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Abstract

This paper describes the results of a numerical parametric study on the structural response of closely packed
semielliptical-shaped sewer linings, The eflects of various restraint conditions which simulate differemt lemporury
support systems that may be used by (he contractors during installation of the lining, and of different loading
configurations which may arise at different stages of grouting the annulus gap between the lining and the sewer,
have been thoroughly investigated. Comprehensive design curves, based on the allowable siress-limit, deflection-limii
and (approximate) buckling criteria, are presented, covering the feasible range of geometric, material and loading
parameters. O 1999 Elsevier Science Lid, All rights reserved,

1. Introduction

Within the last few years a new discipline, expanding
quickly and becoming o major consideration for
designers of liquid slorage and transmission [acilitics,
his developed not only for those who work in the
wustewnter trentment field, but also for almost ull en-
gineers searching lor belter ways to control pollution.
Lining is the nume applied to this new technology.
Lining, in a general sense, meins any material laid
down in a holding or conveyance facility 1o prevent
the movement ol liquid from one point where ils pre-
sence is desiruble or least objectionable to another
poinl where its presence i1s undesirable. While liquid
encompasses water, oil, brines, sewage, and chemical
solutions of all types, the present research concentrutes
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on sewage o5 the higquid. The definition of a holding
facility can be taken o include such structures as con-
crete, steel or wooden tanks, in addition to cut-and-fll
reservoirs, but it is the conveyance system ol sewers,
through which sewage is transmitted, that is being
addressed in the present study. Apart from arresting
the conamination of seil surrounding the sewers, lin-
ing technology can also be adopted in rehabilitating
the existing ol sewers, instend of replacing them. thus
avoiding the truditionsl method of replacement of
existing old sewers, which involves large capital expen-
diture and causes heavy disruption to traflic during the
installation of the new sewers. Various shapes of sewer
available in different countries are shown in Fig. 1. In
the past, the structural responses of circular-, egge-,
inverted egg- and horseshoc-shaped sewer linings
under dilferent installation and operational conditions
have been investignted [1- 7). The present study con-
centrates on the behaviour of semielliptical-shaped
sewer linings.

(04 5-T949/99/8 - see front matter o 1999 Elsevier Scicnee Lid. All rights reserved.
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Momenclature

A dimensionless constants  for  maximum
bending stress (staged grouting)

B, B, dimensionless constants for maximum
deflection (staged grouting)

& dimensionless  constants  for  maximum
bending stress (Qotation)
D dinmeter of circular lining

D 0D, dimensionless  constanls  for  maximum
deflection (Motation)

E dimensionless  constunts  for  maximum
bending stress (uniform pressure)

E, short-term modulus of elasticity ol lining
miaterial

EF enhancement (uctor for allowable grouting
pressure

F. critical axial foree in cireular lining

FooF,  dimensionless  constants  lor  maximum
deflection (umiform pressure)

i unil {specific) weight of grout mix

H cxecess head of grout (measured form
crown af lining) corresponding to uniform
pressure [oad

i height of lining

K (G Edwiry

W membrane stress al any point in lining

L critical buckling stress due (o membrane
nelion

M, tolal membrane stress

M, D+ FAHiw)

N, D+ Fd p/Gw—hiw)

N, D+ Fi plGw—h/w)

P allowable grouting pressure measured al

M, D+ F.(Hiw)

invert of lining

R (SJGw)w )’

RF reduction factor for mimmum permissible
lining thickness

[} (360/0)* 1

5 allowable short-term bending stress of lin-
ing material

S stiffness of lining, (17120 E./(1 —r KW )

& total bending stress of lining material due
to combined Motation and external press-
ure

t thickness ol lining

width of lining
dimensionless  constants  lor  maximum
membrune stress (Aotation)

i) dimensionless  constants  for  maximum
membrane stress (uniform pressure)

i deflection of lining

d, total deflection of lining material due 1o
combined flotation and external pressure

(1 angle between supports of arch

" Poisson's ratio

The linings are usually made of glass-reinforeed
plastic (GRP) or glass-reinforeed cement (GRC). Steel
linings ure ulso used. A semielliptical-shaped lining (see
Fig. 2) is to be inserted into the similarly shaped sewer
uller ullowing for an annulus gap so that the sewer lin-
ing fits within the existing sewer with a roughly uni-
form gap between the lining and the sewer walls. The
gup between the liming and the sewer is then flled with
a cementitious grout which, when set, crenles v compo-
site sewer-lining structure.

During mstullation, the lining is subjected to grout
pressure. In some cases, this may lead to overstressing
of the lining at different sections due Lo excessive bend-
ing moment, which may cause [ailure of the lining
pipe. Again, excessive deformation of any part of the
lining might occur, affecting the serviceability of the
relined sewer. Failure may also take pluce in the lorm
of buckling due to excessive compressive forces. Thus,
u properly designed sewer must comply to (bending)
stress-limit, deflection-limit and buckling criteria. Here,
the stress-limil eriteria are so defined that the maxi-
mum bending stress developed during grouting must

not exceed the allowable bending stress of the lining
miterial. For the deflection-limit eriteria, a maximum
allowable deflection in the lining must nol exceed 3%
of the width of the lining {as advocated by the Water
Reseurch Centre  in its Sewerage  Rehabilitation
Manual [8]). As regards the buckling criteria, the lining
must be so designed that failure is nol tnggered by
buckling owing 1o large hoop compression,

2. Grouting methods

In the course of installing sewer linings, staged or
partial grouting and full grouting technigues are pener-
ally adopted, Staged or partial grouting is performed
in two stages. The first stage involves grouting the
annulus up to a predefined height ol the lining, and
this is followed by a second stage carried out afler the
growt of stage one hus sel. On the other hand, [ull
grouting is performed in o single stage. This technigue
is more practical than staged grouting. However,
during Tull grouting, the lining is subjecled (o higher
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Fig. I. Common shapes of sewer available in different countries: (a) egg-shaped (London, UK (b) inverted epg-shaped (Louisville,
LISAY; (e} horseshoe-shaped (Dallas, USA); (d) semielliptical-shaped (Tulsa, USA) and {e) circular-shaped {hoks, Bangladesh),
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Fig. 2. Semiclliptical-shaped lining: (a) shape of the fining adopied in the analysis, und (b} the netual lining within the sewer,

pressure so that a thicker lining or additional empor-
ary supports during its installation may be deemed
essential in an ellori o avoid excessive delormation or
oversiressing.

