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Abstract: Tests have been performed in a biaxial pipe test cell to develop baseline information on profiled pipe behavior under biaxial
loading. These include a lined corrugated high-density polyethylene pipe and a helically wound ribbed polyvinyl chloride pipe. Results of
the tests are utilized to examine the effectiveness of the two-dimensional methods of buried pipe analysis. Calculations of pipe respons
by the two-dimensional finite element method and a set of simplified design equations are compared with the measurements of pipe strai
and deflections. The study reveals that the two-dimensional finite element analysis can effectively be used to calculate pipe deflections ar
circumferential strains. The simplified equations appear suitable as design tools for standard buried thermoplastic pipe installations
Janbu’s nonlinear soil model with Mohr—Coulomb plasticity provided an effective simulation of the nonlinear soil behavior A study of
pipes with low stiffness soil support under the haunches shows that this leads to strain concentrations in the pipe walls near that zon
Higher values of empirical strain factdd;, are estimated to include this strain concentration during design.

DOI: 10.1061(ASCE)1090-02412004130:2199

CE Database subject headings: Pipes; Culverts; Deformation; Two-dimensional analysis; Finite element method; Strain; Biaxial
loads.

Introduction spreadsheet. Vertical diameter decreaseis obtained using a
A number of limit states are important to the design of buried Modified form of the Spanglef1941) and Burns and Richard
thermoplastic pipes. Pipe deflections have traditionally been the (1964 equations developed by McGrath998a

prime focus of attention when designing to maintain the service- A

DK
ability of a culvert structure, with deflection limits between 5 and 3" =| Ea L + T @
7.5% specified in various codes of practice. Pipe deformations are — +0.5M, E 4 0.06MM
also associated with the development of circumferential strains in R RS s

the pipe wall, strains that can induce other limit states. Geometri- ) ) )
cal instability can arise in the form of local bucklirilyloore and The first term represents the hoop compression, while the sec-

Laidlaw 1997; Dhar and Moore 20Qwhich can develop in vari- ond is the c_onventional term quan_tifying bending deformgt_ions.
ous slender elements of the pipe profile. Local strain of sufficient 1€ constrained modulUdslls used instead of the semiempirical
magnitude also represents a material limit, with ductile failure SCIl_stiffness parameteie’ employed by Spangler(194D,
associated with large compressive stresses, and cracking possibl¥/cCGrath (1998h. Other parameters are defined as follows:

in elements under the action of sustained tensitfwore and Hu ~ D=Pipe diameterq, =overburden pressure at springlifie; pipe
1995, 1996. material modulusR=radius of the centroid of the pipe section;

Ms=one dimensional soil modulusK=bedding coefficient;
D,=deflection lag factor;A=area of the cross section; and
I=moment of inertia. Peak circumferential bending strain is then

A collaborative research project through the National Coopera-
tive Highway Research Program is directed towards developing
two types of limit states design methods for buried thermoplastic . ' : e
pipes. First, a procedure is being developed based on simplified®XPressed as a function of displacement using empirical “shape
design equations, suitable for hand calculation or inclusion in a factor Dy (Watkins et al. 1978
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2Professor and Canada Research Chair in Infrastructure EngineeringWwithin the pipe wall.
GeoEngineering Centre, Queen’s Univ., Kingston ON, Canada K7L 3N6.  Secondly, two-dimensional finite element analysis is widely
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E-n;ail_: moore@civil.queensu.ca _ available, and this tool is being used with increasing frequency to
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publication on October 10, 2001; approved on May 27, 2003. This paper 10 date, no study on polyvinyl chlorid@VC) or high-density
is part of theJournal of Geotechnical and Geoenvironmental Engineer- ~ Polyethylene(HDPE) pipes has reported comparisons between
ing, Vol. 130, No. 2, February 1, 2004. ©ASCE, ISSN 1090-0241/ measurements of local wall strain and deflection, and two-
2004/2-199-208/$18.00. dimensional finite element calculations. Tests were therefore per-

analysis is therefore being developed, so that culvert designers
can use this analysis to improve design economy when warranted
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Fig. 1. Test cell and finite element mesh
formed on lined corrugated HDPE pipe with annulaxisymmet- C.=1.1) was used as the backfill material. The backfill soil was

