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Notations:

o = longitudinal stress

M = bending moment calculated using applied load asduming simply supported
conditions

| = second moment of area of pipe cross section

D, = external pipe diameter
p, = bulk density of soil

H = the pipe depth (200 mm)



Abstract

Failure of buried pipes due to reactive (e.g.,rdting/swelling) soil movement is a common
problem for water and gas pipe networks in Ausdrahd thevorld. Soil movement is closely
related to seasonal climatic change and partiguldsé moisture content of soil. Although
some research has been caroedtl to understand the effect of freezing and thgwihsoils
and temperature effects in colder climates, thereery limited research has been undertaken
to examine the possible failure mechanisms of piyréed in reactive soils. This study reports
the responses of a two metre long polyethylene piped in reactive clay in a box under
laboratory conditions. The soil and pipe movememse measured as the soil was wetted
from the bottom of the box. It was observed that jpipe underwergubstantial deformation
as the soil swelled with the increase of moisturatent. The results are explained with a

simplified numerical analysis.

I ntroduction

As the pipe asset ages, buried pipe failures calsrééave become a major concern to most
water and gas utilities. Failures of these pipesgraduce negative social, environmental and
economic impacts to the community. Water main Isucsin lead to the loss of water, traffic
delays, damage to surrounding infrastructure, smibsion and storm water main
contamination, whereas failures of gas pipe cad tedhazardous conditions, even involving
violent explosions. The water losses due to piaks vary in different parts of the world
and the costs of maintenance of pipe networks eaocobnsiderable amounting to billions of
dollars worldwide. For instance, the cost of mamtay and replacing existing urban water

assets in Australia is estimated to be in excestAtf 1 Billion dollars (WSAA, 2008). In



1998/99, the water pipe network in Australia wapragimately 175,000 km and up to 30%
of water (in some councils) is considered unaccaairior including water lost from pipe
leaks and bursts. Similar issues are associatddtigt gas pipe networks. Therefore, there is
a clear need for undertaking research into minimgishe maintenance cost for the water and
gas industry that will lead to an advanced systenpipe management and prediction of pipe

failure.

The factors that lead to buried pipe failures hémeen identified as corrosion, internal
pressure, traffic loading, thermal stress due fme gemperature, and bending due to poor
bedding and the forces produced by swelling/shnigkilay (Makar et al., 2001, Rajani et al.,
1995) There is clear statistical evidence localiyl an some parts of the world that pipe
failure is significantly affected by seasonal maistand temperature changes (lbrahimi, 2005,
Jarrett et al., 2001, Kassiff and Zeitlen, 1962jaReand Kleiner, 2001). The existing models
for pipe failure consider only some of physicalightes, and the influence of soil and climate
are not properly taken into account. Under Ausralclimatic conditions, it has been
established that water and gas pipe failure raigs markedly during summer and to
somewhat lesser extent during winter (Chan et2@l07, Gould and Kodikara, 2008, Gould
and Kodikara, 2009, Rajani et al., 1995). Furtheenmthe pipe failure data indicates that
these effects are much more pronounced after aametthen prolonged dry periods (e.qg.,
2001/2002), highlighting the susceptibility of tbeisting pipe network to the local climatic

changes.

Previous work on Australian data (Gould and Kodik&009) indicates that there is a close
correlation between increased pipe failure ratémate and soil type. The understanding

inferred from this work is that during periods afthdry weather reactive clay soils shrink



due to a reduction in moisture content with thes los support for the pipes, and during the
winter or wet periods, the soil swell exerting upev@ressure to the pipes. A study (Kassiff
and Zeitlen, 1962)nferred that high stresses produced by swellind) can lead to pipe
rupture. Similarly, in cold climates, increasedepfpilures have been noted during winter due
to decrease of pipe temperature (Rajani et al.5,188chbaum, 1993, Needham and Hove,
1981). Freezing and thawing of soils has also l@med for pipe failure in colder climates
(Seligman, 2000). In general the soil movementnisven and bending stresses are induced

on the pipes, increasing the potential for failure.

