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Abstract. A large proportion of society’s most valuable resources are transported

and distributed by pipe networks.  It is vital that the condition and expected life of

these assets is understood in order to investment in a targeted proactive manner to

avoid failure and the cots and disruption this causes.  The ground in which these

pipes are buried is a key component of these systems, providing structural support

and protection from changing environmental conditions.  The ground has however

been largely ignored in the literature of pipeline condition assessment.   

Of  particular  interest  is  the  water  content  and  saturation  of  the  ground

immediately  around  pipes  as  it  is  a  vital  measure  in  predicting  possible  future

ground movement, potential for shrink/swell induced damage and as an indication of

possible leaking water pipes. Existing techniques that can be used to assess ground

saturation levels are limited to ground penetrating radar, low frequency vibrations

and electro-resistivity.  Such methods suffer from difficulties in distinguishing the

precise characteristics of the ground, particularly in the chaotic urban underworld,

and of low spatial resolution.  The use of in pipe measurement techniques to assess

ground  saturation  immediately  outside  pipes  would  allow  for  higher  spatial

resolution  of  the  ground  conditions  that  directly  affect  the  condition  and

performance of each asset, or even sub-section of assets.

This  paper  presents  results  of  a  series  of  experiments  that  demonstrate  the

feasibility of   detecting changes in the saturation levels of representative ground

conditions  around pipes  using  ultrasonic  measurements  from within  the  pipe.  A

series of tests were conducted for differing ultrasonic transmission properties (signal

frequency, sensor  location),  using  special  constructed  soil  test  cell  that  allowed

precise and repeatable saturation properties to be applied to a range of different soil

types (sand/clay/gravel)

Introduction 

In the past 40 years, a new generation of low cost and high resistant polymeric materials

has been extensively used in pressurized pipe systems, due to their temperature, chemical

and abrasion resistance, high-pressure ratings, light weight, easy and fast installation, and

low-price.  Of  the  new pipes  being  installed  in  the  US,  about  39% is  PVC (Polyvinyl

chloride)  [1]  while  over  70% of  Finland’s water  supply  pipelines  are  plastic  [2].  The

selection of suitable bedding and sidefill materials for buried pipelines is critical, especially

for  those  plastic  ones  which  are  deformable  under  internal  and  external  loads.  Fig.  1

illustrates a typical sketch of the trench configuration for the buried pipelines [3].
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Fig. 1. Typical trench configurations for buried pipelines [3].

A 50-year service life is expected for plastic pipelines [4]. It is vital that the condition and

expected life of these assets is understood in order to investment in a targeted proactive

manner to avoid failure and the costs  and disruption this  causes. Compared with metal

pipelines, long-term plastic pipes deterioration mechanism has not been well documented.

This is because the mechanism is much slower than metallic pipes and also because they

have not been used long enough to establish a definite deterioration mechanism. In order to

assess its integrity against the ground condition, it is important to quantitatively evaluate

the interaction between the pipelines and the surrounding soils. 

A new arisen research area concerns  the influence from ground conditions  surrounding

pipes,  including  the  interaction  of  the  pipe  material,  soil  and  fluids.  Dorn  et  al. have

presented  that  the  deterioration  mechanism of  plastic  pipes  may  include  chemical  and

mechanical  degradation,  oxidation  and  biodegradation  of  plasticisers  and  solvents  [5].

Rajani et al. have built a statistical model for studying the interaction between pipe and soil

[6-8]. The modelling of the interaction between the pipe material and the soil is based on

the assumption of the soil properties or the data from offline soil sample. Limited real-time

data  for  immediate  surrounding soil  has  been achieved due to  the measuring difficulty

within the buried pipelines. 

