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ABSTRACT

This thesis describes the design, construction and calibration of
a hybrid hydraulic/electrical type of earth pressure cell and the
subsequent use of these cells for the measurement of radial ground
pressures bearing on concrete segmental tunnel linings at two locations
in mixed clayey ground in north-east England. Also described is an
accompanying programme of lining distortioﬁ measurement and a
preliminary discussion is directed towards theoretical aspects of
ground/lining interaction mechanics. The tunnels studied were 3.20 m
diameter and at depths of 41.77 m and 12.39 m to the crown. Lining/
éoil radial interaction pressures were found to be almost uniformly
distributed about the tunnel, these recorded pressures being almost one-
half the maximum possibvle overburden pressure calculated on a ¥z basis.
Furthermore, these ultimate pressures were achieved after a period of
only 7 to 8 days following lining erection and grouting. Ultimate
measured linirg ring distortions were also realizea after this 7 day
period. This relatively rapid stabilisation of ground pressure contrasts
with a much more protracted, on-going distoftion reported by other workers
in other materials, but is consistent with contractual experience which
suggests that tunnel secondary linings could be safely erected, with little
risk of brittle fracture, much earlier following primary lining construction

than has hitherto been considered prudent.
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ChAPTER 1
A TS

INTRODUCTION

1.1 General introduction.

One of the most important problems which arises during the design
and construction of tunnel linings is the estimation of the ground
pressures acting on the lining after its construction and the time after
which the lining deformaticn is terminated.

Many theories have been developed for the evaluation of such
pressures, but field measurements of ground-lining interaction pressure
and lining deformation are still one of the most reliablie metheds of
obtaining specific design data. One of the commor methods of mezsuring
the conteact pressures involves the use cf przssure cells. It iz well

. known that the accuracy and reliability of the measured data are dirsctly

influenced by many factors, among which are the desiz: coacewnt and auality,
laboralory calibration, field installation, and the data reccrding

by

L = Loromdpgige cet G 1 I g - o rT 5
these Tactours will bBe dipcussed in

ach o

ki
[N

technigue. The importance o

m

the coniext of a specific case history of pressure measurement.
The theories developed for the evaluation of soeil-structure inter-

action pressure czn be classified into twS main groups: theories taxing

intc consideration the effect of tunnel depth, and theories 4i arding
the effect of tunnel denth. The first group is reprasenied in Appendix 3

by Biarbaumer theory and Terzaghi theory. The second group is represented
in appendix B by Kommerol theory and Protodyaikonov theory.
In the last fer years, theoretical study of the urnderground structure-

s0il interacticn problems has hecome pogsinle through the developuent of the



finite element methed which represents the most sophisticated analytical
technique presently available. The accuracy and the value of tﬁg
results obtained by applying such a method depend on how weil the
adopted mathematical model represents the complexity of the problem in
question.

It is well known that the lining-soil reiative stiffness does affect
the distribution of tending moment and thrust through the lining section.
Accordingly, it must also influence the amount of lining deformation and
the-time necessary for such deformation to cease. The tunnel lining can
be classified, according to its stiffness, intc two types: a fiexible

lining and a rigid lining. The effect of lining stiffness on the bending

moment and thrust distribution will be discussed in more detail in Chapter

Se

Two field experiments in the locations shown in Figure 1 were
carried out in order to investigate this general precblen. Six pressure
cells were designed and constructed for each of twe in situ experimeunts,
aimed specifically at measuring radial contact pressures at different points
behind +tie lining of a tunnel in mixed ground (stony clay, laminated clay)
on the north bank of the River Tyne in north-east England. The locaticn
is shown in Figure 2.

The tunnel ir question is 3.20 m (10'6") diameter, hand-driven without
a shield. Tris method of working greatly facilitated installation of the
gauges. The function of the tunnel, which forms part of the Northwabriaa
Water Authority's new multi-miliien pound scheme for uﬁdating the seswarage
facilities in Greater Tyneside, is to convey sewage along the final length
of the lorth-hbank intercentor sewer to the treatment plant sediment sektla-

ment tanks at Howdon.

h&









The pre-cast segmental tunnel lining consists of 61 cm (2ft) wide
rings, each comprising six segments and a key as shown in Figures 3 and
L. The aim was to install the pressure cells at the time of the lining
erection and tc recover the sensor elements of each of the cells for
re-use when the secondary brick lining for the tunnel was built several
months later. This recovery oﬁeration is a fundamental feature of the
low-cost c¢ell design to be described subsequently.

During the design of a pre-cast R.C. lining, many factors should be

taken into consideration.  Among these factors is the requirement that

" the lining should te designed to vi.thstand the expected outer pressure

téking into consideration a reasonable factor of safety. There mmst also
be an cconomy of production of the pre-casi segments, and the segments
should be strong enough to withstand the rough handliug received during
the erection o»f the lining ring. Before the start of this research, it
was previously known that the R.C. lining used in this tunnel was aquite
strong ernough tc resist the expected outer pressurs, but the points that

this present research covers relate to the d2

™

seribution of the lining-soil
interaction pressure, the order cf lining deformaticn, and the time needed
for this deformation to terminate.

Using these results, the period that should be left between the
erection of the primary R.C. lining and the building of the secondary brick
lining may bte specified from a rather more scientific base. Current
practice is to defer secondary bvrick lining construction for several months
following prﬁmary lining erection, bul if it can be¢ shown that radial
pressure transfer Ifrom soil to lining ceases much earlier - ang hence, by
implication, that the concequential Jdeformations terminate earlier - then

secondary lining construction could well proceed much sconer at a more

\n
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convenient time when the full complement of supporting equipment of

the contractor is still on site.

1.2 General types of pressure cells.

Pressure cells may be classified into two general types: a) diaphragm-
type pressure cells and b) hydraulic-type pressure cells.

a.) Diaphrasm~type pressure cells:

The theory of this type of pressure cell is based on measurement of
the defleclion of a sensing diaphragm, activated by the external pressure
to be measured. Measurement sensing may be by one of the following two
systems

1. Strain gauge system:

h

In this type of pressure cell, the deflection of the sensing dlaphragn
is measured by using a nunber of strain gauges (generally not less than
four) mounted on the diaphragm and connected in bridge format. Figure 5
shows the electrical strain gauge earth pressure cell designed by Peattie
and Sparrow (1954) with the strain gauges arranged in a configuration of
two central itension gauges and two edge compression gauges. The accuracy
of this cell was influenced by cross-stresses; these are stresses acting
in the plane of the sensing diaphragm. In order to avoid the errors
occurring as a result of cross-sensitiviiy, Brown and Pell (1967) suggcstied
a new arrangement of the strain gavges, as shown in Figurc 6. The strain
gauges were arranged in three directions at 450. With this arrangement,
the errors due to cross-sensitivity were minimized.

Wong (1974) proves thecre*ically and experimentally that to avoid
the effect of non-uniform pressure distribution, only gauges near to the

edge of the sensing dicphrapnm sheuld be used, with a minimum of four at

. e .. - .
intervals of 3G . The use of a minimum of four edgs gauges, equally
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spaced, tends to minimize any effect of localized eicess load directly
over any one of them.

Generaliy, with this tyre ¢f pressure cell, it is recommended that
the area of the sensing diaphragm should be as large as practicable,
since this facilitates the accurate positioning of the strain gauges and
reduces the percentage error.

2. Vibrating wire svstem:

The cell generally consists of a rigid supporting plate, rigid
supporting ring and a sensing diaphragm which is designed to respond to
the ground pressure. The diaphragm has two projecting arms between which
the vibrating wire is stretched (as shown in Figure &). Thedeflection of
the diaphragm - resulting from the apnlied pressure - causes & siight
rotation to the arms, and this changes the stress in the vibrating
thus its frequency. Finally, by using calibraticn charts, the average
value of earth pressure acting on ths cell diaphragm can be evaluated.

Figure 7 represants a vibrating viire pressure c2ll dasigned by

twoe

[6)
=1y

Thomas and Ward (4969). is cell consists

4

together to form the body of the cell. The vibrating wire is stretched
between two arms located at the points of maximum rotation (at a distarnce
of (3/2 times the diaphragm diameter from the centre). TUsing this cell,
changes in pressure as small as 5 kN/m weres neasured.

Figure & shows a vibrating wire pressure cell designed by Bjerrum,
Kenny and Kjaernsli (1965), mainly for the measurement oi sheet pile-soil
interaction pressure.