Although some evidence of pipe failure in reactsals is available, direct experimental
results of pipe behaviour in reactive soils, eitmethe field or laboratory are very limited.
The report (Kassiff and Zeitlen, 1962) on measurdroéburied pipe stresses in the field was
probably one of the earliest studies in this afidee field study was undertaken by burying
two asbestos cement pipes in a site in Israeldbatained highly expansive clay. The study
has compared the difference in stresses due tdur®igariation of backfill material, seasonal
change and irrigation. A definite relationship beén soil moisture variation and the axial
loading has been found and the bending stressesaddby soil swelling can be a major
cause of pipe failures. More recent field instrutagaon has been undertaken in Canada (Hu
and Vu, 2006)or a water main buried in expansive so#s4 m long, 150 mm diameter
asbestos cement pipe section buried at 2.9 m bgdownd surface was removed and replaced
by an instrumented PVC pipe section. Soil moisttmetent, temperature, and earth pressure
were monitored by sensors installed at varioushdepelow and above the pipe level. Strain
gauges installed on the PVC pipe around its peemeteasured the pipe strain and
extensometer attached to the pipe measured the gflection. The analysis of the

preliminary results of this study showed the depeient stress in the pipe due to soll



temperature changes and pipe deflection due tonsoudement (shrink/swell). Apart from
these studies, experimental works on pipe failuregeactive soils are not commonly
undertaken. At Monash University there is an omgoproject on this topic with field
measurements of pipe behaviour, and this papeempigshe laboratory experimental results
of a model polyethylene pipe tested in an instruemodel box filled with reactive clay
soil. Although polyethylene pipes are used reldfivecently, in many cases they are installed
by trenchless methods and, hence, no special lgdsdiprovided surrounding the pipes.
Hence, the behaviour of these pipes directly buiredeactive soils is relevant to field
conditions. The paper presents results of pipelatisments measured using a specially
developed device and soil moisture and suction areagents during soil wetting. Finally, a
simplified numerical procedure is presented toneste the soil movement on the basis of the

measured soil and pipe properties.

Soil used in the experiment

An expansive soil collected from Merri Creek in ¥ida, Australia was used for this study,
and will be herein referred to as Merri Creek Clengerestingly, Merri Creek clay, which is

black in colour, is commercially mined for constian of cricket pitches in Victoria. The

physical properties of the soil obtained from latory test procedures, following Australian
standards (Standard Australia, 1995a, 1995b, 19085d, 2003) are presented in Table 1.
The result of the compaction test conducted in @zswe with Australia standard is shown in
Fig. 1. The mineral composition of the test maternas determined using the commercial
package SIROQUANT for X — ray diffraction (XRD) (®fon et al., 2001), the results are
shown in Table 2. The significance presence of olaerals, including smectite imparts high

reactivity to the soil.



Swelling properties of soil

To obtain swelling curves of Merri Creek clay, @&smen was re-moulded to a diameter of
75 mm and a height of 20 mm using clay with aniahivater content of 13%, which was
equivalent to the initial water content of the agkd in the box. The specimen was then set
on an Oedometer apparatus and a seating surcheageoff 1 kPa was applied. After
inundating the specimen with water, the verticalpticement was continuously monitored
until its rate of movement became approximatelyozéividing this maximum vertical
displacement by the specimen’s initial height, fitee-swelling strain was calculated. Upon
reaching the maximum vertical displacement, theispen was compressed by increasing the
vertical stress in steps. In this paper, “the smglpressure” was defined as the stress required
bringing the specimen height to its initial heigNelson et al., 2006). At each loading step,
the load was sustained until the vertical displaesinbecame a constant value. The vertical
strain was then plotted against the correspondiegical stress to obtain the so called
“swelling curve”. Four swelling curves obtained feamples with four different initial dry
densities (e. g., 1.15, 1.25, 1.42, 1.46 djcame shown in Fig. 2. It can be seen clearly that
both the free-swelling and the swelling pressucedgase with an increase in clay density. Fig.
3 shows the swelling curve used in the numericalyais of the pipe deflection. In this figure,
the swelling data of soil withlry density of 1.15 g/cthas applicable to the soil in the

experiment are fitted with a polynomial curve ted#e the complete swelling curve.