ric) geometry, and helically ribbed PVC pipe. A second HDPE compacted to a density of about 1,625 kgy/mhich is 85% of the
pipe was also tested; results were similar and are not presentednaximum standard Proctor density. Earth pressure cells were
here in the interests of brevity. The laboratory tests were per- used to measure the vertical and horizontal stresses at the sprin-
formed in the biaxial pipe test cell at the University of Western gline and at 200 mm below the top surface of the soil. Two
Ontario, a cell developed to model the biaxial field stresses expe-settlement plates were positioned at the springline level to moni-
rienced by pipes deeply buried under embankméBtachman tor the vertical soil movements. An air bladder was used to apply
et al. 2000. Comparisons are made of deflection and wall strains, uniform pressures on top of the soil, Figal
to evaluate the effectiveness of the computer analysis and the Tests were conducted in pressure increments of 25 kPa, with
simplified procedure for calculations of pipe behavior under deep each increment allowed to remain for 20 min, a sufficient period
burial. The computer analysis is then used to examine one situa-of time to permit the cell pressure to stabilize. Thus the average
tion involving non-uniform soil support—studying the magni- rate of loading was 0.021 kPa/s. Loading was continued for about
tudes of deflection and local surface strain for both the HDPE and 6 h until limit states, such as local buckling, were observed and a
PVC pipes backfilled with zones of low stiffness soil beneath the vertical pressure of 500 kPa was reached.
haunches. The study concludes with recommendations regarding
the strengths and limitations of two-dimensional finite element
analysis, and aspects of the analysis that need to be addressed
obtain useful calculations of pipe deflections and circumferential Fig. 2 shows the two pipe profiles considered in this study. The
strains. Conclusions are also made regarding the magnitude offirst one is a twin walledlined corrugatedannular HDPE pipe
local surface strains, and values of strain fadigr for use in with internal diameter of 610 mm. The pipe has 101 mm pitch
simplified design calculations of circumferential bending strains and 55.2 mm corrugation depth. The second structure is a PVC
at the extreme fibers. pipe of 605 mm internal diameter and helically ribbed profile. The
angle of helix of the rib is about 9° with average clear spacing
between the ribs of 35.8 mm.

tEo)escription of Profiles

Test Instrumentation and Measurements

Test Cell Arrangement
Strain

The biaxial test cell at the Univ. of Western Ontario is a high Cgst i sauges
strength steel box with dimensions 2<f m in plan and 1.6 m in

height. Details of the design of the cell are reported by Brachman

et al.(2000, and the arrangement of the pipe and instrumentation ' \
for these tests are as shown in Figa)1Pipes of about 600 mm in Web Valley

diameter were placed horizontally equidistant from the sidewalls. (@)

This leaves backfill of 650 mm width on both sides of the pipe. = -
Design of the cel[Brachman et al. 2000ncluded a special side- Strain gauge
wall treatmentTognon et al. 1990to minimize the sidewall fric- Crest 1"?“0“5
tion, ensuring that soil response approaches the one-dimensional I ﬁ T 7 jéfibﬁ T
settlement condition once the lateral distance exceeds one pipe  (b) 3 =
diameter(as demonstrated by the finite element analysis of Dhar, Wall between the ribs

2002.
Soil bedding below the pipe is 340 mm thick. Poorly graded
sand (uniformity coefficient, C,=3.4; coefficient of curvature,

Fig. 2. Pipe profiles and strain gage locatiofia) lined corrugated
high-density polyethylene pipéb) ribbed polyvinyl choride profile
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Pipe Instrumentation boundary was used for the sidewalthe conventional approach

. . . . since restraint of vertical degrees of freedom will severely reduce
Linear variable differential transducers were used to measure the )
. . . . . the earth pressures that reach the pifidie base of the test cell
changes in horizontal and vertical diameters of the pipes. Wall

strains on different components of the profile were measured was not lubricated, and nodal points along the bottom boundary

