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Rational design of a project involv1ng open cuktting ot tunneling requirea the abil-

ity to judge whether the proposed work is feasible under various methods of construction, to
agtimate the settlements and other movements of the adjacent ground surface and structures,
and to provide adequate strength and appropriate flexibility or rigidity in the final struc-

ture.,

quirements, and in some instances proceduzes are squested for design.

In this report, ohservational data are assembled with respect to each of these re-

particularly, in the

design of tunnel lining, recommendations are made For taking advantage of the strength of the

s0il rathex

. FOREWORD

The state of the art of excavating and tun-
neling in soft ground has undergone substan-.
tial change during the last decades. New
mathods of construction and support have
been devised for braced cuts, and new tech-
niques have been developed for machine tun-
neling.

Deep substructures of buildings are usually
constructed in excavations having sides sup-
ported by bracing or tiebacks. Sewers,
water-supply conduiks, and transportation
tubes are sometimes built in tunnel and
sometimes in open cut, On many such pro-
jects, the decision as to whether the work
should be done by tunneiing or in cut is the
most significant single step in the design,
The relative economy of the procedures them-
selves is but one of the considerations in
the decision. The effects of the construc-
tion on overlying and adjacent properties
must also he evaluated. In urban areas, the
effects of construction on utilities and on
the, flow of traffic, and the necessity for
undexpinning neighboring structures may be
the overriding factors. There is urgent
need for reliable means to estimate the ex-
tent and nature of the movements and distur-
bances assoccliated with each type of construc-
tion because, without such estimates, there
can be no rational basis for decision.

This report attempts to summarize the present
state of our knowledge of the feasibility and
the consequences of tunneling and open-
cutting in various types of soil, so that
intelligent appraisals of ‘the alternatives
can be made, It also summarizes the basis
for design of the required temporary and

In connection with tun-
nels, present knowledge appears to call for

.2 radical change from the Etraditional
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than for ignoring it in accordance with most present design practice.

approach. Data from full-scale field obsex-
vations provide the principal framework upon
which the conclusions rest.

The Report is divided into two sections:
Part A - Tunneling; and Part B ~ Open Cuts.
In the preparation of Part A, the writer was
assisted by Mr, Birger Schmidt, and in Part
B by M. Harvey Parker.

1., TUNNELING
1.1_iIntruduction

The number of soft-ground tunnels has in-
creased rapidly during recent years. The
most obvious change in the art appears to be
the widespread adoption of excavating ma-
chines, Nevertheless, machines have not yet
proven successful in all types of soft ground
and more conventional methods of excavation
are still widely used.

In spite of the proliferation of soft-ground
tunnels and the consequent great increase in
experience, the art of tunneling has failed
to keep pace with modern requirements. This
failure is due largely to a lack of commun-
ication and understanding between tunnel de-
signers and tunnel constructors. It might
even bhe said that the failure has its ori-
gins in the view, held by many engineers,
that design and consbructlon of tunnels are
separable endeavors.

Probably in no area of applied soil mechanics
are design and construction actually so in-
e(trlcablj interwoven. Yet, by long tradi-
tion the contract documents for soft-ground
tunnels are usually concerned with the skruc-
tural features of the completed tunnel
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2. DEEP EXCAVATIONS

2.2 Introduction

This discussion is restricted to excavations
with vertical sides requiring lateral sup-
port., It deals primarily with the movements
of the surrounding ground and the means for
reducing their magnitude, and with the
forces in systéms of bracing required to
restrict the movements or to prevent col-
lapse of the side walls. The phenomena of
base failure and bottom heave are also con-
sidered.

The movements of the soil surrounding a
deep excavation are responsible for settle-
ment of the adjacent ground surface. To
avoid damage. to surface installations and
to assess the neged for underpinning neacrby
structures, the engineer needs to estimate
the magnitudes of the setklements and their
pattern of distribution. The settlement
depends on the properties of the soil, on
the dimensions of the excavation, on the
general procedure of excavation and bracinc
employed, and on the workmanship. As it
does for tunnels, the latter factor places
a severe limitation on the possibility of
making valid predictions of sektlements
selely on the basis of theory and soil
tests. Observational data are needed as a
guide to judgment.

The observational data—are not yet plentiful.

They consist in some instances of measurc-
ments of settlement at various points on
the ground suxface adjacent to open cuts,
and of the results of observations of set-
tlements of buildings. In other instances
measuremants have been made of the lateral

.movement of the retaining structures-as ex-

zavation proceeds. 1In a few instances, hoth
types of.observations have heen made at the
same location. The available data are
asgembled in Chapter 7.

It is well known that deep excavations with
vertical sides cannot be made in soft co-
hesive soils beyond a critical depth at
which base faillure occurs. Heaves of the
bottoms of large excavations with accompany -

- ing adjacent settlements have, however,: also

been noted in several instances in extremely
stiff clays. These phenomena and their
causes are discussed in Chapler 8.

If an estimate of settlement indicates that
the movements will bhe excessive or if cal-
culations indicate the likeiihood of bokttom
heave or base failure, refinements in work-
manship alone cannot appreciably reduce the
undesirable consequences, Instead, radical
alteration in the method of excavaktion and
of providing support is mandatory. Several
of the more successful alternatives with
discussions of their advantages and limita-
tions are considered in Chapter 9.

Finally, the loads are considered for wnich
the -temporary supports may be designed. A

substantial body of literature already exists
(Flaate 1966) concerning the loads to be .
expected in struts supporting the vertical
sides of excavations in soft to medium sat~
urated clays and in cohesionless sands,

This information, summarized by Terzaghi and
Peck (1967); is brought up to date and is
supplemented by the results of similar ob-
servational data for cuts in other types of
materials, particularly stiff clays and co-
hesive sands.

2.2 Laveral Movements and Settlements

2.2.1 Characteristic Movements

It has been ohserved that saturated plastic
clays expexrience a consistent pattern of
deformation as material is removed E£xrom the
space batween the walls of a temporary brac-
ing system. Excavation reduces the load on
the soil beneath the cut, whereupon the
underlying soil tends to move upward. The
soil alengside the sheéting or cther sup-
porting side walls tends to move inward,.
even at lévels below that to which the cut
has progtessed, before cross-bracing or
other types of support can be provided. On
account of the rise of bottom and. the in-
ward lateral movement, the ground surface
surrounding the cut subsides.

Several sets of comprehensive observations
have recently been carried out in Oslo and
described in a series of Technical Reports
by the Morwegian Geotechnical Institute
(NGT 19A2-66). The results for one cubt are

~shown in Figs, 14 and 15. Piq. 14 shows

the manner in which the settlements of the
ground surface and the inward movements of
the sheet-pile walls developed in relation
to the insertion of struts as the excavation
leepened.  In Fig. 15 the solid line repre-
sents the area beneath the -sucecessive seb-
tlement curves in Fig., 14, or the volume of
settlement per unit length of cut, as a
function of time. The depth of excavation
with respect to time is shown by the dash
line. The separate points in the diagram
represent the areas under the various curves
of lateral displacements of the sheeting.
The proximity of the points to the settle-
ment-area curve demonstrates that the volume
of settlement surrounding the structure is
approximately equal to the volume of lost
ground associated with the inward movement
of the vertical walls., The latter volume in
turn is related to the volume of heave

below the bottom of the excavation batween
the limits of the vertical walls, The,
observations lead to the conclusion that
settlement nezar an open cut can he reduced
only if the inward movement of the sheeting
and the heave can be substantially reduced.
In soils other than saturated clays the
volume of settlement and the volume of
lateral movement of the sheating may not be
equal. Nevertheless, even for these mater-
ials, reduction in settlement can be achisved
most affectively by reducing the lateral
movements of the walls, .
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Experience has also indicated that the stiff-
nesses of ordinary soldier piles and of
steel sheet piling, even of heavy section,
are not usually great enough to have a sig-
nificant effect on the magnitude of the
lateral movement of the wall, The lateral
movement of walls of these types may, how-
ever, be substantially. reduced by the in-
sertion of supports such as struts at rela-
tively close vertical spacing. In recent
years several methods have been developed
for constructing much stiffer boundary walls
before the excavation is made, These walls
also require horizontal support at vertical
intervals but, under comparable conditions,
the intervals need not be as small as for
more flexible types of exterior walls.
Nevertheless, benefits of the more rigid
walls may not always be as great as antici-
pated by the designers, This point is dis-
cussed further in Chapter 9. ;

The most important variable that determines
the amount of movement is not the stiffness
of the exterior walls or the vertical
spacing of the bracing, but the character-
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istics of the surrounding soils. Hence, in
the following summary of lateral movements
of the walls of support systems, the infoxrm-
ation is classified in accordance with the
principal types of subsuxrface materials.
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-points of the height of the wall,
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2.2.2 summary of lateral Movements of
Vertical Barth Supports

Cohesionless Sands

A tieback system for bracing the soldiex-
pile walls of an excavation 37 £t deep in
dense sands overlain by a layer of loose
sand is shown in Fig, 16 (Rizzo et al 1968).
The tiebacks consisted of driven H-piles
prestressed to approximately 50% of the load
calculated for the condition of active earth
pressure. The wales through which the tie-
backs transferred their forces to the
soldier piles were located at the third-

The sol-
dier piles and the upper set of tiesbacks
were installed at the bottom of an initial
excavation 10 ft deep.
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Fig. 16.

The lateral displacement of the wall at the
end of the excavation period is shown at
the right-hand side of the figure. 3subse-
gquent movements were negligible. The Hor-
izontal displacement of' the top anchor
reached about one inch, The soldier piles
moved inward by amounts decreasing with
depth f£rom a little over 2 inches at the
ground surface to about zero at the bottom
of the cut.

For an opposite wall in the same cut, exca-

vated to a depth of 21 ft, a similar bracing

system was used. Ik, too, consisted of two
sets of tiebacks with wales subdividing the

vertical wall into equal thirds. In thi's
instance, howéver, the tiebacks were pre=
stressed to 110% of the load calculated on
the basis of earth pressure at rest. With
this prestress the horizontal displacement
of the top anchor was only about 0.2 inch.
That of the lower anchor was about 0.1 inch,

Cohesive Granular Soils

The results of observations of one side of a
cut in clayey sands, silty sands and sandy
clays are illustrated in Fig. 17. The walls
consisted of soldier piles and timber lag-
ging, Only the final movements after com-
pletion of excavation are shown, and even
these are very small, as might be expected
in the rather stiff soils. From the shape
of the curve, however, it is evident that a
substantial part of the deformation took
place at a given elevation before the depth
of excavation had reached that level.
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An unusually deep cut beneath sloping ground,

.extending to 78 ft below street level on the

uphill side, was made through very stiff
clays, dense sands and silts, and dense
sands in Seattle (Shannon and Strazer '1968).

