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Abstract

The paper describes the results of both experimental tests und numerical parnmetric studies aimed at o better understanding of the
structural behaviour of closely packed circular-shaped sewer linings. First, the structural responses of complete and segmental
linings wre compared analytically. Then, vacuum wsts carried out on clreular elass-reinforced plostic linings w simulate the effect
of grouting the annulus gap during installation are reported. Finally, the effect of various restruint conditions, which simulute
differemt temporary support systems that may be used by the contractors during installation of the lining, are investigated; in view
of the predominantly membrane response of circulur linings 1o continuous (e, flotation and uniform-pressure ) loading, approximate

design curves, based on a simplified buckling eriterion, are presented. © 1998 Elsevier Science Lid. All rights reserved.

Kevwordy) Circular sewer linings, Installation conditions, Temporary resteaints

Notation p allowable grouting pressure measured at invert
ol lining
A dimensionless constants for maximum  mem- [ constant; (360°/6) ~ 1
briane stress | Motation ) i uniform-pressure intensity
i dimensionless constants for masinum mem- ¥ Puisson’s ratio
briane stress (uniform-pressurce ) fi angle between hinges of arch
BC boundary case
b diameter of lining
DT displacement transducer 1. Introduction
t thickness of lining
E. allowable short-lerm modulos of elasticity ol The lining of newly-built or existing sewers of differem
lining material shapes, apart from improving hydraulic characteristics,
G unit (specific) weight of grout mix leads to the enhancement of the structural capacity of
GRC  glass-reinforced cement the sewer-soil system. Linings also prevent the sewage
GRP plass-reinforced plastic and wastewater from escaping into the surrounding soil
H excess head of grout (measured from crown of and, thereby, arrests contamination. The large capital
lining } corresponding 1o uniform-pressure load expenditure and the serious traffic disruption during the
! moment of inertia of lining replucement of existing old sewers cun be minimized by
K stiffness of circular  lining: (1712} the adoption of sewer-lining technology. Linings are
(E (1 = v/ DY usually made of composite materials such as glass-
5 membrane stress at any point in lining reinforced plastic (GRP) or glass-reinforced cement
i critical buckling stress (GRC). Steel linings are also used. Usually linings take
SG strain gauge the shape of the existing sewer after allowing for an
S total membrane stress annulus gap so that the sewer lining fits within the sewer

(4 10296994 —see oot mater © 1998 Elsevier Science Lud, ALl nghts reserved.
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with a roughly uniform gap between the lining and the
sewer walls. During installation, the gap between the
lining and the sewer is then filled with a cementitious
grout which, when set, creates a composile sewer-
lining structure,

This aspect of sewer renovation is addressed in the
Sewer rehabilitation mannaf | 1], with which the first two
uuthors have been involved, and which prompted the
research reported in References 2—-10. Much of the work
focuses on (short-term) installation conditions, although
{long-term) operational conditions have also been con-
sidered, albeit in less detail. Owing to the varied cross-
sectional shapes of existing sewers, a wide range of
lining shapes have been swdied, including egg-shapes
[2-5], mverted egg-shapes |8], horseshoe-shapes 9] and
semi-elliptical shapes [10]. One important shape on
which data has not yet been made publicly available con-
cerns the circular lining type. and this forms the subject
of the present article,

The behaviour of circular sewer linings under various
installation and loading conditions is not yet well under-
stood. 'With this in mind, their structural behaviour is
presently studied. Initinlly, an atempt has been made 1
compare the structural behaviour of complete and seg-
mental circular linings under hydrosiatic pressure. These
ring structures are mimicked by a two-dimensional
finite-element model, and various packing-off patterns
wre analysed, Nexi, vacuum tests conducted on 600 mm
diameter circular GRP linings, using different restraint
systems, are reported. Finally, extensive numerical para-
metric  studies, conducied in an effort o produce
upproximate design curves for the rational design of cir-
cular sewer linings under uniform-pressure loading,
are presented.