Figure 9 illustrates a vibrating wire pressure cegll designed by

Shepherd (1567). This cell cecusists of two weidzd st:oel plates ¢l 15 o

wire and

metal diaphrazms bolted

10..
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diameter, the vibrating wire being stretched between the upper plate
and a supporting frame fixed to the body of the cell. The deflection
of the plate, as a result of any external pressure; causes a change of
stress in the wire and so its frequency, and by using the calibraticn
charts the acting pressure may be evaluated.

b) Hydranlic-type pressure cell:

The most cormmon type of hydraulic earth pressure cell is the GlHtzl
cell. As shown in Figure 10 the cell has a thin sensing pressure pad
of high area-to~thickness ratio in order to minimize the effects of stress
distortion caused by the difference betwesen the stress-strain character-
istics of the sensing pad and those of the soil. The external pressure

acting on the sensing pad is deter

%
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compensating
hydraulic pressure. This can be achieved by the following procedure:
i) the sensing pad and the pressure chamber are filled with cil by
punping it through the filling tube;
ii) the primary pressure {zerc gauge reading) inside the sensin
pad and the pressure cuamber is determined by applying pressure
through the pressure line. When the pressure line exceeds the
pad pressure, the pressure diaphragm deflects and allows c¢il to
flow in the return line. This means that the pressure in the
line cannot exceed the cell pressure, and hence the cell pressure

is equal toc the lin

({1

pressure at the eatrance to the bypass
orifice.

iii) After installation of the cell, the o0il in the pad and the
pressure chasber is pressurized as a result of the surrounding
earth pressure. The earth pressure is egual to the pressure line

gauge reading minus zer

\J
)
[
c
cs
(1
i
T
Pl
,’.-A f]

ading plus gauge elevation

correcticn Xoh, where Y 1s the specific pravity of the oil and h
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is the difference in elevation between the cell and the
pressure gauge.

c) Pressure cell used in the present study:

The pressure cell used in this present study is considered as a
combination of both the diaphragm and the hydraulic type of cell. This
arises beéause tha deflection of the primary sensing diaphragm, caused
by the extermal pressure, creates a pressure in an oil'medium, the latter
itself then causing a secondary deflection of a sensing diaphragm within
an electrical transducer. Fundamental features of the system are the
design of the primary diaphragm stiffness, the low volume of the oil
medium, and the recovery facility for the expensive electrical transducer
head when the recording work is completed. The design and calibratior

of such a pressure cell are given in detail in Chapter 2.



CHAPTER 2

DESIGN, COMSTRUCTION AND CAI.IBRATION OF THE
PRESSURE CELL USED Id THE PRESEMT STUDY.

2.1 Design of the pressure cell used in the present study

The functicn of a pressure cell is to measure the total earth
pressure acting on it. BEarth pressure measurements can be classified
into two general types: pressure in a soil mase and pressurs on the
boundary at the soil-structure interface.

The pressure celis used in this present study for a first sequence
of experiments were designed in the form and dimensions showr in Figures
11, 12 and 13, to effect mainly the second type of measurements.

Each cell is composed of three main parts: part Y"A'" which represents
the steel body of the cell and consists of the sensing diaphragm which is
fixed to a rigid circular ring and a supporting steel plate; part "BY
which represents the connecting pipe, its length depending on the lining
thickness; and part "C" which represents the electrical pressure transducer
the most valuable and expsensive part of the cell. The body of fthe cell is
completely filled with very low compressibility oil to act as the pressure
transmitting medium. On the basis of the experience gained from the first
experiment, the cell design was modified (as shown in Figures 14, 1% and
16) by adding part "D", the cell holder. The new design allows the
adjustment of the position of the cell sensing diazphragm so that it is in
direct contact with the soil. The effect of the non-uniformity of the
grout thickness (resulting from uneven over-cutting during hend excavation
of the clay) around the tunnel lining can thus be minimized.

According to previous resesrch and experience in the tield cof pressure

cell design, the following factors and principles were taken into
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consideration:

a) The sensitivity of the cell should be consistent with the
stress level to be measured.

b) It is viell known that the stresses measured by a given cell
depend to a great extent on the relative stiffness of the cell and the

s0il in which it is placed. Previous studies have proved that the error

[

in pressure measurements using pressure cells is directly iniluenced by
cell geometry and cell-soil stiffness, as shown in Figures 17 and 18
(after Peattie and Sparrow, 1954 and Tory and Sparrow, 1967 resvectively).
Many of the so0il-cell interaction problems with the pressure cell can be
minimized if the ratio between the pressure cell thickness (t) and the
diameter (D) is small and its stiffness is hign (t/D 0.2 - ¥aterways

Experiment Station, 194L4).

c) HMany research results have suggested that the deflection (8)

at the centre of the cell-sensing diaphragm shculd not sxzcced a cartain

value (& /D 1/2000 - Waterways Experiment Station, 1G4L).

a) In order to cbtain representative pressure measuremenis, the
diameter of the cell-sensing diaphragm (D)} should bes zt least 50 times
the maximum particle size of the soil in which the c¢sil is placed {Kallstenios

and Bergau, 1956).

(b2
(4]
|._l

ess than the

5]

e) The raximum sikin stress in the diaphragu masi

allowable stresszes in the cell pateriai.

-

f)  The cell must be of low thermzl sensitivity or at least be easily
corraated for temperature chargss. Accordingly, for the present cells,

ormed to evaluata a temperature

1+

detailed calibration tests were per

correction factor (Ct)°



e

10Q
59

20 e/ s

P‘_/P
v 10

+‘o

0(4! 0.2 G:j GQE@' 065

o

Pigure 17 Effect of

stiffnzsc on the call error {ifter Feottie and

2ll agucrotry cod ecll-apll

Sperver 1954 o

50

-l N &
oogoé

=19
=20

w0
&8

[

Coll exror / Field stiress %

0,1 0.5 1 5 10 5 400
Flexibility factor B_ D/ B &
Pigure 18 A'Ccot of flexdibility footior ou the esll errox

)

(sfter Tory and .poarres (1537).



g) The cells were designed, as shown in Figures 11 and 14,
in such a way that the part "A" will be instélled on the clay-contact
side of the tumnel linings with the sensing diaphragm fécing the soil.
The pressure transducer remains inside the tunnel during the whole period
of field data recording. Such an arrangement improves the reliability
of the system and permits recovery of the expensive transducer element
once the field measurement programme is terminated.

2+.1.1.Calculation of Design Pressure:

For design purposes, the ﬁaximum possible radial pressure may be
taken as the overburden pressure (Y h). Since, a2t the installation pcint,
h= 13,00 m and Y = 2,152 t/m°
then,

maximum radial stress

27.9 tf/m°

2.79 kgf/cm
Taking a factor of design safety of 1.5, the design pressure will thsen

be & kgf/cm2 (= 400 kj-i/mg).

2e1e2eCzglculation of the diavhracm thickness:

It has been recommended, as mentionsd before, that the ratio between
the maximum deflection at the centre of the sensing diaphragm " 6" and
its diameter "D" should not exceed 1/20C0C.

The relation between the deilection " 8" and the applied pressure "p"

is given by the following equation:

22

3
p = 6 96Et” (after Hanna, 1973)
pk
Therefore, for the condition of 6/D {;1/2000, the maximuin allowabie pressure
3
P = 9 E £ty
max %% (B

where t is the diaphragm thickness and E is the Young's mcdulus of the

diaphragm material.



3 S
Thus, t = {2000 D P
max

96 E

Therefore, for

E =2.1x 106 Kgf cm2
2
= !
P =4 Kgf/cm
D = 7.4 cm,

vie have that

t = 0.2558 cn.

2+1.%. Check for diaphragm skin stress

The maximum skin stress at the diaphragm centre "f " is given b;
a g

(&

the following equation:

T

R 3/16(P(%)2) (after Hanna, 1973)

’ 7.4 2
3/16 x(4 ( _T._Z?-_))

675 kg f/cm2

. . 2 . e aa
This valus is less than 1400 kgf/cw” and the design is thus

well within tolerable limits.

2.1.6L, Calculation of volume change

The equation of the deflection curve of the sensing diaphragm is given

5=P(a‘ -r) ' ceaeal1)

If 4V is the incremental volume displaced by the diaphragm over a surface
incremental area of 2mr dr (see Figure “0a),

dV = 2nrgdr
Then, the total volume change over the whole area of the diaphragnm V is
given by:

v =f@ 2 dr ceesa(2)
o .

Mo

N



From equation (1) and (2) we get
a

2 c 2
v = 5 2P(a"= ") m 4ar
o 6 Ft”

= npa®/ 18 BtD
' 6
= mwx hx37/18 x 2.1x 106 X 0.253
>
=. 0.05459 cnm
. . - . - 2
This volume is less than 0.2 to 0.3 cm” and is, therefore, satisfactory,

based on an allowable volume change in the transducer as used of 0.2 to

0.3 cm3.

2.2 Construction of the pressure cells.

I._I
l__l
o)
a
O
3
&
|.J

Bach of the pressure ce ists mainly of three parts Isr the

cells used in the first experiment, or four parts Tor the cells used in
the second experiment. Part "A" in both types, whick revresents the cell

body, had been constructed from a 92 mm diameter =ziee the form and

s
E&.;..
&
k
-

)

dimensions shown in Figures 411 and 14. Part "B* in beth types, which
represents the connecting tube, was constructed {rosm Z0me sleel bar., The
length of the connecting tube depends mainly on the thickness of the
lining; in the case of the first experiment, the length of the tube was

the seccnd experiment it was 210 mm.

L0

120 mm, and in the case o
Parts A and B were connected together to form the steel body of the

cell. A special tyvpe of sealing tape was used arvund the conneciing screw
in order to minimize any tendency for leaking. Part "C'" represenis the

b : 3 b s ~N .\"2 y o= c
electrical pressure transcucer having a range of 100 1b £/in“(689.5 kN/m").
Both the cell body and the pressure transducer were completely tilled with
0il befcre actually fitfing the pressure transducer tc the cell and a soft

copper washer, in addition to the special sealing tape, was used bto seal

the connecting screw.

