


















































































11 I I 

STRUTTED EXCAVATION 

" 

GENERAL BACKGROUND AND NEED FOR INSTRUMENTATION 

GEOTECBNICAL PROBl,EMS 
Bottom heave fai lW"r, 
Stl"'l.lt loads 
Settle·ment11 
Borieontal movement6 
Pre6B~'1'6 on Bheeting 

The illustration above depicts a typical strutted sheet-piled exca vation in 
soft clay for t~e case where the sheet piles are not driven to bedrock or un­
der l ying fir111 stratum. Design and constrJctio11 of excavations of this type 
are based for th"e most part on empir ical design procedures, and past experi ­
ence. Because the consequences of <? fa i 1 ure may be ca tas trophic, they a ri, 
frequently well instrumented. Monitoring programs for braced excavations wi 11 
generally include the follo,iing parameters: 

P.ou.tiY'.e instr....mar:taticr: for measurernant of: 

settlements, heave, strut loads, ground water level, and horizontal dis­
placements. 

Special-ized instrumentation for measureme,it of: 

pore pressure in soil, earth pressure and water pressure on sheeting 
stresses in sheeting and wales, frost pressures and penetration. 

FUNCTION OF INSTRUMENTATION IN RELATION TO PRINCIPAL GECTECHNICAL PROBLEMS 

Instrumentation can be useful in evaluating the overall stab ii ity of an ex ­
cavation and provide as.suran~e that the work is proceeding safely. Results 
of measurements wi 11 document caV!;es and e:>eten t of damage to adjacent struc­
tures and utilities . Alterations to proposed excavatins and/ or bracing pro ­
cedures can be initi ated on the basis of measurements ir order to assure ad· 
equate safety or for reasons of economy. Well instrumerted and documented 
case his tori es provide a base for improved knowledge anc refinement in aes i9n 
procedures. Coimion instrumentation applications are gi,en below. 

Factor of safety against bottom heave failu:re may be loi.1 

Install instrumentation to pennit bottom heave meas,rements. Monitor 
heave and settlement frequently as excavation level approaches the crit·­
cal depth. Pay particular attention to settlement ind heave rates. Hor­
izontal displacement of lower part of sheet piling will indicate insta­
bility of excavation. 

11' Il l 

Danger of overloading individual struts 

Monitor strut loads on as many struts as is practical or economically 
Justified. Have reserve struts available for immediate installation if 
measurements indicate allo~able limits have been reached. 

Ground movements due to deformation of sheeting and bottom heave may damage 
nearby structures or utilities 

Establish reference points for monitoring settlement of ground surface 
and structures adjacent to the excav~tion. Deep settlement reference 
points should be established near important underground utilities. Moni­
tor horizontal displacement of sheeting and en several profiles in the 
soil mass behind sheeting if there is danger of damage to structures or 
utilities. 

Prolonged lowering of ground-water t~le may cause serious consolidation 
setti'.ements over a Large area 

Measure pore pre:ssure in penneable layers and if economy pennits monitor 
pore pressure with depth along several vertical sections behind the sheet­
ing. Monitor elevation of ground water tabl~ near to and remote from the 
excavation. 

Tota;'. load and distribution on bracing system is urtknaum 

Monitor sufficient struts on vertical sectiors in order to allow computa­
tion of point of ap?lication of resultant or measure force trans~itted to 
11ales from sheeting at each strut level. Instrument sheeting to permit 
direct measurement of magnitude and distribution of earth pressure and 
water pressure against both sides of the sheeting. 
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INSTRU~fENTATION 

9 Heave gauge 
0 ii 0 0 J, Surface settlement 

t,. Suhsu:rface settlement 

0 A 0 0 o Piezometer 

Inclinometer 
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lnsti·umentation applications of this ·kind are foLnd in references 2, 3 and 9. 
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GENERAL BACKGROUND AND NEED FOR INSTRUMENTATION 

GEOTECRNICAL PROBLEMS 
Fail.urs 
Settl.ements 
Horizontal movements 

Embankments are frequently built on layers of soft clay for highways, reser­
voirs and levees, or as full-scale loading test~ carried out to invest igate 
the engineering properties of the underlying soil. In spite cf a long and 
uni ·,ersa l record of embankment constructi on throughout the history of civil 
engineerin;, embankments that are· designed with .a factor of safety greater 
than unity fail embarrassingly often. On the other hand, some test embank· 
ments that are designed to fail intentionally. never do. In recognit ion of 
this, i t is not surprising that emba nkments are frequently and extens ively 
instrumented. Monitoring progr.ams for embankments on soft clay 1,dll usua lly 
include the i tems li sted below. 

Routine instrumentation for measurement of: 

settlements of embankment and natural ground, pore pressure in soil, and 
horizontal spreading of the toe of the embankment. 

Specialized instrumentation for measurement of: 

settle~ents at different depths, horizontal displacements of subsoil and 
fill, location of failure plane, horizontal strain in base of embankment, 
in-situ stresses and permeability, and surface loading caused by the em­
bankment. 