2. Comparison of the behaviour of complete and
segmental circular linings

2.1, Background

A two-dimensional finite-clement program is used to
compare the relative structural behaviours of compleie
and segmental circular linings. The ring is taken as being
subjected to full hydrostatic pressure. In this way, vari-
ous packing-off patterns at different locations around the
ring are analysed, Due to the symmetry in both loading
and geometry, only hall of the ring cross-section is ana-
lysed. The elements used in the analysis are two-noded
beam elements each having three degrees-of-freedom
(horizontal and wertical displacement, and rotation) at
each node; a full description of this standard elemen
can be found in the finite-element library background of
FINEL [11], the software code employed, The hall’ of
the lining is discretized into 20 beam elements of equal

length (see Fig. 1). At the appropriate node location, the
physicul restraints are modelled by fully constraining the
two nodal-displacement components, while, at symmetry
locations, the relevant (ie. horizontal) displucement
component and the rotutional degree-of-freedom are sup-
pressed. A triangular loading is applicd throughout the
depth of the ring in order to simulate full hydrostatic
pressure (Aowtion lowd). The specific gruvity of the
grout is assumed to be 1.68.

The three different packing-off patterns considered in
the investigation are shown in Fig. 2, In the frst type of
boundary condition (Fig. 2a, b), the crown of the lining
18 restrained from vertical and horizontal movement. It
is to be noticed here that, normally, grout is injected
through the invert (bottom) of the lining. As grout
maoves forward und upward during the injection of grout,
this muy cause the lining to go upward and thereby
reduce the annulus gap between the sewer and the lining.
This is why a restraint at the crown is always expected.
In the second type of boundary condition (Fig. 2¢, d),
restraints are placed at the crown and at points making
an angle of 45% on either side of the crown. Fig, 2e, [
show the third type of boundary condition where packing
has been provided only at the two points which are
located at an angle of 45 on either side of the crown,
These boundary conditions (packing-ofl patterns) are
simulated in the analyses by fixing the two displacement
components at the relevant nodes. Here, while Fig, 2u, ¢
and ¢ refer to complete circular lining cases a, ¢ and e,
Fig. 2(b, d and ) refer to segmental circular lining cases
b, d und f. For the segmental case study a pin element

Typical two-noded
beam element

i
b=
E Springing
<
Inven
HH‘HH : : %

Fig. 1. Circular-shaped lining: two-dimensional finiie-element mesh
sdopted in the annlysis
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(a) (b)

(e) (n

Fig. 2. Circulur-shaped lining: various pascking-off patierns of com
plete (a, ¢, @) and segmental (b, o, 1) linings (solid wiangles are pack
ing and solid circles are pin elements ).

is introduced a the springing level, as shown in
Fig. 2h, d, I.

In comparing the behaviour of complete und segmen-
tal linings, the material und physical properties of a cer-
tain 500 mm diameter and 3 mm thick GRP pipe have
been used. The circumferential bending modulus, Pois-
son's ratio and moment of inertia of the lining used in
the analyses are 2777777 N/mm® 03  and
2.25 mm*/unit length (mm), respectively, These values
were taken from among typical data provided by manu-
facturers, For present purposes, where a comparative
study of complete and segmental linings under various
types of restraint is gimed at, the actual values of
material properties for specific linings is not needed.
However, it is worth mentioning that manufacturers’
dita often encompasses a wide range of material values
and, in considering a given structure, material tests may
need to be carried out. Such material testing (for both
bending and axial stiffness) has been described in
References 2-4, 12 where detailed accounts of both test-
ing techniques and actual material data can be found. In
addition, the possibility of anisotropy in composite
linings, such as those made of GRP or GRC, might have
to be addressed in three-dimensional structures [7.12].
In fact, GRP linings can be either isotropic or anisotropic
12.3,7.12], but in the present work the former types are

considered, although the results can equally be extended
I non-isotropic ones because of the essentially two-
dimensional nature of the structure owing to the closely-
packed restraints (the material properties in the (stiffer)
hoop direction are, of course, relevant ).