Triaxial tests on soill
The triaxial test was undertaken to obtain the wmated shear strength of the soil above the
pipe in the soil box. The pipe was buried at a ldepit 200 mm below the surface and

therefore the quick undrained triaxial test wadqremed with a confining stress of 1 kPa. A



soil specimen measuring 150 mm in height and 75 immiameter was remoulded to the
same average density of the soil used in the exgeti oy = 1.15 g/cm) and moisture
content of 45 %, which is equivalent to 92 % sdtara The test was started by applying 1
kPa of cell pressure. Subsequently, the specimeme wompressed at a loading rate of 0.2
mm/sec. The test was stopped after an axial stfaltD % was achieved and the specimen
was then removed from the cell. Fig. 4 shows theiader stress against axial strain
relationship obtained from triaxial test resultd ahe data were fitted with a polynomial

function. This result was used in the analysisiseaif this paper.

Mechanical properties of Polyethylene pipe used

The Young’s Modulus and Poisson’s ratio of the (meddensity polyethylene) pipe used in

the soil box was determined by testing a 1.5 m Ipipg, as shown in Fig. 5. The pipe was
attached with 11 strain gauges (nine gauges tour@é&sngitudinal strain and two gauges to
measure hoop strain) and was tested in a flexunadling test configuration, as shown. Ten
strain gauges were attached symmetrically on tipeated the bottom of the pipe at five

different sections along the pipe. Assumsiigply supported conditions, the central load was
increased until the central deflection of 15 mm wabkieved. The measured strain and the

central load were recorded during the test.

Young's Modulus of Polyethylene pipe
Fig. 6 shows the measured longitudinal strainshengipe at five sections during loading.
Longitudinal stressesy on the pipe surface at strain measuring locatioesevealculated

using Equation 1, assuming simple bending condition



ag =

M, D,
|2

1)
where M is the bending moment calculated using applied lead assuming simply

supported conditions,is the second moment of area of pipe cross sectind,D,is the

external pipe diameteFig. 7 shows the plot of calculated stress and aredsstrain at the
bottom of section 1. An approximate linear relasioip of stress and strain is used to find the
Young’s modulus according to Hook’s law. Similariypung’s moduli were calculated at
each strain measuring location and as a resulgwbege Young’s modulus was calculated to
be approximately 700 MPa, which is within the recoemded range of the Young's Moduli
reported (300~1300 MPa) for polyethylene pipes diBilet al., 2007). Hence, a Young

Modulus of 700 MPa was used in the numerical amalysscribed later in the paper.

Poisson’s ratio of Polyethylene pipe

The ratio between the lateral (hoop) strain anddhgitudinal strain can be used to calculate
the Poisson’s ratio. As shown in Fig. 8, the meaguroop and longitudinal strains at the
bottom of sections 2 and 4 are plotted and thesBnis ratio of the pipe is given by the

gradient of these graphs. The average value ofdlwilated Poisson’s ratio is approximately
0.473 and it is within the range of the PoissomBos (0.42 ~ 0.50Bilgin et al., 2007))

reported for polyethylene pipes.
Model box test
The soil box used for the experiment was modifieminf a plastic water storage tank. As

shown in Fig. 9, the soil box measured 1015 mmejpthl, 720 mm in width and 1880 mm in

length. In order to fit a pipe into the box, 112 ndmmeter holes were drilled on the side