* Most of the sandy materials displayed some

cohesion. The bracing consisted of soldiex
piles and lagging with tieback anchors at

8 levels as shown in Fig. 18. Lateral move-
ments were measured by means of horizontal
extensometers and surface surveys. The
movements shown in Fig. 18 are those ob-
served during excavation between the two
levels shown in the figure. The previous
lateral movements were less than 0.5 inch
except at the top of the soldier piles
where they reached 1.5 inch. Those values
followed in the figure by a "+" are smaller
than the actual movements hecause the
reference points for the extensometers did
not ‘extend beyond the zone of influence of
the excavation.

Although the movements and agcompanying
settlements shown in Fig. 18 were small for
a cut of such large dimensions, the settle-
ments of the side streets near the uphill
ends of the cul were even smaller. Tt is
believed that construction many years ago of
the railroad tunnel shown in Fig. 18 dis-
turbed the overlying soll severaly, as
settlements due to tunneling were noted at
that time well outside the limits of the
street (see Fig. 4).

Soft and Medium Clays

A considerable amount of information has
become available concerning the lateral
movements of cross-braced walls in plastic
clays of very soft to medium consistency.
One example, represénting an opeén cut in
Oslo, has been illustrated in Fig. 14, Ad-
ditional profiles of the deflection of
bracing systems for several cuts in Oslo,
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Deflection in Cenlimelers
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Chicago and Mexico City (Flaate 1966, Rodr{-
guez and Flamand 1969) are shown in Fig. 19.
The significant events are related by num-
bers indicating the number of days since the
beginning of excavation.

. The diagrams show cléarly that the lateral

movements associated with very soft to med-
ium plastic clays substantially exceed those
in cohesive granular soils or in cohesion-
less soils, although admittedly there is
only one example of each of the latter.
They also indicate that large and often
excessive movements develop if excavation
proceeds too deeply before the uppermost
strut is placed. In two of tha cuts (Chi-
cado Contracts S1A and K5), a substantial
part of the movenments could have been pre-
vented if the top strut had been inserted
while excavation was at a shallower depth.
The observations appear to justify the
recommendation of 'Peck (1943) and Ward
(L955) that the top strut should be in-
stalled bafore the excavation exceeds a
depth equal to Zsu/T.

At those cuts in which the uppermost struts
were inserted before the depth of excava-
tion had exceeded ZSu/Yr most of the defor-

mation occurred below the excavakion level
prevailing at any given time., The inwaxd
movement accumulated in this manner during
the complete excavation of the cut repre-
sents inevitably lost ground and settlement
associated with the construction procedure
in spite of good workmanship.

In wide excavations it is customarxy co leave
a sloping berm of earth against the wall of
the braecing system while the central portion
of the site is excavated to base level and
the foundation slab cast. Inclined or rak-
ing struts are then installed from the edge
of the foundation slab, parallel to the
slope of the berm, to a wale installed near
the ground surface. Excavation then pro-
ceeds in sections as the berm is cut away
and additional raking styuts are inserted

as shown in Fig. 20, Although the stability
of such a berm in a cohesive soil may be
fully adequate, the movements at the top of
the wall may be excessive hecause of deflec-
tion of the berm. The pattexn of movements
ig exemplified by Fig. 20 {Lacroix 1966).

To reduce the movements adjacent to the cut,
it may be necessary to provide generocus
berms that should not be removed until the
upperxmost line of raking struts has been
installed.

The lateral movements of the soil adjacent
to a deep basement excavation in elay in
5t, Louis are shown in Fig. 21 (Laeroix and
Perez 1969). .The effect of prestressing
the upper raker is apparent. The raker
effectively prevented furthex inward move-
ment at the top. Below the upper raker the
inward movement of the wall Ffollowed the
usual pattern for cross-lot bracing without
bexms.
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Stiff Clays

Only a few direct measurements of lateral
movement:s of the walls of excavations into
stiff plastic clays have heen reported, In
flouston (ENR 1968), a large excavation was
made to a depth of 60 ft through clays
having average undrained sheayr strengths of
roughly 3 kips per sq £t (ranging from about
1 to 6 kips per sq £t). The side walls con-
sisted of 3-ft reinforced concrete cylinders
75 £t deep, spaced at 4.5 ft center-to-
center. Excavation was carried to grade and
a portion of the base slab cast while
sloping berms were left around the edges.

An upper set of raking struts was installed
to support the cylinders about 20 £t Ffrom
the top before the berm was removed. A
second set was provided about half-way
between the upper set and gqrade level, and
the excavation was completed. The tops of
the cylinders moved inward on the averaqe
about 3/4 inch. At midheight the movement
was about 1/4 inch, whereas the bottom

.remained practically fixed (Focht 1969).

2.2.3 summary of Saettlements
Cohesionless Sands

Few records are available of the sebttlement
of the.ground surface adjacent to cuts in
cohesionless sands. Projects of this type
appear to fall into two cateqories. On the
one hand, if the sand is above water tabla
or if the groundwater has been lowered and
brought under complete control, adjacent
settlement of dense sand appears qenerally
to be inconsequential. The ahsence of
settlement records at least suqrests the
absence of serious settlements. The seb-
tlements of loose sands or gravels may be

on the order of 0.5% of the depth of the

eut (Terzaghi and Peck 1967). On the other
hand, where groundwater has not bheen brought
under complete control, laxge, erratic and
damaging settlements due to the .flow or
migration of sands inta a cut are not an-
common. Settlements of this type cannot be
predicted because they depend upon acciden-
tal features of the subsoil and of the con-
struction methods, Examples merely indicate
the potential seriousness of the settlements
and emphasize the necessity for groundwater
control. The influence of workmanship under
these circumstances was illustrated by White
and Paaswell (1939) in their description of
open cut observations on the Sixth Avenue
Subway in Mew York, In further discussions
of this same projeckt, Prentis and White
(1950) pointed out the sattlements and &ther
undesirable consequences of the upward seep-
age pressures of water flowing toward the
bottom of a cut in sand from beneath a tight
timber cutoff as compared ko that through
more permeable horizontal sheeting provided
with drainage slots,

Cohesive granular Soils

Little. information is available concerning
the distribution of setilements of the

265

ground suxface adjacent to cuts in such
materials. Again, the lack of information
suggests that the movements are generally
small. The settlements along the propexrty
lines, about 20 ft from Lhe edge of the suh-
way station cut illustrated in rig. 17, did
not exceed 0.5 inch and were usually less
than 0.2 inch. The soils consist of stife
clayey sands and sandy elays., The small
settlement adjacent to the cut in Seattle,
in spite of the previous disturbance of the
soil by tunneling, has$ been noted (Pigs 18) ¢

The cohebion possessed by materials in this
cateqory greatly reduces their sensitivity
to seepage pressures. Since raveling is not
associated with open cutting to the extent
that it is in tunneling, the excavation of
deep cuts in such materials is commonly a
straightforward operation. On the other
hand, the lateral suppork cannot usually

be eliminated because the materials tend to
spall if unsupported, and slices may descend
from the sides into the cuk.

Saturated Plastic Clays

‘Considerably more information is available

concerning the immediate setklement adjacent
to cuts in plastic clays than in the other
materials discussed above. This fack is
itself indicative that the settlements
associated with plastic clays are likely to
be appreciably greater than those associated
with most other soils. 1In addition, apprec-
iable delayed settlement may develop on
account of consolidation,

Both the magnitude of the settlements and
their distribution as a Function of distanca
from the cut are of practical importance.
Data from various cubts in several-' types of
materials apoear to define the zones
sketched in Fig. 22, in which settlements
and distances are plotted in dimensionless
form as fractions of the depth of the cut.
The plot permits rouqh estimates of the
settlements that miqght be expected under
various conditions. Settlements due to
consolidation within the construction period
are included. For soft clays, settlements
as qreat as 0,2% of the depth of the cut may
be encountered at-distances equal to 3 ox

4 times the depth.

Most of the,conclusions concerning the mag-
nitude of settlement and the distance to
which it extends from the sides of the cut
are necessarily somewhat indefinite because
of the small number of observations avail-—
able. In contrast, a comprehensive study
of settlements adjacent to building sites

in downtown Chicago (Ireland 1955) includes
the results of several thousand observa- .
tions, For many years it was the custom in
Chicago to make detailed settlemont obser—
vations on all structures within about ona
city block of a site for the construction of
a new building. At all the buildings in-
cluded in the study, the foundation con-
sisted of hand-excavated, Chicago-type
“caissons” to the hardpan, encountered at a
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ficulties

Zone 111
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A Stiff Clay and Cohesive Sand 34 - 74 f
0 Cohesionless Sand 19 - 47

Fig. 22. Summary of Settlements Adjacent to
Distance from Edge of Excavation

depth of about 75 ft bhelow the street sur-
€ace, or to the underlying rock. Some of
the buildings had a single bhasement, some
possessed two basements, and a few possessed
three or more. The settlements assoniated
with approximately 20 building sites are
plotted in Fig, 23 as a function of the dis-
tance from the edge of the excavation. The
figure is subdivided into three parts ac-
coxding to the number of hasements. Since
the general features of the caisson found-
ations themselves did not differ depending
upon the number of basements, the signifi-
cant difference in settlement evidently’
depends upon whether the structures pos-
sessed one, two, or three basements.

The upper 15 ft of soil in downtown Chicaqo
usually consist of f£fill and sand. Below
these materials is a stiff clay crust from
2 to 4 ft thick, underlain by very soft to
soft clays. The underlying clays are suc-
cessively stiffer until the hardpan is
reached. Thus, buildings with single base-
ments do not invelve excavation into the

soft clays. Most of the settlements assoc~

iated with such construction may be attri-
buted to the excavation for the caissons.
Buildings with two basements ordinarily
extended to a depth of about 25 ft or
roughly 10 £t into the clay deposit. Those
with three basements were on the average
about 10 £t deeper. The curves in Fig. 24,
derived from those shown in Fig. 23 and
plotted in dimensionless form, are approx-
imately the envelopes of settlements assoc-
iated with excavations to depths of approx-
imately 25 and 35 ft respectively. It is

Open Cuts in “arious Soils, as Function of

apparent that simnificant settlements were
observed at considerable distances from the
excavations. The curve for 3 or more base-
ments agrees substantially with that in
Fig. 22 corresponding to the lower houndary
for soft clays of limited depth.

