel lsas
been usedoutinelyin previous studies in geotechnical engineering to determine accurately
the relationship between volumetric water content/degree of saturation d@nd suoation

head (Mohamed and Sharma 2007; Sharma and Mohamed 2003; Leclaire et al. 1998).
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Impedance tubes are available commercially (e.g. from Bruel and Kjaer éoidnon BSWA
Technology Co., Ltd (China))lhe impedance tube used in these experimentssiaramard
Bruel and Kjaer 100 mm round tube (Type BK 4206) designed to measure the acoustic
admittance of material samples in the frequency range ef1500 Hz (BS 10532 2001).
This device is provided and controlled with software, which is easy to setup and use on an
ordinary PC and can be operated by a person with little training in acoustaxddition, the
standard impedance tube can easily be calibrated to provide reliable and consistent
measurements of the acoustic properties of the sand sample. A typical duration of one

acoustic measurementusder one minutewithin-secendhe acoustic equipment consists of

a straight tube, sample holder attached to one end of the tube, two microphones and a
loudspeaker attached to the other end of the tsdee~igure 5. The loudspeaker is driven by

an amplifier and the resultant sound field in the tube is receivagay of 1/4” microphones
installed in the vicinity of the sample and separated by a 100mm base. The microphones a
connected to the PULSE data acquisition system. The function of the data acquisition
system is to control the sound wave, to record the sound pressure inside the tube, analyse and

present the recorded data.

The impedance tube works by sending a broadband, airborne sound mwavethie
loudspeaker (see Figure 5). The sound emitted by the loudspeaker propagates in tfiefor
plane wave within the impedance tube and a proportion of its energy is retigctieel sand
surface.The rest—propertion of the sound energy travels through the open pores of the

sample of unsaturated saadd dissipatesas explained in the previous sechesause-of-the

949The direct and

reflected sound waves create a distinctive acoustic interference pattern insideefivehiah

12



is then recorded by the two microphones and analysed according to the standard procedure
(BS 105242 2001) so that the acoustic properties including the surface admittance can be
determined. The variations of the air temperature in the tube and atmosphericepaéestir

the acoustic impedance and thus they were monitored during the experimenfiCtar@l1
100Pa, respectilye These data were then used to compensate for the related changes in the

sound speed and air density as suggested in (BS 10534-2 2001).

Figure 5 also shows that the Buchner funnel is attached to the bottom of the impabance t

in order to facilitate snultaneous measurements of both volumetric water content and
acoustic properties without disturbing the sand sample. The internal diameteBoictiveer

funnel is identical to the internal diameter of the impedance tube, which is 2100mm. A 50mm
deep sampléolder of the same diameter is machined in the top of the Buchner funnel so that
it can be attached to the base of the impedance tube without creating an appareninchang
the tube crossection (see Figure 5). A flexible-kihg is used to seal any air gap between the
surface of the impedance tube and the Buchner funnel. The Buchner funnel holder is then

clamped securely to the tube using the two standard brackets.

The thickness of sand samples in the Buchner funnel in the reported experimentsayas alw
maintained at 50 mm. The thickness of samples was selected to: (i) guaranteedinang
acoustic reflection could be detected from the bottom of the Buchner funnel containing the
sand specimen; (ii) to yield reliable results when the continuum approach is amplied f
determination of suction head and volumetric water content; and (iii) pracccahpletethe

water extraction experiment in a single day. Although the bottom of the Buchner fsinnel
perforated, its openings are not small enough to sustain high values of suction head.

Therefore, a single layer of filter paper (Whatman 1541 110) having nominal peseo$iz

13



20um was fitted to cover the whole cross section of the Buchner funnel (see Figure 5). The
used filter paper can sustain suction heatb 750 mm, which is sufficient for the tested
samplesof sand As a result, a continuous water phase between the water in the burette and
that within the pores of the sample was maintained. The circumference ofehpditer was

sealed properly witla thin layer of silicon sealant to prevent air passage. It was important to
keep the air pressure inside the impedance tube equal to atmospheric as water was
progressively extracted from the material pores. This was achieved byimgrbetween the
measurments the dummy microphone head from position 2 in the impedance tube to vent it

to the atmosphere (see Figure 5).