walls at both lateral and longitudinal directiots allow for two possible pipe arrangements.
In this experiment, the pipe was installed on thegitudinal direction, therefore the holes on
other walls were sealed up by the plastic coveh Wilts and rubber sleeves to stop possible
water leakage. A transparent perspex sheet (Figia8)also installed on one side of the box
to observe the water level and soil movement dutliregexperiment. The modified box was
restrained by a steel frame with thick timber stdiged within the frame to provide adequate
lateral restraints to the plastic box. It was airt@echinimise the soil swelling in the horizontal
direction, making the soil movement to be mainlythe vertical direction, representing one-
dimensional swelling conditions. Lateral deflectiointhe box has not been measured but the
closely spaced steel frame along with thick timdtezet backing would be sufficiently stiff to
restraint fully any horizontal swelling of the solfisual observations indicated that timber
backing did not experience in visual deformatioms,contrast to tens of millimetres of
vertical movement experienced by the wetting said therefore, the horizontal strains

experienced by the soil over its length and widdyrbe considered to be nearly zero

Model box preparation

A 2180 mm long polyethylene pipaeasuring the inner and outer diameters of 85 mah an
110 mm, respectively, was instrumented with 56 xialastrain gauges. Seven sets of strain
gauges were installed at every 300mm along the. (ijaeh set consisted of eight strain
gauges measuring strain at four locations on thee mircumference: top, bottom, left
springline, and right springline. There were twaiges at each location: one gauge was
oriented along the longitudinal axis of the pipenteasure the longitudinal strain and the
other gauge was oriented perpendicular to thedasge to measure the circumferential strain.
After installing the strain gauges on the pipe attdching wires with them, a waterproofing

material (SEMKIT) was applied on the strain gauges and surroundieg to protect the



gauges against moisture. It was then allowed apmately 24 hours for thevaterproofing
materialto be cured, beforthe pipe was installed longitudinally in the boxsd®wn in Fig.

10. The pipe ends were kept open and was acoe$sibh both ends.

A 170 mm thick layer of gravel was placed on theebaf the box in order to provide a
permeable base. A layer of geotextile was thengglan the gravel as a separator between the
soil and the gravel. The box was filled with Me@reek clay, which had an initial water
content of 13 % by using a wet-compaction methdw amount of wet soil required for pre-
determined volume (layer) to achieve a dry dersity.15 g/cni was measured and placed in
the box. After spreading the soil uniformly ovee ghlan area of the box, the compaction was
done in order to bring the soil surface to the getermined level. This procedure was
followed until the box was filled completely. Threere samples have been then obtained by
pushing a tube into the compacted clay, and onbidiss, gave an average dry density of 1.15
g/cnt down the depth of the soil profile. During thélifiiy of the box, strainpots, thermal
conductivity sensors, theta probes and thermoceupbre installed at designated depths to
measure respectively the pipe and soil deformasioih suction, volumetric soil water content,
and soil temperature, as shown in Fig. 10. Theaserbf clay was covered up with wetted
newspaper and plastic sheets after soil filling eowohpaction. The experiment was started by

suppling water to the bottom of the box approxirtyad® days after soil placement

Experimental results and discussion

After setting up of the soil box as shown in Fi@, the wetting of the clay was started by

supplying water from a Mariotte bottle so that zerater pressure was maintained at the

bottom of the clay layern reality, wetting of soil is likely to occur frorthe top due to
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rainfall and irrigation, except when there is aklea the pipe. However in this instance,
wetting from the bottom was adapted due to sewe@dons, main ones being to reduce the
overall time for the testing and to facilitate leetinterpretation of results. It was considered to
take much longer for water to infiltrate from thaptthrough compacted clay, all the way to
the bottom. And with any water pressure appliethattop to accelerate the water flow, as has
been done with capillary rise method, water mayalsgpthrough (possible gaps in) sidewalls

which could cause the interpretations very difficul

As the experiment proceeded, the water level inMaeriotte bottle was raised to accelerate
the soil wetting, as shown in Fig. 11 (change abzeater pressure level). The wetting
process was continued for 136 days, and the respaighe installed sensors were recorded

continuously. In the following section, the respemsf sensors are presented and discussed.