The cuts for the basements were made by a
variety of procedures., Under most circum-
stances, a simple sheet pile wall was driven
to the proposed depth of the excavation,
with a small allowance for embedment, and
was supported by cross-bracing or, more
often, by inclined rakers. Since most of
the buildings were constructed within the
period 1920-1940, the settlements corres-
pond to procedures commonly used in that
era, The settlement observations were
carried out during and for a period of a
few weeks or months after excavation for
the basements. Hence, it is unlikely that
the movements represent consolidation to a
‘significant degree,

Buildings on piles are not immune to settle-
ment due to open cutting in the viecinity,
even if the piles extend to resistant mater-
"als. For example, the Rand McNally Build-
ing in Chicago was supported on timber piles
driven into very stiff clays ahout 60 ft
below ground level. When the D-8 open cut
(W and Berxman 1953) was excavated along-
side, the building setlled as shown in Fig
25, ‘the tendency of the soils to setkle
near the cut developed negative skin-
fxiction loads on the piles; these loads,

in turn, caused penetration of the piles.
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Loss of ground and settlement adjacent to
cuts in soft clays may cccasionally be rad-
ically altered by what may appear to be
minor changes in cohstruction details. For
example, Fig. 26 indicates arrangements for
supporting the lagging aginst H-section
soldier piles. Method (b) has the advantage
of including the soldier pile in the perma-
nent reinforcing of the structural wall,
Nevertheless, the settlements adjacent to an
excavation made according to this procedure
were almost three times as great as those
next to a cut made by method (a) by the same
contractor at a site in similar clays only a
‘block away. In method (a) the eclay outside
the cut yields toward the spaces hetween
soldier piles as the clay inside is trimmed

T
ZWocd Laggin

Welded Bolt Nut

e

“Woshar (d)

26. Méthods for Transferring Earth
Pressure from Lagging ko Soldier
Piles; (a) Lagging Wedged Against
Inside Flanges of Soldier Piles;
(b) Lagging Set Behind Outside
Flanges of Soldiex Piles; (c¢)
Grout or Mortar Filling Belween
Lagging and Soil; (d) Contact
Sheeting

Fig.
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away to make room for the lagging. The
earth pressure is transferred directly
through the clay to the H-piles very little
pressure is transferred to the piles by the
lagging. In method (b), pressure is. simis
larly transferred to the H-piles as excdva~
tion is carried up to the face of the piles,
but the heavily loaded soil behind the piles
is then eut away to make room for the.spac-
ers and lagging.' As the supporting; highly
stressed clay 1s removed, the mass of clay .
behind the soldier piles moves ensrgetically
inward with corresponding loss of ground.
Poor contact or space between soil and-lag-
ging may permit additional undesirable loss .
of ground, Where it will not interfere with
drainage into the cut, grout or mortar may
be used to fill the voids (Fig. 26c). Con-
tact sheeting (Fig. 26d4) may permit a tight
fit because the surface of the exposed soil
can be trimmed accurately. K i

Stiff Plastic Clay

The reduction in vertical pressure due to
the excavation of a cut of given depth be-
comes less instrumental in causing sebtle=- ..
ments as the strength and stiffness of the
clays increase. 1In some instapces the
predominant movement is a rise of the grxound
surface instead of a settlement, The rise
is a more-or less elastic response to the
qeneral reduction in load. o

In Houston, several large excavations wetre
made to depths ranging from 39 to 60 £t in
the stiff clays typical of the area, Verti~-
cal ‘movements of the nearby ground surface
were dgenerally within the tolerance of g
ordinary engineering surveys. Indeed,’ small
movements of bench marks throughout the
city, due to areal subsidence caused. by
groundwater lowering, are commonplace and
are of the order of the indicated movements

~near the construction sites., .The ohserva-- .

tions,.if taken at face wvalue, in some
instances suqqest a slight rise and, in
othérs, a slight settlement. The ground-
water lowering necessary during construc-
tion undoubtedly reduces  the potential rise.
The soldier piles themseélves, however,.rise
appreciably. At one excavation 53 ft deep,
the piles rose 1/2 inch. At the site of
the 60-ft excava“ion previously described,
the cylinder wall rose about 1 inch during
excavation (Focht 1969).,

2.2.4 sSettlements due to Removal of Struts

Because inkard movement at and below exca-
vation level (and, consequently, settlement)
can be kept to the minimum compatible with
the dimensions of the cut and the soil con-
ditions only if strubs are inserted promptly
after each stage of excavation and at close-
ly spaced vertical intervals, the maximum
permissible vertical spacing is often set,
forth in contract documents. Each strut, as
soon as it is inserted, serves to vestrict,
the movements of the sheeting or seoldier - |
piles while the next atage of excavation is
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carried out., As scon as the next lower
strut is placed, its predecessor no longer
is so effective in reducing deep-seated
movements. In many instances it could be
removed without appreciably altering the
pattern of deformation, provided the soldier
piles, wales and remaining struts could
carry the added load to which they might be
subjected. Hence, if the excavation has
been carried to grade and all struts have
been placed, one or more of the intermediate
struts can often be removed without causing
large enough inward deflections of the
sheeting to produce significant settlements.
The removal may greatly facilitate con-
struction that is to be carried out in the
cut.

beflections due to the removal of struts are
illustrated in Fig. 27. Piq. 27a refers to
the cut in St. Louis illustrated in Fig. 21.
Removal of the lower raker caused a maximum
deflection of less than 0.2 inch and a set-
tlement at the building line within the
accuracy of the leveling observations. Re-
moval of the top raker was accompanied by a
considerably larger movement of a pattern
suggesting compression of the backfill nr
the closing of void spaces between the per-
manent basement wall and the soil.

Similar information is shown in Fig. 27b for
the Chicago cut illustrated in Fig. 20.
Excavation of the final portion of the berm
before completion of the base slab, and sub-
sequent removal of the lower raker, caused

an inward bulge of about 0.3 inch. Removal
of the top two rakers and the transferral

of load from these rakers to the permanent

structure again led to considerably greater .

movements.

When the stxut al a depth of 19 ft was re-
moved from Chicago cut K5, for which the
movements during excavation were shown in
Fig. 19, an inward movement of ahout 0.5
inch occcurred (Fig. 27c¢). The span of the
soldier piles was increased by removal of
the strut from about 12 to ahout 22 ft.

Finally, in Fig. 274 is shown a cross-
section through the excavation for the
Telegraph Building in Oslo. At one level,

‘four adjacent struts were temporarily

removed. Upon removal the total inward
movement of the two sides was about 2 cm;
at one location it reached 3.3 cm. The
lateral movement of one side of the wall at
the same level during excavation was about
4 om, 1t is probable that the total in-
ward movement of the two sides during ex-
cavation was about 8§ cm.

One set of observations in a cut in sand
indicated an inwarxd deflection of the sol-
dier piles of 3 mm when the lowest strut at
a depth of 8,20 m was removed. The strut
ahove the one removed was at a depth of
1.50 m; the depth of the cuk was 11.20 m
(Mitller-Haude and von Scheibner 1965).
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ﬁ.2.5 Conclusions

The minimum settlements that can be expected,
corresponding to the best open-cut construc-
tion practice, vary considerably with the
type of soil., They are likely to be negli-
gibly small adjacent te cuts in dense sands .
and relatively stiff cohesive granular
materials. On the other hand, they are
likely to be excessive adjacent to cuts in
soft plastic clays. Such settlements can

be reduced only by a radical change in con-
struction procedures, Several alternatives
are considered in Chaptex 9,

Settlement adjacent to open cuts in sand may
be caused by the erratic loss of ground
associated with seepage or by runs of strict-
ly cohesionless materxrial: The location and
magnitude of such settlements cannot be pre-
dicted. Their avoidance lies in improved
control of the groundwater and in careful
attention to construction details. If
settlemeénts of the foregoing type do not
develop, more regular and predictable set-
tlements adjacent to the cuts may be antici-
pated. The settlements are a consequence of
strains in the mass of soil associated with
the relief of stress caused by removal of
the excavated material. To some extent,
settlement can be reduced by introducing
points of support for the side walls of the
bracing system as soon as practicable and at
appropriately close vertical spacing. I1f
these steps are taken and if, in addition,
the workmanship is good so that unfilled
voids are not left outside the supports, the
settlements will be reduced to the minimum
compatible with the soil conditions and the
general bracing procedure.

the

2.3 Base Failure by Heave

2.3.1 B8ott clays

The sgil- surrounding an excavation tends to
act as a surcharge beside that remaining
below excavation level. If the surcharge is
great enough, a bearing capacity failure may
occur. The danger of a base fallure of this
type arises only when the soil beneath exca-
vation level behaves essentially as a Eric-
tionless material under undrained conditions.

The extent to which a state of failure below
the bottom of the cut is approached may be
judged by values of the dimensionless numbex
Nb = rH/sub, where Sub is the undrained

shear strength of the soil below base level.
I1f the strength of the soil constituting the
surcharge is ignored, and if the cut is con-
sidered to be infinitely long, theoretical
studies indicate that a plastic zone should
start to form at the lower corners of the
cut when By reaches 3.14. The zone should

spread with increasing values of N, until
base failure takes place. At this stage,

L equals the critical value L 5.14,
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Accordingly,.it might be anticipated that
for values of N, less than about 3,14, up-

ward displacement of the bottom of the ex-
cavation would be largely elastic and of
relatively small magnitude. For values of

- N, greater than 3,14 the rise for a given

increase in depth of excavation might tend
to increase significantly until, at Nb =

Hop = 5,14, it would occur continuously and

hase failure or failure by heave would
take place.