The ensuing values of bending moment and deflection
for complete and segmental linings having various
restraint conditions, as shown in Fig. 2, are listed in
Tables 1 and 2, respectively. In addition, a comparison
ol the moment diagrams and deflected shapes for cases a
and b is shown in Figs. 3 and 4, respectively. The results
of the finite-element study permit several useful con-
clusions 1o be drawn concerning the relative values of
moments and deflections in the ring,

2.2, Findings of the comparative study

From a study of cases a and b, it emerges that the value
of maximum moment for the segmental lining is about
1.5 times the corresponding maximum moment for the
complete case, Both these extreme values occar at the
crown of the pipe. An inspection of cases ¢ and d reveals
that the value of maximum moment for the segmental
lining is about twice the corresponding maximum
moment for the complete lining. In these cases,
maximum values of moment occur at points located at
an angle of 45" from the crown. In casese and [, the
conclusions for cases ¢ and d apply also.

Similarly, from a comparison of cases a and b, it can
be seen that the value of the maximum deflection for the
segmental  lining s 2.6 times the comresponding
maximum deflection for the complete lining. Both these
vilues occur at the invert of the pipe. Cases ¢ and d show
that the maximum deflection for the segmental lining is
2.4 times the corresponding maximum deflection for the
complete lining type. Once again, these values are
located at the invert ol the pipe. In cases e and f. the
findings for casesc and d are also applicable, Finally,
Tables | and 2 show that, by packing-off the lining at
an angle of 45° from the crown (in addition to the pack-

Table 1
Yalues of moment fir the complete (cnse o, ¢ and ¢) ol segmental
fease b, d and ¢) lining (N.mm/mm

Case Atgele

o 45 an" ja5" &
i (Fig. 2a) 1915 -40,7 T34 18 4.4
b (Fig. 2h) 2833 36.7 L] 04 8 1510
¢ (Fig. 2oy I7.3 56.1 321 b 213
d (Fig. 2d) 02 1152 ] 8.2 42.7
¢ (Fig. 2e) =144 al4 -J5.8 =19 285
[ (Flg. 21) <3004} xS i 0.7 46,4
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Table 2

Vilues of displacement for the complete (casc o, ¢ and e) and sepmental {case b, d, and ) lining {mm )

Case Angle
0® 457 LI 135* I RiY

il dy il dy uly dy e iy iy dy
o (Fig. 2u) i i 11458 26,480 73T 3566 794 45.15 i 5462
b (Fig. 2b) 0 0 26,08 493 |%.5 8178 20,51 1194 0 | 5.3
¢ (Fig. 3c) 0 0 0 { T35 322 310 593 i 11.70
d (Fig. 2d) i i f il 25,64 .01 544 17.56 i 27.50
e (Fig, e} LA (0,70 i 1] T.R7 155 3:25 .45 1) 1247
I (Fig. 20 0 i ¥ 2842 1023 590 19,70 L] 30154

(a)

b}

Fig. 3 Cireular-shaped lining: momem diageom for (a) complee
lining of case o and (b} segmental lining of cose b,

ing at the crown), reduces considerably the values of
maximum moment and deflection.
3. Vacuum tests on a circular GRP lining

A series of four vacuum tests were carried out on o cireu-
lar GRP sewer lining, having 600 mm diameter, 7 mm

la)

(b}

Fig. 4. Circular-shaped linmg: deflected shape for ta) complete lining
ol case a anad (b} segmenial lining of case b,

thickness and 2400 mm length, so as 1o simulate con-
ditions akin to grouting the surrounding annulus during
installation, The stiffness of the lining, as provided by
the manufacturer, was 1500 N/m*.