2h



During the filling of the cell body with o0il, de-aeration wes
accomplished via the screw outlet at the sids of the cell base. The
screw outlet was also used to adjust the initial pressure inside the
cell, afte:* the fitting of the transducer; this was attained by releasing
the oil through the screw outlet.

Part_"D" of the cells used for the second experiment was constructed

-from 50 mm steel bar.

2e5 Iaboratory Calibration.

Each of the pressure cells used in the first experiment was calibrated
and tested according to the following programnme:

a) Each pressure transducer was individually caiibrated by fitting
it to the standard hydraulic system used for pressure developnent in a
soil triaxial test (see Figure 20). The calibration test was carried
out three times for each transducer; each time ths pressure was applied

o 2~|" |'-l/'2 3 - + o m - 178 2
at 0.5 Kgf/cm™ (22 50 kil/m") increments up tc a total pressure of 6 ¥gf/cm”.

b) Before titting the pressure transducers, each of the cell todies
was individually tested and checked for leais using a hydrostatic pressure

.. 2 . 2 +
of 7 kKgf/em”™ (2700 kN/m") from the same system used above.

c) Each pressure cell was calibrated under hydrostatic pressure
using a triaxial test cell which was modified to allow continuity of the
pressure transducer cable frem the cell to the recording equipment during
the tests, as shown in Figures 19 and 2C. The calibraticn test was

9 S
performed five times for each cell at two different degrees of temperature.
. 2 - S 2y . .

The pressure was applied at 0.5 Kgf/cm~ (£ 50 kN/m") increments up o a

. 2 4o Ay Sl . . . .
total pressure of 5.0 Kgf/cn” €500.0 kMN/m"~). Figures 21 to 26 iunclusive

g g

show the calibration charts for the pressure cells used in the first

experiment, the results of the calibration tesis being listed in Table 1.
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\ CLL No. 4 No. 2 No. 3 ‘Noo & No. 5 Noo 6

kg ffe

:aressum\\i 25 C 10.C 19 ¢ 9 ¢ 20¢ | 11¢ 17 ¢ 8¢ 20 ¢ 12 ¢ 20 ¢ 9 ¢
0,0 18,3 55.9 5ol 30 2,7 1.5 Lot 1.9 2,2 0.2 5.2 105
0e5. 18,9 164 6.9 Lot 3e2 202 569 2,9 348 0.8 6.4 2.5
1.0 19.7 173 8.2 563 367 2.8 7 ole 41 4.9 1.5 7,9 38
1.5 20.6 18.1 94 6.5 Lo 303 9.0 55 6.3 2,6 2.6 5¢3
2.0 2.6 | 19.0 | 10.6 7.8 Lo 3.8 | 10.6 7.0 7.7 3.5 | 11.2 I
2.5 22,7 | 20. 11.8 9.0 5.5 Lol | 12,2 | 10.0 9.2 5.0 12,9 8ok
3,0 25,7 | 1.0 ] 13.0 | 40.2 6.4 5.0 | 15,8 | 11,8 | 10.6 6.2 | 1405 9.5
440 26,1 23.5 15.3 | 12.6 8.0 6,5 |17.2 | 13.5 | 13.7 9.2 | 17.9 | 13.2
540 28.3 | 2544 17.6 | 15.1 10,1 8.4 | 20,7 | 16,9 | 1609 12.3 29,2 | 1646

muble 1 Results of calibratiom ftests for tha pressure cells using hydraulic pressure,

( first exporiment )

114
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d) Each of the pressure cells was then calibrated using dry
sieved sand as a testing medium. Figure 27 shows the particle size
distribution of the sand used. The calibration tank was designed and
constructed in the form shown irn Figures 28 and 30. The tank consists
of 2 steel tube 49 cm in diameter and 61_cm high, a circular supporting
plate welded to the tank body at a distance of 30 cm from the base, and
a circular loading rlate. During the test, the pressure cell is nlaced
inside the upper part of the calibration tank facing the testing mediunm.
The rest of the cell body remains in the lower part of the calibration
tank through a 2 inch (50 mm) hole in the supporting plate. The hydraulic
testing machine used in theze tests is shown in rigure 29.

Tests were performed to determine the effect uf thickness of the sand
cover, when the sand and the cell were compressed, upen the cutput of the
bressure celil. Figures 31 and 32 show this effect. It is impiied that
for a sand cover equal to, or greater than 25 cm, there is no effect of
sand cover changes on the output of the cell. Accordingly, a sand cover
of 27.5 cm was used for all the calibration tests in widich zand was used
as a testing medium.

The calibration test using 27.5 cm sand cover was performed Tive times
for each cell, the pressure being applied at 0.5 Kgi‘/cm2 increments up to
a total pressure of 5.0 Kgf/cm2 (= 500 kN/ma). Figures 21 to 26 represent

the calibration charts for the pressure cells uszad in the first experiment.

t=e

Values are oxpressed by means of five tests. From these charts the cell

pressure ccefficients 'Cp' - 'Cp' is the indicated pressure per unit cutput

'mv! - viere calculated. 1e results of the calibration Lests are listed

in Table 2.
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CZLL No, 1 No, 2 Loes 3 Koo & - Noo § Hoe 6
iissuu et 20 €6 At 20 ¢° | et 20 c;_ 26 99C | 2t 20C° | at 20 ¢
0.0 17,7 5.6 2,7 5ok 29 5.9
05 18.6 64 3.5 Tobs Leh 7.0
1.0 193 1ok Lot 8.5 59 8.2
1.5 2002 8.5 ko6 3.8 Taly 9.5
2.0 21.2 9.4 501 TN 9,0 10,7
2,5 24,9 104 5.6 12.6 1004 11.8
340 22,8 1.4 £.0 1307 1Mo 12,8
40 24,6 13,3 7e3 1602 14..0 15.3
540 26,3 15.0 8.6 18.9 16.8 17.6
Table 2 Results of calibration tests for the presswre colls
using dry sand as a testing zedium
CELL
¢ \ Noo 1 ¥o. 2 oo 3 Koo b Koo 5 Noo 6
TP,
6 1504 2,0 0.6 1.4 -1 oh 0.3
8 15.6 205 0.8 ‘3 -1.0 0.5
10 16,0 3.4 1.3 2.7 0.2 2.0
13 16.5 3.8 1.8 b 7%:3 0.3 360
15 1€.8 Lok 2,4 4,0 1,2 3,9
17 17.2 4.9 2.4 ko6 1.3 ho?
20 17.7 546 2.7 5.7 249 6.0




Lo

e) Tests were performed to vvaluate the effect of the temperature
changes on the cell cutput under no load conditions. Tests were performed
three i{imes for each cell uging a variabie temperature water bath. The
results of these tests are tabulated ir Table 3. The calibration charts
are represented by Figures 21 to 26 from which the cell temperature
coefficients 'Ct' - 'Ct' is defined as the change in the pressure cell
output per one degree change in temperature - were calculated.

Bach of the pressure cells used in the second experiment were
calibrated and tested according to the following programme:

i) The pressure transducer aird the cell bodies were tested and
calibrated according to the same procedure as before for the cells used in
the first experiment.

ii) Each of the pressure cells was calibrated using dry sieved sand
as a testing medium, following the same procedure mentioned before for the
cells used in the first experiment. The results of the calibration tests
are tabuvlated in Tabie 4. Figures 33 to 38 show the calibration charts
from which the cell pressure coefiicients (bp) were calculated.

iii) Bach of the pressure cells was calibrated using a cylindrical
clay sample, 20 cm in diameter and 1% cm high, as a contact medium to the
cell-sensing diaphragmn. The rest of the testing tank volume was filled
with dry sieved sand. These test results were identical to those obtained
from the calibraticn test using sand only. Figure 39 shows a section
in the calibration tsnk and indicates the position of the clay cylinder.

iv) Tests were performed in order to evaluate the effect of temperature
qhanges. . These tests follcwed the same procedure as mentioned before for
the cells used in the first experinient. ' Figures 33 to 328 show the
calibration charts from which the cell temperature coefficients (Ct) were

calculated.
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Koo 4 No, 2 Moo 3 Noo & . Noo 5 No, 6
at 20 ¢ at 18 C at 20C | at22¢ at 20 C| at 20 ¢

0,00 | 11 0.8 0.0 107 0.6 . 0.
005 1ok 161 005 2.3 103 0.7
1.0 1.7 1o 140 2.8 1.9 103
15 | 2.0 1.8 15 303 2.5 1.9
2 .0 2.3 2,1 2.0 308 360 20k
2.5 2.5 2.5 2.5 bo2 365 2,9
3.0 2.8 2.8 3.0 o6 o0 3.5
L.0 3e3 3e3 LoZ 506 Sols L7
5.0 3.8 440 5 6.5 6.6 5,9

Table 4 Results of calibretion tests for the prensure cells

using dry sand as & testing sedium

Koo 1 NO, 2 Noo, 3 - Noo & Nog & Yo, 6 |
10 0.4 001 ~0.7 0ok -0 1
12 0.3 0.3 005 0.6 0,2 1,1
14 0.5 0.5 0k 0.8 0.0 | =0.8
16 0.7 0.6 0.3 10 [ 02 | -0
18 0.9 0.8 =041 1.3 0.5 ~003
20 141 1.0 0,0 1.5 0.6 o
22 1obi 1.2 0.1 1.7 069 045

Table 5 Z2Resulls ol temperature ealibration tosts

(second ewperiuent)




Calibration FEguations.