In reality, cuts are not of infinite extent
and the strength of the material acting as
a surcharge is not negligible. Simple pro-
cedures for estimating the factor of safety
against bottom heave in excavations of var-
ious rectangular shapes and depths have
been proposed (Bjerrum and Eide 1956) that
take these factors approximately into ac-
count.  The values of LN for cuts of

ordinaxy shapes are usually in the range of
6.5 to 7.5 instead of 5,14, The value of
Ny, at which the plastic zones first begin

to form would similarly be expected to bhe
somewhat greater than 3.14.

The discussion in the preceding chapter has
indicated the interdependence of settlément,
lateral movement of walls, and upward move-
ment of soil beneath excavation level. As
yet, no consistent theory has been developed
to describe the transition from elastic to
plastic states of a homogeneous material
that extends from the ground surface to
depths well below the zone of influence of
the cut. Furthermore, the influence of the
lateral supports, and particularly of the
embedded portions of the sheet piles or
other retaining side walls, has not yet

been taken properly into account. Progress
in understanding the problem requires the-
oretical developments; promising starts

have been made with the aid of finite ele-
ment analyses. In particular, a theoreti-
cal basis is needed to permit judgment of
the influence of the stiffness and the depth
of embedment of sheet piles below excavation

. level, whether the piles do or do not reach

a firm stratum. The beneficial results of
such piles are often overestimated.

An interesting series of small-scale lab-
oratory tests to investigate movemants of
the soil behind a sheet-pile wall was car-
ried out by Whitney (1967). The model
sheet piles were rigid. They extended
various distances below the bottom of Lhe
cut, which was excavated in an extremely
soft clay, 'The general pattern of the
movements in one of the experiments is
shown in Fig. 28. ‘he pattern shown by
the displacements of the entrapped air
bubbles is slightly distorted near the glass

side of the apparatus because of the flanges-

on the channel used as the model wall. The
results indicated a markedly beneficial

effect of embedment but, on acecount of the
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cate Magnitude and Direction of
Movement of Air Bubbles in Clay
Mass.

Fig. 28,

completely unyielding character of the model
sheet piles, the guantitative findings are
not likely to be applicable directly to the
flexible walls actually used in practice.
2.3.2 Stiff Clays

Substantial upward movements of the bottoms
of excavations in stiff clays have been re-
vorted in the literature. They have in some
instances considerably exceeded those that
eouldd be considered elastic. The bottoms

of the cofferdams for the Waterloo Bridge

in London rose as much as 3 inches (Cooling
1948) . More recently, a rise of the bottom
of an excavation 300 by 25 m in plan and

15 m deep reached as much as 10 cm (Garde-
Hansen and Thernge 1960). In both, the
value of Nb at the end of excavation was far

less than Ncb' Hence, it was concluded that

the rise must have been a consequence of
artesian pressures in pervious horizontal
partings beneath the excavation. Neverthe-
less, direct evidence of such partings was
not evident.

More recent experiences (Bjerrum 1969) sug-—
gest that the rise of the bottom of cuts in
stiff clays may be associated with passive
failure of the soil beneath the excavated
zone produced by large lateral pressures
existing in the soil mass before excavation.
The existence of such pressures associated
with values of earth pressures at rest
greater than unity has been well established
in many localities. Cut slopes in strongly
overconsolidated clays with large initial
horizontal pressures often fail, when the
excavation reaches a certain depth, by
sliding along a surface that passes neaxly
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horizontally through or slightly below the
toe of the glope. This observation appears
closely related to the rise at the bottom of
excavatiions with vertical sides protected by
a wall. The wall =omewhat modifies the hor-
izontal movements but does not prevent the
passive displacements, If the displacements
are large enough, base failure by heave may
ocaur.

2.4 Reduction of
2.4.1 General Principles

If the datails of the bracing and of the
constrxuction procedure ave well designed and
executed and if the workmanship is good,
settlements adjacent to an open cut n~an be
reduced only by decreasing the latexal move-
ments of the earth supports and the rise of
the bottom, The movements have their origin
in the general reduction of stress in the
soil surrounding the excavation; this re-
duction, in turn, is caused by the removal
of the weight of the excavated material. 1In
the conventional procedures considered in
Chapters 7 and 8, the insertion of the
struts, rakers or tiebacks that support the
sheet piles or other walls is always pre-
ceded by excavation. While this excavation
is going on, the walls move. Whatever por-
tion of the movement takes place below the
bottom of the excavation cannot be prevented
irrespective of the capacity of the supports
or of the degree to which the bracing is
prestressed, s

In principle, the movements could be pre-
vented 1if the entire supporting structure
including the sheeting, ‘the wales, the
struts or ties, and even the base slab for
the completed structure could be constructed
in their final positions bhefore the removal
of the enclosed soil. Subseguently, upon
excavation of the enclosed earth, the set-
tElements of the surrounding ground surface
would correspcnd only to those associated
with the deflections of the bracing system
and floor slab. These movements would be
extremely small compared to those that oc-
cur during excavation before the structural
systems are complete,

Such an idealized procedure can exist only
in imagination. It may be approached in
practice, however, in two different ways,
on the one hand, the amount of material ex-
cavated may be reduced to the absolute mini-
mum required for installation of the walls
and bracing. Only after the bracing system
is complete is the main mass of soil exca-
vated. This procedure is especially effec-
tive if the bottom of the proposed excava-
tion reaches or approaches firm material
which restricts the rise of the base that’
would otherwise take place. The second al-
ternative is to reduce the change in stress
caused by excavation by keeping the hole
full of water or slurry, or even compressed
air., The permanent structure, or the temp-
orar{ bracing system and bottom slab, are
completed before the fluid is pumped out or

the air pressure removed, Combinations of
the two alternatives are also possible.

The same principles and procedures for re-
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ducing settlement are also generally appli-
cable to increasing the factor of safety of
the bottom of a ¢ut against a base failure
by heave.

2.4.2 Tranch Method

The principle of reducing settlement by de-
laying excavation until the supporting walls
and bracing are complete has been apprecia-
ted and used for several generations in
localities where the subsoil consists of
deep deposits of soft clay. Beginning about
1900, the so-called trench method was used
in Baston, Chicago, and Detroit. Accoxding
to this procedure, a trench was excavated by
hand around the periphery of a building at
the proposed locations of the permanent
basement walls., The width of the trench was
as small as practicable., The sides were
supported by timber planks and large numbers
of horizontal trench braces or jacks extend-
ing from one side to the other. The com-
pletely sheeted trenches were carried to the
full depth of the outside walls of the struc-~
ture. Reinforcement was then set in the
trenches and the concrete placed directly
against the sheeting which sexved as the
form,

Simultaneously wikh the wall construction,
cross~trenches were excavated, generally
along the column lines, and were similarly
timbered and braced to the same depth as the
external walls. Concrete struts, later
forming part of the lowest basement floor,
were then cast in the bottoms of the tren-—
ches., The building columns were established
at the intersections of these struts, and
the floor beams for the upper levels of the
basement floors were erected, The floor
beams,” extending from side wall to side
wall, served as struts, In this manner, a
complete system of cross-lot bracing was
established while most of the soil within
the future basement area was still in place.
As a final step, the soil was excavated, but
the only inward movement of the permanent
walls was that associated with the elastic
shortening and deflection of the permanent
structure. Hence, the settlements were
minimized.

In some localities such as Detroit, the ad-
jacent settlement assocciated with rise of

the bottom led to the development of a con-
servative alternative to the foregoing pro- -
cedure, The work was carried out as just
described, up to the stage of excavating the
enclosed mass of soil. At this stage, in
order to reduce the change in stress due to
removal of the full weight of the soil, the
excavation to subgrade level was carried out
in small sections at a time, and the floor
slab was cast in that section and temporarily
backfilled until other sections had similarly
been completed. Thus, the full weight of the
overlying soil was not removed until the
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lowermost basement floor slab was structur-—
ally capable of resisting upward loads.

Many variations of this procedure were used
to suit varying conditions. They were gen-
erally successful in greatly reducing set-~
tlements in congested areas although they
were costly.

In the last few years the original tranch
method has been modernized by the use of
various techniques for constructing a stiff
outer wall of cast-in-place concrete before
eneral excavation. These techniques in-
clude drilling slurry-£illed holes and con-
structing a stiff outer wall of cast-in-
place concrete before-general excavation.
These techniques include drilling sluxry-
filled holes and constructing ovexlapping
vertical cylinders of reinforced concrete,
or of excavating slurry-filled trenches in
which reinforcement is placed ahd concrete
introduced by tremie methods. Some af the
many variations are patented.

2.4.3 cast ~in~Place concrete Walls

The principal advantages of. concrete walls
cast in place in slurry-filled holes or
trenches are the ability of the slurry ‘to
reduce loss of ground during construction
of the walls, the elimination of vibration
and disturbance associated with pile driv-
ing, and the strength and stiffness of the
walls themselves. In some instances, the
walls may serve as the exterior walls for
the finished structure,

use of the cast-
is reduction of
possibly elimina-

If the objective of the
in-place concretes walls
adjacent settlement and
tion of underpinning of some adjacant:
structures, the results are likely to be
disappointing unless lateral supports such
as struts or tiebacks are placed either
before the general excavation is made or in
stages as excavation proceeds, Bven the
apparently very stiff walls formed by the
various cast-in-place procedures accommo-—
date themselves to a high degree to the
movements of the mass of soil in which

they are enclosed., Hence, such walls are
not capable of eliminating, but only to
some extent of reducing, the inward latera)
movements associated with general excava-
tion.

The Soldier Pile Tremie Concrete or SPTC
wall (Thon and Harlan 1968), used recantly
in the San Francisco area and particularly
on the BART system, exemplifies the various
procedures and permits a compacrison of the
rigidity of such construction with that
consisting of standaxd soldier-pile or
sheet-pile walls, TIn its completed form it
consists of a concrete wall in intimate
contact with the soil on each side, The
wall is-reinforced'vertically by steel
soldiexr piles spaced at about Lwice the
thickness of the wall,
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According to the SPTC procedure, the soldier
piles are placed in predrilled slurry-filled
holes. A slot is excavated, still filled
with slurry, by means of a special ‘bucket
that uses the flanges of two adjacent sol-
dier piles as quides; the slot is then
filled with tremie concrete. The diameter
of the holes is equal to or slightly less
than the depth of the steel wide-flange’
sections to be used as the soldier piles
(Fig. 29)., Thus, when the wide~flange sec-

-tions are inserted in the holes, their

flanges are in intimate contact with the
s0il, The holes eliminate the need for
plle driving and insure the verticality of
the soldieR piles,

Soil

Horizontal Section through Typical
SPTC Wall

Fig. 29.