; ) . s ) were fixed in both horizontal and vertical directions.
using resistance strain gages. Biaxial strain gauges were used for

annular profiles to measure the circumferential and the axial
strain. Strain gauge rosettes were used for the profile with heli-
cally wound ribs. Strain measurements were obtained at the

crown, invert and springlinéon both sidesof the pipe. Instru- . for th | | il
mentation was placed at two sections to check reproducibility of quameters required for the beqm—co umn e ement; are axia
stiffness EA) and the flexural stiffnessEl), whereE is the

the test results and also to ensure that the data is collected in thé . . . .
. . - elastic modulus of the material. The moduli for thermoplastic
event that some of the gauges are inoperative. The locations of the ; )
. X S materials(HDPE and PV(Q are dependent on time effects. As
strain gauges on the profiles are shown in Fig. 2. . . . - . .
discussed earlier, elastic modeling using secant modulus is em-
ployed. American Association of State Highway and Transporta-
tion Officials (AASHTO 1998 provides guidelines for short-term

and long-term values of modulus for HDPE as 760 and 152 MPa,

The Spanglef1941) equation has been used extensively in design respectively. The values recommended for PVC are 3,030 and
to calculate the deflection of buried flexible pipes, and the closed 1,090 Mpa- ) o ) L
form solutions of Burns and Richafd964 and Hoeg1968 are Pr_ewous analysis by the authors of a blaX|aI_test with similar
also being used to calculate pipe response under deep brgal duration and rate of Ioadlqg shgwed that the pipe response was
Moore 200). The continuum solutions are based on a number of syccessfull_y calculated using elthgr_ a nonlinear time dependent
idealizations, including the modeling of the soil as an infinite, PIPe material model or linear elasticity based on secant modulus
homogeneous, isotropic, and linear elastic material. The two- (Phar and Moore 2000aThus modulus of elasticity: for the
dimensional finite element method is used when evaluations of high-density polyethylene is taken as 450 MPa, representing a
the buried pipe response need to consider the materially nonlineaS€cant value for 6 h, the duration of the experiments, based on the
soil behavior, or where pipe installation in nonuniform ground is data and viscoplastic modeling of Zhang and Mo@®97). Pois-
expected to have a significant influence on the pipe responseSOn's ratiov of 0.46 was used for the HDPE. Modulés and
(Chua and Lytton 1987; Katona 1988: Hashash and Selig)1990 Poisson’s ratiov, used for the PVC pipe are 2,760 MPa and 0.3,
Duncan’s hyperbolic soil modéDuncan and Chang 19¥0and respectively(Sargand et al. 1995Hoop stiffness EA) and flex-

its extension by Selig1988 have generally been utilized to char-  Ura! rigidity (El) of the sections were estimated as 4,200 N/mm
acterize the nonlinear elastic behavior of the soil. Time dependent@nd 1.4%< 10° N mm#/mm, respectively, for the profiled HDPE
behavior of thermoplastic material has been represented in mosPiP€, and 19,480.1 N/mm and 1:440°Nmn?’/mm, respec-

of these two-dimensional2D) analyses using secant elastic tVely, for the ribbed PVC pipe.

modulus selected to characterize stress divided by strain for the

polymer over the time period under consideratigenerally fo- .

cusing specifically on the short-term or long-term vajuesg., Assessment of Soil Parameters

Katona (1988; Hashash and Seligl990; and Moore(1995. . ) . .

Brown and Lytton(1984 adopted a simple power law formula- Stress—strain propemes of the soil were deter_mln_ed from the
tion to account for the reduction of HDPE modulus with time, and Measurements of soil stresses and soil deformation in each of the
Moore and Zhang1998 have developed and used linear vis- tests (usi_ng the settlement plate anq _stress cell Iocate(_j in the
coelastic, nonlinear viscoelastic, and viscoplastic models for POttom right hand corner of the clFinite element analysis re-
HDPE. These time-dependent material models are not yet avail-veals that settlements in this region occur under essentially one-
able to most pipe designers conducting finite element analysis, so

the present study employs 2D finite element analysis based on

Model Parameters for Thermoplastic Pipes

Finite Element Modeling of Test Cell

seca_nt_ elastic modulus for the polynighis is discussed in more 500 —a—Top cell 1

detail in a subsequent sectjon —m—Top cell 2 Vertical
Small strain(geometrically linearfinite element analysis has 400 | —e—Top cell 3

been employed to study the interaction of thermoplastic pipe with = —e— Springline cell 1

the backfill soil in the test cell. The vertical cross section of the c —a— Springline cell 2

test cell being analyzed is shown in FigbL. Two noded beam— f 300 +{—a—Top cell 1|Horizonta