X Restraint conditions

The performance of various sewer linings 15 particu-

lurly sensitive 1o the type of support provided during
grouting, Keeping this in mind, structural analyses of
semielliptical-shaped linings have been carried out in
the present study for three different support systems
that may be used during installation, The support sys-
tems consist of hardwood wedpes packed 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
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Fig. 3. Semielliptical-shaped lining: the support systems stu-
digd {a} boundary condition 1. (h) boundary condition 2, and
{c) boundury condition 3.

the sewer and the lining is closely spaced (typicully,
with spacing not exceeding the width of the lining), so
that the structure can be studied by means of a two-
dimensional finite-element (FE) model. The three poss-
ible support systems considered in the present study
are shown in Fig. 1.

Boundary condition | consists solely ol a restraint at
the crown (top) of the lining—usually achieved by
inserting a wooden block between lining and sewer so
as to preserve the annular gap sl that location —as
shown in Fig. 3(a). It is to be noted here that grout is
usually injected through the invert (bottom) of the lin-
ing. As the grout moves forward and upward during
its injection, this may push the lining upwards and
thereby reduce the annulus gap between the sewer and
the lining. This is why a restraint ut the crown is
always expected. The second support system, shown in
Fig. 3{b) as boundary condition 2, comprises restrainis
al both the crown and the invert of the lining. Like
boundary condition |, boundary condition 2 imposes
restraints on the vertical movement of sewer linings,
but now at the invert as well as the crown.
Consequently, this boundary condition is vertically
stifTer than the former. Boundary Condition 3 consists

of restraints al the crown, invert and at one-third
height from the invert of the linings (Fig. 3{c)). In ad-
dition to vertical resiraints, it restricts the horizontul
movement of the lining at the one-third height of the
lining. (Unlike other lining tyvpes, horizontal restraints
at the springings (at one-fifth height in the present
case) have been found to be ineflective, such restraints
being too close to the invert [9).)

4. Lomding configurations

Three loading configurations, namely staged-grout-
ing pressure, fotation pressure and uniform pressure
are included throughour the analysis unless otherwise
specilied, Here, staged-grouting pressure corresponds
to pressure from grout surreunding the lining up 1o
the one-third height of the lining, as shown in Fig
dia), and so simulates the first phose of slaged grout-
ing. Flotation pressure involves a head of grout up 1o
the crown, as in Fig, 4(b). In this situation, the lining
is just covered by grout and hence the buoyancy force
aeting on the lining is the maximum that can occur.

Fig. 4. Semielliptical-shaped lining: the loading configurations
studied (a) staged grouting, (b) fotation pressure, and (€} uni-
lorm pressure.
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The uniform-pressure case, shown in Fig. dic), corre-
sponds 1o the uniform pressure which 15 applied on the
lining us a consequence of un excess hewd ol grout,
Clearly. flotation pressure and uniform pressure can be
superimposed in order o simulute any grout pressure
apphed on the lining during full grouting,

5, Load caleulations

In the case of the loading corresponding 10 Motation
and to the first phase of staged grouting. the applied
load is defined by the lining height £ and the specific
weight of grout mix &, In these two loading cases, the
applicd pressure ul any poinl on the lining cin be cal-
culated by multiplying the specific weight of the grout
mix hy the distance from the top of the growting (o the
pont at which the pressure is calculated, For the uni-
form-load case, on the other hand, the external load s
defined by the values of excess head of grout H {and
its specific weight ) and s independent of the height
of the lining.

6. Mathematical formulation of the analysis

For each load configuration and boundary con-
dition, a parametric stody is carried oul by varying
one parameter ot g Hme, keeping the others constan
The results are most conveniently given in terms of
dimensionless equations linking all the independent
purameters, Such equations are derived on the basis of
a curve-fitting exercise. Henee the desigm curves that
will be proposed after an extensive parametric analysis
of the semielliptical-shaped sewer linings can be used
for all tvpes of lining materials and lining sizes of that
speecific shape.

a0 Dimensionfess equations for hending stress and
dflection

I'he dimensionless equations corresponding Lo the
bending stress 5 and the deflection 4 at any point on
the lining can be written (or the three load cases as fol-
lows;

() Stuged grouting (Fig. 4(u))

5/Gw = Alw/iy (n

dfw= (82 +BH"K (2)

(b) Flowtion {or pressure up Lo the level of crown)
(Fig. 4(l))

8/Gw = Clw/1)’ i

12

dfw = (0 + D2)'K (4

(¢) Uniform pressure {(excess head 17 ) (Fig. 4(c))

S/Gw = ECH wilw/ Ty i5)
dfw=(F1 4+ FH"2HwK i)
where

K = (Gw/EMw/i) M

In these eguations, S/Gw can be regarded as a non-
dimensional stress while 4/w is the deflection related 1o
the size of the lining and K is o measure of lining lexi-
bility, Here, A, C, E, B,, B,, P,, D,, F, and F, are all
constants which depend on  the boundary set-up
adopied during the grouting of the annulus and on the
loading configuration used in the analysis.

The total bending stress &, and the total deflection §,
al any poinl in a lining subjected to a head of grout
which is greater than the lining height & (e full No-
tation) can be divided into values of bending siress
and deflection resulting from the two loading cases of
pressure up Lo the crown (e, Motation) and uniform
pressure. This implies that, by adding Egs. (3) and (5),
and Egs. (4) and (6), the following dimensionless
eguations for the totl bending stress and the total
deflection. respectively, can be written as

S /Gw = (€ + F(H w)Kw/F| 1]
difw = (M2 + MHIPK {9
where

M, =D, 4+ F.(H/w) i 100a)
My = Dy + Fi(H{w) { 1(M3)

Since, as mentioned earlier, the maximum bending
stress and the maximum dellection in a lining must not
exceed the respective values of 8, and 0.03 w, the
villues of 8, and 4, in Eqgs. (8) and (9) can be replaced
by 8, and 0.03 w, respectively. As the point of injection
ol the grout is usually located ar the invert of the lin-
ing. il is convenient 1o replace the value of & in Egs,
(8) and (9) by the equivalenl expression (p/G—h),
where p is the allowable grouting pressure meusured
the invert of the lining. As a result, Egs. (R) and (9)
can be rewritten (o produce the lollowing design
equations

R=|C+ E p/Gw = hiw)| ()

where
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R = (S./GwX1/w) (12)
and