FUNCTION OF INSTRUMENTATION IN RELATION TO PRINCIPAL GEOTECHNICAL PROBLEMS 

To be successful an embankment must be designed and constructed such that 
neither the embankment material nor the underlying soil are overstressed to 
the point where the resulting deformations exceed the limit that is acceptable 
for the intended use of the embankment. Instrumentation is required, there­
fore, to monitor deformations as well as the factors .that can be correlated 
to deformation and stability. Another need for instrumentation is to document 
that improved stability and a reduction in post construction settlements can 
be achieved by means of special construction procedures such as, sand drains, 
ground reinforcement, berms and preloading. 
SettZement data refZects overall performance of an embankment 

Provide for systematic observations of settlement of the ground surface 

adjacent to and beneath the embankment. Additional deep settlement points 
are usef.ul, in particular if the subsoil is stratified. Both magnitude 
and rate of settlement are important to an evaluation of post construction 
performance. In additi on th·e initial ''elastic" settlement caused by each 
increment of loading as the fill is placed, provides a basis for an ap­
pra i sal of stability during construction. 

Pore pressures may provide first indications of incipient faiZure 

A warning of impending fa i lure of an embankment can often be di sclosed 
from a careful study of measured settlements, deformat i ons and pore pres­
sures. A number of documented cases in soft clay show, however, that 
measured pore pressures may give a better first indication of failure con­
ditions developing than can be derived from displacement data. Thus, if 
the factor of safety is low or questionable, and if the consequences of a 
failure are high, pore pressures should be monitored. In order to be cer­
tain of having instruments locat~d in the zones of initial yield ing, a 
relative large number of piezometers may be requ i red unless experience 
and proven methods of analys i s can be used to locate the critical zones 
that require instrumentation . Pore pressure· measurements are also essen· 
tial to evaluation of progress of consolidation sett lements and to aid in 
establishing the rate at which an embankment can be constructed. 

Lateral yielding of ground is an important euaZuation and cont"t'oZ pa"t'ameter 

Measure horizontal strains at ground surface, including movement of the 
toe and spreading of the embankment material. Install inclinometer cas· 
ing at several distances from the center of the embankment and monitor 
horizontal displacements frequently during placement of fill. 

Location of faiZure plane is important for post-faiZure analysis 

Test embankments that are to be deliberately failed should be instrumen­
ted with mechanical and/or electrical devices that will permit location 
of the rupture surface. 
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a Piezometare 
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Instrumented embankments are described in references 4, 5 and 6. 
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TUNNELS 
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GEOTECHNICAL PROBLEMS 

(J
-:--::i Ground movements 

i Deflection of lining 
, 1 Pore pressure reduction 

_ . ' PressUJ"e on lining 
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GENERAL BACKGROUNO AND NEED FOR INSTRUMENTATION 

Tunnel construction in soft ground has always been an important civil engi­
neering_ activity, and these structures are becoming increasingly more impor· 
tant because of the need t o locate utilities and t ranspor tation systems under ­
ground in congested metropol !tan areas . ·Tunnels i n soft c lay are des i gned and 
built primarily on t he basis of empirica l rul es and experi enc e. As t hey are 
generally built in congested areas , tunnel proj ects may cause serious damage 
to overlying s t ructures and utilities . For this reason monitoring programs 
~re cor.monly ca r ried out on tunnel projec ts in order to verify that the ~1od: 
i s proceeding s.i fel y, t o provide infonnatlon for improving fu t ure designs . c,r 
to obtain fa~ts to be used in legal proceedings if damage claims ar ise . In~ 
s t rumcntat ion programs for tunneling i n soft c lay will generally include the 
parameters listed below. 
Routine instrumentation for measurement c;f: 

settlements of ground surface and tilt of nearby structures, ground water 
level, horizontal displacements, and deflection of lining. 

Specialized instrwnentation for measurement of: 

water pressure and earth pressure distribution or lining, stress or 
strain in lining, and pore pressure in soil. 

FUNCTION OF INSTRUMENTATIO~ IN RELATION TO PRINCI PAL GEOTECHNICAL PROBLEMS 

Instrumentation is needed in many cas es to verify that the tunnel can actuall y 
be built in a safe manner using the prescribed construc t ion procedure . Th is 
is generally investigated by thorough ly instrumenting a representative sec t· on 
of tunnel, called a test section, at t he start of tunne l driving. Instrumen­
tation is also needed to detect condi t ior,s, such as large soil mov·ements or 
1 I ni ng deflection, that may 1 ead to excessive sett 1 ements and damage to ovei-­
lyi ng structures, or to document the extent and causes of such damage for use 
in legal proceedings. Finally, instrumer.tation is needed to check that the 
performance of the completed tunnel is ir. accordance with plans and specifi,:a­
tions. 

11· 11 

Tunnels cause~ettl ements and settlements cause damage 

Establish reference points· at the ground surface above the centerl ine 
of the tunnel and some cross sections, to pennit monitoring settlement of 
buildings as well as the size and shape of settlement trough as the t un­
nel advances. Deep settlement reference points should be established near 
important ·underground utilities and foundations. 