column elements were used to represent the pipe. The elements § —e—Top cell 2

are defined along the neutral surface of the pipe wall. Aroa £ 0 | o Springling

and moment of inertidl) of the sections were calculated by ex- =

plicit integration of the actual profile geometries, and were ex- @

pressed per unit length along the pipe axis. Six noded plane strain 100 1

continuum elements were used to model the surrounding backfill.
Using symmetry, only half of the test cell and the pipe within 5

need to be analyzed. Sixty structural elements were used around
one half of the pipe circumference. A smooth rigid boundary was ° 100 200 300 400 500 600
used to idealize the line of symmetry, where horizontal displace- Applied pressure (kPa)

ments were prevented and the crown and the invert of the pipe

were restrained against rotation. A smooth horizontally restrained Fig. 3. Soil stresses measured in polyvinyl chloride pipe test

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / FEBRUARY 2004 / 201



0.05

0.05
. Non-linear curve
0.04 Non-linear curve fitting
’ fitting 0.04
= .
3 . S E . .
E 0.03 | Linear curve T 003 Linear curve 4 ¢
E fitting £ fitting K
< = . Fitting for secant
‘g 0.02 g 0.02 ) modulus
n Fitting for secant | &
modulus & Measurements
0.01 4 0.01 4
+ Measurements
0 . ; 1 , 0 : ;
0 100 200 300 400 500 0 200 400 600
(@) Stress, (kPa) (b) Stress (kPa)

Fig. 4. Stress—strain relation of soil in high-density polyethylene pipe(&gtigh-density polyethylene pipéb) polyvinyl chloride pipe

dimensional conditiongalmost zero lateral strainCoefficient of but this did not significantly change the finite element results
lateral earth pressure at resty, of 0.5 was obtained from the (results changed by less than 1%
measurements of horizontal and vertical stresses for both tests. It is worthwhile emphasizing that all soil parameters were ob-
Typical soil stress measurements in one of the tests are shown irtained independently without reference to the measured pipe re-
Fig. 3. Poisson’s ratio was calculated from tkg value asv sponse.
=Ko/(1+Ky)=0.33 to ensure that lateral earth pressures for zero
lateral strain like those measured in the test are calculated by the
elasto-plastic finite element analysis. Analysis of Test Results

The stress—strain relations for the soil appeared to be non- ) . )
linear and stress dependeffiig. 4). Vertical strain is plotted Slnce the ZD mode!s idealize the problem as plane strain, only the
against vertical stress in these figures. The nonlinear model of¢ircumferential strain can be calculated. Measurements of the de-
Janbu (1963 was used to characterize this nonlinear stress- f!ectlon and the cwcymferer_ltlal stra!njs, are compared in this sec-
dependent soil behavior. Tangent modulus in this power law tl_on V\_n_th thosg obtalneq using the finite element method and the
model is defined aE=Ko", whereq is the mean stress. Param- Simplified design equations.
eters K,n) for the model were estimated from curve fitting to the
experimental stress—strain relations. Resulting soil parameters ar&Comparison of Pipe Deflections
n=0.37 andK=12.5(MPa} for the HDPE pipe test soil, and
n=0.37 andK=11.7 (MPa} for the soil in the PVC pipe test. Finite Element Analysis

In each case, values of equivalent linear modulus have alsoMeasured deflections are compared with the finite element calcu-
been estimated for specific stress lev@lable 1) since these are  lation for the two tests in Figs. 5 and 6 respectively. Analysis
used later in the study to compare solutions based on linear andusing nonlinear soil modeling shows good agreement with the
nonlinear soil models. Linear and nonlinear curve fits for the tests measured deflections in both cases. It reveals that accurate mod-
are shown in Figs. @ and B, where stress is plotted on the elling of the soil is important in the analysis of pipe—soil interac-
horizontal axis and the strain on the vertical axis in the figures. An tion since the soil stiffness largely controls the deformation of
elasto-plastic model based on the Mohr—Coulomb failure crite- buried flexible pipe. The Janbu model appears to effectively
rion was used to characterize shear failure in the soil. Angle of model the soil response and the pipe within it; discrepancies in
internal friction for the backfill soil,d, of 30° was estimated the first data point from each test likely resulted because this low
based on the soil density. An associated flow rule was used tooverburden stress was not sufficient to mobilize slip along the
define the plastic deformation of the soil, that is a dilation angle lubricated side walls of the cell.
of 30°. An analysis was also performed using a smaller dilation  Elasto-plastic finite element analyses undertaken with constant
angle, 13°, a typical value for granular mate(i@kempton 1984 (secant Young’s modulus soil model appear to provide results