0.03/K = (N2 + N9)'72 (13)
where

Ny = Do+ Ful p/Gw = I/ { 14a)
N, = D, + F,[ p/Gw — ifw) (14b)

6.2, Dimensionless equationy for membrane stress

Although buckling is unlikely 1o be the governing
eriterion in semielliptical-shaped linings il adequate
temporary resiraints are provided during their installa-

tion, the [act that axial forces in these linings are of

comparable magnitudes compared with those in crcu-
lar ones suggests that buckling considerations should
not be neglected altogether. In order lo consider buck-
ling, albeit approximately, in the analysis, the simpli-
fied approach in Ref. |5] for circular linings has been
followed. During the course of this investigation it has
been observed that the dimensionless Egs. (15) and
(16) below, which had been found suitable for circular
linings [5] under flotation and uniform pressure cuses,
respectively, are also reasonably applicable 1o semiel-
liptical-shaped linings once w is inseried instead of £,
Here, M corresponds to the membranc stress at any
point in the lining.

1. Flotation

M Gw = alw/r) (15)
2. Uniform pressure

MiGw = fiw/tH/w) (16)

where o and [ are constants which depend on the
boundary condition selected during installation,

The total dircct membrane stress (M,) at any point
in o lining subjected 1o a head of grout which is
greialer than the lining height & (e, full grouting), can
be obtained by adding the vilues of membrane siresses
resulting from each of the Aotation loading and the
uniform pressure. This leads to the following dimen-
sionless equation for the total membrane stress in the
linang:

(MGl fw) = (& T w)) (17)

In Eq. (17), the replacement of the value of #f by
the equivalent expression ( p/G—h) and of iijw by 1.25,
produces the following generic design equation lor the

different boundary conditions:
(M Gwilefw) = o 4 fil p/Gw = 1.25) (18)

Here, the value of the eritical grouting pressure, thut
can be applied on the lining during its installation, is
based on a direct siress-limit eriterin which is equal 10
the critical buckling stress due 1o membrane action
M in a hinged arch of equivalent radius and unrest-
ruined length [B). The value of M, is given by the fol-
lowing equation:

(M o Gwilew) = 4000 SpfGw) (19}
where Sp is the stiffness of the lining given by
Sy = (L 120E/(1 = V)it w) (20)

Q in Eq. (19) is a constanl which depends on the ungle
i between the hinges of the arch and is expressed as
Fiollows:

0 = (360,/8) — | {21}

s0 Lthat @ takes on the values 3 and 15 for boundary
conditions 2 and 3, respectively,

By equating expressions (18) and (19) and using the
appropriate value of @ from Eg. (21), a general design
equation for the critical buckling pressure can be de-
rived, albeit approximately, as follows:

40(85/Gw) = 2+ il p/Gw — 1,25) (22)

The approximation implicit in this simplified buckling
criterion is the adoption of hinges at the restranined
points (thus neglecting continuity) [5] and in approxi-
muting the effective arc by an equivalent circular one.

6.3, Design criterin

For any particular lining geometry und material
properties, the above equations must be satisfied ar the
locations of maximum bending stress, deflection and
axial stress in the lining. The maximum allowable
grouting pressure p which can be applied on the lining
during grouting is the minimum ol the p values as
determined by all the criteria described in the previous
wio sections,

7. Two-dimensional finiie-clement model

A linear two-dimensional FE model is used in order
to simulate the behaviour of semielliptical-shaped lin-
ings under various probable loads during installation.
It can be seen from the shape of the semielliptical-
shaped sewer of Fig. 2 that its bottom comers have
sharp bends. Since higher conceniruted stresses are
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Typieal wo-noded .
Liesm gt

q H

Fig. 5. Semielliptical-shaped lining: two-dimensional FE mesh
sddopted in the unalysis

expected al, or close o, these sharp bends, these stress
concentrations may be catered for by increasing the
lining thickness at the corners or by smoothening the
corners. In the present study, the corners of the sewer
liming have been given a shightly different gecmetry
than that of the actual sewer. While the shape of the
lining adopted for the analysis has been shown in Fig.
Xa), the actual liming geometry of the semielliptical-
shaped sewer is given in Fig, 2(b). The shape of the
lining consists of two half’ ellipses. The major axis of
the horizontal ellipse equals the minor axis of the verti-
cal (half-) ellipse (this common dimension being 445},
The minor axes of both the ellipses are hall’ of their re-
speclive mujor axes. This leads to smoothness (ns well
as continuity of both slope and curvature) at the sharp
ends. It is clear that the height of the lining & is 1.25

Tuble |

times its width (i.e. fi/w=1.25); also, the annulus gap
between the sewer and the liming becomes non-uni-
Form. with a slightly higher gap near the bends,

In the analysis, the thickness of the lining is assumed
to be constant all around the cross-section. Owing 1o
symmetry of the lming geometry, the loading and the
boundary conditions about the vertical axis (ie. Y-
axish, only hall of the cross-section, shown in Fig. 5, is
analysed. The clements wsed in the analysis are (wo-
noded beam elements each having three degrees of
freedom (horizontal and vertical displacement, and ro-
tation) al each node, The mesh adopted consists of 25
clements, the node numbers corresponding Lo crown,
one-third height and invert being 26, 14 and 1. respect-
ively.

The restrainls due (o the support system shown in
Fig. 3 are simulated numencally i the analysis by fix-
ing Lhe horizontal und vertical components of displace-
ment at the corresponding nodal points. This involves
a small approximation in that the deformation in the
restraining struls is ignored, the strut being very stiff
compared with the lining. As hall of the cross-section
is analysed, the horizontal and rotational components
of displacements at nodes 1 and 26 of the lining are
Tully restrained. In addition, in Fig. 5. the vertical dis-
placement at node 26 is sel to zero for boundary con-
dition 1 while the vertical displacements at both nodes
I oand 26 are made equal to zero for boundary con-
dition 2. Similarly, restraints have been impasaed on the
vertical displacements at nodes 1 and 26, and on verti-
cil and horizontul displacements al node 14 in order
to simulate boundary condition 3.

The various loading configurations shown in Fig. 4
have been simulated by applying equivalent point
loads al appropriate nodes.