For fairly heavy SPTC walls, the soldier
piles consist of steel beams 36 inches deep,
spaced at about 6 Ft, If the heaviest wide-
flange section, 36WF194, is used at 6§ ft
centers, the stiffness of the wall, EI per
ft of length, is approximately 200 x 109

b in2/ft. Of this stiffness, about 70%

is furnished by the concrete, assumed to ba
uncracked, and the remainder by the steel.
The corrésponding stiffness of the heaviest
U.5. rolled sheet-pile section, 2p38, is

8.4 x 10° 1b in/ft. Hence, the ratio of
stiffnesses of the two walls is approxi-
mately 23.8.

The deflections of the walls under a dig-
tributed loading depends, however, not only
upon the inherent stiffness of the walls,
but approximately on the fourth power of
the distance between supports, Therefore,
the relative deflections of the two wallg
under similar systems of loading would be
approximately in the ratio of the fourth
rools of the ratio of the stiffnesses, or
about 2.2, Hence, it might be concluded
that if a vertical spacing of struts of
about 10 ft were needed in order to, keep
lateral movements of the sheet piles with-
in tolerable limits as excavation proceeded
downward, the substitution of the SPTC wall
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would not reduce these lateral movements
significantly unless the spacing of the
struts were less than about 22 ft.

Thus, walls of this type may alleviate the
problem of adjacent settlement, but they in
themselves do not permit deep excavations

without the use of struts or other supports
at vertical intervals less than about twice
those that could be tolerated with the more
flexible sheating. Such walls should not

- be regarded as rigid, but might more prop-

erly be termed semi-rigid. The same
reasoning leads #o the conclusion that the
use of gsemi-rigid cast-in-~place concrete
walls extending well below the bottom of

an open cut underlain by a considerable
depth of soft material will only reduce but
not eliminate the loss of ground associated
with inward movement of the walls as the
excavation deepens. Nor will it eliminate
the problem of base failure by heave, The
conception that such walls are extremely
strong and rigid, as might be inferred
solely from the relative rigidities EI, is
misleading and dangerous,

The foregoing comments apply to all the
various forms of cast-in-place concrete
walls. The necessary lateral support may,
under favorable conditions, be provided by
struts or tiebacks installed as the exca=
vation is deepened. If the movements would.
ba excessive, the supports must be installed
before the material to be excavated is

fully removed. The procedures are essen-
tially the same as those used in the old
trench method. Where cross-bracing can be
utilized as part of the permanent frawing
for the structure, the method may prove very
attractive,

Since the cast-in-place perimeter walls can
be made relatively watertight, they are
useful in arxeas where the external water
level should not be lowered., Similarly,
they are well adapted to the control of
running sands and silts. However, if the
walls are supported by tiebacks inserted
through holes in the wall as excavation
proceeds, significant loss of ground may
occur because of caving of the anchor holes
or flow of cohesionless materials into the
excavation through the openings.

2.4.4 Dredging

Open dredging for excavation within coffer-
dams and caissons, ‘with hydrostatic heads
inside the enclosure equal to or greater
than the external water level, has been
practiced widely for wany years. More re-
cently, the technique has also been adapted
to large-scale excavations such as those
for subway systems.

The danger of setklements due to lowering
the water table in loose sand containing
organic maktter is so great in some locali-
ties that groundwater lowering is out of
the question. To avoid such difficulties
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in Rottexdam, for example, a trench was
dredged (Plantema 1965) with floating equip-
ment, Sections of the proposed conduits
were then prefabricated, towed in, and sunk
into position on piles driven after the
dredging.

To investigate the feasibility of reducing
settlements adjacent to open cuts in the
soft Oslo clays, a test section (Di Biagio
and Kijaernsli 1961; Bjerrum et al 1965) was
constructed by underwater excavation. The
presence of the water reduced the final
value of Nb from about 5.5 to about 3.5,

The movements were of about the usual mag-
nitudes for cuts in similar Osle soils in
spite of the omission of struts in the low-
er half of the cut. The bottom was pro-
vided with a tremie concrete seal before
dewatexing.

2 4.5 BRir Pressure

In the Scandinavian countries and else-
where, use has been made of the so-called
"upside~down construction". Accordlng to
this construction, sheet piles are first
driven along the boundaries of a proposed
excavation. The soil between the sheet
piles is then excavated down to the level
at which the roof slab of the completed
structure can be constructed. If necessary,
struks are inserted between the sheet piles
as excavation proceeds down to this level.
if the movements associated with excavation
to this level would be excessive, and if
there is sufficient unoccupied ground be-
side the cut, the ground level on eithexr
side of the cut may be temporarily lowered
until the roof slab has been placed, The
roof slab is then built and supported on
the sheet piles. It is then backfilled to
provide the weight necessary to resist the
upward pressure of the compressed air to

be introduced beneath the slab. Excavation
then proceeds by tunneling methods beneath
the concrete roof slab with the aid of the
compressed air., The air pressure reduces
the inward movement of the sheet piles and
also the tendency of the base to heave.
After the base slab has been cast and the
permanent walls completed, the air pressure
is removed.

Applicability of the method is limited by
the air pressure that can be supported
against the roof structure without blow- -
outs and, in the event of loss of air pres-
sure, by the necessity for supporting the
roof on the sheet piles as bearing piles,

2 4.6 Calssons

From time to time, attempts have been made
to construct the substructure of bnlldlnqs
as caissons to be sunk to their final posi-
tion by internal excavation. One such at-
tempt over thirty vears ago in Mexico City
led to major disruption of the surrounding
ground and to excessive settlements because
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of the drag-down forces exerted by the de-
scending caisson on the surrounding soil.

Difficulties were also experienced in keep-

ing the caissons vertical.

More recently, the method has met with con-
siderable success, particularly in Europe
(CEPWR 1967) and in Japan (Takenaka 1964),
The successful procedures include means for
injecting bentonite as a lubricant around
the periphery of the caissons, controls to
detect deviations from verticality, and in
some instances the use of air pressure in
the working chamber at the bottom of the
caisson when final cleanup is done. In
Japan, use of the cast-in-place concrete
wall method has largely supplanted caisszon
construction (Endo 1968).

2.4.7 Other Procedures

Several procedures, based on improving the
controlling physical properties of the sail,
have been proposed and used to a limited
extent. These include freezing or grouting
tLhe soil, and electro-osmosis. .

Freezing of the soil to form a retaining
wall or ring of frozen ground has been ac-
caomplished successfully to permit excavation
of large underground openings such as stor-
age chambers for liquefied petroleum gas.
As yet, little has been reported aboub the
ground movements associated either with the
freezing or the subsequent excavation. Al-
though f£reezing has thus far been used pri-
marily as a construction expedient, further
developments may lead to a more general use
(Sanger 1968).

Injection of grout into granular materials
has in some instances provided successful
support for adjacent sctructures and has per-~
mitted safe excavation by reducing the
likelihood of r»uns. Groundwater lowering
before excavation is. advisable ko eliminata
adverse seepage pressures. Movements assoc-
iated with the injections are not well daec-
umented. In many instances the ground sur-
face rises more upon grouting than it set-
tles subsequently because of the excavation;
careful control is required.

Electro-osmosis has successfully stabilized
slopes in silts and silty clays (L. Casa-
grande 1962), and has been used experiment—
ally to stabilize the bottom of a ecut in
very soft clay aginst the possibility of a
base failure (Bjerxrum et al 1968), The
substantial volume changes associated wikth
the procedure often lead to settlements of
the surface and the formation of fissures,

2.4.8 summary

In this chapter it has not been possible to
consider all the many procedures that have
been proposed and successfully used for
carrying out deep excavations with vertical
sides, Rather, it has been the aim to point
out the principles under which the various

methods reduce loss of ground and settlement.

The most serious probléms arise in very deep
deposits of soft cohaesive sediments. Here,
the movements of the ground associated with
the changes in stress caused by excavation
are likely to be so extensive and so deep-
seated that the use of semi-rigid walls, or
the insertion of struts at closely 'spaced
intervals as excavation proceeds, are likely
to prove to be merely inadequate expedients.
Significant reductions in the movements can
be accomplished only by procedures that re~
duce the magnitude of the change in stress
in the soil mass until the system of sup-
ports has been completed and is capable of-
withstanding the forces and deformations.
These ends are accomplished either by de-
laying the excavation of most of the mater-
ial until the supports have been completed, .
or by substituting a fluid pressure or air
pressure for the pressures originally exert- .
ed by the removed soil,

In other types of ground where movements are
likely to be smaller, use of semi-rigid
walls may reduce the settlements to amounts
so small that buildings need not be under-
pinned. 1In such instances, the additional
cost of the semi-rigid walls may be more
than offset by the reduced cost of support-
ing the adjacent structures. ’

Unfortunately, the amount of observational
data concerning the magnitude and distribu-
tion of settlements is still fragmentary and
does pot often permit a reliable estimate of
the movements to be anticipated for differ-
ent types of construction in various sub-
surface materials.

In all methods of excavation, once the sys~
tem of bracing and excavating has been de--
cided upon, careful attention to the princi-
ples of good workmanship is necessary if the
settlements are to be Xept to the minimum
compatible with the method chosen.

2.5 Earth Pressure
2.5.1 Introduction

The available measurements of strut leads in
braced cuts were reviewed by Flaate (1966)}%
and condensed into semi-empirical apparent
pressure envelopes by Terzaghi and Peck
(1967) for estimating the maximum strut
loads that might be expected in the bracing
of a given cut, The envelopes, or apparent
pressure diagrams (Fig. 30), were not in-
tended to represent the real distribution of
earth pressure at any vertical section in a
cut, but instead constituted hypothetical
pressures from which there could be calcula-
ted strut loads that might be approached but
would not be exceeded in the actual cut,

The apparent pressure diagram for' estimating
strut loads in sand (Fig. 30a) agreed well
with the data available at the time it was
prepared. Recent measurements providing

*Sources of all earth-pressure data used in this study are listed in Appendix I.
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further data (Miller-Haude and von Scheih=
ner 1965; Briske and Pixlet 1968; TTC 1947)
are in agreement with the earlier findings
and do not reguixe further discussion.