Sample preparation and testing procedure

Fully saturated samples were initially prepared by pouring dry sand fremagncheight into

the Buchner funnel, which was partially filled with water. Since the dry samas always
poured into the water, it is unlikely that air would be trapped in the pore voids, thus resulting
in fully saturated samples being obtained (Mohamed 2003). In addhierstratification of

sand layers was less likely to occur as (i) the tested samples are geswdihgraded with

no fines < 75um (ii) sand particles were dropped continuously from the same height in a
partially filled Buchner funnel with water andiia similar water head (around 20 mm) was
maintained above the sand surface by addition of water from the burette to ensure non
ertrapment of air bubbles. As a result, limited chance exists for the smalteigsato
become suspended in water and to form layers, which is confirmed by the visual aservati
Upon filling the Buchner funnel with saturated sand, the sand surface was levellsthgfa
specially designed tool and any excess water and sand particles were carefulldrehhis/
ensured that the volume of the prepared sand samples was known and kept retatsiaht.c

Careful examination of the samples after completion of experiments indicatddelvolume

14



of the samples remains unchanged which suggests that the tested samples were non
deformable under the range of suction heads applied. This observation is in good agreement
with earlier studies by Mohamed and Sharma (2007). The amount of dry sand that was used
for the preparation of each sample was measured accurately to enable utagi@alof dry
density and material porosity. Since all samples were initially fully s&tdrwith water, the

initial volumetric water content is then equal to the porosity.

The Buchner funnel was then attached carefully to the impedance tube maekstay tiof the
experiment. The acoustic surface admittance was initially measured at ttditiest. Table 1
presents data for the acoustic admittance for all samples at full saturélien. an
incremental increase in suction head was applied by lowdrimurette to a predetermined
height and the outflow of water was measured. The acoustic surface ademittdine sample

was then measured each time when the equilibrium of water within the sand sample wa
achieved. The point of equilibrium was determined when no more outflow of water from the
burette was observed. This procedure was repeated by gradually increasiagptied
suction head and monitoring the outflow of water. The experiments were continued until the
minimum volumetric water content winds equivalent to the residual degree of saturation
was reached, which was marked by no further draining of water with furitrerase in the
value of matric suction head. Due to practical difficult in extracting mwheyond the
minimum volumetric watercontent, the surface acoustic admittance was measured for dry

sand samples separatelyd also provided for all samples in Table 1.

Since the initial volume of water within the prepared samples and drained quantiéyeof w
after applying an incrementaliction head are known, the volumetric water content can be

determined at each stage (for further details see Mohamed 2003; Sharma aardelloh
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2003). It should be noted that in all reported experiments, no air was observed in ttee buret
and connecting tubes indicating that a continuous water phase is maintained hveitband

samples and in the burette.

Results and discussion

The relationships between the volumetric water content, uniformity coefficiedt the

acoustic surface admittance for samplesrifaturated sand are derived as follows:

Water retention curves

Water retention curves for sand samples 2, 4 and 6 are presented in Figure 6. The water
retention curves were obtained starting from the volumetric water ¢aitenl saturation. In

thee experiments it was observed that some water drained immediately withirstigtaise

in the matric suction. However, all samples remain almost saturated with @Watesd ton;

where @ andn stand for volumetric water content and porosity respectively) up to nepahi
particular value of suction head, which is often called the bubbling pressure head. In our
experiments the bubbling pressure head ranged from 100 mm for sample 4, to 210 mm for
sample 6. The bubbling pressure head was determined according to the proposed procedure
detailed in (Bear 1979). With further increase in the matric suction head, the vadunstar

content reaches almost a minimum value, Whscoften called irreducible water content and

is corresponding to the residual degree of saturaliothese experiments the minimum value

of volumetric water content varied from 3.0% to 6.0 %.

Acoustic properties
In this section, data for the measdrreal and imaginary parts of the normalised surface

acoustic admittance = p,C,f5,) are presented in Figures 8 to 10 for samples 2, 4 and 6

16



respectively as a function of sound frequency. Heyxeandc,representthe eqilibrium
density of air and sound speed in air, respectively. The valugg ahdc, in the experiments

were calculated in accordance with the procedure detailed in (BS -1083@1) using the
recorded temperature and atmospheric pressure data. Figures 7a to 9a showtluatae&br

part of the normalised acoustic admittance, whereas Figures 7b to 9b present tlata for
imaginary part of the acoustic admittance. Lower values of the acoudacesadmittance

relate to a higher propoom of the sound energy being reflected by the surface of the
specimen. This acoustical characteristic can be used for quantifying the amporesthat

are open and interconnected to be able to conduct and absorb the energy of the incident sound

wave.