. Computation of constants

As already explained, for each load and boundary
condition, the parametric analysis is carried out by
vurying one parameter ol o tme, keeping the others

Dimensionless constants for the maximum bending stress in the limng. ( More: positive values of 4, C and E imply tensile stresses in

the inner surfices of the lining)

Coclficient Boundury condition | Boundary condition 2 Boundary condition 3
Stuged grouting A 0.362 Node 26 -0.11353 Mode | LIS L] Mode 1
Floition (] 147K Made 26 01970 Mowde 36 L] MNode |
—{.208 Maode 9 —{1. 120 Mode 9 L0520 Mode 26
U'niform pressure E =140 Mode 26 ={1.300% Ml 9 0.1 100 Mode 26
—{).200 MNode 9 —{1,1590 MNide 26 L Mode |
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Tahle 2
Pimensionless constants for the maximum deflections in the lining. {Nove: inward deflections are taken as positive)

Coefficient Boundary condition | Boundary condinon 2 Boundary condition 3

Staged grouting A, 0 0 Mode | ~(.0053% Mode 17 100010 Mode 4
H, 10,0681 Mosde | (L0548 Modde 17 (LOOES Maode 4

Flotaton i, IR Mosile 1 0L.00TRS Misde |6 URCHINEY Mimle 3
A1, (k241 Mde 16 0060 28 Mode 17

I, L Minle | (L0522 Mode 16 (L UHR] MNonle 3
—00220 Mode 16 LIRULIEY| Miwde 17
Uniform pressure F. 00631 Mode 16 (1o Mode 16 (002 10 Mode |7
00000 Mode | 0.00013 Mode 3
F, 00450 Mode 16 [TNTERR Mode 16 ULO00ES Mode 17

=0634 Mode 1 000010 Mode 3

unchanged. The results (bending siresses, deflections
and axial stresses) are given in terms of dimensionless
equations linking all the independent parameters
together as described carlier. The non-dimensional
bending stress (S/Gw ) und deflection (8/w ) are plotted
against (w/t) and lining fAexibility K, respectively, for
staged prouting and fotation load, and against (H)
wwt ) and (Hjw}K Tor uniform pressure, Simuilarly,
the non-dimensional membrane siress (M/Gw) is
plotted against (w/t) and (w/r WH/w), respectively for
flotation and uniform-pressure cases. From these plots,
dimensionless constants for the masimum bending
stress, maximum deflection and maximum membrane
stress in the lining ure computed for different boundary
conditions amd different loading configurations. These
are listed in Tables 1 -3, respectively,

9. Full-grouting design curves
9.1, Stress-fimit crireria

9.0, Bowndary condivion 10 resevaimed at crown only
The values of the bending-stress constanis A, € and
E for this boundary condition for different loading
conditions are shown in Table 1. OF all the values of
A, C and E lor boundary condition | in Table |, the
vitlue of € (in the case of flotation load) is the highest
(0.428) and it occurs at node 26 of the lining. This

Tuble 3

means that the stress developed at nede 26 (ie. al the
etown) ol the lining as a result of the flowation load is
the muximum of all the loud cases tnken inlo consider-
ation in performing this analysis. The value of E for
uniform load also has is maximum value (004) a1 node
26. The maximum values of € and £ are. however, of
opposite sense. Henee, when the full grouting load (flo-
lation plus uniform pressure) is simulated, the stress
developed at the crown has a value less than that
developed due to fotation load alone, That is why the
combined bending stress at all other nodes of the FE
mesh were also computed. It has been found from this
exercise that the maximum combined bending stress
develops al node 9. and not al node 26, S0, the vialues
of C and £, as are compuled ot nade 9, are also listad
in Table 1. From the above discussion. it can be
inferred that:

1. the value of R must be at Teast 0.428 to withstand
the Aotation load,

. for full grouting load, the value of R at node 26 will
be (from Eqg. (11))

a

R = |D.428 — 0.400( p/Gw — 1.25)|
= |0.928 ~ 0.4p/Gw| (23)

3, for full grouting load, the value of £ at node 9 [ol-
lows the relationship (from Eqg. (11}

Dimensionless constanits for the maximum direct membrane stress in (he lining

Constant

Boundary condition 2

Boundary conditlon 3

Flotmtion 2 0.512 Monde 9 0. 484 Mode Y
212 MNawde 21
Uniform pressigre 13 0. 730 Mode 9 (0. 504 Mode 21

0,371 Mode 9
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15
13.75
125
11.25
10

Flatation
requiremant

8.75
(R>0.428)
§ 7 b
1
625 £ |
5 i
a7s £ L7 (0844443

25
1.25

~__Flotation
requirement
(R=0.197)

15
13.75
125
11.25
10

% 875
75
6.25

a.75

25
1.25

(0.1652.29)

0 05 1.5 2

—
(8 /Gw) (tw) 2
(c)

Fig. 6. Semiclliptical-shaped lining: maximum bending stresses at nodes 9 and 26 of the lining for fotation and additional external
pressure under (o) boundary condition 1, (b) under houndary condition 2. and (c) at nodes | and 26 under boundary condition 3,
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R = | — 0208 + (~0.20)( p/Gw — 1.25)|

= |U.N:—ﬂ.:’pl.-'f:'|r| (24)

These equations are plotied in Fig. 6{a), The plot of
the equation for node 9 culs that for node 26, beyond
the flotation limit, at the point (0.844.4.43), It is clear
from Fig. 6(a) that the allowable grouting pressure
resulting from Eg. 24 (ut node 9) becomes dominuni
within the values of R ranging from 0.428 to 0.844 (i.c,
piGw ranging from 2,35 to 4.43), Once the value of #
exceeds 0,844, the bending stress at node 26 becomes
critical. Staged grouting is not ecritical in compason
to the Tull grouting lowd. The relevant permissible
pressures can readily be obtained, if required, by
meuns of Eq. 1,

9.1.2. Bowndary condition X restrained at crown and
verd

In this boundary condition, it is seen that ihe maxi-
mum bending siresses for staged grouting, Aotation
and uniform pressures are locuted at nodes 1. 26, and
9 of the lining. respectively, the respective values of A,
O and £ are shown in Table 1.