Soil suction and water content

Three Campbell thermal conductivity sensors (TC#iprated to measure soil suction in kPa
were used to measure soil suction in this experim&he responses of these Campbell
thermal conductivity sensors (TCS), installed ia #oil box (see Fig. 10), are shown in Fig.
12. Suction sensors at different levels showednalai response when the soil moisture
content increased as the experiment proceeded.-1T@&ich is located 75 mm above the

bottom of the clay layer, responded almost immetifavhen water was supplied to the box,

as the suction decreased to zero correspondingitwsafull saturation state and subsequently
remained constant. The soil above the water leseldcbe saturated due to capillary rise of
water and therefore, TCS sensors could indicateléteease in soil suction before the water
external level was raised up to the sensor. Oreevéiting water front reached a TCS sensor,

the reading of the sensor drastically decreasedvaue which is corresponding to saturated
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soil. About 1 day after TCS-1 has responded tacttege of moisture content, TCS-2 which
was located 125 mm above the TCS-1 started to nelspm the approaching wetting front.
TCS-3 which was close to the surface stayed conatatie initial suction (100 kPa) for the
first 36 days then showed a decrease in suctiaytald days after raising the zero pressure
level in the Marriotte bottle by 280 mm from itstial level. Eventually, TCS-3 reached zero
suction (full saturation) about 66 days after stgrtthe wetting of the soil box. These
response times are consistent with capillary nséow permeable materials as reported by
(Lee et al., 2004), who indicated that water ras@% mm height less than a half day and
200mm in about 2 to 3 days and the rate of risgedsed dramatically with time as water

rose higher

Six moisture probes (MC) calibrated for Merri Credlay to measure volumetric moisture
content were installed in the soil box to measheerhoisture content change during the test.
However, only two probes (see Fig. 10) functionesdl while the other four probes failed to
function properly. As shown in Fig. 13, the moistyorobe at 75 mm from the bottom of the
clay layer (MC-1) measured an increase in moistorgent immediately after the experiment
had started and was reasonably constant throughewxperiment. This probe was close to
the base of the soil where the moisture contentmaigtained by the water supply. MC-2 at
610 mm from the bottom of the clay layer respongted delayed fashion but in harmony
with water level increase. When comparing the rasps of the suction probes and the
moisture probes shown in Figs. 12 and 13, respaygtithe suction and water content at the
same level appear to change simultaneously witadirhe lag between them. The responses
of both the suction and water content probes itdit@ae upward advancement of the wetting

front with time.

12



Soil temperature

The locations of four temperature sensors (TP)eouat different depths within the soil box
are shown in Fig. 10. Fig. 14 clearly highlightattthe fluctuation of soil temperature at the
various depths during the experiment was similggssting that change of temperature was
largely due to surrounding temperature changesveamsl not significantly affected by the
increase in soil moisture content.

As shown in Fig. 14, a significant drop of temperatcan be identified from 64th day to
136" day after the experiment had started. Duringkisod, the temperature decreased from
a maximum of 23°C to a minimum of 18.5C. On the basis of the measured ambient
temperature generally, this temperature drop aggeatoincide with the ambient temperature

change.

Soil and pipe displacement

Soil displacements were measured from the movenwdrggeel rods using strain pots (SP).
Locations of some of the strain pots installedhe soil box are shown in Fig. 10. The soil
displacement measurement was started when watesypadied at the bottom of the soil box.
As shown by the solid lines in Fig. 15, with tharsbf soil wetting from the bottom, SP-1 and
SP-2 located respectively at 230 mm and 330 mm extibe soil bottom, progressively

recorded upward movement indicating the swellingaf with the increase in water content.
SP-3 and SP-4, which were located on the top opighe, initially showed a slight (less than a
one mm) downward movement. The reason for thislsheainward movement is not exactly
clear, but could be due to soil settlement or gmdesshrinking of soil due to drying prior to

wetting. It should be noted, however, that the sals protected from drying by placing
wetted newspaper and plastic on the top surfagey; fr starting of the wetting experiment.