The calibration tests specified earlier result in the calculation of
cell pressure cocfficient "Cp" and cell temperature coefficient "Ct"'

It was noted that the two calibration curves derived under hydraulic
pressure at two different temperatures (Figures 21 to 26) are mutually
parallel, so implying that a temperature change of £°C shifts the

calibration chart an amount equal to "Ctt"' Thus the calibration

equations for the cells may be expressed in the following form:

P=c {R- (R-cC (7' - TN}
P t
where P = the external measured pressure,
Cp = cell p;essure coeificient,
Ct = cell temperature coefficient,
Tt = calibration temperature,
T = measured temperature,
R' = calibrztion - no load-output,
and R = measured output.

The values of Cp, Ct’ R', T' and the calibration equations of the pressure
cells used in the first expesriment are tabulated in Table 6, and that of

the pressure cells used in the second experiment are tabulated in Table 7.



CELL cp Gt R T Calibration egquation

No 1 05747 0.4727 17.7 20 P=0,57%7 ( R- (17.7 - 0.1727 (20 - 7 )))
Koo2 045319 042563 5.6 20 P=0,5319 (R-(5¢6~-0,2563 (20 -T )))
No.3 0.8197 01547 2,7 20 P=08197 (R=-( 2,7 -.04547 (20 = T )))
Ho o' 0.3731 0.4077 5ok 19 P=03751 ( R= (54 - 04077 {19 ~ T )))
11065 0.3597 0e321% 2.9 20 P=0.3597 ( R= ( 2.9 - 0. 3214(20 - T )))
Nc .5 0.3145 0.4071 549 20 P=03145 (R= (5.9 =~ 0407 (20 - T )))

Tavla 4§ Cp » €, 5 R, T und calibration egquations of the pressure cells used in the first experiment ,

0




CELL Cp C & R' T Calibration equaticn

No. 1 | 1.7857 0,100 1.1 20 P=1,7657 (R= (11 = 041000 ( 20 -7 )))
No. 2 1.5152 0,0860 0.8 18 P=1,5152 ( R = ( 0,8 = 0,0860 ( 18 = T )))
Hoo. 3 | 0.9259 0.0700 0.0 20 P'=0,9259 { R= ( 0.0 = 0,0700 ( 20 = T )))
No. & 1.0617 0.1083 1.7 22 P=1,017 ( BR= (17 = 041085 ( 22 = 2 )})
o, 5 | 0.3534 0,1000 0.6 20 P =0,8333 ( R=( 0,6 = 04000 ( 20 = ¢ }))
No, 6 0,8621 0,1500 0l 20 P=0o,8621 (R=( 0,1 =20,1500(20=«T )J))

Toble 7 Cp s C L9 ny » T‘, and ealibration equaticn of the pressure calls,

(second experinent)

19



CHAPTER 3

FIELD INSTALLATION, FIELD MEASUREMENT AND DATA
RECORDING

3.1 Installation of the pressure cells.

Installation of the pressure cells was performed with great care,
since the quality of installation influences directly the accuracy and
the reliability of the results. The pressure cells were installed,
during the construction of the lining segments, through six of the
twelve grouting holes in each lining ring.

Each pressure cell was installed in such a way that the cell body,
part A, remained outside the lining with the sensing diaphragm facing the
soil. The pressure transducer, the imost delicate part of ithe cell,

remained inside the tunnel in order to minimize the

b
h3

cssibility of damage
and also to allow its recovery once its useful recording life was over.

Fach cell axis was adjusted in such a way that the sensing diaphragn was

)
o+

parallel to the tangent passing through the cut circular surface of the

clay at the point of cell installation. Thus, the measursd pressures
represented the normal, radial soil-~lining interaction pressures active
at the point in question. The lower cells were protected against any
damage which could occur from the traffic inside the tunnel.

The cables cconnecting the pressure cells to the electronic recording
equipment were protected against dsmpness and damage by using a special
proteciive tape. The electroniq equipment used in the experiments was
kept inside a locked cupboard, as shown in Figure A4f.

The arrangement and the positions of the pressure cells are showmn in
Figures 40 and 41 for the first and second experiment respectively.
Figures 43 to 49 represent photograrhs of the pressure cells and the

electronic equipment used in the two experiments.
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3.2 The soil formation

The tunnel was driven through layers of stiff stony clay and
laminated clay. Figures 50 and 51 show the logs of boresholies No.C1
and H53, the locations of which are shown in Figure 1. Laboratory
tests were conducted on representative samples obtained from the tunnel
face in o£der to evaluate the soil un;t weight "y". ILimits of
consistency and the unconfined strength (via the undrained triaxial

test) were also determined. The results of these iaboratory testis are

tabluated in Table 8.

3.3 Measurement of the changes in thz tunnel diametfer.

n the four

1de

Changes in the internal tunnel diameter were measursd
directions shown in Figure 52. Eight rectangular steel piates,
20 x 30 x 4 mm, were fixed on the internal side of the lining. The
measuring points wers located by a circuiar hole 3 mm diameter in sach

of the plate

a

0

Diametral changss were monitored using a 0.01 mm dial gzuge fixed to
a circular aluminium bar 50 mm in diameter, with a conical end, as shown
in Figure 52. Figures 53 and 54 are photographs taken during the tunnel

measuremenrts of lining deformation.

5]

3.4 Data recording.

A six channel recorder {Figure LQ) was used for recording the output
of the pressure cells centianuously during the two experiments. The
vressure cells were connected to the power suppiy and the output recorder

through a connecting box, as shown in Figure 48.

The results of the two experiments are tabulated in Tables % =20d A0

and a detailed discussion aud analysis of the derived data will be found

in Chapter 4.
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Grourd level ;. ...

Type of boring :

RECORD OF BOREHOLE NO. €

60

_83.8ft above C.D, Newlyn

Dia. of boring :... .8ir

Lining tubes :..

Dail Samples Change of Strata
Pr . Description of Strata
ress
ogres Depth Type |[legend | Depth §0.D. Level
3.6"2_6"" o C[()H FILL (clay, gravel and ashes,
370" - 4 8D b
i 0 s 0 1i .8 7
676" ke
o
80" - 96"l Uwj o< Firm to stiff mottled grey and brown silty CLAY
s
ot
11°¢r 0 o uenl 72.3
==
bty
16'¢"
x
8 6" - 196"
19 ¢
2176"
25.11.68
260" e ,
e '
28°6" - 30 G i
30°0" ]
32°¢"
3376 - G
’ FBS 0--5 Stiff to very stiff grey-brown sandy siity CLAY
- wi‘th fine to medium yravel, becoriny les: sancy
2= belaw 351t
27 6" D fEEt_-f
38 6" - 2C 0"} Uik (R
1Y o o =
. e
uz ¢ I ) ol
B
43 6" - BEOT) Ui, EF_"_-E
45°0 C =<
L]
u7i 6"
~ | 46°¢" - 50°0"
2(-.11_._.‘5?__1 5¢ or
52 ¢"
536" - 53 0"
58 ¢
57 ¢*
58 ¢" - g0°C"
27.11.€9 600" gC 0" 2.

Fizure 50 Raccerd of horehole Noo. C 1




RECQRD
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BOREHOLE H53

Co-Urds. 334C9 m.E. 6£617 m.N.
76.3:% above 0.D. MHewlyn

Dia, of boring:.......~ O e e

Lining tubes:.......8in 1o 497t 9in .

Sanples Change of Strata

Daily

Progress OD.

Legend! Depth 1 Leve

Depth

Description of Strata

stor 76.5

FILL (ashes and coal fragments)

3.

ulon

72.8

Firm to stiff brown silty CLAT with occasinnal
fine gravel and coal fragments

7'0"

2 e
9'0!!
10'6" - 12°'0"
12°0"
140"
156" - 17'0"
17°0"

180"
ir'o” - 18'6"

Very stiff, beconing firm, brown with grey veir:ng
sandy silty CLAY with occasional gravel and coa!
fragments; thin bands of sand between 177t &in
and 18ft 6in

186"
206"
220" - 23'6"
23'6"
25°6"

21°0° - 28'6"
286"
6.9.69

306"

Stiff tc very stiff brown sandy silty CLAY w.th
finc gravel anG ovccasional ceal fragments;
occasional cobbles below 307t

336"
33'6!‘ - 3"'6"
35°c"

37-0-

s R

38°6" - uo'0”

ke

S

S

[«
AT
K
lrlll

43°6" - U5°0°
§5°0" b

SR
.LI
4

iy

|
J

&
1

47'0" 0

&
~
)

21.3

Firm to stiff laminated brown silty CLAY with
partings of silty fine sand

i

QA S

t
i

u7'6l‘ - l:glol
490" e

51%6" 0
52'6" - 5470"
S4°0"

54°0" 0
56°¢" - 58107 | U{u)
580" 0

(g%
(=)

Firm to very stiff grey-brown sandy stlty {127
with fine gravel and occasional coal fragre-is

I 9.9.69
r—-—————-——,—.