Existing techniques that can be used to assess ground saturation levels are limited to ground

penetrating  radar,  low frequency vibrations  and  electro-resistivity. Such methods  suffer

from difficulties in distinguishing the precise characteristics of the ground, particularly in

the  chaotic  urban  underworld,  and  of  low  spatial  resolution.  The  use  of  in  pipe

measurement techniques to assess ground saturation immediately outside pipes would allow

for higher spatial resolution of the ground conditions that directly affect the condition and

performance of each asset, or even sub-section of assets. Oelze  et al. reported the sound

attenuation and speed in soils over the sound frequencies of 2-6 kHz [9]. It was reported

that the sound attenuation tended to increase with increased water content, while the speed

was  independent  of  the  moisture  content.  Lu and Sabatier  confirmed that  the  moisture

content  has  relatively  minor  impacts  on  the  sound  propagation  speed  [10].  However,

regarding the overall  roundtrip-propagation of  the  sound,  little  documentation has  been

found for assessing soil conditions for buried pipelines. The ultrasound measurements were

conducted for detecting the voids in the soil external to pipe wall materials by Hills et al.

and Zhu  et  al. [11,  12].  Transmission  and  reflection  of  ultrasound waves  occur  at  the

boundaries of adjacent media (water/pipe wall/soil)  were recorded for the investigation.

The following equations denote the proportion of transmission and reflection respectively

for an interface. 
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T and R are known as transmission and reflection coefficients respectively, where a and b

refer to the two boundary materials, Z is the acoustic impedance, equal to the media density,

ρ, multiplied by the speed of sound, c. 

The propagation of transmitted and reflected sound is determined by the interfacial acoustic

properties, while greater acoustic mismatch produces higher reflection and therefore lower

transmission. Based on this  theory, varying soil  conditions,  i.e.  water  content,  relate  to

different ultrasonic reaction (reflection/transmission) can be experimentally measured. This

principle is used in this study by using an ultrasonic method to assess the soil water content

beyond the plastic pipeline. The common plastic pipe material of high density polyethylene

(HDPE)  was  tested.  Fig.  2  shows the  ultrasound testing  configuration.  Three  specially

constructed  soil  test  cells  were  designed  for  testing.  Soil  samples  composited  of  sand

(David Ball  fraction B) and clay (white  china clay) were tested for varying mass ratio

between sand and clay, including 1:1, 2:1, 4:1 and 6:1. In this study, water mass was used

for the water content in the soil samples. The changes in the water content of representative

ground  conditions  around  pipes  were  investigated  using  ultrasonic  measurements  from

within the pipe material.

Fig. 2. Sketch of ultrasound test setting up. Ultrasound waves excited and sent out by the ultrasonic

transducer, propagate through the couping water, the pipe material and the soil, before be reflected back to the

transducer by the interested interface between the pipe wall and the soil. The ultrasound reflection is recorded

for further analysis of the interfacial acoustic property.

1. Experimental method

1.1 Test cell design

In order to ensure the same testing procedure was followed for all the tests, the BS standard

compaction mould was adopted, Fig. 3 (a). Fig. 3 (b) shows the designed test cell, where

the lower cylinder and the base plate from the standard mould were adopted. The cylinder

was made to sit on a circular HDPE plate before placing onto the base plate. A plunger with

a screwed bar was made to compress the soil sample to the mould cavity. A positioning

stainless  plate  was designed as  a  dead weight  that  was screwed onto the bar  after  the

plunger was placed in the required position.  A stand was finally assembled to lock the

plunger  in  place  through  two  arc  slots.  A centre  hole  with  a  diameter  of  30mm  was

machined to  the  base  plate  to  expose  the  HDPE plate  for  the  ultrasonic  testing.  After

assembling, the whole device was turned upside down, Fig. 3 (c). As water is needed as a

couplant for ultrasound waves, a water container made of acyclic tube was mounted on the

end of the mould base using silicone sealant (Fig. 3 (c)). 
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                             (a)                                                      (b)                                                     (c)

Fig. 3. Test cell design, (a) BS standard compaction test mould (1 Litre, BS 1377), (b) disassembly of test cell

in this study, (c) assembly of test cell.

1.2 Soil sample preparation

In this  study two common pipeline bedding materials,  David Ball  Fraction B sand and

white china clay were selected for testing. Both materials were mixed by different mass

fractions. Totally, four types of soil were made with the sand and clay mass ratios of 1:1,

2:1,  4:1  and  6:1.  For  each  type  of  soil,  six  moisture  levels  were  achieved  by  adding

different amounts of water into the soil bulk. For example, 0, 21.1g, 44.4g, 70.6g, 100g and

133.3g of water was added into soil 1 (200g sand : 200g clay) to make the water content to

be 0%, 5%, 10%, 15%, 20% and 25% respectively.