With the rise of the water table, SP-3 and SP-#textato show upward movement which

13



would be generated by the upward deflection ofpilpe due to swelling of the soil below the
pipe. As shown in Fig. 15, it is clear that thel sooves upward (swells) with an increase in
water content. The pipe embedded in this swelliog deflected upward with the soil

movement as the swelling pressure built up undeptpe. Fig. 15 indicates that the degree of
swelling depends on the confining pressure. In rotlwerds, as the confining pressure
increases, the swelling displacement decreasesighhavater content and suction changed
simultaneously as theetting proceeded (Figs. 12 and 13), the soil saglstarted with a

certain time lag possible due to higher confiningsgure at the bottom of the box.

Forty days after the experiment had started, theements of thetrainpot rods attached with
measuring tapes graduated in mm were monitored siygua surveying level. This was
undertaken as a back-up measurement. Fig. 15 stawshese level measurements (shown
by symbols) and indicates that these measuremgrege aeasonably well with the strain pot
measurements. However, human error in using suexg} and the possible deformation of
the measuring tapes attached with the strainpattddead to the differences in these two

measurements.

Since the strain gauges failed to respond accyrated pipe deflection was measured along
the pipe inserting a specially designed device itheopipe and using a surveying level, after
136 days of the commencement of wetting. The dewsesl to measure the deflection on the
pipe is shown in Fig. 16. This consisted of a rukaich is graduated in mm, which was fixed

on a shuttle attached to a 2.5 m long steel rodtla@duler is pressed upward by a spring to
maintain contact with the top of the pipe insidaeTod was pushed along the bottom of the
pipe while the ruler in contact with the top of thipe. A land surveying level was set up so

that the line of sight was set through the pipe wsed to read the ruler at every 100 mm
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along the pipe. The measured deflection was ploti¢lal the deflection of the pipe obtained
from SP-3 and SP-4 and is shown in Fig. 17. As showthis figure, the pipe deflection
measured by the strain pots (SP-3 and SP-4) lochtedtly on top of the pipe agreed well
with the internal deflection of the pipe. The defien of pipe measured this way is used for
the numerical analysis described in the next seciibis special device used to measure the
pipe deflection was designed after realizing that $train gauges had malfunctioned, hence,

was used at the end of the test, but not at diffesges of the wetting process.

Numerical procedureto predict the deflection of buried pipes

The distribution of measured internal pipe deflatt(see Fig. 17) shows significant upward
bending of a pipe buried in reactive soil. It ngeyat the mid pipe section, soil above the pipe
may have experienced an average strain of aboyf@%2 mm deflection over 200 mm soil),
which may have led to shear failure of the sog@ne locations (see Fig. 5). The pipe uplift
prediction model for shallow buried pipes (Cheulklet2005) shows that for a buried pipe to
be deflected upward the uplift force of the pipe ba be greater than the uplift resistance
force acting above the pipe. The ultimate uplifsiseance can be considered to be the
combination of the overburden load and the in sitear stress along the inclined plane
extending outwards from the pipe at the angle dfdkation as shown in Fig. 18. This mode
of deformation was verified by centrifuge testingraodel pipe systems (Cheuk et al., 2005).
Although they did not consider reactive soils ieithstudy, the developed modes of failure
can be considered to be applicable. In this sttieyangle of dilation is assumed to be zero as

applicable for undrained clay.
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Fig. 19 shows the upward deflected pipe in equilibrunder the uplift and uplift resistance
forces. The uplift force is caused by swelling bé tsoil under the pipe. The maximum
swelling pressure is applied at the supports wileeepipe upward deflection is restrained
(zero swelling strain) and the minimum swellinggare is applied at the mid pipe section
where the maximum soil swelling occurs. As the uglmMaipe deflection increases, the soill
strain above the pipe increases and subsequerdlysiiear resistance of the soil above

increases.