3.1 Restraint systems

The three restruint systems used for the vacuum tests
are shown in Figs. 5a-¢; Fig. 5d depicts the unrestrained
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(a)

(c) (d)

Fig. 5. Circulur-shiaped Uning: restealnt systems used in the vacuum
tests: ta) sweel rings. (b) pair of wooden segments, (o) single wooden
segrment and () wnresttained lining

case, The first restraint system (Fig. Sa), is made of two
semicireular mild-steel rings. These are 50.80 mm wide
and 4,76 mm thick. The classical critical buckling press-
ure for the rings is calculated to be equal to 220 kN/m*
incorporating a factor of safety equal to 2, The second
restraint system (Fig. 5b), consists of two wooden seg-
ments fixed o cach other in a cross shape. The cross-
sectional dimension of each segment is S0 mm % 50 mm
and the Euler-column critical buckling load is equal 1o
(1.8 kN including a factor of safety equal 1o 2. The third
restraint  system  (Fig. 5¢) is similar to the second
restraint system, except that one wooden segment is used
instead of two. During the tests, external clumps were
adjusted 1o give full restraint against displacement at the
corresponding points restrained by the wooden segments
for both cases,

The restraints were positioned at 600 mm from baoth
ends, The strains induced while adjusting the restraints
were monttored and kept as uniform and as low as poss-
ible. These struins were measured at a section 1200 mm
from the ends and were positioned as shown in Fig. 6a.

1.2, Instrumentation and preparation
Large strain gauges provide improved heat dissipation

because they introduce, for the same nominal gauge
resistance, lower wattage per unit of grid area, This con-

(b)

Fig. 6. Circular-shaped lining: (a) strain-gauge locations: and (b} dis-
plecement-trmsducer locations adopted in the vacuum tosts,

sideration is important when the gauge is installed on
plastics with poor heat-transfer capability. Inadequate
heat dissipation causes high temperatures in the grid,
backing, adhesive and tesi-specimen surface, and may
noticeably affect gauge performance and accuracy. For
this reason, 20 strain gauges of 30 mm length were used
and installed on the inner and outer surfuces of the
middle section of the lining as shown in Fig. 6a. Four
lomgitudinal struin gauges were installed at the inner and
outer surfaces of the liner at points 4 and 9 (see Fig. 6a),
The lead wires were connected into terminal blocks,
which had been glued to the inside of the lining and
were then connected o a cable which passed through a
hole drilled in the lining. Half-inch plywood formers
were fitted at each end in order to maintain the original
cross-sectional shape. The 2400 mm long cylinder was
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then installed in the vacuum ng, the longitudinal com-
pressive stresses induced while setting up being moni-
tored and kept to a minimum. Finally, the ends were
sealed with silicone sealant. Next, the bracing plate was
moved into position and eight displacement transducers
were clamped into position on the plate so as 1o record
deflections at eight specific locations on the surface of
the pipe, as shown in Fig. 6b. The measured values of
load. displacement, and strain were recorded by a com-
puter logger capuble of measuring to a sensitivity of
00N, 00001 mm, and *+ 12 micro-strains, respect-
ively, with a speed of about 10 channels per second.

1.3, Tesiing

The four tests carricd out made use of the three different
restraint systems described earlier, the fourth test being
free of any restraint, as shown in Fig. 5d. A maximum
vacuum pressure of 32,53 kN/m® was attained and the
loading was repeated five times during each test in order
to eliminate ‘bedding-in" effects and hence ensure the
relinbility of the results. Table 3 summarizes the values

of hoop and longitudinal strains at corresponding points
for each of the four tests. Similarly, Table 4 summarizes
the experimental results of the displacement transducers
lor each of the four tests. In Tables 3 and 4, Tests A, B,
C and D refer (o the restraint systems shown earlier in
Fig. 5a—d. respectively, The strain and deflection read-
ings, us given in Tables 3 and 4, are the average of all
the five tests thal were conducted during each of Tests A,
B, C and D. Readings of strains were found to be linear
and the error involved in strain reading was caleulated
o be equal w0 =10 us, while that Tor the displacement
transducers was 0,01 mm.,

A4 Discussion on texts carvied ot

It becomes evident from the test results, which have been
shown in Tables 3 and 4, that the strains resulting from
membrane action are predominant. The bending strains,
on the other hand, rurely exceeded 20% of the membrune
ones. This suggesis thal, unlike other shapes of sewer
linings (e.g. egg-shaped) buckling, rather than the
exceeding of permissible stresses, is likely to be the gov-