The maximum bending stress developed at node |,
due to staged grouting, is less than that resulting from
the flotation load or which case the maximum siress
occurs al node 26, Again. the node at which the maxi-
mum stress develops due to uniform pressure (node %)
differs from that resulting from the fottion load
(node 26). Hence, Eqg. (11) must be satisfied at both
the above nodes in the case of full (ie. comhbined)
grouting load. It 15 10 be noted here that the combined
bending stresses al all other nodes were caleulated sep-
arately but were found to be Jess critical than those at
nodes 9 und 26. All this leads to the lollowing two de-
sign equutions which are shown graphically in Fig.
6ibl. At node 26,

R= |0.197 + (—0.159) pfeiw — 1.25)|

= [0.396 ~ 0.159p/Gw| (25)
und at node 9,
R o= | = 0102 4 (=0.303)( p/Gw = 1.25)|

= [0.277 - 0.303p/Gw | {26)

Unlike the earlier boundary condition 1, for the pre-
sent boundary condition the plot of Eq. (26) at node 9
does not intersect the plot of Eq. (25) at node 26
bevond the Notwtion requirement. It is apparent, there-
fore, that the stress ut node 9 is always critical bevond
the Motation requirement (#:=>0.197), and this is clear
from Fig. 6(b), As in boundury condition I, slaged

Erouting is not critical in this boundary condition, us
citn be seen from Tuble 1.

9.1.3. Boundary condition 3+ restrained ar ceown, invert
atnel one-third height frone mvers

Following a similar reasoning 1o that deseribed [or
boundury conditions 1 and 2. in this case Eq. (11)
must be satislied at both the nodes | and 26, Once
again, the maximum stress developed due to the flo-
tation load is of epposite sense 1o that arising (rom the
uniform pressure cuse. Ay before, the combined bend-
ing stresses al all other nodes were also computed, bu
the ensuing results proved to be less eritical than those
at nodes | and 26. Henee. the two design equations
can be written as follows (using Eq. (111). At node 1,

R =| = 0.097 + (—0.0694) p/Gw ~ 1.25)]

= | = 0.01025 — 0.06%4p/Gw| (27)
and at node 26,
R = |0.0572 + (0.1 p/Gw — 1.25)|

= | = 0.0803 + 0.1 1p/ Gw | 128}

These two equations are plotted in Fig. 6(c). It is clear
from the figure that the bending stress al node | is
critical for the values of R within the range (L047
0165, Once R exceeds 0.165. the bending stress al
node 26 determines the allowable grouting pressure
based on stress-limit criteria,

U104, Swmmary of siress-limit eriteria

All the findings obtuined for the three boundary
conditions described carlier, are summarized in Fig. 7.
Once a boundary condition is selected and the geo-
metricil and material parameters are chosen, a value
of allowable grouting pressure, based on stress-limit
eriteria, can be obtained from this ligure,

It is seen from Fig. 7 that, for a given value of R,
boundary condition 3 gives allowable grouting press-
ures much higher than those of boundary conditions |
and 2. On the other hand, the adoption of houndary
eondition 2 instead of boundary condition | does not
have a significant effect on the allowable grouting
pressure,

0.2 Deflection-fimin criteria

Y21 Boundary condition |: restrained at erown only
Among the values of the constants B, #,, D.. D,
F. and Fy tabulated in Table 2 for different loadings
(staged grouting, flotavon and uniform pressure re-
spectively) under boundary condition 1, the constant
V(B3 +B)) has the highest value. This means that the
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Fig. 7. Semielliptical-shaped lining: allowable grouting pressure. based on stress-limit criteria, for vanous boundary conditions,

maximum deflection resulting from staged grouting is
gredter than any deflections arising from other load-
ings il these were applied on the lining individually.
This leads to the requirement that o minimum value of
0.03/K equal to (L0681 is needed in order for the lining
Lo withstund the maximum allowable deflection (3% ol
w) as recommended by the Waler Reseurch Centre
(WRC) [8].

In the case of fAotation, the maximum displacement
occurred at node 1, whereas that for the uniform-
pressure cuse occurred at node 16, This sugpests thut
Eg. (13) must be satisfied at both nodes | and 16,
which leads to the following two design equations at
these nodes: Al node 1,

0.03

= (0,14~ 0.0634p/ G| (29)

and at node 16,

(.03
K

= [0.0775p/Gw — 0129 (30

These two equations are plotted in Fig. 8(n). It is seen
from the hgure that the displacement at node 16 is
always critical and determines the allowable grouting
pressure on the hming under combined Aotation and
uniform-pressure loading [ p/Gw = 2.543) thut exceeds
the partial-grouting reguirement.

9.2.2. Boundary condition 2 restrained at crown and
frvert

The maximum deflection in the lining resulting from
the combined effect of Aotation and unilorm pressure
15 located at node 16 of the limng. This implies that
Eq. (13) must be satisfied at node 16 for values of p/G
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greater than A as a result, the lollowing design
eguation can be written:

.03

% = |D.03%p /i — 0,041 | (31)

For the case of partinl grouting, the maximum deflec-
tion occurs al node 17 but s less than those of fo-
tation or full grouting applied individually. This case
of partinl grouting & less eritical, However, I infor-
mation regarding this type of grouting is required
because of the instullation technigque adopted, this can
b found by means of Table 2 and Eq. (2).

923, Boundary comdicion 3 restrained ol crown, fnvert
anel ome-thivd height from fmvert

For ull fottion plus uniform pressure load. Eq.
(13) should be satisfied at both nodes 3 and 17 for the

S.M. Seray et al. | Computers and Structures 72 ¢ 199%) 713734

reason described earlier in case of boundary condition
I. Henee the following two design expressions can be
found (using Eq. (13)) At node 3,

003

= 10,0011 1 p/ Gw + 000022 {32)
and at node 17,

.03

i [0.00217p/Gw — u.m1394| (33)

The above two cquations are plotted in Fig. &(h). The
two curves of Fig. B(b) intersact at the point
(0.0019,1.51). Although it is guite unimportant when
compared with the overall mnge in Fig. 8(h), 11 is
found from the figure that deflection at node 17 is
nbways critical except for the value of p/Gw ranging
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Fig. 9. Semielliptical-shaped lining: allowable grouting pressure based on deflection-limit criteria, for varous boundary conditions.