Swelling pressure acting on the pipe

The uplift force of the buried pipe is caused by $oil swelling pressure acting on the bottom
of the pipe. The swelling pressure profile can laimed by considering the measured
deflection inside the pipe as presented in Fig.Sifice the upward deflection of the pipe was
due to swelling of the soil, the magnitudes of4bé displacements beneath the pipere the
same as the pipe deflection. The average sweltnagnsprofile along the pipe is assumed to
arise uniformly from the 430 mm thick soil layerid& the pipe, although actual soil strains
would vary with the soil depth. Therefore, the dimgl strain profile can approximately be
obtained by dividing the measured deflected prdfiben the thickness of the soil below the
pipe (430 mm). The swelling pressure profile actorgthe pipe can be obtained from the
oedometer test results of the soil specimen withiyadensity of 1.15 g/ctin Fig. 3. The
swelling pressure can be converted to a unit ldadgathe pipe by multiplying by the pipe’s
outer diameter (110 mm). Fig. 20 shows the stranfilp and swelling load profile acting on

the pipe (uplift force) used for this simplifiedmarical analysis

Solil resistance above the pipe
The average soil strain profile above the pipeppreximated by dividing the measured

deflection of the pipe by the soil thickness abtheepipe (200 mm). The resisting shear stress

16



profile can be obtained from the triaxial test feslown in Fig. 4. The soil shear stress
corresponding to the pipe deflection was calculaged half of the deviator stress at
corresponding strain level. The shear force comedlén the analysis is calculated according
to the model (Cheuk et al., 2005), where the sfarae is considered to be acting along the
shear planes extending outwards from the pipe atatigle of dilation. Since the angle of
dilation is zero for undrained clay, the shear pla considered to be extended vertically
from the pipe to the soil surface. Therefore, tiéresistance (kN/m) on top of the pipe may

be calculated using Equation 2.

Solil resistance = Shear stress x 2 xsoil depthdagipe (2)

where the soil resistance is equal to the sheessticting at the two shear planes along the

depth of the pipe.

Surcharge load due to soil above the pipe
Apart from the swelling and resistance force, therburden load of soil is also acting on the
pipe. The analysis considered the soil moistureéerdrat 45 % with dry density of 1.15 g/tém

The uniformly distributed surcharge lo&(kN/m) is then calculated using Equation 3,

F):I()b)(H)(D0 (3)

where p, is the bulk density of soilH is the depth of the pipe arfd, is the pipe external
diameter.

Results of analysis
All the calculated soil loads were applied to thgepwith the measured Young's modulus of

700 MPa, Poisson’s ratio of 0.48, and moment of aethe pipe of 7.402 x Tom®* for
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computer structural analysis. The pipe was analysetbending using PROKON structural
analysis software (Prokon Software Consultant, 2@83uming two end support conditions,

i.e,, pinned and fixed.

A comparison of the experimental and analysed gdigféections shown in Fig. 21 indicates
that the distribution of pipe deflection predictesing the simplified theoretical analysis is
reasonably close to the measured deflection valliess worth noting that maximum
deflection occurred at the mid span in the thecaétiesults, where the measured maximum
deflection is slightly shifted to the right side thie pipe possibly due to differential swelling
of the soil. The numerical analysis results alsoficm that the experimental buried pipe
support is better represented by a pinned end suppadition, as expected from the physical

condition that was provided in the pipe box testugpe

The analytical results show that the upward pipedion occurred when the soil swelling
stress increased while the soil resistance on fapeopipe reduced due to increase of the
moisture content. Despite the significaproximations made, the pipe deflection predicted
by the simplified theoretical analysis providess@#able agreement with the measured values
and therefore the theoretical procedure may be tespdedict the approximate behaviour of
pipe in the field when the required properties giepand soil are available. In the field
analysis, it may be possible to apply an iterativenerical procedure, where the computation
is preceded until the predicted and assumed deftectare matched. For example, when
more deflection than actual is assumed, the pipledeflect less because of the reduction of
soil swelling pressures. So this procedure carepeated until convergence is obtained in the
predicted and assumed soil pressures following riba-linear swelling process. This