Tahle 3

Yalues of hoop and longitudingd strain (microsiming, gm or ge) for iexis A, B, C and D

Steain guuge location
fas shown in Fig. ta)

Test A
Py = 28 10kN/m*

Tesi B

Py = 32.260 KN/m*

Test ©

Py = 3248 kN/m

Test D
P, =3231 kN/m®

Inmer and  Bending and  Inner and  Hending and  Toner and  Bending and Tnner and  Bending and
ouler stnun,  membrane ouler strain,  membrane ouiter struin, membrane oufer straln,  membrane
i strain, pm L strnin, pm pm sirmin, pm jim strain, g
S0 =39.31 2.06 47,17 4,05 = S8.07 K8 ~5R.42 584
{hosop ) -15.1% —37.24 A0 0n —43.11 =4[, 10 —19 58 —46.73 -52.57
501 =11.10 {183 il 52 231,51 =712.52 4.49 42 . 24
[ hoop) =19.43 —40).26 =21.50 =43.01 -63.54 e =57.84 =l 13
5G-2 —43.17 .00 —47.01 1.97 4707 587 ~46.84 3.95
{ hawaps i —43,14 4317 3.0 =450 ~SH.K1 =52.94 5475 -S0.7T9
503 =3142 5.86 =11.24 291 43,158 6 K5 a1 1378
[ g —45,15 —39.28 —134 —4i115 5685 =500 =58.67 —14.89
SG-4 -39.26 1.47 —13.0r |.x -52.05 =17.72 54,40 9.1
{hoop ) =36.31 =37.78 =4 5,00 =400 -17.51 =35.23 =354 —44.91
505 —54 8b 7.74 5677 10.76 64,71 87 -54,72 TR
{ B ) =138 =47.12 -35.24 =bis ) S0 ~57.54 =Au 08 i RA
SO0 -55.2% (1) 80 <), 6% 13,70 7847 Rl -T6,27 057
(hoop ) ~33.46 —44.35 -33.19 ~47.00 -35.30 -55.88 —35.13 -55.70
80-7 -31.36 1.79 —15.05 4935 56,87 20.58 -31.44 392
(oo | =52.04 =45.15 4.6 4. 1M) -15.71 ~36.29 =420 =17 (1
SG-% 501,95 5,78 —47.00 298 52.95 A4 ~66.51 798
{hoop ) =338 —45.16 -41.03% =44.01 4106 —5.(K) -5(1.55 -5R.53
509 =4 3,00 584 ~AK.80 451 43,4 1292 58.50) 15T
{ hosop | —31.32 -37.16 =177 —30.28 e 30,32 ~26.949 —42.75
SG4 —43,16 374 —S0L93 B.42 —21.58 1078 =31.11 9.87
{ Tt ggituidiial ) -31.58 ~37,37 ~33.28 4210 41,14 -12.36 ~501,85 40,98
SG-9 41,19 2.01 ~19.61 K75 =570 Il =23.41 181
{ honghtaddnn b L TAT =397 =371 —28.36 —4§ 92 =123 —31.04 -1
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Tahle 4
Vulues of displocement for tesis A, B, C and D

Tost A Test H
P, = 2810 kN/m?
Displacement, mm

Transducer location
(s shown in Fig, Hh)

P = 3226 KN/
Prisplacement, mim

Tem Test
Fop = 3248 KN/m* Fop=3232 kN/m*
[nsplicement, i Isplacement, i

DT-1 -{).02 ={}.(§5
DT-2 )15 —d]0
DT-3 -{1,23 —{1.26
DT-4 .14 =14
DT-5 -1.22 —i1.04
DT-6 =11 002
Dr-7 017 0.25
DT-8 L1E 0.0z