The semi-empirical procedures for estimat-
ing strut loads in soft to medium clays
werae far less satisfactory. The width of
the apparent pressure diagram in the pro-
cedure recommended in 1967 (Fig. 30b) is
directly proportional to the coefficient of
active earth pressure K,: the same was true

with respect to the original trapezoidal
rule proposed by Peck (1943). Several
authors (Brown 1948, Tschebotarioff 1951)
noted that the original trapezoidal rule
underestimated. the strut loads in the Chi~
cago cuts when the depths of the cubs were
still small. The data accumulated since
that time, not only in Chicago but else-
where, support their conclusion. HMoreover,
the width of the apparent pressure diagram,
KA?H, becomes negative, since

K, = 1l - dsu/yH, when yﬂ/su<4.

equality can be satisfied in a deep cut if
s, is large enough, or in a soft clay if H

This in=

is small enough, Inasmuch as experience
demonstrates that the earth pressure is not
zero or negative under these conditions, the
approach is obviously invalid,

The information now at our disposal, in-
cluding recent data to be summarized latex

‘than 6 or 7,

(c)

Apparént Pressure Diagrams Suqgested by Terquhx and Peck (1967) for Computing

in this chapter, appears to justify the
following conclusions. The behavior of the
soil and the bracing system depends on the
stability number N = YH/su, where s is the

undrained shear strenqth representative of
the clay beside and beneath the cut to the
depth that would be involved if a general
shear failure were to occur on account of
the excavation. (The stability number N
refers to all the soil involved, whereas
”b pertains strictly to the strength at

levels below the bottom of the excavation
at any stage.) When the depth of excava-
tion corresponds to values of N greater
extensive plastic zones have
developed at least to the depth of the hot-
tom of the cut and the assumption of a
state of plastic equilibrium is valid.
Semi-empirical procedures for determining
strut loads, based on earth-pressure theory,
then become more fitting., The movements
are essentially plastic and the settlements
may be large.

The distinction in behavior for cuts in
clays cannot be made, therefore, solely
with respect to the softness or stiffness
of the clay. It must be drawn on the basis
of the behavior of the cut which, for the
time being, will be considered to be re-
flected by relative values of the stability
number N, The same cut in its shallow
stages may be characterized by values of

M less than 3 or 4, and in its deepex
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stages by values greater than 5 or 6.

The final portion of this chapter is con-
cerned with earth pressures against the
sides of cuts in cohesive sands and sandy
clays, for which there has been a serious
lack of data. The results of one recent set
off observations in - such materials are pre-
sented.

Untortunately, the foregoing comments, aeal-
ing with cuts in distinctively different
types of at least fairly homegeneous soils,
are at best broad generalizations. Little
can yet be said concerning the effects of
stratification. Even the calculation of N
for a clay of strength that varies with
depth becomes a matter of judgment. The
influence. of the embedment of the sheet-
plle walls or soldier piles is also poorly
understood, Hence, application of the
findings to the practical.design of a system
of bracing is not yet a routine matter,

2 5.2 Cuts in Clay, W5 or 6

Observations of loads in systems of bracing
in three different cuts are summarized in
Fig. 31: 1In Fig. 3la {Lacroix and Perez
1969) are shown loads in the rakers sup-
porting the sheet-pile wall illustrated in
Fig. 21. The significant dimensions and

s0il properties are given, but no comparison

has been attempted between the measured
loads and those predicted by any semi-
empixrical xules because of the complications
introduced by the sloping ground surface and
the adjacent building.

The apparent pressure diagram corresponding
to the horizontal components of the forces
in the tiebacks of a cut at the Pickering
Generating Station in Ontario are shown in
Fig. 31b (Hanna and Seeton 1967). The dia-
gram is compared with the apparent pressure
envelope, Fig. 30b, for caleulating the
maximum load for which the supports should
be designed. The agreement is satisfactory.

The forces in several sets of cross-lot
struts are shown in Fig. 3lec for Chicago
Contract K5 (Maynazd 1969). HNo comparison
with semi-empirical rules is given because
of the uncertainty in evaluating the shear
strength representing an appropriate average
when a soft layer near mid-height of the cut
is sandwiched between an overlying stiff
clay and an underxlying hard one.

In all three examples the movements of the
supported walls were moderate. The loads
at the Pickering Station;, the only one of
the cases lending itself to a simple calcu-
lation, were in good agreement with those
predicted by the semi-empirical procedure,
Remarkably different results were obtained
from the observations made for a cut 11.5
deep in the soft clays of Mexice City
{Rodrfiguez and Flamand 1969), The soil
profile, the general dimensions of the cut,
and the diagram presented by the authors

Lead, kips
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representing the apparent total earth pres-
sure, as determined by the strut lcads, are
shown in Fig. 32.
are shown in Fig, 19. Fig. 32 also indi-
cates the trapezoidal apparent pressure dia-
gram computed in accordance with Fig. 30b.
It is obwvious that the measured apparent

- earth pressures greatly exceeded the calcu-

lated ones based on the value m = 1,

&
by
; & Calculated (Fig. 30b
Fill % I
o Sondy ST T B N
R e T
| Y. (N
4 ==
Very Soft to Soft Clay [ m=i0
sy=1to3 t/m? 8.
w =100 to 500 % M PO 9 1D
2 6 i 4 . 8
127l Apparent Total Eorth
' Pressure, ton/m?
Qwe!PHe—i“\j
16
Fig. 32, 8trut Loads for Cut in Soft Clays

in Mexico Ccity (See Fig. 19)

These findings are similar to those noted
with respect to several of. the open cuts in
Oslo (vaterland 1, 2 and 3) in which the
depth of excavation corresponded to values
of N equal to about 7 or 8 (Flaate 1966).

In these particulay Oslo cuts, the soft
clays extended to a considerable depth below
the bottom of the excavations. Undex these
circumstances, it was noticed that the sel-
tlements surrounding the cuts and the inward
movement:s of the sheeting were extremely
large and that the strut loads were very
much larger than those that would be pre-
dicted by the use of Fig. 30b with the fac-
tor m taken equal to 1.0. Flaate found
that the earth pressure diagram for calcu-
lation of strut loads in the Vaterland cuts
would fit the observed data better if m,
which constitutes a reduction factor on the
shear strength, were taken equal to 0.4,

For the cut observed by Rodrfguez and Fla-
mand the calculated value of N when the cut
was at its full depth was approximately 6,
neglecting the effect of the surcharge re-
maining around the cut after some of the
surface material was stripped away (Fig. 32).
Since the surcharge undoubtedly had a con-
siderable effect by the time the cut reached
its full depth, the real value of N was

Movements of the sheeting -
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probably closer to 7 or 8. Furthermore, the
soft clay extended to great depth below the
bottom of the cvi: and, indeed, was somewhat
softer below the bottom than above. Hence,
the conditions were strikingly similar to
those at the Oslo cuts where large movements
and leoads were experienced. For Oslo, the
most appropriate value of m appeared to be
0.4. If an apparent earth pressure diagram
were constructed for the Mexico City cut
using the value m = 0.4, as shown in Fig.
32, the maximum strut loads computed from
the diagram would be in reasonably gocd
agreement with those observed. The lateral
movements of the sheeting of the cut in
Mexico City, even below the bottom of the
excavation, were exceptionally large, not
unlike those for the 0Oslo cuts.

Thus the Vaterland cuts in Oslo and the cut
in Mexico fall into a separate categoxy
characterized by exceptionally large pres-
sures and movements. The values of N
reached 6 to 8, but similar values have been
reached in other cuts without comparable
magnification of effeckts., In the other,
more ordinary, cuts the depth of movement
was, however, usually limited by a stiff
layer near the bottom of the cult and the
depth of the plastic zone could not greatly
exceed the depth of the cut. The corres-
ponding earth pressure appeared to he gov-
erned by the coefficient

which is the unmodified Rankine-R&sal egua-
tion for active earth pressure.

On the other hand, if at values of N = 6 to
8, there is beneakth the cuk a great depth of
soft material, the depth of the surface of
sliding is by no means limited approximately
to the depth of the cut, The earth pressures
may therefore be much larger (Kane 1961) and
very large settlements also may be experi-
enced, Under these conditions, any rational
earth-pressure theory should take account of
the greatly increased depth of the plastic
zone. As an expedient pénding the develop-
ment of the appropriate theoretical treat-
ment, modification of the shear strength by
the reduction Ffactor m has been suggested.
For the two groups of observations at our
disposal, the value m = 0.4 appears to be in
agreement with the measurements.

There do not as yet appear to be any sets of
observations seriously at variance with
these generalizations. Unfortunately, how-
ever, the evaluation of the properly repre-
sentative value of Sy for calculating either

N or KA

judgment, especially if the clay near and
below the bottom elevation of the cukt con-
sists of layers of widely different
strengths.

is very uncertain and involves much
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2.5.3 Cuts in Clay, N <4
If the dimensions of the cut and the
strength of the clay are such that su>yﬂ/d,

classical earth-pressure theory suggests
that the earth pressure against the hracing
should be zero. In fact, of course, the
pressure has a positive value.  The dis-
crepancy arises because of the attempt to
apply a theory of plastic equilibriwm to a
material not in a plastic state. For values
of N less than about 3 or 4, earth pressure
theory should not be used, whether the cut
is a shallow one in soft clay or a deeper
one in stiff clay. :

Measurements of strut loads in the initial
stages of excavation of cuts in soft to med-
ium clays, and the results of observations
in a test trench in stiff clay in Oslo
(DiBiagio and Bjerrum 1957) indicated that
the shape of an apparent pressure diagram
serving as the envelope of the measured
strut loads at any stage could also be
represented by a trapezoid. Terzaqhi and
Peck (1967) suggested that the width of the
trapezoid would correspond to the ranqe-
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¥ 0.2¢yH to 0.

dyH (Fig. 30c).

Few observation-

al data were available to demonstrate the
validity of the suggestion.

Measurements have now become available of
loads carried by the support systems of five

cuts for which N is less than 4.

Two of

these are in Houston, two in Toronto, and

one nedar St. Louis.

The measured maximum

apparent pressures,at each strut level in
each cut, as determined from the loads are
compared with the pressures given by the
suggested trapezoidal diagram, Fig. 30c.
The values for each cut are designated by
separate symbols.