Table 1. Moduli and Changes in Vertical Diameter at 100 and 400 kPa

Deflection using Deflection using

Secant modulus Average modulus secant modulus average modulus
Stress Test (MP3) (MP3) (mm) (mm)

(kPa pipe Expt. FE M E M E a b a b
100 HDPE -16.8 -16.9 6.8 5.1 4.6 34 —15.6 -16.1 -19.3 —20.0
PVC -13.1 —-13.1 5.7 5.5 3.9 3.7 -14.2 -12.9 —-14.7 —-134
400 HDPE —47.2 —48.1 115 9.6 7.7 6.5 —42.2 —44.6 —48.3 —50.4
PVvVC —34.6 -34.7 10.3 8.7 6.9 5.9 —34.4 -31.7 -39.7 -36.3

aSimplified methodMcGrath 1998a
bContinuum theoryHoeg 1968: bonded interface.
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30 but incorporates contributions from both hoop compression and
bending of the pipe—soil system.

The simplified design methotMcGrath 1998ais evaluated
with the measurements and the finite element analysis in this
section. A bedding factor of 0.083 is used in the simplified equa-
690 tion, corresponding to 180° bedding, since backfill in the test cell
was placed with care to provide good support under the pipe
(Spangler and Handy 19Y.3The constrained modulud/ is se-
lected, corresponding to either the secant value or the average
value, the latter obtained using a line of best fit to the nonlinear
stress-strain relations, passing through the origin, Fig. 4. Con-
strained moduli and the corresponding Young’s moduli at values

15 -

-15 4

=30 4

—a— Dv: Expt
-45 1 —a— Dh: Expt.
—o— Dv: Linear model

Change in diameter (mm)

.60 | —*— Dh: Linear model i of 100 and 400 kPa of applied stress are summarized in Table 1.
—— Dv: Non-linear model . . . . .

+— Dh : Non-linear model Calculations of pipe deflections are also summarized in Table

15 1, for various calculation methods and two vertical earth pres-

) ) ) ) ) ) sures, 100 and 400 kPa. Table 1 shows that continuum theory
Fig. 5. Comparison of pipe deflection for high-density polyethylene ;65 higher deflection for lined corrugated HDPE pipe and lower
Pipe deflection for ribbed PVC pipe compared to McGrath's equation.

This difference between the two different profiles implies that the

structural stiffness of the pipe influences McGrath's simplified
similar to those obtained using Janbu elasticity, choosing the con-design calculation. The ribbed PVC pipe possesses higher hoop
stant modulus as an average calculated over the 0—500 kPa stres¥ifness and lower bending stiffness compared to the corrugated

range. This appears to effectively capture the accumulated effectiDPE pipe, implying that the simplified equation provides a
of the confinement pressure on soil modulus, permitting pipe re- MOreé conservative estimate of pipe deflection for the pipe with

sponse to be effectively estimated at that peak stress level. high hoop stiffness. _ . o
Calculated deflections obtained using the finite element
Simplified Methods method at 100 and 400 kPa are also included in Table 1. Com-

Moore (2001 describes use of the two-dimensional elastic con- Parison of measurements with the calculated deflections indicates

tinuum theory(Hoeg 1968 for design of buried pipes, showing that the finite element method provides the best calculations of
how continuum theory can provide a unified design approach thatPipe deflection, likely due to its modeling of soil nonlinearity. The
can be applied to metal, concrete, and polymer pipes. However,Simplified equation renders best estimates when average backfill
the continuum theory equations are more complicated than thosemedulus is employed. The simplified method with secant soil
which can be developed to undertake design for only one class offodulus gives somewhat unconservative estimates of deflection.
product, thermoplastic pipes in this case, and that continuum ap-The effect of changing geometry may occur at higher stress and
proach cannot currently assess the influence of variable groundc@n be included in the finite element analyfihar and Moore
support (such as the loose, low stiffness soil typically placed 20008, butis not captured by the simplified procedure.

under the pipe haunchedMcGrath(1998a proposed the simpli-

fied design equation presented earfiq. (1)] based on the con-  pjpe Strains

tinuum approachBurns and Richard 19640 calculate the ver- . .