~L002 105
.08 —AL17
={. 16 =05
=123 .22
1,23 .25
(L0 {11
{133 (131
(.07 (.64

erning criterion for the design of circular linings even
when the upplied pressure is not exactly the uniform one
implicit in the vacuum tests (e.g flotation load), I
appears that the restraint systems provided only a rela-
tively minor contribution to  the reduction of
stresses/strains in the lining since, as a result of these
restraints, the values of membrane struins and displace-
ments were usually only slightly reduced; this, 1oo, is in
contrast with the case of, say, egg-shaped sewer linings
where the governing ( predominantly bending ) strains are
more susceptible to systems of intermediate restraints
[2.3]:

4. Two-dimensional parametric study of the
buckling of large-diameter circular linings

A two-dimensional finite-element program is used to
study the structural behaviour of large-diameter circular
linings (ie. 1-2.5m) subjected to hydrostatic grout
pressure. Unlike egg-shaped and inverted egg-shaped
linings where bending was found to be predominant
[4.8], the vacuum-test results described earlier indicate
clearly that buckling due to membrane stresses is to be
considered as the likely eritical design criterion for circu-
lar Tinings,

The present study assumes that the lining is restrained
at different locations around its circumference, and that
it behaves as a long cylinder with closely-spaced packing
patterns |1} These restraints consist of hardwood
wedges pucked at different locations around the cross-
section of the lining on the outside, together with internal
struts positioned at the same locations. It is assumed that
the packing between the sewer and the lining is closely
spaced (typically, not exceeding 1-1.5 m spacing), so
that the structure can be studied by means of a two-
dimensionul finite-element model. In this analysis, a
dimensionless equation is derived for each boundary
case, thus providing a value of critical grouting pressure
which can be upplied on a particular lining during instal-
lation, This value is based on a direct-stress limit cri-

terion which is equal to the eritical buckling stress of a
hinged arch of similar rudivs and unresteained length.
A comparison between the different boundary cases is
discussed with speciul emphasis on the enhancement in
the values of buckling pressures. Finally, one should
mention that staged grouting is not included in this
analysis since bending, and not buckling, of the lining
15 the critical factor which govemns design under such
loading.

4.1, The two-dimensional model

Due o symmetry about the vertical axis, of both the
geometry and the loading configuration, only half of the
cross-section of the lining is analysed. This part of the
structure is divided into 24 beam elements, The three
boundary cases considered in the analysis are shown in
Fig. 7. The first boundary case consists of restraints at
the crown and invert of the lining (see Figs. S¢ and 7a),
while the second boundary case adopts restraints at the
crown, invert and springings (see Figs. 5b und 7b). The
third boundury case consists of restraints at every 45°
around  the circumference  of  the lining (see
Fig. 7Tc). The hydrostatic grout pressure which s
applied on the lining during the grouting operation can
be divided into a linear and a uniform load component.
As a result, two loading configurations are included in
this analysis, the first one corresponding to a head of
grout equal to the crown height as shown in Fig. 8a. This
load configuration simulates the Aotation pressure which
is applied on the lining during grouting, The second load
configuration corresponds to uniform pressure applied
on the lining due to an excess head of groul as shown
in Fig. 8b. As mentioned above, these two load con-
figurations can be superimposed in order o simulate the
grout pressure applied on the lining during full grouting.
The geometrical purameters [ and ¢, muterinl parameters
£, and v, and loading parameters G and H have been
used in the analysis. These parameters have been defined
under Notation.
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()

Fig. 7. Clreulur-shaped lining: (a) boundary cose 12 (h) boundary
case 2 and (0] boundary case 3 used in the parametric siudy,

4.2, The dimensionless eguariony

Once a load configuration is chosen and a boundary case
is selected the parametric study is carried oul by varying
one parameter at a time while keeping the others con-
stant. At the end, a dimensionless equation is derived
linking ull the independent parameters together.

In order 1o consider subsequently buckling in the

{a)

h)

Fig. & Circnlar-shaped lining: (2] fotation; and (h) uniform pressure
bowd configurations adopied in the parametcic stdy

analysis, dimensionless equations [or the membrane
stress § at any point in the lining are obtained for the
two loading cases of flotation and uniform pressure, as
follows:

(a) Flotation
SIGD = A(Di) (1)
(b} Uniform pressure

SIGD = B(DItHID) (2)

where A and B are constants which depend on the bound-
ary case adopted during grouting.