analytical procedure is schematically shown in FegR22. Some preliminary analyses
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undertaken on field scenarios involving cast irad plastic pipes with spans of 6 m indicate
that pipe middle displacements of several milliregtior the cast iron and tens of millimetres
for the plastic pipes may be possible. It shouldhbted that more accurate analysis of the
pipe behaviour in this experiment will require nésw to a more standard numerical

technique such as the finite element method. Woisld require a more detailed parametric

input, characterising the unsaturated soil behawioder large deformations.

It should be noted that for relatively rigid pidé® cast iron pipes, the upward deflection will

be much smaller although the swelling pressuregan the pipe will be higher. Furthermore,
cast iron is much more brittle than plastic piped aan experience failure at relatively low
strain levels. The wetting events in the field arest likely from rainfall events on the top

instead of capillary rise from the bottom, the rateoil swelling may provide different stress
profile for the pipe. Having said this, a majorfeience of soil/pipe interaction behaviour in
wetting from top and bottom is the way wetting pesses with time. In order for pipe to get
stressed due to wetting, the soil below the pipsulshget wet. Hence, final result will be

pretty much the same, when the soil below the pgis wetted by both methods. However, it
is possible that the transient stages will be soma¢wdifferent due to the differences in the

moisture regime down the soil profile.

Conclusions

This paper demonstrates the behaviour of a Pollgribypipe buried in clay soil box

subjected to wetting from the base. A simplifiedmauical procedure was developed to

predict the deflection of a buried pipe in reacthedl using pipe and soil properties. Soil and

pipe properties were obtained in the laboratory &né proposed iterative numerical
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procedure was employed to predict the deflectionthef buried Polyethylene pipe. The

following conclusions can be drawn from the resaftthis study.

(1) It is clear that the water content and suction gednsimultaneously as wetting
proceeded, but the swelling movement is dependanthe overburden pressure,
confinement and also displayed a certain time laberefore it is necessary to take
these into account in detailed and more rigorousletiog of the pipe/reactive soll

interaction using standard continuum analysis nagho

(2) Both free swelling displacement and swelling stiessease with the increase in soil

density.

(3) The simplified numerical analysis of pipe deflenticapturing some of the essential
mechanics has generated comparable results withsdiiebox experiment. This
numerical procedure has provided information on piyge bending mechanisms,

which proved that the pipe movement was directigteel to the properties of tipgpe

material and soil.

(4) When comparing with the field situation, the laggmle soil box experiment did not
consider the internal pressure of the pipe andtbater buried depth of the pipe in the
field. These factors can provides higher resistamcéhe pipe and possibly reduce the
upward deflection. But relatively rigid pipes likast iron pipes, the upward deflection
will be much smaller although the swelling pressacgng on the pipe will be higher.
The soil box experiment has provided a useful satrah of a buried pipe bending due

to change of soil moisture content in a laboratsityation, while the simplified
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theoretical analysis was found to provide reasanabkults comparable with the

measured values, and may be applied to simulatiéeldeconditions approximately.
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Table 1: Properties of Merri Creek caly

Liquid limit, w; [%0] 73.30
Plastic limit,w, [%0] 33.00
Plasticity index]p [%] 40.30
Linear shrinkage [%] 13.30
Specific gravity Gs 2.62
% passing sieve No. 200 (425 pm) 100.00
Clay content [<0.002 mm: %)] 0.90
Silt content [%] 99.10
Maximum dry densitygmax [9/cnT] 1.36
Optimum water content [%)] 26.40
Swelling stress [kPa] fqig=1.15 g/cm 98.10

Table 2: Mineralogy content of Merri Creek clay

Quartz Albite | Orthoclase | Kaolin Smectite | Calcite | Halite | limenite | Anatase

41 2 3 3 51 - - 1 <1
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