The
ing
the
For
the

apparent pressure envelope, correspond-
to Fig, 30¢ with abscissa 0.4vH, fits
measured maximum values conservatively.
all but the tieback cut, which was also
only prestressed system, the measured

values fall between the diagrams for 0.2vH
Hence, it would appear that Figq.
30c may serve as a quide for design in clays,
for N < 4, even if the clayy are not fis-
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2,5,4 cuts in Clay, N = 4 to 6

As a cut in a homogeneous clay deepens, Y
is likely to increase. Between depths cor-
responding roughly to N = 4 and N = 6, a
transition from an elastic to a plastic
state should occur in the surrounding clay.
Calculated values of KA (for m = 1) may

increase from 0 at ¥ = 4 to much higher
values, However, in the transition, the
real earth pressure could hardly be expec-'
ted to decrease to zero from values cor-
responding to Fig. 30c, and then to increase
again., It is suggested that values taken
from Fig. 30c be considered lower limits

of pressure near mid-height of the cut.

_ Apparent pressure diagrams have been com-

puted on the assumption that the shearing
resistance of the soil consisted entirely
of friction, for several different values
of ¢, by the empirical procedures recom-
mended for cohesionless sands. The compar-—
ison is shown in Fig., 34. The drained
friction angle ¢' of the clayey sands is on
the order of 359; for this value and ¢’ = 0
the apparent pressure diagrams agree reas-
onably well with the computed ones. The
consolidated-undrained -parametexs in terms
of total stresses are approximately ¢ = 0.6
ksf and ¢ = 16°; these values give pressures

until ¥ increases to the extent

that the

pressures computed from Fig. 30b become

egual to those estimated from Fiq.

0c.

2.5.5 Clayey Sands and Sandy Clays

The rasults of observations on one cut in
dense clayey sands and stiff sandy clays,

both with silty components, are
Fig. 34. The diagram indicates

shown in
an arched

distribution of earth pressure with center

much higher than the observed ones if the
width of the apparent pressure diagram is

taken as 0.65
the expression

Ka

= tan”(45° - Ho -

YH,

and hA

is computed by

4e ]
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site, and it is probable that the changes in
pore pressure due to the excavation also oc~
curred quickly. Therefore, the drained par-
ameters are probably more reasonable.

2.6 bonclusions

A substantial amount of empirical data has
become available during the past decade.
Consequently, our understanding of the move-
ments and forces associated with open cut-
ting operations has greatly.improved.

Observations of the lateral movement of
vertical sheet piles or soldier piles have
proven particularly informative, They
demonstrate clearly, at least in clays,
that while excavation is actually gqoing on,
lateral movements of the piles or sheeting
take place below the level of the lowest
strut in place and even below the level of
excavation itself. The magnitude of the
movements depends strikingly on the nature
of the soil and on the depth of excavation.
Extraordinarily large movements appear
when the depth of a cut in clay approaches
that corresponding to N = 6 or 7 and when
a considerable depth of similar clay also
extends below the bottom of the excavation.

The lateral movements are significant be-
cause they are associated wikh settlements
g€ approximately equal volume. Unfortunale-
ty, rather little information has been ob-
tained concerxning the distribution of set-
tlements with respect to distance from the
adge of the cut., Such information is neaded
to permit rational decisions about the nec-
essity for underpinning adjacent strucktures.

In cohesionless soils, settlements may oc-
Cur as a consequence of actual loss or Flow
of ground into the excavation. Proper con-
trol of groundwater and seepage pressures
becomes the most important means for keep-
ing settlements to a minimum.

cantly reduces the movements.
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Heave of the material beneath the hottom
may also be a source of lost ground and
settlement. Tt occurs primarily in soft
clays, but may develop in stiff clays as a
consequence of large lateral stresses under
at-rest conditions in the ground. Heave
may, of course, also take place if excess
hydraulic pressures are allowed to develop
below the cut.

The use of tiebacks and anchor systems in-
stead of cross-lot bracing or rakers has
become prominent. The relatively litkle
information at our disposal suggests that
the pattern of deformations differs from
that associated with cross-lot bracing in
that the deformations may decrease from top
to bottom of the eut. It would be antici-
pated that under these conditions the dis-
tribution of loads among the anchors might
more nearly resemble that corresponding to
a triangular distribution of pressure than
to an arched distribution typical of cross-
lot bracing. However, the conclusion should
not be drawn until adequate experience with
tieback systems has been collected and dis-
cussed with a view to developing semi-
empirical procedures for design.

Inferior viorkmanship can easily lead to
larger settlements than those inevitably
associated with a given type of construction
and a dgiven soil (Sowers and Sowers 1967).
Prestressing of struts and tiebacks signifi-
Nevertheless,
the best of workmanship cannot reduce the
settlements below a minimum that depends
primarily on the nature of the soil and the
depth of excavation, If movements must be
reduced below the inevitable values, a radi-
cal alteration in the method of construction
is required, Suech alterations, in principle,
reduce the change in stress associated with
excavatiop until the bracing system or per-—
manent structure is in place and capable of
resisting forces and deformations. Various
means for accomplishing this purpose have
been discussed,
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Lesa cuvrages nécessitant la réalisation 4!
excavations profondes ne peuvent dtre congus
d'une fagon rationelle que si 1'igénieur est
capable d'estimer les possibilités de
congtixuction par les différents moyens mis
A sa disposition, les pertubations suscep-
tibles d'étre causbées aux constructions
voisines, les forces ou les déformations
auxquelles les structures temporaires et
définitives pourrent 6tre soumises, Dans
bien des cas, le choix entre la réalisation
d'une fouille ou celle d'un tumnel dépend
plus de la nature des pertubations pré-
vues dans le sol que des forces auxquelles
les structures seront soumises.

La construction d'un tunnel sera satisfai-
gante, si les limmweubles, les rues ou les
installations @'utilits publique avoisinates
ne sont pas endommagés d'une maniare
excessive et si, l'ouvrage une fois texminé
est capable de supporter les conditions

©auxquelles il sera soumis pendant sa durée

d'utilisation. Parmi ces conditions, il
est d'usage de considérer la poussée des
terres comme la plus impoctante, En fait
bien d'autres facteurs ont un rdle prépon-
dérant: dans le comportement des tunnels.
L'ordre dans leguel les phases de la cons-
truction sont réalisées et le comportement
du seol avoisinant pendant la période de
cons truction introduisent des complications.
u fait de ces complications, le calcul du
reveétemenl permanent ne peut &tre effectue
en utilisant la théorie de la poussée des
terres. Ce calcul devrait 1'&tre, de
préférence, en se basant sur la prévision des
déformations et la connaissance des défor-
mations tolérables.

La possibilite de construction d'un tunnel
dans un 20l mou a &té discutée par Texrzaghi
en 1950. Certaines modifications ont &té
apportées a ses conclusions pour tenir
compte de l'utilisation des machines de
parcemant, Pour les tunnels dans des
argiles non drainées, la validité des
criteres de stabilité a &té &tudiée et les
propositions de Broms st Bennevmark (1L967)
ont &t& d'une maniere générale trouvées
acceptables. D'autre part, pour les
matériaux ayant tendance 3 s'&ffriker ou a
8'é&bouler, il est difficile d'établir des
exritiéres basés sur une théorie, car 1'influen
ce des détails de construction est prépon-
dérante.

Lea résultats de mesures des tassements,
aspscciss } la construction de tunnels, dans
drivers types de sols, pour des conditions

différentes, sont présentés dans le rapport.
Ils montrent que la distribution des tasse-
ments de la surface du sol, au dessus d'un
tunnel unicue, a souvent la forme d'une
courbe d'erreur. L'ordre de grandeur des
tassements susceptibles de se produire sous
diverses conditions, peut @tre grossidrement
estimé en se basant sur les résultals empiri-
ques contenus dans le rapport. D'autras résul
tats sont condensés dans la Fig., 9 et permet-
tent d'évaluer approximativement 1'étendue
latérale de la zone de tassement. Le rapport
souligne les irrégularités de la distribution
des tassements dues 3 des éboulements souvent

" causés par un rabattement insuffisant de la

nappe dans les sols pulvérulents.

Les conditions requises pour le calcul des
supports permanents et temporaires des tunnels
sont &tudifes en détail. L'excavation d'un
tunnel est toujours accompagnée de mouvements
du sol environnant vers le front d'attaque.
Ces mouvements changent complétement la
distribution et l'intensité des contraintes
qui prévalaient dans le sol. Du fait que le
rev@tement temporaire ou permanent ne puisse
&tre placéd avant qu’un mouvement ne se produi
se, les forxces auxquelles le revétenent doit
résister sont sensiblement différentes de
celles qul se seralent exercées si aucune
déformation ne s'était produite. 5i la sec—
tion courante du revetement a la forme d'un
anneau & peu prads cireulaiie, el est
veaisemblablae que la force de compression
finale, qui s'exerce sur cet anneau ne sera
pas sensiblement plus grande que celle due &
L'action du poids des terres envirennantes.
De plus, 1l est trés probable que les diston-
sions des revittements, mfme s'ils sont flexie
bles, seront petites pour pcesque tous lLes
types de sol, Les résultats d'observation,
présentés pour justifier ces conclusions,
indiquent que la résistance au cisaillement,
mobilisée dans le sol avoisinant, est tou-—
jours un des facteuvrs principaux du mécanisme
de support des tunnels, La perturbation
accompagnant la construction d'ouvrages
adjacents, et mfme de tunnels voisins, ne
modifie pas cette conclusion, bhien qu'il
faille prévoir des forces et des déformations
supérieures a celles envisagbes dans le cas
d'un tunnel unique.

L'excavation produit, dans le sol enviromnant,
une distribution favorable des contraintes
que devrait &tre prise en considération lors
de la conception des revétements de tunnel.
%'habitude de concevoir un revétement pri-
naire et un revétement secondaire devant
résister 3 des pressions des terres 4 peu
prés dgales a celles existant dans une masse
de s0) au repos n'est pas justifiée et
devrait Btre abandonnée. Il est préférable
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d'utiliser une méthode de calcul qui tient
compte de la résistance du sol. Une telle
méthode se divise en quatre parties.