The dry sand and clay were manually mixed before the required amount of tap water was

added  and  stirred  thoroughly.  The  wetted  soil  was  then  transferred  into  the  test  cell

following by inserting the plunger into the cylinder to keep the soil in place, Fig. 4 (a). The

metal plate was screwed on top of the plunger without touching the cylinder, acting as a

dead weight, shown in Fig. 4 (b). The whole device was finally left un-disturbed for 18

hours to get the equilibrium of the moisture. Four air holes were machined on the plunger

for releasing the air during this process, which were screw sealed before assembled for

testing, shown in Fig. 4 (c).

  

                               (a)                                                   (b)                                                (c)

Fig. 4. Soil sample preparation, (a) wetted soil, (b) compress the soil in place and keep it for equilibrium, (c)

soil sealed for testing.

1.3 Ultrasonic measurement

The interface of the plastic plate and the soil was investigated by measuring the ultrasonic

reflection (Fig. 2). In this study, a water-coupled focused ultrasound transducer with central

excitation frequency of 5MHz and a focal length of 75mm was used. An ultrasonic pulser-

receiver (UPR) mounted in a PC was used to pulse,  capture and digitise the ultrasonic

signals.  Control  and  processing  was  carried  out  using  LabVIEW. The  principle  is  to
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measure  the  reflected  signal  for  a  pulse of  ultrasound that  travels  from the transducer,

through the plastic pipe wall, reflected from the plate and soil interface, and back to the

transducer. A pulse-echo approach was used,  meaning the same transducer was used to

generate and receive the ultrasonic pulse. As a result, the transducer was positioned normal

to the plastic plate to maximise the measurement sensitivity.

Fig. 5. Reflected ultrasonic signal. The peaks within the time series correspond to the front and the back

surface of the pipe material. Comparison between the two amplitudes is made for analysing the interface

acoustic property between the pipe material and the soil.

Fig. 5 presents an example of the resultant ultrasonic signal where reflections from front

and back surfaces of the plate and soil are depicted, with the signal amplitude of A1 and A2

respectively. Within the measuring area, three different locations were measured for each

soil sample. For each measurement, data acquisition was lasted 1 second, which produces

160 signal windows as the transducer’s pulsing rate was set to be 160 per second. Those

recorded signal windows were averaged through LabVIEW for further data analysis. 

1.4 Acoustic evaluation method

The sound wave is attenuated in propagating due to all mechanisms, including absorption,

reflection, scattering, and radiation. According to the sound propagation principle, if the

initial sound pressure excited from the transducer has amplitude A0, the 1st and 2nd reflected

sound pressures are expressed as [13 & 14],
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Where subscripts 1 and 2 denote the front and back interfaces,  α denote the ultrasound

attenuation coefficient in the propagating media, d denotes the sound transmission distance,

while  subscripts  w and  p denote  couplant  water  and  pipe  material  respectively.  From

equations (3) and (4), the ultrasound reflection coefficient of the back interface,

2R
, which

is  determined  by  the  soil  property,  including  water  content,  density  and  sound  speed,

beyond the pipe material, can be expressed as, 
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 is treated as a constant m as all parameters refer to acoustic properties of water

and plastic plates that can be easily obtained from reference books. Therefore, in this study,
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the  ultrasound  reflection  measurement  were  analysed  to  investigate  the  relationship

between the soil water content and the ratio 

2

1

A

A

.

2. Experimental results

Fig. 6 presents how the ultrasound reflection varied with soil water content for four soil

samples with varying mass ratios between sand and clay. Six water content levels were

tested,  from  dry  mixture  to  25%  of  mass  content.  As  been  addressed  in  section  1.3,

ultrasound  reflection  from both  the  front  and back  interfaces  were  measured  for  three

different  locations  for  each  test.  The  recorded  signal  peak  value  was  taken  for  the

calculation of the amplitude ratio. Three amplitude ratios for each soil as well as the mean

value  were  plotted,  shown in  Fig.  6.  In  order  to  verify  the  experimental  findings  are

reasonable, two tests were conducted with pure water and air behind the pipe material. The

ultrasound signal amplitude was analysed through the same method. The values were found

to  be  0.41  and  1.92  for  air  and  water  respectively,  which  are  marked  on  Fig.  6.  The

amplitude ratios for all soil samples were found to be lower than that of the air, while water

was not able to be distinguished from the wet soil as they had similar amplitude ratios.