The total direct membrane stress (8,) al any point in
a lining subjected to a head of grout which is greater
thun the lining height £ (ie. full grouting ). can be div-
ided into values of membrane stresses resulting from
each of the flotation loading and the uniform pressure.
This leads o the following dimensionless equation for
the total membrane stress in the lining:



MN Pavlowid er al, f Enginesiing Stewctires 20§ 10000 5-18 |13

(SSGDNHD) = (A + BOHID Y (3}

As the point of injection of the grout is usually located
at the invert of the lining, the value of # in equation (3)
can - conveniently  be  replaced by the equivalent
expression of (p/G - D) where p is the allowable grout-
ing pressure measured at the invert of the lining. In the
end, equation (3) can be re-written so as to yield the
following generic design equation for the different
boundary conditions of interest:

(SJGDNUD) =(A - B+ B(p/GD)) (4)

The critical buekling stress due to membrane action
3, of a hinged arch of equivalent radius and unrestrained
length is given by the following equation [13]:

(5. /GDYWH D) =4 KIGD)Q (5)
where K is the stiffness of the circular lining, i.e.
K=(120EN] - )ity (6)

where (2 in equation (5) is o constant which depends on
the angle # between the hinges of the arch and is
expressed as follows:

0O =(360°78y - | (7}

Edquating equations (4) and (5) and using the approprite
value of @ from eqguation (7) leads to a general design
equation for the critical buckling pressure given by

(KIGDY40) = A - B + B(p/GD) (8)
4.3 Construction of dexign curves

As mentioned earlier, for each load and boundary case,
the parumetric analysis is carried out by varying one
parameter at i time, keeping the others unchanged, Thus,
axial stresses are given in terms of dimensionless equa-
tions linking all the independent parameters together.
The non-dimensional membrane stress (5/GD) is ploned
against (D/t) and (D/YHID), for the flotation loading
and the uniform-pressure case, respectively. From these
plots, constunts for the maximum membrane stress in the
lining are computed for the different boundary cases and
the different loading configurations. The values of the
dimensionless constants A and B at the location of
maximum membrane stress, as obtained from the
resulting extensive parametric  study, are listed in
Table 4. Using equation (7), the values of @ for cach of
the three boundary cases 1, 2 and 3 shown in Fig. 7 are
readily obtained as 3, 15 and 63, respectively. The ensu-
g design curves appear in Fig, 9.

1!
# BC 1
§ ; BC 2
10'E BC 1
1a" I i i i
02 o3 4 05 0.6 07
KIGD

Fig. 8, Cireular-shaped lining: critical value of grouting pressire
Bused on buckling critend for various boundury conditions.

4.4, Discussion of the buckling analysix

It is evident from equation (4) in conjunction with
Table 5 that the value of the maximum membrane stress
in the lining is not reduced considerably when additional
restraints are introduced, However, the effective length
ol the arch between the restraints is reduced, thus leading
to u stiffer structure with higher critical buckling press-
ure. On the other hand, it must be noted that the assump-
tion of an equivalent hinged arch is conservative and
can be considered as u lower-bound solution since the
structural behaviour of the portion of the lining which
nitiates buckling (and hence is taken as the critical
portion) lies between a hinged and a fixed arch, It is
worth mentioning that the critical buckling pressure of
a fixed urch can reach two to six times the value of a
hinged arch |6] for boundury cases 2 and 3, respectively,