tical deflection of flexible thermoplastic pipes. The equation is Simple beam theory has been used to calculate the strains from

expressed in a form similar to the lowa equat(@pang|er 194)1 the values of thrusN and momentM obtained from the finite
element analyses. The finite element method these stress result-

ants at the Gaussumerical integrationpoints. Circumferential
strain on a fiber located at a distan¢&om the neutral axis of the
40 section is given by

N MY
€= ﬁ ﬁ (3)

Eqg. (3) is based on the assumption that strain distribution is
linear across the profile, so that all fibers located at the same
distance from the neutral axis are modeled as responding with the
300 400 500 600 same strain. Linear distribution of strain along the profile depth
Pressure (kPa) was measured during the experiments, except on the liner at the
springline of the lined corrugated pigehown in Fig. 7 at over-
burden pressure of 200 kP&olid marks on Fig. (&) represent
the strains on the liner with solid circle at the springline and solid
triangle at the crown of the pipe. Circumferential strain on the

i liner is influenced by local bending, a three-dimensional response
To_ Dh: Linear model within the profiled pipe wall and therefore not included in two-
v: Non-linear model . .
—&—Dh: Non-linear model dimensional theoryMoore and Hu 1995, 1996However, Dhar
-60 and Moore(2000h demonstrated that the two-dimensional theory
could be used to calculate strains on the elements not subjected to
local bending. Strains on two extreme fibers of each of the two

20 4

<

200

<20 o

Change in diameter (mm)

: Expt.
——Dh: Expt.
-40 1  ——Dv: Linear model

Fig. 6. Comparison of pipe deflection for polyvinyl chloride pipe
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Fig. 7. Distribution of profile circumferential strains(@ lined

corrugated pipeb) ribbed polyvinyl chloride pipe Fig. 9. Circumferential strains at crown and invetiigh-density

polyethylene pipge

sections are examined here, the corrugation valley and corruga-

tion crest of the HDPE pipe, and the inner wall and outer extrem- b1, Pine i | . der the rib and mid b h
ity of the ribs for the PVC structure. (b)]. Pipe internal strain under the rib and midway between the

ribs was essentially the same at all the locatiG@ewn, spring-
line, and inver}, implying that local bending is not important for
r1ihis PVC profile.

Comparisons of measured and estimated strains in the PVC
pipe also support the use of two-dimensional finite element mod-
yeIing. Figs. 10—12 show general agreement between the strain
calculations and the measurements. Strains on the inner surface
and the web at the crown are almost coincident. On the crest, the
calculated values initially follow the measured values, but deviate
at higher stress levels. At the springline, strains on the inner wall
are overestimated. Strain at the springline might have been re-
duced on the inner wall and increased on the crest due to insuf-
ficient compaction of soil below the pipe. Finite element estima-
tion of strains are much higher at the invert, perhaps due to local
nonuniformity of the soil in that region. Moreover, the trends of
the measured and the calculated strains are similar. Effects of
different haunch support on the pipe response are studied in the

Comparisons for circumferential strains at the springline,
crown and invert of the HDPE pipe are shown in Figs. 8 and 9,
which indicate general agreement between the measured strai
and the calculated strain obtained from the 2D finite element
analyses. Circumferential strains calculated at the sprindfiige
8) are similar to the measured values, but are overestimated b
about 12% on both the valley and the crest. At the crown, the
calculated strain matches the measured stiiéim 9), except that
the measured strain on the crest is a nonlinear function of over-
burden pressure, and stabilizes to a maximum value of 1.4%.
Local buckling is believed to have occurred on the crest of the
element at that strain. No strain reading was obtained for crest
strain at the invert of the pipe. Measured and calculated strains o
the valley are in accord initiallyFig. 9), and deviate at higher
overburden stress, perhaps due to changes in the effect of non
uniform soil support near the invert.

For the PVC pipe examined, measurements of strains were
made at the inner walls, rib web, and the crest of the prfilg.

Pressure (kPa) 0.002
0 200 400 600
0 -0.002 6po
-0.01 - E
— -0.006 -
E I
£ .02 £
& £
£ & 299 o Inner wall (FE)
s -0.03 - » —B— Crest (FE)
a —&— Valley (FE) 0.014 —&—Rib wall (FE)
0.04 |  —&—Crest (FE) 1 —e—Inner wall (Expt.)
—6— Valley (Expt.) —HB— Crest (Expt.)
—2— Crest(Expt. —24— Rib wall .
0.05 pt.) 0.018 ib wall (Expt.)