SM. Seraj et al. | Computers and Structures 72§ J999 ) 713-714

from 1.25 1o 1.51 within which the deflection al node 3
becomes slightly greater thun that of node 17,

9.2.4. Surwmary of the deflection-limit criteria

Fig. 9 summarizes the results of the above three
boundary conditions, This can now be used 1o deter-
mune the allowable grouting pressure on any particular
lining, based on deflection-limit eriteria, It can be seen
in the figure that, unlike the cut-off of the curve for
boundary condition 1 at an abscissa value of 0.068],
the curves for boundury conditions 2 und 3 gradually
reach the horizontal axis,

Although, in the present study, the permissible
deflection hns been taken as 3% of the width of the
sewer lining, the proposed design curves can be
acdopted without any modification for uny other allow-
able deflection-limit criteria set by the competent auth-
ority. (Only the abscissa’s label in Fig. 9 changes by
replacing the factor 0.03 by n/100 where # is the per-
missible deflection as percentage of the width. )

9.3, Buckling criteria

U3 Boundary condition 2: restrained ar erown and
invert

The dimensionless constants = and ff for the maxi-
mum direct membrane stresses in the lining are listed
in Tahle 3. For boundary condition 2, the maximum
membrane stress develops at node 9 {or both the cases
of flotation load and wniform-pressure load. This leads
Lo the lollowing design expression. At node 9,

=7
4008y /Gw) = D512 + 073N p/Gw — 1.25)

= 0,730p/(iw — 0,401 (34)

8.3.2. Boundary condition 3: restrained at erown, inver
anel ome=thivd heteht from invert

From Table 3, it can be seen that, under bounclary
condition 3, the maximum membrane stress develops
ot node 9 for the Motation load whereas, under uni-
form-pressure load, the maximum stress is located o
node 21. Thus, Eq. (22) muost be satisfied at both
nodes % and 21, This leads to the following two design
expressions. Al node 9,

N Sp/Gw) = 0484 0371 p/Gw = 1.25)

= 0.371p/Gw — 0,020 (35)
Al node 21,
AN Sp /0w = 0212 4 0.504( p/Gw = 1,25)

= L5MdpGw — D418 {36)

In order 1o visualize the eflect of full-grouting load
{i.e. combined flotation and uniform-pressure load),
Eqs. {35) and (36) are plotted in Fig. 10, Evidently,
Eq. (35) provides the design criterion up to a value of
plGw equal to 2,993 (Le, 4O05E/Gw) equal to 1.090),
Beyond this value, it is Eq. (36) which constitutes the
design expression. (The combined membrane stresses

10
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Fig. 10, Semielliptical-shaped lining: maximum membrane stresses af nodes 9 and 21 for flotation

under boundary condition 3
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at all other nodes were computed and were found to
be less critical than those at nodes 9 and 21.)

3.3, Summary of the buckling criteria

Fig. 11 summarizes the results of the above two
boundary conditions. It should be mentioned here that
boundary condition 1-—admintedly, the most eritical
buckling case of all—has not been considered m the
buckling analysis since a lining under this support case
cannot be idealized to a two-hinged arch of equivalent
radins and unrestrained length, the critical buckling
siress [10] of which has been adopled as the busis for
the approximate stability analysis in the present study.
Moreover, it is expected that, during the installation of
linings within semielliptical-shaped sewers, boundary
conditions 2 or 3 are to be adopled in order 1o enable
higher grouting pressures 1o be applied.

It 15 to be noted that the assumplion of an equival-
ent hinged arch is conservative und can be considered
as a lower-hbound solution since the structural beha-
viour of that portion of the ning which mitiates buck-
ling (and hence is tauken us the “criticul” portion) is
between a hinged and a fixed arch [5]. Also, the appli-
cability of the buckling eriterion as set in Ref. [9]
requires o unilorm pressure inlensily on the arch; such
a condition mav very ncarly be fulfilled under excess
head of grout.

1. Role of additional restraings during installation
10!, Enhancement facior

Both the maximum bending stress and the maximum
deflection in a lining that arise from grouting pressure
can bBe reduced by introducing additional restraints
during installation; similarly, additional restramis also
result in an increase in resistance against buckling of
the lining, This implies that an enhancement in the
value ol the grouting pressure can be achieved, thus
ensuring adequate grouting of the annulus, and gives
rise to the introduction of what can be termed an
enhancement factor (EF). Here, for stress-limit and
deflection-limit criterin, the enhancement factor is
delined as the ratio of the allowable grouting pressure
which could be applied on any particular lining using
bhoundary condition 2 or 3 to the one corresponding Lo
boundary condition 1, i.e.

EF; = pifp (37

Here § corresponds to boundary conditions 2 or 3.
Since, in the present study. only boundary conditions 2
and 3 have been considersd n the buckling analysis,
the corresponding enhancement factor for this third
criterion is given by pajpa. In what follows, values of
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EF are determined for each of the stress-limit, deflec-
ton-limil and buckling criteria. 1t has been observed
thut the EFs for deflection-limit eriterin are much
higher than their stress-limit and buckling counter-
parts, und, thus, will not govern the design, Aguin,
under boundary condition 3, stress limitations of the
material appear o always govern the design as well as
the cileulation of enhancement factors,

W1 L, Steess-limit eriferfa

The expressions wsed to calculate the enhancement
Factors for stress-limit criteria can be derived [rom Eqg.
(23)-(28). Out of this group of equations, however,
Eq. (25) does not govern beyond the flotation require-
meni (see Fig. 6b (node 26)); also, the range for which
Eq. (27} (under BC3) is valid lies beyond the valid
runge of Eq. (23) and (24) (under BC1) so that Eg.
(27} is also not involved in the linal sel of equations.
Thus. although during the formulation of enhancement
factors, Eqs, (25) and (27) have been considered, the
ensuing final equations are not affected by them, bul
are governed by expressions (23), (24), (26) and {28)
only. The final expressions ure given below:

o= S00R 4+ 00420 Tor 0,428 < R <0844, (38a)

=25 R+ 0928)0w for R=0.844, (38h)
fr=3NR+02TNGw for R=0.197 {39
and

Pyo= 900 R 4+ 00803 0w for R2=0.1635 (40)

Hence, the expression lor enhancement factor can be
written ns lollows:

R+0277
EF )y =066——M A28 = .o
(EF), =0 R+ 0043 for 0428 < A= (.844 41a)
R+0277
i,
(65 =
R 0042 (42a)
0428 = R < 0,844,
R+ 00803
= J.636 R 0098 for R = 0,844 {42h)