However, the variation of membrane stress values
around the circumference of the lining is gradual, so that
the restruint provided by the arch portions adjacent to
the critical one is relatively small and, hence, a hinged
condition for the lutter seems to provide a reasonable
ussumption. For the extreme case of non-uniform load-
ing (i.e. flowtion pressure), the ratio of membrune
stresses between the most stressed and least stressed
regions can be large depending on the boundary con-
dition used during installation (i.e. 1.5 for boundary
condition 1, 4.5 for boundary condition 2 and 17,5 for
boundary condition 3) and this fact highlights the need
for the finite-clement analysis in order 1o identify the
critical arch portion of the lining. On the other hand, if
the head of grout is large, a reasonably uniform state of
compression cun be assumed around the circumference
and all arch portions are expected to initiate buckling
almost simuliuneously. Now, by reference to Fig. 9, it is
clear that, for the runge of lining types (as described by
KIGD) presently considered, buckling is unlikely 1o
oceur below a grouting pressure equivalent to at least
four times the diameter (i.e. p/GID > 4); this suggests
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that, for practical large-diameter (i.e. D> | m) com-
posite circular linings, stress non-uniformity due to flo-
tation can be neglected, allowing the membrane stress
distribution in the hoop direction to be approximated to
the constant one associated with o uniformly-applied
external pressure. ( Although polyethylene pipes have a
considerably lower K when compared to most other
linings, their large thickness and relatively low diameter
(not exceeding | m) [1]. as well as their method of
installation, rule them out of present considerations. )

By comparing the three boundary cases wsed in the
analysis with the case of an unrestrained circular pipe,
it can be concloded that, only when boundary cases 2
and 3 are adopied as restraint set-ups during installation,
the value of the critical buckling pressure of the circular
lining increases considerably (the unrestrained case is
not actually shown in Fig. 2 since it differs negligibly
from boundary case 1), Hence the enhancement factors
resulting from boundary cases 2 and 3 (with respect to
boundary case | which is taken as the datam ) are of the
order of 5 and 20, respectively, However, in view of
the uncertainty regarding imperfection sensitivity in the
buckling of circular linings (imperfection insensitivity
wias assumed in the present analysis, following the works
of Budiansky [14] and Carrier [15], but their findings
are contradicted by Rehfield [16]), it may be advisable
to somewhat reduce these enhancement factors,

5. Conclusions

The present report on a series ol short, and perforce lim-
ited, studies aimed at exploring some structural nspects
of composite circular sewer linings during installation
has yielded the following, albeit tentative, conclusions.

A two-dimensional numerical parametric study focus-
ing on the flotation loading has shown that both moments
and deflections induced in a segmental circular lining are
much higher than their corresponding values in a com-
plete (i.e. single-unit) lining. This confirms that com-
plete sewer linings have considerable structural ndvan-
tages when compared to segmental ones.

Vacuum tests on circular linings have shown that,
under-uniform pressure conditions, the values of the
bending strains are a very small fraction of their mem-
brane counterparts. This indicates that the initial imper-
fections, which give rise to these bending elfects are
quite small, and can be neglected for elastic working-

stress analysis, Unlike non-circular (e.g. epg-shaped)
linings, allowable (bending) stresses/strains are not
likely 1o be the design criterion, nor do intermedinte
restraints play an important role. (Bending, however,
may be more relevant for non-uniform pressure con-
ditions, such as partial or full grouting; in this respect,
the present tests provide a useful benchmark for three-
dimensional finite-element analysis ol circular sewer
linings along the lines adopred for egg-shaped pipes, as
described in Reference 7.) Therefore, in view ol the pre-
dominantly membrane response of circular linings 1o
uniform-pressure loading, buckling is in fact likely o be
the governing criterion for their design.

A two-dimensional numerical parametric study shows
that restraints in circular linings do not reduce appreci-
ably the membrane stresses. MNevertheless, additional
restraints lead to a stiffer structure with higher criticul
buckling pressures. A simplified bockling  estimate
enables approximate design curves to be derived for
vurious restraint systems, and covering simultaneously
both flotation and uniform-pressure (i.e. additional head )
loading conditions: an inspection of these curves indi-
cates thut buckling is unlikely 1o give rise to concern
unless a considerable head of grout (additional 1o, and
well exceeding, flotation) is applied during installation,
implying thut the pop-uniformity of membrane stresses
due to the Aotation component can be neglected.
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