Data presented in Figure 7 for sample 2, show that both the real and imaginsryf pae
acoustic admittance vary with the volumetric water content. In general theeredsiction in

the real part of the admittance of up tefadll as the volumetric ater content increases from
0% to 40.2%. For volumetric water contents below 21% it is noticed that the reaf e
surface admittance increases with frequency up to a frequency of 600 Hz ameaitiess a
relatively constant value for frequenciesthe range of 600-1100Hz. However, for volumetric
water contents above 21%, the real part of the acoustic admittance rehmaist @nstant
irrespective of the frequency. There is a proportional reduction in the valboe w#al part of
the admittance for a given increase in the volumetric water content across thereshsid
frequency range. This indicates that there is a clear dependence of the real part afstie aco

surface admittance on the volumetric water content.

Figure 7b shows the results thie imaginary part of the acoustic admittance for sample 2. It

can be seen that there is a significant change in the imaginary part cbtisti@admittance

17



from zero volumetric water content (dry sample) up to 40.2 % volumetric water canfight a
sauration. The imaginary part of the acoustic admittance increases at lowericees,
approaches a relatively constant value in the B@D Hz range and then increases again in
the higher frequency limit. The imaginary part is negative at very low drezi@s which is
attributed to the particle vibratiosde tapter I} in Zwikker and Kosten1949) and water
surface tension effects (Nagy and Nayfeh 1995). Careful inspection of Figademonstrates
that there is almost 100% reduction in the imaginary @asurred when the volumetric water
content increases from 0% to 5.6% (minimum volumetric water content). For volumetric
water contents between 5% and 21%, the imaginarywpagd withthe change in volumetric
water content at low frequency (46®00 Hz). For volumetric water contents above 21% the
imaginary part shows no significant variation. Thus, it is difficult to draw algleafined
relationship between the volumetric water content and the imaginary part otdbstia

admittance.

Data for the real and imaginary parts of the acoustic admittance for sample $wareirsh
Figures 8a and b. The results of the real part of the acoustic admittancaiketsi those
obtained for sample 2. The results for the imaginary part of the acoustic admifta
sample 4 are shown in Figure 8b. The results for the imaginary part are markisigntifo
that of sample 2. Unlike the data for sample 2, the imaginary part of the surfac@iackni
stays positive across the considered frequency range. Theanapart reaches a minimum

between 300 and 400 Hz and then increases with the increased frequency of soufidkup to

1300 Hz (see Figure 8b). Above that the imaginary part decreases with frequaecy. T
imaginary part of the adnténce of the dry sample is completely different to those of the wet

sand (see Figure 8b).
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The results for the real and imaginary parts of the acoustic admittance oé €aamel shown

in Figure 9. The data for sample 6 show that the greatest effect of theewetuwater
content is obtained during the transition from the dry to the minimum volumetric water
content (5.2%) state. This transition results in up to 400% reduction in the value of the
acoustic surface admittance (see Figure 9a). It can be seen that there iicargigrap
between the results for the imaginary part for the dry sample and trdake sample with the
minimum volumetric water content. The behaviour of the imaginary part is complex and
relatively independent of the volumetric water content for 5.2%685%. The patterns for

the real and imaginary parts of the acoustic admittance for other testdésanepsimilar to
those presented. The results of acoustic admittance depend upon the poreibiggotisind
porosity which are controlled by the properties of the porous specimen and its volumetric
water content. Thus similar results can be obtained from repeated experimiamg as the

sand samples have the same properties, porosity and volumetric water. content

The presented data demonstrdeady that there is a direct influence of the volumetric water
content on the real part of the surface admittance. Here an increase in the novaier
content results in a decrease in the real part of the surface admittance acsssitiered
frequency rangeHeowever[he results for the imaginary part are more ambiguous and
difficult to be related uniquely to the effect of volumetric water content. THiesause the
imaginary part of the acoustic surface admittance represents the acoustinceace. the

proportion of the acoustic energy conserved within the porous sampieiated with the

interference betweethe direct and reflectedsound wavesOn the contrary, the real part
relates to the proportion of sound energy penetrated and dissipated in the ponqgesssam

that we propose to focus our discussion on the behaviour of the real part of the surface
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admittance. This quantity is likely to be affected only by the proportion of the cieinair

filled pores and their size distribution (Horoshenkov and Swift 2001).