;o

Faowe 54

Reeesd oo YWoronole o, H 03 o
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Section throuxh the lining showing positiom
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Clay type

Lab. test

Lainated clay

Stony clal

¥

"unit weight"

L.L.

P.L.

2,0298 ga / cmj

126,8625 1v / £t
63 «5.
30,00
2717
' 2

12,80 1bf/ £t

2.2550 ga / o>

14,0,9358 1b / ft5

3645
18.18
12,09

2 QJ‘ K.f_’, ‘Fj" 0312

29.87 1bf/ £t

Table § Reésults of the labvorotory tests




Angle of the cell

Depth "a" of the

Cver burdsn pre-

Yaxinun maasured

CELL axis with the Hl, cell ssure Pressurs Pox /¥h%
s . 2, |
n "¥ h Xgf/Cu "Poox

Noo 4 20° 13,0¢ 2,79 4.097 39

Noo 2 80° 1.77 2,52 0.954 38

Noo 3 g0° 11.77 2,52 4.298 52

Noe & 20° 13,01 2,79 1,062 38

Ho. 5 ~40° 14,38 3,08 0.775 25

Noo 6 40 ° 14,38 3.08 0,705 23

Table 9 Over burden Pressure , xaximum measured pressura , P m.x/ ¥ h%

of'-tha prescure cells (first experiment)
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Anglo of the cell

Depth *h! of %ke

Over burden pre-

Kaximum measwred

CSLL aris with the Hl, cell ssuwre pIessuse Pm.x /¥
it 'Y b st/ e ! 11:”\_"!
Noe 1 - L0 15,0000 3e2137 12500 3803
Vo, 2 20 131228 2,8761 14303 9.7
Noo 3 30 12,3943 2,6557 0,9623 3603
Noe & 80 1243543 206557 104234 53.6
Neo 5 20 13,4228 2»8761 1 02500 L3 %3
Noo 6 - 40 15,0000 302137 141207 3449
Table 10 Ovar burden pressure , maxieun measured pressure, and P ox /Eh %

ot the pressure cells (cscond expsriment)
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CHAPTER &

ANALYSIS OF THE DERIVED DATA

L.1 Analysis of the first experiment results

The.outputs of the pressure cells were recorded continuously for
a period of 50 days, the soii-lining interaction pressures being
evaluated using the calibration charts shown in Figures 20 to 26. The
pressure-time curves for the bressure cells are illustrated in Figures
55, 56 and 57.

Figure 5¢ shows that the maximum pressure recorded by pressure cells

2 and 3 near the tunnel crown is 1.298 kgf/bmz, wnich is equivalent

[
(o]

52% of the effective overburden pressure at the cell level.
Figure 55 shows that the maximum pressure indicated by pressure cells

. . o . . s . . .
1 and 4, the axes of which were at 2C with reswect to the herizontal, is

cr

1 o 3 a5 Yeyiv
he effective sveriurdsn

e

1.097 kgf/cm , and this is equivalent to 39% of
ressure at the cells level.
Figure 57 shows that the maximum pressure indicated by pressure cells
5 and 6, the axes of which were at -AOO with the horizontal, is 0.775 gf/cm ’
which is equivalent to 25% of the effective overburden pressure at the cells
level.
The pressurs distribution around the tunnel lining aTter 1,2, 5 days,

rn

and the final pressure distribution, are illustrated in Figures E£8 to.61.
From these Figures it is clear that the pressures were developed first of
all at the crown and the invert of the tunnel, and as the tunnel lining
begen to deform the 1atéral passive vressures ware graduslly crested.

The final pressure diagran (Figure 61) shows that the terminal pressure

distribution around the tunnel lining is nearly wiform, and this nmieans that
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Figuro58 Pressurs distribution srownd the tunnel lining

one day af'ter its ecomstrustion,

Figure 5y Presswre Glsiribution arownd the tunnel lining

wwe daye afler its ecuwstruction,



Figure 60 Pressure distribution wround tha tunnsl lining

five days after its eonstruction,

Figure g1 PFinal presmwas dlatribution around ths funnel lining. .



the tunnel lining is finally subjected to a uniform hoop stress.

Figures 62 to €7 represent P/Pmax and P/Yh against time curves for
the six préssure cells used. Fgom these figures it is clear that the
top cell% 2 and 3 reached their maximum pressures within a period of 2
to 3 days and this eéually applied to the bottom cells 5 and 6. The
lateral cells 1 and 4 achieved their maximum pressures within a period of
7 to 8 days. This suggests that the pressure distribution around the
lining reached its final form after 7 to 8 days following lining erection.

4.2 Analysis of the second experiment results.

The output of the pressure cells was recorded continuously for a period
of 50 days, a time period similar to that of the first experiment. Pressure
tiﬁe curves for the pressure cells ars illustrated in the Figures 68 to 70.

Figure 68 shows that the maximum pressure indicated by pressure cells
3 and L close to the tunnel crown is 1.4234 kgf/cmz, which is equivalent to
53.6% of the effective overburden pressure at the cell level.

Figure 69 shows that the maximum pressure indicated by pressure cells
2 and 5, the axes of which were at 200 to the horizontal is 1.4303 kgf/ema,
equivalent to 49.7% of the effective overburden pressure at the cell level.

Figure 70 indicates that the maximum pressure monitored by pressure
cells 1 and 6, the axes of which were at tho with the horizontai, is
1.2500 kgf/cma,which is equivalent to 43.5% of the effective overburden
pressure at tbe ccll level.

The pressure distribution around the tunnel lining after 1,2 and 5 days
.of it's erection and the final pressure distribution are shown in Figures
71 to 7L. These Figures prove that tﬂe pressﬁre arcund the lining in the
second experiment was generated in a similarmnner to that in the first

experiment. The final pressure distribution represented by Figure 74, shows
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81

that the tunnel lining is ultimately subjected tc a uniform hoop
pressure.

P/Pmak and P/Yh -~ time curves for *the pressurg cells used in the
second experiment, are illustrated in the Figures 75 to 80. These
Figures prove that the pressures arcund the tunnel lining reach their
terminal values after a pericd of eight days of the lining érection in
a closely similar manner to the pressure development in the first.

experiment. '

L.3 Analy;is of the tunnel diameter measurements
| The results of the field measurement of the changes in tunnel
diameter are tabulated in Table 11. Figure 81 represents the primary
and the firal tunnel lining form, the final form being reached after 8
days following lining erection.
The development of lining deformation for the four measuring

directions D1, D,, D, and D

2' 73 L

that the maximum diametral change for the vertical diameter D, was 1.30 mm,
' 3

is indicated in Figure 82. It will be noted

which is equivalent to 0.041%. and for the porizontal diameter D2 WaS
0.88 mm, which is equivalent tu 0.027%. Diametral changes for the diameters
D3 and Dh are practically negligible, as might be expgcted. '

These very low values of deformation imply that tﬁéllining behaved
essentially in an ideally rigid qianner and for that the grout at the spring
line was cxtremely effective in filling the overcut created by the pneumatic
spades and in faéilitating early mcbilization of passive pressure. The

deformation measurzments therefore substantiate the arguments propounded

earlier on the basis of the pressure cell readings.
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Time D1 Dz D5 le
tday!
0 + 0,00 + 0,00 + 0,00 £ 0,00
3 +0630 - 0,81 + 0,00 - 0,04
+ 0068 - 1.2 +0,10 | - 0,08
LN + 0.80 - 130 + 0,09 - 0.05
18 + 0,87 - -1.29 + 0,09 = 0,03
2 + 0,88 - 1029 + 0,09 = 0,03
%0 + 0.87 - 1,30 + 0,08 - 0,0k
10 + 0,87 - 130 + 0.08 - 0,04
50 + 0,83 - 1.29 + 0,08 - 0,04
e
Table 11 Tha changes in the .tunnel diameter (),



L.4  Anplication of tunnel-soil cenlact pressure theories

to the tunnel situation currently considered

By applying Terzaghi's theory and Protodyakonov's theory (see

Appendices A and B) to the present situation we have:

A) Terzaghi's theory

According to this theory, the vertical pressure of the tunnel

crovn 'Pv' is given by:

P = B—(-Y—/é—:-—QAE)‘{’I—-exp(-Ktem;a’-rgﬂ)}+qexp(--K’canyf--]gsE

K tan £
where b = tunnel width

ht = +tunel height

B = 2[b/2+h, tan(l5 - g/2)]

Y = unit weight of the soil

g, C = soil shear strength parameters
q = superimposed load

H = tunnel cover depth

K, = coefficient of earth pressure

For purely cohesive soils, the above equation is modified to the following

form.

P H (v - t/B)

v
vhere T = the shear strength of soil.