The enhancement factors for boundary conditions 2
and 3. based on stress-limit criteria, are graphically
shown in Fig. 12(a). It is seen from Fig. 12(a) that in
the case of boundary condition 2, a value of R equal

to at least 1.757 is needed in order to have an enhance-
ment factor equal to or larger than 1. This means that
no  beneficial elfect can be achieved by adopting
boundary condition 2 il the value of R remains less
than 1,757, Even then, the overall enhancemeni in the
allowable grouting pressure due to the adoplion of
boundury condition 2 instead of boundary condition 1
during installation is not very significant. Adoption of
boundary condition 3, on the other hand, always pro-
vides un enhuncement factor greater than 1. Linings
subjecled to boundary condition 3 can readily bear
about 2-3 times the grouling pressure sustainable by
their boundary condition 2 counterparts,

1012, Defleetion-finmit eriteria

For deflection-limit criteria, the values of py, p; and
P are to be deduced from the set of Egs. (29)-(33).
However, in the caleulution of EFs Egs. (29) and (32)
have nol been found to be critical. It can be seen that
Eqg. (29) (nede | in Fig. Ba) is not entical beyond the
partial grouting requirement, while Eg. (32) (node 3 in
Fig. b under BC3) is not important since the range in
which it is valid is not covered by Eq, (30) (under
BC1). The final expressions are given below:

pi=(0.03/K 4+ 0.129)12.9Gw  for

(41)
0.03/K= 00681
=003/ K4+ 0.041026.32Gw  for
(44
0.03/ K= 0.0065
1 o= (003K 4 0000394460836 for
(45)

0.03/K=0.0009

From these expressions, enhancement factors for
boundary conditions 2 and 3, based on deflection-lmit
criteria, can be derived as follows:

0.03/K +0.041

(EF)s m 204 —xu—
O03/K 4 0.129 (46)
(0L,03/ K =0,0681
i 0.03/K + 0.001394
(EF )y = 1566 0.03/K + 0.129 or o

0.03/K = 0.0681

Eqs. (46) and (47) are shown pictorially in Fig. 12{h).
Similarly Lo the case based on stress-limil criterin, the
adoption of boundary condition 2 during installation
instead of boundary condition | hardly has any effect.
Lise of boundiary condition 3, however, enhances the



130 S M. Seraf et ol | Computers and Steuctures 72 ( 1999) 713734

46
34 |
3z

s L Flatation requiremeant
i :ﬁar EIEi {R=0.428)

pat -

I L
L e i
22 |- i
el |
1
it e R=1757
tak " BC2
1.2 5 i ‘ __E-——._——-_._._._____u
o3 . 05 1 2 3 5 10
(8, /Gw) (Uw)*
(a)
36
a - BC3
24 i
m Partial grouting for BC1
wen {0.03/K >0.0681
]
- b
12 h i
[ \"
Ll i
| . BC2
L i i — e —
?n.m 002 0.03 005 0.1 02 03 05 1
0.03/K
(b)
T
65 -
g BC3
Wss -
5 -
45 =
‘ i i i i i
0 0.05 0.1 015 0.2 0.25 03

(Se/Gw)
(c)

Frug. 12, Semielliptical-shaped lining: enhancement factors Tor allowahle grouting pressure, hased on (a) stress-limit criteris, ()
deflection-limit eriteris, and (¢) buckling criteria.



SM. Seraf eral. | Computers and Struchures 72 /1999 773734 T3

value of the allowable grouting pressure quite dramati-
cally.

10.4.3. Buckling criteria

Through the use of Egs. (34) (36) the enhancement
factor for the buckling eriterion, due to the adoption
of boundury condition 3 instead ol boundary condition
2 during installation, can be found. In this exercise Eq,
(35) (under BC3) has not been found 1o be relevant
since it caters for a range of Sg/Gw for which no
equation exists under BC2, The final expression is as
follows:

1 A4B{605 /Gw + (.418)

1285 /Gw + 0,301 ad

Efi=pi/m=
(44}

Sp/Gw = 0.0426

The cnhancement factors corresponding to the buck-
ling criterion are plotled in Fig. 12(c). It appears that
linings subjected to the restraints of boundary con-
dition 3 can sustain about 4-6 times the grout pressure
allowable in the case of boundury condition 2,

1002, Reduetion factors

Once o value of allowable grouting pressure is deter-
mined for any particular lining using a certuin restruint
set=up, a considerable reduction in the allowable thick-
ness af the lining cun wswally be achieved iff additional
restraints are used instead. This gives rise to the intro-
duction of another [actor, called the reduction
Factor (RF), which is defined below, It is eleur [rom
the findings ol the previous section that, for a particu-
lar lining geometry and material properties, the
enhancement factor achieved from stress-limit criteria
is much lower than that based on deflection-limil cri-
teria.  Clonsequently, deflection-limil eriterin do  not
govern the computation of enhancement Factors. For
this reason, the latter criteria huve been excluded (rom
the computation of reduction factors,

10,20, Strexs-fimie criteria

For such criteria, the reduction [actor is defined as
the ratio of the lining thickness resulting from the use
of boundary condition 2 or 3 to the one corresponding
to boundary condition |, The equation used to caleu-
lute the values of RF is as follows:

i & {45a)
where

t=[Ci+(p/Gw - “-H]E.]”:'[GH'JIS,]”: s
and

1= [C 4 (plGw —0E ] aw' s8] (49¢)

with { corresponding to boundary conditions 2 or 3,
and other variables being defined by Egs. (23)-(2%)
and Table |. However, Eqs. (25) and (27) are not
mvalved in the final expressions as Eq. (25) (node 26
in Fig. 6b) is not valid bevond the flotation require-
ment while the runge of p/trw for which Eg. (27)
(under BC3) is valid is not catered for by Egqs. (23)
and (24) (under BCL). The relevant equations that
have been used 1o calculate the RFs are, then, us fol-
lows:

0.277 - 0.303p/Gw [\
””:"1 - (‘ e ) Tor
i U.ME—H.ZF,.-'{;H' (50a)
235<p=p/Gw=44}
(0277 — 0.303p/Gw |\
=([os=omranl)  *
| 0.928 — O0.4p/Gin (S0h)

peEpltiwz=443

—0.0803 + 0.11p/Gw |\
(RF), = (‘ A TR D fiur
h 0.042 — (0L 2p/Ciw (510
235<p/Gwed 43
= U —0.0803 + 0.11p/ G )' e
0.928 — 0.4p/Gw -

p<p/Gwz=443

Here, similarly 1o the previous cases of EFs, the con-
siraints of various AFs stem [rom the constraints of
the equations on which they are dependent. Egs. (50)
and (51) are shown graphically in Fig. 13(a). It can be
seen from the figure that considerably larger reduction
Factors are achicved by using boundary condition 3
when compared with boundary condition 2. Again,
Fig. 13a) shows that, lor boundary condition 2, u
minimum value of p/Gw equal to 6.7 is needed in
order 1o achieve reduction factors less than one. Thus
no beneficial elfect can result from the use of boundary
econdition 2 il the value of g is less than 6.7 Gue