Modelling

It is proposed to develop a method by which the volumetric water content can be predicted
using the measured real part of the acoustic admittance. Firstly, we plasthes for the
acoustic admittance against thelumetric water content. Figures 10 and 11 show the
volumetric water content plotted against the values of the real part ofrfaeesadmittance

for the eight tested samples. In these figures symbols represent the aneasiues of
acoustic admittance at different volumetric water content. It can be notethehalues of

the surface admittance are obtained at the frequency of 800 Hz. Thienftgquas selected

as the median of the frequency range of-4000 Hz Inin this frequency regime the regm

of the admittances likely to be controlled by the ratio pbrosity overortuosity-whichand it

the—real-part—of-the—admittands relatively independent othe acousticfrequency (see

expression (4) in Voronina and Horoshenkov, 2064y -This assumption is valid for

all the samples investigated in this work.

A close examination of the data presented in Figures 10 and 11 allows the following
conclusions to be made: (i) the real part of the acoustic admittance incredsethewi
decreasig volumetric water content; (ii) the dependence of the real part on the volumetric
water content seems linear in a séog plot. As water is taken out of the sample, more pores
become filled with air, connected and open to the incident sound wave. At higher values of
volumetric water content, the available flow paths become more tortuous resultowgem |
values of the acoustic admittance. An analysis of the data presented in Figures 10 and 11 for

the relationships between the volumetric water content and the real part of thee surfa
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acoustic admittance suggests that this dependence is logarithmic and thedodquation is

proposed:

0 =aln(Re(f,,)) b. (2)

whereg,,is the real part of the acoustic admittance measatradrequency of 800 Hz arad

andb are coefficients whose values are determined using the least mean squaee esi

fit lines are shown in Figures 10 and &y solid lines. Table 2 presents the values of the
coefficients & andb) for different sad samplesas well as the corresponding valuesRbf

which represents the coefficient of determination. It is the correlation &etthe measured
data and the model (fitf-he coefficientb relates to the value of the real part of the acoustic
admittanceof the dry sand which is controlled by the particle size and porosity of sand. The
coefficient a relates to the sensitivity of the acoustic surface admittance to the volumetric
water contentFigures 10 and ltlemonstrate that slope of the bétsiine (coefficient a)
variesgreathywith the change in the particle size distribution of the sand samples. Several
characteristic grain diameters and coefficients were proposed to chaeattergarticle size
distribution from different perspectives. Among thas the uniformity coefficient which is
well-accepted parameter to describe how uniform a soil is. Generally for soils wittea w
range of particles, a better particle arrangement can be achieved resulting in a reduced
porosity and size of pores. Thua, this investigation, it is suggested that the coefficient of
uniformity can be utilised to account for the effect of particle size distributioheoaliserved
relationships between volumetric water content and acoustic admittance éverdiféands.
Careful inspection of Figures 10 and ahd Table 2 suggests that as the uniformity of sand
sample improves, theange ofvaluesof the real part othe acoustic admittance decreases

proportionally. This is true since for sands with higher uniformity coefficiprépared with
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the same packing technique the material density is expected to be highergeasubim
increased number of particle contacts and a decreased size of pore channels (compare
microscopic images for samples 4 and 6 in Figure 4). Figure 12 shows the reiptions

between the coefficiena (see Table 2) and the uniformity coefficie@ (see Table 1)

derived for the investigated specimens of sand. It can be seen that theneds ddpendence
between the slope of equati (2) (coefficienta) and the uniformity coefficient. The relation
between the coefficierstand uniformity coefficient can be described by the following-fiest

line:

a(C,) = 0.0284C,, +0.0892. (3)

Equation 8) can be used to determine the cméfht a from the particle size distribution data

for a sand sample which can be determined using a standard testing procedureeThen th
coefficientb can be obtained using equatid?) @nd data on the real part of the acoustic
admittance of the dry sand sample. It should be noted that for accurate prediction the
coefficient b should be determined for a dry sample with density identical to that of the
prepared sample under saturation. Because of difficulties in preparingesamithl the same
density, datdor the real part of the acoustic admittance can be developed as a function of the

dry density. These data can then be used to determine an accurate value for thentbeffici