Thus, in the cases in question,

a) First Experiment

» H = 11.77 m
T = 18 tf/'m2
2
' j . 8.0
P = 9 -’7” - 55 - "'\ s
i 11.77 ( 2.255 580 )

88
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L4726 tf/n°

0.4473 kgf/cm2

43.8667  kN/m°.

b) Second Experiment

H = 12-39 m
T = 18 tf/'m2
B = 9.60 m
Y = 2.2550 t/m3
- 18.0
Pv = 12.39 ( 2.255 - _§?Eb )

= 4.7082 tf/’m2
= 0. 4708 kgf/cm2

= 46,1714 kN/mZ.

B) Protodyakonov's theory.

According to this thecry, the vertical pressures at the tunnel

crovm ’Pv‘ is given by:

P = 2YVb/3f
where
Y =  the unit weight of the soil
b =  half the tunnel width
f = strength factor suggested by Protcdyakonov

Thus, in the case in question (the two field experiments)

P
v

2 x 2.2550 x 1.6/5 <

=

1.5

1.6036  t£/m°

0.1604 kgf/cm2

15.7304  KN/m°



For comparison, the results of the applied theories and the

field measurements are tabulated below.

thod

Experiment

Field

Measurement

Terczaghi's

Theory

Protedyakonov's

Theory

1st Experiment

2nd Experiment

1.298 kgt/cm®

2
14234 kgf/cm

0. L4473 kgf/cmz

0. 4708 kgf/cm

2

0.1604 kgi/cm®

0.1604 kgf/cm2

90



L.5 Notable case histories of tunnel-soil contact
pressure measurements:

There are a number of case histories relating to in-tunnel
experimentation. From some of the most notable of these the
following are chosen to illustrate the type of results that are
obtained.

i) Shield tunnels of the Chicago Subway (Terzaghi ,1942)

A long term experiment over a period of ten years was carried ouf
in order to measure the earth movement resulting from the driving of
two adjacent tunnels in Chicago Clay and to gather information on both
the pressure distribution developed around the welded steel tunnel
liner and the tunnel lining deformation.

Fach of the two tunnels was 25 ft outer diameter and the invert of
each was located at a depth of about 50 ft below the street level. The
space between the tunnels at the spring line level was about 2ft 9in.

Two different methods were used for the construction of the tunnels;
the liner plate and the shield methcd. North of Chicago River, where
the clay is stiff enough to withstand the loads imposed upon it by the
footings, the liner plate method was used.

The more costly shield method. was used south of the river, where
the clay is too soft to withstand the expected load. These experiments
resulted in the following conclusions:

1. Different sizes of opening in the shield face and a variable rate of
shoving were used during the tunnel construction,.and because of the
presence of a stiff crust of clay located about midway between the tunnel

crown and fhe surface of the street overhead, neither the size of the



opening nor the rate cf shoving had a significant effect on the surface
heave which took place due to the passage of the shield.

2. The heave that occurred due to the passage of the first and second
shield was generally followed by a progressive se£tleﬁent at a decreas-
ing rate, and this lasted for about one year after the passage of the
sheld due to the consolidation of the remoulded clay around the tunnel.
3. Measurement of the lining-soil interaction pressure showed that
the final equilibrium in the soil did nqt occur until about five years
after the lining construction. Figure 83 represents the pressure-
tiﬁe curve at the crown, invert and the spring line of the lining.

L. Measurement of the tunnel lining deformation indicated.a slight
change in the shape of the lining up to about one year after erection.
Figure 8L represents the deformation-time curve and Figure 85 illustrates

the shape of the ring after 47 days and after 342 days.

ii) The development of earth loading and deformation in tunnel
linings in lLondon Clay (after Ward, 1965):

A long term experiment over a period of six years was ﬁerformed in
order to measure the lining-soil interaction pressures and the
deformation of tunnel linings in London Clay.

The experiment was carried out at two sites for three different
types of tunnel lining: the particulars of the linings are tabulated
in Table 12 and ssactions through the segments are illustrated in
Figures 87 and 90.

The changes in the horimontal and vertical tunnel diameter for the
three types are illustrated in Figures 86 and 89, and the Pressure-Time

curves are illusirated in Figures 58 and 91.
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_ nor _ . 1| 1one . ey
Site | Depth Ipternal Material §egments. Sectional | 1o g;?udlnal Fitting
diameter in one ring|area of joints. to
ft-in. ' Segment Clay
A 79 12-8 cast iron A 27 Knuckle jacked
85 12-6 concrete 14 209 Curved butt | wedges
B 55 7=0 cast iron 6 21 Butt & grouted
holted
Table 12 Particulars of tunnel-linings
' The measurements of the deformations of each type of lining show
a decrease in the vertical diameter and an increase in the horizontal
diameter. The deformations developed rapidly in the first few months after
construction, but continued at a slow rate for at least six years.

The mavimum diametral changes took place along the vertical and
0

horizontal diameters,
negligible. For the
fairly equal, but for

diameter is less than

and at 45

the cast-iron lining the in

om
sl

the decrease in the vertical diameter.

to these directions the changes were

ease in the horizontal

Measurements of the circumferential pressure around the linings show

that the distritutions of the pressures were fairly uniform.

At site A,

for cast-iron linings, the pressure approached the value of the full over-

burden pressure 3} years following construction, and for concrste linings

it reached 65% of the overburden pressure after 21 monilzs.

pressure reached 75% of ths overburden prassure after 6 years.

concrete lining the vertical and horizontal changes are

At site B, the



iii) Observations on a tunnel driven in blue London Clay.
{Skempton, 1SL3)

This experiment was performed in a tunnel driven in blue Iendun

Clay. The tunnel lining was a cast-iron type, and of the cross section

as shown in Figure 93. The tunnel was 12 ft internal diameter, and

its axis level was 109 ft below the street level. The experiment was

of the

concérned only with the measurement
lining by the earth pressure around
each consisting of three Vhittemore
the positions shown in Figure 93.

points were 2 feet to the right and

measurements began ten days after an adjacent
the external diameters - had been driven past
The experiment results in the conclusion

sufficiently plastic to exert its full weight

stresses developed in the
the tunnel. Two sets of instruments,
strain-gauges, were established in
The locatioms of the observation

the left of the crown. The
tunnel - 5 feet between
the ring in juestion.

that the clay was

on the tunnel, and 2

two weeks time period being required for the full pressure to be

developed. Figure
iv) Summary

The results of the experiments

with the results of

g2 illustrates the pressure-time curve.

mentioned before are listed together

the field experiment in question in Table 13.
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Table 13

Comparison between the Experiment-results.

. . . Tunnel depth| Internal | No. of segments . Time required |Measured Pressure
Experiments Soil (crown) diameter | in the ring. Material for pressure |Overburden Pressure% Notes
m m development
i Terzaghi Chicago 7.50 7.50 6 welded 5 years 100%
(1942) Clay steel
Ward Tondon 4~ 24.095 3.889 6 cast-iron| 3% years 100% at spring
(1265) Clay level
2~ 25.925 3.812 14 concrete 21 months 65% n
3=~ 16.775 2.135 6 cast-iron| 6 years 75% "
Skempton Blue
(1943) London 31.00 3.66 6 cast-iron| 14 days 100%
Clay
The experiment Laminated ! 11.77 2.90 5 concrete 8 days 51% at the
in question clay and crown
stiff
stony clay 12.39 2.90 6 concrete 8 days 52% 2:oz§e

65
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CHAPTER 5

Theoretical study of the effect of lining-soil

stiffness on the distribution of thrust and

bending moment in the lining.

51 Introduction.

One of the most interesting problems that faces structural engineers
during the design of tunnels is the estimation of the magnitude and
distribution of the total pressure - that is, the effective earth pressure

and water pressure - to which these tunnels will be subjected after

- construction.

The magnitude of the earth pressure is in general independent of the

stiffness and time of installation of the tunnel lining; only the

distribution of the earth pressure is directly influenced by the lining
stiffness. Accordingly, the magnitude and the distribution of thrust and
bending moment throughout the lining are directly affected by the stifiness
of the lining relative to that of the surrounding scil.

The tunnel linings can be classified according to their relative
stiffness into three types. These are: essentially rigid, essentially
flexible, and semi-flexible or semi-rigid linings. Fach type will be

separately discussed subsequently.

5.2 Rigid lining.

The lining is said to be rigid if it deflects insignificantly under
the effect of the outer soil pressure, that is, there is negligible soil-

lining interaction. In this case the lining is considered to be subjected
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to the earth pressures distribution as shown in Figure 94.
According to this pressure diagram, the maximum bending moment 'M'

and the thrust 'T' in the tunnel-lining are given by (Peck, 1972):
+ 2
M = -1/4 YH (K°-1)R ,

*(spring line) = YHR

and T(invert & crown)= KOY H R.

5.3 Flexible Lining.

' The lining is considered to be flexible if it fully interacts with
the surrounding soil in such a way that the final pressure distribution
acting upon the lining is nearly uniform.

In this case the lining must be designed to withstand tne thrust
resulting from thé outer préssure together with the bending monents
resulting from the lining deformation, which latter can be estimated from
experience (usually in the range of 3%). The structural section of the
lining must be checked against buckling, and this can be attained, in the
case of soft clays, by ensuring that the overburden pressure Y H is less

than 3 EI/RB, where,

E = Young's modulus ¢f the lining material,
I = moment of the lining-structural section,
and R = mean radius of the lining.