Fig. 8. Springline circumferential strains in high-density Fig. 10. Comparison of circumferential strain at crown of polyvinyl
polyethylene pipe chloride pipe
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Fig. 11. Springline circumferential straifpolyvinyl chloride pipe

next section of the paper, where these discrepancies are discussed
in more detail. Nevertheless, the two-dimensional finite element Fig. 13. Deformed shapes for high-density polyethylene pipe with
method appears to provide reasonable estimates for this helicallydifferent ratios of backfill to haunch soil moduligeflection<5)
wound ribbed PVC pipe.

Strain on the inner surfadeinder or midway between the ribs
is found to be tensile at low levels of overburden stress as a resultservative estimate of the circumferential strain on the profiles of
of the negative bending momentsompressive outwajdat the the pipes. The factors for both of the annular lined corrugated
crown and inveri(Figs. 10 and 1R These strains revert to com- HDPE pipe and the helically wound ribbed PVC pipe were close
pressive values at higher stress levels where hoop thrust appeart® 3, the value for elliptical deformation.
to govern the strains. Due to similar effects, the crest is subjected
to tension at the springling-ig. 11), but the strains remain tensile
at that location up to much higher levels of vertical pressure.  Study of Poor Haunch Support

Overall performance of buried pipe is strongly influenced by the
Strain Factor for Peak Bending Strain behavior of the backfill material. Dense backfill generally pro-

vides better soil support to the thermoplastic pipe, but it is usually
Watkins et al.(1973 proposed the simplified design equation difficult to achieve uniform compaction around the pipe using
[Eq. (2)] for peak bending strain, relating pipe deflection to strain conventional compaction methods, particularly when working in
through an empirical strain fact@;. For bending of a circular @ pipe trench of limited width, where the soil below the pipe
incompressible ring that produces an elliptical deformed shape,haunch cannot be accessed easily. Rogers ¢1886 demon-
the factor is 3(Roark 1943. For compressible buried pipeB; strated that poor quality haunch support can produce odd-shaped
may also depend on the stiffness of the pipe relative to the soil. Todisplacement patterns and strain concentrations in the pipe. A
examine the factors for flexible pipes, values of the strain factors brief study is presented here to examine the potential effects of
for the tests considered are calculated from the bending strainspoor haunch support on the pipe behavior.
and the bending deflectionD(— D})/2, given by the finite ele- The finite element method, successful in simulating the behav-
ment method. Analyses in the previous sections indicate that forior of the two test pipes, is used here to investigate the influence
uniform soil support, the finite element method provides a con- of poor haunch support on both these structures. Kig. shows
the zone of low stiffness haunch soil considered in the analysis, a
geometry consistent with that considered by McGrath et al.
(1999, but with the side of the low stiffness zone extended up
almost vertically towards the springline. Values of elastic modu-
lus for this zone are reduced relative to the surrounding soil.
Analysis is performed with constant elastic moduli and Mohr—
Coulomb plasticity to account for shear failure. Modulus of the
backfill soil was taken as 20 MPa, the value recommended by
McGrath et al.(1999 for 70 kPa of overburden pressure, corre-
sponding to overburden pressures from a moderate hg@dhin)
embankment constructed from dense granular soil. McGrath et al.
—8— Crest (FE) (1999 proposed design values of backfill soi_l modulus for three
—&—Rib wall (FE) general classes of soisW, ML, and Cl) at different levels of
-0.014 { —o— Inner wall (Expt.) vertical stress. The pipe material moduli used in the study were
—8— Crest (Expt.) the same as those used earliee., 450 and 2,760 MPa for the
—A—Rib wall (Expt.) HDPE and PVC, respectively
-0.018 HDPE pipe deformations are illustrated in Fig. 13 for different
ratios of haunch soil modulugk, to backfill modulus Eg,
Es/E=1 to 100. The invert of the pipe flattens when the stiff-

0.002

-0.006 -

-0.01 { —&—Inner wall (FE)

Strain (mm/mm)

Fig. 12. Invert circumferential straingolyvinyl chloride pipe
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e