 

                                         (a)                                                                                (b)                                              

 

                                         (c)                                                                                (d)                                              

Fig. 6. Amplitude ratio of ultrasound reflection from front and back interface of the pipe material for, (a) soil

1, sand and clay mass ratio of 1:1 (200g:200g), (b) soil 2, sand and clay mass ratio of 2:1 (300g:150g), (c) soil

3, sand and clay mass ratio of 4:1 (400g:100g), and (d) soil 4, sand and clay mass ratio of 6:1 (360g:60g).

From Fig. 6, it can be seen that the amplitude ratios for all soil samples present a similar

variation  trend  that  the  ratio  is  decreasing  with  water  mass  content  in  the  soil.  The

maximum ratio occurs when the soil is dry. A significant drop was observed until the water
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content level reached a value of approximately 15%, followed by a stabilised trend until the

highest water level of 25% in this study. In all cases, a amplitude ratio of greater than one

was found for water content of 5% and less. 

3. Discussion

The ultrasound reflection coefficient of the interface between pipe material and the soil

decreases with the water content before stabilises at a level of around 15%. This indicates

that the porous soil with more moisture improves the transmission of the ultrasound waves,

which resulted in less reflection and therefore lower signal amplitude ratio. According to

equation  (2),  it  is  intuitive  that  the  difference  of  acoustic  impedance between the  pipe

material and the soil is decreasing with the water content, while the greatest mismatch is

occurring at zero water content (dry soil at room temperature and moisture). This is to say

the soil acoustic impedance is fast approaching to that of the pipe material with increasing

water content. The speed of sound in the soil was reported to be independent with water

content [9, 10], therefore it can be concluded that the variation of soil density follows the

same trend as the water content. 

In this study, soils with water content between 15% and 25% were found to have lower

amplitude ratios compared with the pure water case of 0.41. This indicates that,  in this

region, the acoustic mismatch between the pipe material and the water is greater than that

between  the  pipe  material  and  the  soil.  For  even  higher  water  content,  a  reasonable

speculation can be made that the amplitude ratio of the ultrasound signal is approaching the

value for the pure water. Simply because, with more adding water, the diluted soil will

ultimately  tends  to  have a  similar  physical  properties  as  the  water. Fig.  7  presents  the

prediction  for  soils  with  higher  water  mass  content.  The  solid  line  indicates  the

experimental results for the soil 2 while the dash line suggests an expectation trend for the

amplitude  ratio.  Further  study  regarding  soils  containing  even  higher  moisture  will  be

carried out for a thorough understanding of the acoustic reaction towards the soil. 

Fig. 7. Amplitude ratio expectation for higher water content. Solid line indicates experimental result for soil 2,

while the dash line shows an expectation of the amplitude ratio for higher water content.

The maximum amplitude ratios for each soil were found to be 1.72, 1.71, 1.67 and 1.31

respectively,  which  were  lower  than  1.92  of  pure  air  beyond  the  pipe  material.  This

suggests that the interface made of the plastic plate and very fine dry soil particles slightly

decreases the reflection of the ultrasound waves. Among those soils, a negative relation was

found between ultrasound reflection and the sand proportion in the soil bulk. This may be

because  the  soil  bulk  density  with  more  sand is  greater,  and  therefore  higher  acoustic

impedance contributes  to  a  relatively  lower  acoustic  mismatch  with  the  plate  material.

Again, more experiments for with a more diverse range of soils are required to confirm the

findings.
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4. Conclusions

Ultrasound  experiments  were  conducted  for  four  soil  types  with  varying  water  mass

content. Reflected ultrasonic signals for HDPE plastic plate and varying soil samples were

measured to investigate the effect of the water mass content on the interfacial ultrasound

reflection. It was observed that different water content causes varying amount of ultrasound

waves to be reflected from the interface of the soil and the plate. The water mass content in

the soil plays a prominent role in the propagation of the ultrasound waves. The amplitude

ratio of reflected sound signal from the front and back interface was investigated. For all

tested soils, the ultrasound reflection from the interface between the pipe material and the

soil  was found to decreases with the water  mass content.  The relationship between the

water content and the signal amplitude ratio was quantitatively analysed. The amplitude

ratio was found to be over 1 for dry soils (with less than 5% water content) while as low as

0.2 for soils containing 20% or more water.