I0.2.2. Ruckling criteria

In the present study, the reduction fuctors carre-
sponding to buckling criteria are given by the ratio 14
i since, as for the enhancement factors considered ear-
lier, only boundury conditions 2 and 3 are considerced,
Using Eqgs, (34), (35) and (36), the RF is found as fol-
lovws:
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0.371p/Gw - 0020 |\
R- = ) S pop T T T B A
Fy=tilt {[ﬁ[ﬂ?mpfﬂw--ll.a-'HHID (52a)
for 1.25 < p/Gw < 2.993
1 ‘iﬁ}t]—tﬂfﬁu---u.dlh ]'--' &
[i{ﬂ.?}ﬂﬂfﬁu' 0.401) (52h)

pfGw = 2993

The reduction faclors based on the buckling cri-
terion are shown in Fig. 13(h). The RFs lor boundiry
conditions 2 and 3 were also determined on the basis
of deflection-limit criterin. Again, stress and buckling
limitutions proved to be more eritical for the determi-
nation of RFs, and hence reduction factors under
deflection-limil  criteria are not reported here. It
uppears that, wherens under boundary condition 2,
either siress or buckling criteria may govern the deter-
minulion of reduction factors, under boundary con-
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dition 3, stress-limit criteria will invariably turn out to
be the most critical consideration.

11. Conclusions

The proposed design curves can be used 1o deter-
mine the allowable grouting pressure during the instal-
lation of semielliptical-shaped sewer linings under
various  restraint  set-ups  and  loading  conditions.
Alternatively, for u given boundary condition and
known grouting pressure, the necessary lining thickness
can be determined for any lining material using the
currently proposed design curves and equations,

It has been shown that, by introducing additional
temporury restraints before grouting around the semi-
clliptical-shaped sewer lining, considerably higher
grouting pressures, leading 10 a more relinble grouting
aperation, can usually be attained. Such enhancements
in allowable prouting pressure are, however, more pro-
nounced under the presently defined boundary con-
dition 3 in comparison to its boundary condition 2
counterpart. In this study, it has been assumed that all
restrainls are fully ellective, so that the restrained
points of the lining are prevented from moving in any
direction. Such ideal conditions will very nearly be rea-
lized i internal supports coupled with external packing
are effectively provided.

In the case of the approximate buckling analvsis, the
introduction of additional restraints reduced the effec-
tive length of the arch between the restraints, thus lead-
ing to a stiffer structure with higher critical buckling
pressure. The current buckling criterion assumes an
uniform pressure intensity on the arch; the problem
solved in Appendix A clearly shows that such a cri-
terion may easily be achieved il linings of adeguale
thickness and acceplable physical properties  are
employed in the design; this is equivalent 1o the intro-
duction of a minimum p/Gw value of, say, 34 (ie
horizontal cot-ofls at these values of the ordinate in
Fig. 11), which implies that the head of grout is several
times the size of the lining cross-section and thus means
that the membrane stress state is nearly uniform.

Appendix A, Design example for o typical semielliptical-
shaped lining

The following design example demonstrales the use
of the structural design method outlined in the present
paper, The use of o particular lining material is merely
illustrative,

An existing sewer s of semielliptical shape. lis par-
ameters are s follows:

I. Geometrical parameters. The overall height and

width of the sewer are 1230 and 1000 mm, respect-
ively. The minimum annulus grouting thickness to
be provided is 25 mm, and the lining thickness ¢ s
15 mm.

2. Material properties. The values of £, 8, and v of
the GRP lining material are 20.0 = 10° kN/m?, 60.0
x 10" kN/m® and 0.23, respectively. The G of the
grout mix is 16.0 kN/m",

Uising bolh boundary conditions 2 and 3 as the poss-
ible temporary support systems, the allowable grouting
pressure is 1o be determined.

Sofutiom

From the values of the geometrical parameters, the
internal dimensions of the lining (4 and w} are calco-
lnted as:

A=12=(25x 2415 x 2) = 1150 mm

w= 1000 —(25 x 24+ 15 = 2) = 920 mm

Using the values of the material properties, the non-
dimensional stremgth of the lining R, permissible
deflection 0,03/K and non-dimensional stiffness of the
lining SgiGw are calculated, enabling checks on the
three criterin 1o proceed; these are us follows for
bovndary condition 2:

1. ( Bending ! stress-limiv criteric - using the values of
matenal properties, the non-thmensional sirength &
of the lining is caleulated:

SNV e x P (n_ms )"
I (ﬂw)(ﬁ] = 60 %092\ 092 ) = 1084
Using the value of R equal to 1084 and Fig. 7 {or

Eq. (26)), p/Giw = 4,49,
2. Deflection-fimit criteria

0.03 Es\(ry
T =“'“3(ﬁ)(ii)

20 = 10° ) 00154
=0'D3‘(m.{: 0,92 (u.q: ) Bt

Using the value of 003K equal 1o 0.1766 and Fig.
9 (or Eq. (31)), p/Gw=35.73.
3. Buckiing eriteria

s L % [mx IlJ")(ll.Hl.'i‘J"
FERIT-P\w/) T 12\1-0.23/\0920

3

o

=7,

From this,
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S 7.63

il A T =62

(n-'lu."h:"i Iiw = {392 g e

Using this wvalue and Fig. 11 (or Eq. (34)),
PGw=9.07.

Henee, the minimum  of these three values, ie
PG 449 (corresponding 1o the (bending) stress-limit
criterion), is to be adopted us the basis for the design.

Here, p/Gw =449, or p=4.49 x 16,0 = 0.92=66.09
kN/m* which is equal to 4.13 m heud of grout from
the invert or 298 m head of grout from the erown of
the limng.

When the above exercise is repeated lor boundary
condition 3. the values of p/Gw under stress-limit eri-
teria,  deflection-limit criteria und  buckling criteria
become 1058, 8202 and 62.53. respectively. Thus,
under boundary condition 3. the value of p/Gw equal
lo 1058 (corresponding again to the (bending) siress-
limit criterion) governs, with allowable grouting press-
ure equal to 155.7 kN/m®.
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