Poor haunch soil
Invert

Fig. 14. Distribution of circumferential strains on high-density
polyethylene pipe

Table 2. Shape Factors Calculated for Low Stiffness Haunch Soil

HDPE pipe PVC pipe
Es/Ey Valley Crest Inner wall Crest
1 Dy 2.8 2.8 29 3.1
0 90°C 0°C/180°C 90°C 0°C/180°C
3 D; 2.9 3.1 43 4.3
0 122°C 157°C 126°C 158°C
10 D; 5.4 5.9 9.7 8.8
0 127°C 162°C 131°C 161°C
30 Ds 8.8 9.0 14.6 13.3
0 132°C 162°C 134°C 164°C
100 D¢ 11.9 11.3 18.4 17.0
0 132°C 162°C 134°C 164°C

leads to strain redistribution around the pipe circumference, con-
centrating strains at the haunch. Variations of strains around the
circumference are similar for the HDPE and the PVC pipes.

For pipes buried in uniform ground, circumferential strain on
the valley or the inner surface at the springline represent the
maximum value of compression the pipe encountassper clas-
sical concepts of buried pipe behayiddowever, Figs. 14 and 15
show that the valleyinner surface for PVC pipecompression
decreases at the springline and increases at the haunch, with in-

ness of the soil at the haunch is reduced. This is largely consistentcreases irE/E;, ratio. For the reduction of haunch soil stiffness
with the “inverted heart shape” deformation described by Rogers by a factor of 100, the valley strain or inner wall strain between

(1988, a shape characterized by flattening of the pipe at the in-

vert. Rogers et al1996 indicate that inverted heart shape defor-

the ribs increases by 17%rom 2.9% at the springline to 3.4%
near the mid haungton the HDPE pipe and by 38%rom 0.95%

mation occurs when the soil under the haunches is poor while thatat the springline to 1.3% at the mid hauhan the ribbed PVC

above it is of good quality. Fig. 13 implies that the vertical diam-

pipe. The maximum compression is located near the middle of the

eter change may be affected if the reductions in soil stiffness low stiffness haunch region for both pipes, although the strain

adjacent to the haunch are substantial.
Distributions of circumferential strains on the extreme fibers
(on the valley or the inner wall and the cresf the sections are

increase is much higher for the PVC pipe.
Strain on the crest of the profile increases even more as a result
of the presence of a low stiffness soil under the haunch. At the

plotted in Figs. 14 and 15, for the HDPE and PVC pipes, respec- invert, the crest strain is almost doubled for both the HDPE and

tively. The figures illustrate that the low stiffness haunch soil

Inner wall:
Crest: £/ -1
—o— EgEpe1 —e— E/E, =
EZ//E ::3 Crown —— BB,
—o— EgEp=10 —s— EJ/E;=10
Ey/Ep=30 —+— EJ/E;=30

—— EyEy=100’ —+ EJE,=100

Compressive strain
) R 1. s

Fig. 15. Distribution of circumferential strains on polyvinyl chloride
pipe

PVC pipes when haunch soil modulus is reduced to 1% of the
backfill soil. The strain increase is from 1.6 to 3.2% in the HDPE
pipe and from 0.72 to 1.46% in the PVC pipe. Maximum com-
pression on the crest is calculated near the boundary of the lower
stiffness haunch soil. Fdg;/Ey, beyond 10, the maximum com-
pression of the pipe section is on the crest at the haunch boundary.
These large compressions may lead to local buckling or circum-
ferential crushing of the elements.

The strain factor®; for different values o /E,, are calcu-
lated from the maximum bending strain obtained from the finite
element method. Table 2 shows the factors along with the loca-
tions (8) of the maximum bending strains, wherés measured in
degrees from the crown. The strain factors increase to about 12
for the HDPE pipe and to 18 for the PVC pipelag E,, increases
to 100. This indicates that the influence of the low stiffness
haunch soil is more significant for the PVC pipe. Bs/E,, in-
creases, the position of the maximum valley strain or inner wall
strain moves from the springline towards the middle of the
haunch, and the maximum crest strain moves from the invert to
the boundary of the lower stiffness soil region under the haunch.

This analysis suggests possible values of strain factor that arise
from a large zone of low stiffness material under the haunches.
Final design recommendations would depend on an assessment of
appropriate design conditions. Since specifications should always
require care in placement of soil under the pipe haunches, the
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