However, the volumetric water content is not the only parameter that hgEfecant effect

on the acoustic properties. Sound waves propagate through the interconnected pores, in which
the acoustic attenuation is a function of the size and distribution of the pore voids. The size of
the pores formed between the solid grains irectly related to the material density or

porosity.Porosity is a function of the mode of packing, particles shape, their arrangamdent
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size distribution (Bear 1972; Lowe and Greenaway 2005). The effect of the dersatydof
complex and it can be easunted for by using a suitable model for the acoustical properties of
granular media (e.g. Horoshenkov and Swift 2001; Voronina and Horoshenkov 2004).
preliminary investigation has been carried out to quantify the effect of mode ohgauidl
hence theeffect of density/porosity on the measured real part of the acoustic surface
admittance of dry sample®ry samples with different densitidseave beerprepared using
sand raining techniquésigure 13 shows the results of dry density against the reafqrart
sample 4. The results suggest that the real part of the acoustic admittareesetealmost
linearly with the increase in the dry density. This phenomenon deseregmiate detailed
study. Because only one mode of packing is adopted here and peedhsand particles is
almost similar (see Figure 4), changes in the sample porosity and pomissidbution can

reasonably be attributed to the particle size distribution.

The obtained results show clearly that the developed method for the riest rélates
successfully the acoustic admittance with the volumetric water contentsdride There is a
strong experimental evidence that the acoustic admittance of the top layal cdrs be
measured isitu using oneor two-microphone methods (Embleton et al. 1983; Cramond and
Don 1987; or ANSI S1.18 2004). It should be noted that tis#finmeasurements of acoustic
admittances relatively cheap as it onlgquires a laptop equipped with a good quality sound
card. Further work isplannedto extendthe proposedpproachfor determination of irsitu

volumetric water content.

A validation exercise has been conducted to examine the accuracy of the developederocedur
for the determination of the volumetric water content using the acoustic meastioérthe

surface admittance. Sample 9 with properties different to those attributed pteS&@ was
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selected for this purpose. This material had the median particle diamet&® pm6and its
uniformity and curvature coefficients were 2.62 and 1.23, respectively as shown in Table 1.
The porosity of sand sample was 40%. The coefficieatsdb were determined according to

the procedure detailed in the previous section. The values of these coefficientsuner to
be-0.1636 and0.3611, respectively. Figure 14 shows the correlation between the determined
volumetric water content and that derived from the acoustic surface admittéack slaould

be noted that in Figure 14 maximum volumetric water content is 40% which is equiwale

full saturation. The comparison suggests that all the points are located laodé tine
indicating that a very close agreement between the two methods was obtairged (fak.

The error in the results is within 1.7% up to the volumetric water content of 0.34 and 3.5 %
for measurements near full saturation. The accuracy of the proposed methoderd &mit
states close to full saturation because of the complexity of water distributtin the sand
sample, low proportion of interconnected-f#ied pores and low values of the real part of the
acoustic surface admittand®nly samples of sand with uniformity coefficient betwek?2

and 3.0 are investigated.

Conclusions

A new experimental technique has been proposed, examined and validated fomdgterm

of volumetric water content of unsaturated sandy soils using acoustic nmestref the
surface admittance. The proposed technique isdestructive, nofinvasive, quick and
relatively inexpensive. It is found that the real part of the acoustic adodtia dependent
upon the volumetric water content. The acoustic surface admittance is reldtedsize of

the airfilled, interconnected pores and its proportion, which are functions of soil density and
particle size distribution. This is thenaasto develomrelation between the volumetric water

content and the measurable acoustic properties of sands. Specifically, thoigarglation
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(equation 2 is proposed taleterminethe volumetric water content using the acoustic surface
admittance dat, which can be obtained routinely using a standard impedance tube connected
to a Buchner funnel. The coefficients of the proposed equation are directly related to the
uniformity coefficient and the acoustic admittance of the dry samplehvdan be obtaied

using standard testinghe proposed equations adeveloped based on data favorly graded

sand andurther studyis underway to investigate their applicability foell graded samples.

Finally, a validation study has been conducted to examine the accuracy ofbpusqor

equations. The results of the validation exercise demonstrate that the voluvasgtricontent

can be measured with an accuracy-@.0%.
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