It is confirmed that the acoustic property of the soil external to the plastic pipe wall can be

investigated by analysing the interfacial  ultrasound reflection measured within the pipe.

The findings demonstrate the feasibility of using the in-pipe measurement of ultrasound

reflection to study the ground condition beyond pipe wall. A practicable approach for using

the ultrasound technique was introduced to detect the soil water content beyond the pipe

wall,  which  provides  a  key  parameter  in  predicting  possible  future  ground movement,

potential for shrink/swell induced damage and possible leaking water pipes. 

Acknowledgment

This  work  was  supported  by  the  Engineering  and Physical  Sciences  Research  Council

[grant number EP/K021699/1].

References

[1]  G.  J.  Kirmeyer,  W. Richards  and  C.  D.  Smith,  An  Assessment  of  Water  Distribution  Systems  and

Associated Research Needs, Denver Colo: American Water Works Association Research Foundation, 1994.

[2]  B.  Rajani,  and  Y. Kleiner,  Non-destructive  Inspection  Techniques  to  Determine  Structural  Distress

Indicators in Water Mains, Proceedings of the Conference on Evaluation and Control of Water Loss in Urban

Water Networks, Valencia, Spain, 2004, pp. 1-20.

[3] Water Industry Specifications/Information and Guidance Notes, Bedding and Sidefill Materials for Buried

Pipelines, IGN 4-08-01, February 1994: Issue 4.

[4] P. Skipworth, M. Engelhardt, A. Cashman, A. Saul, D. Savic and G. Walters, Whole Life Costing for Water

Distribution Network Management, Thomas Telford, 2002.

[5]  R.  Dorn,  P. Houseman,  R.  A.  Hyde  and  M.  G.  Jarvis,  Water  Mains:  Guidance  on  Assessment  and

Inspection Techniques,  Construction Industry Research and Information Association,  Report 162, London,

UK, 1996.

[6] Y. Kleiner and B Rajani, Comprehensive Review of Structural Deterioration of Water Mains: Statistical

Models, Urban water, Vol.3, 2001, pp. 131-150.

[7]  B.  Rajani  and S.  Tesfamariam, Uncoupled  Axial,  Flexural,  and  Circumferential  Pipe Soil  Interaction

Analyses of Partially Supported Jointed Water Mains, Canadian Geotechnical Journal, Vol.41, 2004, pp. 997-

1010.

[8] S. Tesfamariam, B. Rajani and R. Sadiq, Possibilistic Approach for Consideration of Uncertainties to

Estimate  Structural  Capacity  of  Ageing  Cast  Iron  Water  Mains,  Canadian  Journal  of  Civil  Engineering,

Vol.33, 2006, pp.1050-1064.

[9]  M. L. Oelze, W. D. O’Brien and R. G. Darmody, Measurement of Attenuation and Speed of Sound in

Soils, Soil Science Society of America Journal, Vol. 66, 2002, pp.788-796.

[10] Z. Lu and J. M. Sabatier, Effects of Soil Water Potential and Moisture Content on Sound Speed,  Soil

Science Society of America Journal, Vol. 73, 2009, pp.1614-1625.

[11] A. F. Hills, R. S. Mills, R. Dwyer-Joyceb, T. J. Dodd, J. B. Boxall, S. R. Anderson and R. P. Collins,

Ground Condition Monitoring for Water Distribution Pipes from in situ Ultrasonic Inspection,  Mechanical

Systems and Signal Processing (Under review).

8



[12] J. Zhu, R. Collins, R. Mills, T. Dodd, S. Anderson, R. Dwyer-Joyce and J. Boxall, Using Ultrasound as a

New Approach to Detect Ground Conditions Surrounding Pipelines, Applied Acoustics (submitted).

[13] T. A. Litovitz and C. M. Davis, Physical Acoustics, Vol. 2, Chapter 5, Academic Press, NY, 1964.

[14] P. M. Morse and K. U. Ingard, Theoretical Acoustics, Princeton University Press, 1986.

9


	Introduction