S L Semi-flexible or zemi-rigid lining.

The lining is known as a semi~flexible or semi~rigid lining if it
has an intermediate flexibility compared with the two earlier-discussed

extremes (the flexible and the rigid Lining).
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In this study, two quantitstive methods to determine the relative
flexibility of the tumnel lining of intermediate rigidity, as suggested

by Burns and Richard (1964) and Peck (1972), are presented.

5¢4.1 The method suggested by Burns and Richard (4964).

In this method the tunnel-soil combination is considered as an elastic
éylindrical shell embedded in an elastic medium. A structural analysis
was made for the suggested system. Figure 95 illustrates the straining
actions imposed upon the shell and upon the medium. in this analysis, the
efféct of a surface over-imposed load P only is considered. = The analysis
is applicable only to deeply buried conduits since the over--imposed lcad
is considered to be aeting at infinity in the derivatian.

According to this method, any shell medium combination could be
identified by the following parameters:

i) for the medium:

E'(1 -2') .
(141010 = 2")

a) the constrain moduius M

b) the lateral stress ratio K ='—?—:I;T' i

ii) for the shell:

a) the radius R;
b) the circumferential extensional stiffness/unit length EA;

¢) the circumferential bending stiffness/unit length EI.

In these expressions, E' is the modulus of elasticity andy’' is the
Poisson's ratio of the medium, E is the modulus of elasticity for the
?
shell and A,I are the area ard the moment of inertia of the shell section

per wit length respectively.
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Figire 95  Straining actions dlsgran



From these parameters, the following non-dimensionalized pzarameters
and non-dimensionalized constants may Le found:

i) The non-dimensionalized wmaramstars:

) B - 1 () = 3 (=
a 1 ,_‘(1 + K ( 1 _)/,, )
1 =2

b) .B2 = %(1 - K) = % (1 _;;T')

‘N s . MR

¢) The compressibility ratio C = (1 K) T

d) The flexibility ratio F = (1-K % EI?/-T
ii) The non-dimensionalized constants

a) a = (C-1)/(C+ Bq/"ﬁz)

b) a' = (2F - 1+ 1/B)/(F - 1+ 38,)

e) a" = (2F - 1)/(2F - 1+ 3/B)
The structural analysis showed that the stress distribution and

displacements throughout the system zre influenced by the following

governing parameters:

i) The circumferentizal extensional flexibility of ithe maqium relative to

that of the shell ( compressibility ratio, C).

ii) The circumferential bending flexidility of the medium relative to
that of the shell (flexibility ratio, F).

iii) The tangential slippage of the shell relative tc the medium at the
sheli-medium interface.

Two conditions were considered in the analysis: the full slippage and
non-slippage condition.  Since the shear stresses at the shell-medium
interface (for most of the cases) are relatively high, the case of full

slivpage only will be considered.

05
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According to the analysis, the stresses and displacements in
the medium are given by the fellowing eguations:

(a) the racial stress o = P{ B1[1—a(R/r)2J'32[1+3a' (R/r)l*-.z,an(R/r)aj

cos 2-6' } ’

(b) the tangential stress dg= P{ B,| [1-a(R/r)2]+B,\{’I+3a'(R/r)hj cos 26}’
[

(c) the shear stress L P{32 El-Ba'(R/r)h + 2an (R,/r)a]sin 2_-.6} .

(d) the radial displacement U

=1 [a® /B (7))
- [ - ar/ s an (27, V()% cos 26,

(e) and the tangential displacement V
. Pr o v w (oB ( 27 cin o6
= il +at (R)7 +an (2B,/B)(R/,) J sin 20},

The stressec ard displacements in the shell may be ovtained by

setting r = R in the equations as follcws:

(a) the radial stress Pr = P {B 1 [1-a]—B 2[’1 + Za'! - L-a"] cos 2.‘.6} ’

(b) the radial displacement W = -z—ﬁ{['l +a (B 1/32)1 Ry +2a"/B1] cos 26}’
(c) the tangential displacement V = %%{LF + C(BP_/EB‘I )] [1 + 2a' - l;a"] sin 26}_

Figurs 96 represents graphically the afore mentioned equations.
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5.4.2 The method suggested by Pack (1972):

According to this method, the stiffness of the lining relative to
that of the soil medium may be quantitatively evaluated by two parameters:
the compressibility ratio and the flexibility ratio. The comprgssibility
ratio is a measure of the extensional stiffness of the medium relative to
that of the lining, where the extensional stiffness is the measure of the
‘equal uniform pressure necessary tc cause unit diametral strain of the
lining without any change in shape (see Figure 97). On the other hand,
the flexibility ratio is a measure of the flexural stiffness of the medium
reiative to that of the lining, where the flexural stiffness is a measure
of the magnitude of the non-uniform pressure (see Figure 98) necessary
to cause unit diametral strain which results in a change in shape, or an
ovaling of the lining. The compressibility ratio C and the flexibility

ratio F. are given by the following expressions:

c = Ey(j + )1 - 2)')
Bt/(R(1 - 2))

and
B'/ (1 +p"')

6EI/(R(1 - 1))

F

where E' and p' are the Young's modulus and Poisson's ratio of the soil
mediuvm respectively, and E,2/, R, t and T are the Young's modulus, Poisson's
ratio, radius, thickness and moment of inertia of the tunnel lining
respectively. The equations derived by Burns and Richard (1964) -
mentioned earlier in Section 5.2 -~ can be easily modified to give the
thrust, bending moment, and displacement at any section in the lining for

any values of coefficient of earth pressure Ko' The following equations
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give the values of the thrust, tending moment, and displacement
at the crown and at the spriagline of a aeeply-buried tunnel lining:

a) For the crown or invert:

= 1 A _ . 5
T o= 3{(1+K) b, s (1 K)o, 3 YER ,
1 2
M, = 7 (1-K)E, YER",
- 2 .Y_E._R -, .2.1._'_.2:. -~ ¥
W, = 7z =5 {(1 )/)(1+Ko)b1cT3 =5 (1 _.o)bZF}.
b) For the springline:
-~ 2 2 -
T, o= 3{Ger) b +3 oK) b }vER,
1 ; 2
M —-.-g-(‘l-Ko)oZYHR .
__1YHR A | Y n_.2_ 1"_:. - X))
v = 3R {a-ynaer)ve-2 12 G-k, vl
where
b1 =1 - A4
b2=1+3a2-l;a3,
md o (1-2pn) (6o 1)
A - 3
' (1-2y")C+ 1
¥+ 1-2p"
a, = s
2F + 5 - 6 y!
2F - 1
ag = .
F + 5 - 6y
In these equations,
. Y = unit weight of soil,
H = height to centre of tunnel,
and R =  the mean radius of the tunnel.
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These equations are graphically expressed in Figures 99, 100 and
101 for two values of Ko (0.5 and 2.0). According to the above
equations, the thrust is influenced by voth the compreésibility ratio
and the flexibility ratio. Figure 99 represents the influence of both
the compressibility ratio C and the flexibility ratio F on the thrust
coefficient (T/Y H R). This Figure shows that for a given value of F,
the thrust coefficient decreases as C increases, and for a given value
of C, the thrusts at the crown and the svringline become nearly identical
as F increases. On the other hand, the moment is influenced only by the
flexibility ratio and not by the compressibility ratio. The relation between
the moment coefficient (M/ Y H RZ) and the flexibility ratio is shown in
Figure 100. Figure 101 shows the variation of the diametral changes
with the flexibility ratio. This Figure indicates that for flexibility
ratios greater than 10, the diametral changes reach a constant value, and thus
the deformation in the lining is independsent of the lining structural

properties but is governed by the mechanicsl chsracteristics of the soil.
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CHAPTER 6

SUMMARY AMD CONCLUSIONS

6.1  Summary

A prdgramme of work has been instituted with the object of
designing, constructing and calibrating a type of earth pressure
cell and using i£ in two field experiments for the measurement of
tunnel lining~soil interaction pressure. Six pressure cells were
developed for each experiment, the details of the design, construction
and calibration of these cells being discussed in detail in Chapter 2
of the thesis.

Two field experiments were carried out for measuring the radial
contact pressures around the lining of a tunnel in mixed 'soft' ground
(stony clay, laminated clay) on the north bank of the river Tynes in
nerth east England, as shown in Figures 41 and 2. The decformations
of the tunnel lining were measured using a dial gauge measuring beanm
of 0.01 mm sensitivity. Details of the field measurements, installation
and dété recording are.given in Chapter 3.

In Chapter 4, technical analysis of and discussion on the derived
data are presented. Resulting from this study, several conclusions
may be dravn.

6.2 Conclusions

1. The lining-soil interaction pressure has a nearly uniform final
distribution about the tumnel cross-section.

2. The value of the developed pressure at the tunnel crown is nearly

one-half the value of the overburden pressure as calculated on the

114



basis of soil density multipiied by depth fromn ground surface

to the point of measurement intersst. |

The radial con?gct pressure around the tunnel lining reached

a constant level after a period of 7-8 days following lining
erection and grouting.