1. Bvaluer la contrainte pérlphérlque et cal—
culer le revétement de facon qu'il résiste A
la compression. Pour toutes les argiles, en
dehors des argiles gonflantes, une limite
sunérleure de la c0ntraite périphérique peut
tre prise égale 4 la presszion due au poids
des terres au centre du tunnel, au a une
valeur légerement plus grande si le coeffi-
cient latéral de poussée des terres est -
initialement supérieur A 1'unité.

2, Evaluer la variation de diamdtre ¢qui se
produirait si un rev@tement: fléxible &tait
installé, et choisir unrevetement ayant une
fléxiblklté suffisante pour pouvoir subir la
méme déformation sans rupture L'é&valuation
des déformatiocns doit etre fondée sur des
résultats enpiriques. Malheureusement les
résultats des inforwmations disponibles ne
sont pas encorxe applicables dans tous les
qas,

3. Prévoir une rigidité et une rédsistance
suffisante capable de supporter les efforts
awercés pendant la construction tels que ceux
duv % la réaction des vérins du bouclier et
3 la construction du vevétement. Ne pas
considérer spécifiquement le cas de rupture
par flabement géneralisé dans des plans pex-
pendiculaires & 1'exe du tunnel.

4. Considérer les modifluahion 3 appoxr ter
dans le cas du percement conséeutif a'autres
tunnels ou de la construction d'autres
ouvrages A proximité du tunnel. I.'influence
de telles activilés peut aussi Btre évalude,
dans bien des cas, 4' apres les résultats
empiriques présentés dans le rapport.

Le méthode de conception proposée devrait
entrainer une économie considérable et, en
méme temps, ménager une large marge de sécu-
rité et non sur des suppositions qui ne sont
pas &tayées par les observations Ffaites.

L'excavation des foullles blindées implicue
1'enlévement de poids de terre substantiels.
Les changements importants des contraintes,
que y correspondent, produisent des dépla-
cements vers le haut du fond de la fouille,
des déplacements vers 1'intérieur des cotés
(méme s8'ils sont protégés par des murs de
palplanches ou de pieux-soldats) et un tasse-
ment correspondant de la suxface du sol
avolsinant. TLes relations intimes entre les
différents mouvements sont exposées dans les'
résultaks des nombreuses mesures sur des
fouilles dans des argilez plastiques et dans
des sables,
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Le comportement des sols avoisinants les
fouilles dans des argiles plastiques semble
8tre fonction, dans une grande mesure, du
nombre de stabilité N = ¥ #/Su, ou H repré-
sente la profondeur de la fouille, ¥ le poids
spécifique du sol, et Su la contrainte de
cisaillement dans des conditions non drainées.
Pour des valeurs de N inférieures X} 4 les
mouvements sont assentiellement &lastiques.
Quand N crolt de 4 i 7 oh 8 des zones plas—
tiques de plus en plus grandes se forment et
les mouvements deviennent importants. si
l'argile molle s'étend sur une grande
profondeur au dessous du fond de la fouille

et si ¥ est de l'ordre de 7 & 8, une 2zone
plastique trds profonde se forme et da grands
mouvement, se produilsant suxr une grande &ten-—
due, ne semblent pas pouvoir 8tre évités. De
tels mouvements ont &té observés dans plusiewa
excavations dans des argiles molles A 05lo et
dans une excavation profonde a Mexico. D'un
autre coté, si le développement de zones
plastigues est restreint par la présence de
matériaux assez raides, au fond ou prés du
fond de la fouille, les mouvements sont
considérablement réduits.

La présence de murs, soib-disant rigides, an
lieu de palplanches ou de pleux-soldats
habituels, réduit les mouvements, maiz ne les
élimine pas. B8i les procédés ordinaires de
construction conduisent i des mouvements
excessifis, il faut apporter des modifications
essentielles aux méthodes d'excavation et de
blindage. Ces modifications impliquent, soit
la construction compliéte du systdme de blin-~
dage avant d'excaver le sol a l'intérieur de
l'enceinte, soit la diminution de la diffé-
rence de contraintes qui va de paix avec
l'excavation elle-méme. Le premier procédé
comprénd la construction en tranchées, dévelo
ppée il y a plusieurs amnées et ses récentes
variantes telle que la construction d'une
paroie rigide moulée en tranchée de boue.
Dans certains cas des étangons doivent 8tre
placés entre les parois moulées de telle
maniére qu'elles soient complétement étayées
sur toute leur profondeur avant de retirer

un important volume de terre de 1'intérieur
de l'enceinte, Te deuxidme proctdé peut 8tre
réalisé par dragage sous 1l'eau et par excava-
tion a l'air comprimé aprés avoir conatruit
le toit permament de L'ouvrage.

Le rapport présente des renseignements empi-
riques gui peuvent permettre d'évaluer 1'im-
portance de la perturbation et du tassement
de la =surface du sol qui accompagnent une
excavation par des moyens conventionnels.
Apr@s avoir évalué ces grandeurs, 1'ingénieur

-peut alors décider si des moyens d'excavation:

et de blindage plus élaborés sonkt nécessai-—
reg,
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Les forcea que le blindage d'une fouille
vrofonde devra supporter peuvent gtre calcu-
lées de fagon assez précise parx des mé&thodes
semi-empiriques dans le cas d'excavation dans
le sable. Dans les argilea il a été prouvé
(que ces forces sont fonction du nombre de
stabilité N  Pour des valeurs de N infé-
rieures A 4 aucune théorie de poussée des
terres, faisant intervenir les contraintes de
cisaillement dans l'argile, ne peut &tre
appliquée et les forces doivent dtre détermi-
nées de fagon empirique. Les valeurs de N
entre 4 et 6 revprésentent une zone de transi-
tion entre l'état élastique et L'état plasti-
que nour lequel les théories de poussée des
terres devraient pouvoir &tre appliquées.
pour des valeurs de N entre 6 et 8 des
résultats satisfaisants peuvent &tre obtenus
nar des orocédés semi-empiriques utilisant

la théorie simple de Rankine-Résal et une
poussée apparente ayant une distribution
trapézotdale.

pour des valeurs de N supérieures a 8 et
quand, de plus, de profondes couches d'argi-
les sont situdes au dessous de la fouille, la
zone plastigque est txés profonde et les foxr-

cas de poussée des terres s'accroissent d'une’

fagon impressionante. Dans ce cas la théorie
classique de poussée des terxes n'est plus
applicable et le rapport suggére quelques
autres méthodes,
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L'utilisation du nombre de stabilité pexrment
de distinguer entre les différentes types
d'axcavation dans les argiles et d‘'éliminer
certaines confusions concernant les possibi-
lités d'avolication de régles semi-empiriques
vour des fouilles peu profondes danz des
argiles molles ou pour des fouilles profondes
dans des argiles raidea. Dans les deux cas
La condition N inférieur a4 4 peut aussi- bien
prévaloir et une approche empirique est aloxs
nécessaire, jusqu'd ce qu'une meilleure
connaissance du probléme soit acquise.

La fiche des palplanches et la profondeur &
laguelle elles devraient &tre battues jinfluent
aur le comportement de la fouille, mais auncu-
ne conclusion définitive ne peut 8tre apportée
car la connaissance de leuxs effets n'est
encore gue sommaire,

Le rapport pfesente aussi de nouveaux
résultats empiriques concernant les forces
qui s'exercent sur des fouilles effectuées
dans plusieurs types de sols qui

n'avalent pas &té étudiés jusqu'a présent.’
Quaelques ranseignements sur des systémes
d'étangons inclinés et d'anerages y sont
aunasi inclus,
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APPENDIX I

Sources of all Earth Pressure Data for Braced Excavations in this Study

Soil Type

Granular Soils

Clays

Miscellaneous Soils

lai1 projects except those

Flaate (1966).

Project

Subway, Berlin

Subway, New York

Spree Underpass, Berlin
Subway, Munich

Subway, Berlin

Subway, Toronto, Canada
Subway, Cologne

Subway, Chicago, Contract S1A

do. 53
do. S4B
do. SaA
do. s9C
dqg. DGR
do. D8
do. K5

Inland Steel Building
Harris Trust Building
Subway, Oslo, Grgnland 1

» do. Enerhaugen .
do. Vaterland 1L
do. Vaterland: 2
do, Vaterland 3
do, Grgnland 2

0slo Technical School

0slo Telegraph Building
Cofferdam, Shellhaven, England
Paole Power Station, England
T-Building, Tokyo

M-Building, Tokyo
H-Building, Osaka

New England Mutual Building, Boston
Laclede Building, St. Louis, Missouri
Pickering Generating Station
Siphon, Mexico City

Uelandsgate Test Trench

Park Village East, England

Subway, Toronto, Canada

Humble Building, Houston

500 Jefferson Building, Houston
Pierre Laclede Building, Clayton,
Missouri

Subway, Tokyo
Trench, Ayer Itam Dam, Malaya
Maas Tunnel, Rotterdam, Holland

Subway, Brooklyn, New York
Subway, Oakland, California
Subway, Toronto, Canada

R, 1
Source of Information

Spilker, 1937

White & Prentis, 1940
Klanner, 1941

Klenner, 1941
*Miillex—-Haude & von Scheib-
nex, 1965

AT,T.C., 1967

*Briske & Pixlet, 1968

Peck, 1943

do.

do.

da.

do.

do.
Wu, 1951; Wu & Berman,

1953

*Maynard, 1969
Lacroix, 1956
White, 1958, 1964

NGI TR No., 1, 1962
NGI TR No. 3, 1962
NGI TR No. 6, 1962
NGI TR No. 7, 1962
NGI TR No. 8, 1962

HWGI TR No. 5, 1966

NGI TR ¥No. 2, 1962

NGI TR No. 4, 1965
Skempton & Ward, 1952

Megaw, 1951

Kokoda, el al, 1959;
Endo, 1963

Minomagari et al, 1960;
Endo, 1963

Endo et al, 1961; Endo,
1963

Terzaghi, 1941

*Lacroix & Perez, 1969

*Hanna & Seeton, 1967

*Rodriguez & Flamand, 1969

DiBiagio & Bjerrum, 1957

Goldexr, 1948

MpLmUe.., 1967

*Pocht, 1962

*Pocht, 1962

*Mansuyr & Alizedah, 1969

Ishihara & Yuasa, 19863
Humphreys, 1962

van Bruggen, 1941;
Tschebotarioff, 1951
Miller, 1916

*personal Files

*p.r.C., 1967

preceded by an asterisk were evaluated and summarized by
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