The measurement of the deformation of the tunnel lining showed
that, under the conditions pertaining, the maximum change in the
vertical diameter was 1.30 mm (0.041%), the maximum change in the
horizontal diameter was 0.88 mm (0.027%%), and the deformation
reached a constant valus 7 days after lining installation.

We may conclude from this evidences that it is possible, under

the conditions as specified, to begin the building of the secondary

brick lining 6 weeks following the erection of the segmental concrete

pY

primary lining since there appears to be no facility for further
significant deformation after this period of time. This conclusion
is of special interest when, at the present time, the contractor

is required to held-off construction of the secondary lining for a

substantial period of time. This may require off-sit

1]

remeval of
plant following primary construction, the plsant then having to
return later for secondary lining construction at greater cost
ultimately to the client. The practical zdvantages of continuous

operations are obvious.



116

APPEXNDIX A

Theories taking the effect of tunnel depth into consideration

This group will he represented by two theories; BiervHumer's

theory and Terzaghi's theory.

1. BierbHumer's theory

According to this theory, the tunnel lining will be acted upon by
a pressure '"P", equivalent to ﬁhe.weight of the soil mzss hounded by a
paraboia of height h =« H, as shown in Figure A1, The reduction factor
'ed ! could be determined by the following method.

It is assumed that the soil mass, after the excavation of the tuanel,

°
tends to move along sliding pianes aa, and bb. inclined at {5+ g/2 with the hori-

2
zontal. The piane ab at the crown of the tunnel is acted upon by the weight
of the sliding mass aa, bb, which is counteracted by two forces of friction

along the vertical planes aa, and bb, equal to 2uE. Thus the net lozd at

the plane ab could be given by the following expression:

el
1l

8 { b+ 2n tan(l5 - g/2) } - YE%tan®(45 ~¢/2)tan 4

and the pressure P is given by:

£omS
P = P/B = YH tq _tan g tan (L5 - Z/2)H

b + Ehttan (45 - 4/2)

&« Y H
q  tan £ tanZ(LE- - ¢/2)4
b + thtan(45 - #/2)

where

: The reduction factor & has two limiting values; fcr small depths o = 1
and for great depths ( HD> SB) the effect of depth on the value of ¢ becomes

insignificant and its value is given by &£ = uanh(MS - g/2)
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2. Terzaghi's pressure theory

According to this theory, the pressurc "ov" actingupon the tunnel
crown is evaluated according to the following procedure: |

Figure A2 represents the pressure diagram suggested by this
theory (after Terzaghi 1946). The movement of thesoil mass is assumed tc
take placé along two planes of ruptﬁre inclined at 45+ ¢/£ with the
horizontal,starting from the level of the tumnel invert to the level of
the tunnel crown, then it continues along the two vertical planes aa,
and'bbﬂ. .

The s{ability of a soil prism of width B and height dz at a depth

z from the soil surface is considered. The equilibrium of the forces

acting un this prism may be expressed as follows:

BdzY = B(o_ -d0 ) -Bo_ +2rtdz ceeee 1
v v v
where B= b + 2 h, tan (45 - g/2)
Y = the soil unit weight
T = shearing force along the planes of failure

c+ 0, tan &

c+Kovtan¢

Substituting in equation 1 we get:-

BYydz =3B(¢c_+d0 ) -Bo + 2c dz + 2K 0 dz tan ¢
4 v v v
. d g 2c tan & .
‘ v Y" B—' 2K dv B eeveoe 2

dz

By solving this differential equation and by considering the boundary

condition o, = 1 at z = 0 we get:
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B(%'%) 2z
o = Xoma {‘l-exp (<K tan & -]-3--)}+le13 (~Ktan¢_2_%)

iec. for a tunnel at a depth 'H' the soil pressure "Pv" is given by

B(I - E)
2 B . I 2H ) 24
Pv — {"] - exp (—k{ tan g{ B— )} + q exp(—K tan d -B— )

" Ktan &



APPENDIX B

Theories neglecting the effect of the tumnel depth.

This group is represented by two theories; the Kommerell theory

and the Protodyakonov theory.

1. Kommerell theory.

This theory is considered to be one of the approximate methods which
gives & quick idea about the soil-structure interacticn pressures.
According to this theory, the height '"h" of the soil mass loaded on the
structure is determined from the deformation "e" of the supporting

structure, and . is given by the foliowing relation:

h 100 e/& ' ceees 1

where & is the loosening coefficient of the surrounding socii.

Values of 6 are given in the Table below:

Description 5%
loose . granular soil 1-3
Moderately cohesive soil 3=5
Cohesive soil : 5-8
Soft rocks ' 8-12
Solid rock : 10-15

The pressure diagram suggested by Kommerell is illustrated in
Figure B1. According to this diagram, the structure is loaded by a total
load "P'" equal to the weight of a soil mass, bounded by a half ellipsg of
height "h'.

The equation c¢f the =2llipse is given by:

2P
e 4 - XX R 2
5

b2 h
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From equations 1 and 2 we get

2 252
55 + e > = 1
b (100e)

and the total load '"P" is given by
P = 3Ymbh = 50Ynbel . seees 3

and the pressurc is given by

p = 25Y1te/6 cevee ll

* e Protodyakonov's theory.

This is the most popular theory adopted for the construction of
"the underground structures in the U.S.S.R. Figure B2 represents the
pressure diagram proposed by Protodyakonov. According to this theory
the development of a parabolic arch ACB on the struciure is assumed.
Thus, the stresses along this arch are purely compressive (no bending).
Considering the equilibrium of the part CD which is subjected to the
forces "T" the horizontal forse at C, "PX" the vertical pressure, and

"R" the tangential force at D, and by taking moments about D, we get:

ipx*-Ty = 0
..! %Px¢=Ty ' oo ao e 1

The resultant force "R" acting at the arch support A can be resolved
into two components V and H, as shown in Figure B2. The relationship
between the vertical component V and the horizental component H, taking
the effect of the shear stress + into éonsideration, is given by

H = fvV -- th
where f, the coefficient of internal friction = tan Z , and V, the vertical
component at A-B level = p b.

,oH = fpb ~-7h enene

o



rom equations 1 and 2 we get

2 p 02 = { fpb - th } h
T = pb i_giizliz} ceess 3

The height 'ﬁ' of the developed arch is obtained by differentiating
equation 3. This will cover the condition that h is developed with the
maximum value of "t'", whence

dt/dh = pb{—b—;—Bﬁ}; 0

The.:[‘efore h = b/f cessas ll-

From equations 3 and 4 we get
2 )
T = -%— pI sSeswe 5

and by substituting in equation 2 we have
T = fpb - 2 pbf = 3% pbf N

Substituting in the esquation 1 we drive the equation of the parabola

as

y = x°/of

The total load/unit length of the structure "P'" equals the weight
of the s0il mass bounded by the parabola:

- 4
b 3 bhy

4y b2/ 3f

whence the pressure at A-B level is given by

PV = 2 Y b/"}f
where Y = unit weight of the soil
f = tan &
N L B -

This theory has been developed for granular non-cohesive soil (sand),

kut it could be applied to cohesive soils and rocks »y using the values
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of the empirical coefficient "f" propossd by Protodyakonov as a
result of experiments and practical experience. The values of the
coefficient "f" (known as the strength coefficient) are tabulated in

Table 14.



Crushing

. . Surength
rength . .. Unit-weigh trength
s:f::: Denotdtion of rock tsuil) (’;:Iéi:;;g t : re"n'g C.Def?_
. (kgicm?) f
Highest Solid. dense quartzite. basalt and 2809 2000 20
other solid rocks of exceptionally 3000
high strength
Very high Solid. granite, quartzporphyr, silica| 2660-2700 1500 15
shate. Highly resistive sandsiones
and limestones .
High Granite and alike. Very resistive 2500-2600 |~ 1000 10
sand- and limestones. Quartz.
Solid conglomerates.
High Limestone, weathered granite. 2500 800 8
Solid sandstone, marble. Pyrites.
Moderately | Normal sandstone 2400 600 6
strong
Modcrately | Sandstone shales 2300 500 5
strong
Medium Clay-shales. Sand- and limestones 24b0—2800 400 4
of smaller resistance. Loose
conglomeraies
Medium Various shales and slates. 2400-2600 300 3
Dense marls.
Moderately )} Loose shale and very loose lime- 2200-2600 | 200-150 2
loose stone. gyvpsum.frozen ground.Com-
mon marl. Blocky sandstone, ce-
racnted gravel and boulders, steney
ground
Moderately | Gravelly ground. Blocky and fis- 2200-2400 _ 15
loose sured shale, compressed bouiders
and gravel, hard clay.
Loose Dense clay. Cohesive ballast. 2000-2200 — 1-0
Clayey ground. )
Loosz Loose loam, loess, gravel. 1800-2000 —_ 08
Soils Soil with vegetation, peat, 1600-1800 — 06
soft loam, wet sand.
Granular Sand, fine gravel, upfill 1400-1600 — 05
s0ils
Plastic Silty ground, modified loess and — — 0-3
soils oiher soils in liquid condiion

3

Table 1L Strengtn coefiicient '2'(after Frotodyakonov ).
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