The displacement field around tunnel face is 3-dimensional 

Install casing and monitor horizontal displacenents within the clay mass 
close to the t unnel. Combine this infonnation with subsurface settlement 
data to obtain a complete picture of the displacements caused by tunneling. 

Lining deflections may aggraVate settlements and deformations 

Measure changes in diameter of tunnel lining along vertical and horizon­
tal axes. 

Prolonged lowering of ground-water table may cause serious consolidation 
settlements over a large area 

Monitor elevation of ground-water table near to and remote from the tun­
nel. Measure pore pressure in the clay mass a,d In particular in or near 
permeable seams, if any, in the clay. Measure water pressure on t he com­
pleted lining. 

Total load and distri bution of stress i n lining is unkn01J>1 

lrs t all stra in ga uges on lining to mon i tor dist r ibut i on of strains. Mea­
s~re the t angen tial fo rce transmitted t hrough t ie 1ining by means of load 
ce ll s mounted bet.ieen lining elements or alter,ate ly with t he use of spe­
ci a lly instrumen t ed and cal i bra t ed lin ing elem~n ts. The magnitude and 
distributi on of ea r t h pressure and water press;re on t he l i ni ng can in 
scme cases be monitor·ed by means of pressure transducers mounted on t he 
1 lning. 

J~ .I. .1 . 1. 11 l: INSTRUMENTATIO!I • .,,,.-.L-;r--:-J.-,r.r..4.~1---,,-.,.-..I.- - ..,,.,,... --:.-,-. ~ 
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4 6 Subsu:rfacs settlement 
,!. . ~1 ±Precision settlsmen·t gauge 
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0 0 0 

I Inclinometer casing 
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REFERENCES 

Examp l es of instrumented tunnels in clay are giver in references 7, 8 and 9. 
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EXCAVATED SLOPES 
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GEOTECHNICAL PROBLEMS 
Ground movements 
Failure 

,c:: ,:,: "" 
GENERAL BACKGROUND AND NEED FOR INSTRUMENTATION 

Cons truction of highways, ca nal s a.~d grading of building s ites often requ ire 
that excava ti ons with s loping si des, as shown above, be made in soft cl ay. 
Mclny of these a~e p-ennanent s lopes that must be s tabl e indefinitely, whe reas 
others are onl y temporary. Thus the principal g~otechnical des ign problem is 
to prov ide a slope wi th the required short- t enn or long- t enn stability . Con ­
sequen tial ly, t he rol e of i nstrumentation is to document whether the perfor­
mance of the excavated sl ope is i n accordance with t he predi cted behaviou r or 
not. Instrumentation programs f or oatural s lopes' are essentially the same 
for natural s l opes as for pos t construc t ion manmade s lopes. The principal 
pa rameters monitored are grou nd movements and pore pressures as indicated be­
l ow. 

Routine instrumentation for measurement of: 

surface strains, i .e. vertical and horizontal movements of points on the 
surface. 

Specialized instrumentation for measurement of: 

pore pressure and horizontal displacements within soil mass. 

FUNCTION OF INSTRUMENTATION IN RELATION TO PRINCIPAL GEOTECHNICAL PROBLEMS 

Instrumentation required for excavated slopes must provide infonnation rela­
tive to the stability of the slope, both during excavation and on a short or 
long-tenn basis thereafter . Results of measurements can be used as a basis 
for modification of the designed slope angle, in order to assure adequate 
safety or for reasons of economy . Instrumentation is also needed to document 
the effectiveness of ground reinforcement techniques and other specialized 
construction procedures for improving slope stability. Common instrumenta­
tion usages are given below. 

Knowledge of initial conditions is essential 

Install observational wells and piezometers to monitor pore pressure and 
ground water level in the area before excavation of the slope is started. 
Knowledge of seasonal variations in water level can be useful . To the 
degree that it is possible , instrumentation systems and reference points 

for measurement of surface strain, settlement and horizontal displace­
ments should be installed and initial measurements taken before excava­
tion ·Sti!;rts. 

Observations during ezcavation provide clues t o the perfo"!fflance of the com­
pleted sl.ope 

Measured changes in pore pressure and observed displacements during ex­
cavation of the slope can be used in back computations to assess the va­
lidity of the soil parameters used i~ the original design computations. 
On the basis of these computations, new values can be estimated and used 
to predict the perfonnance of the final slope. 

Systematic monitoring necessary to evaluate Zong-term performance of slope 

Development of shear zones or failure planes can generally be seen in the 
data obtained from the inclinometer surveys used to measure horizontal 
displacements of casings installed in the ground . Observed creep rates 
and pore pressure data may indicate instability and local yielding in the 
ground. 
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Typical instrumented cut slopes are contained in references 10, 11 and 12. 
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TIE-BACK ANCHORS 

GENERAL BACKGROUND AND NEED FOR INSTRUMENTATION 

GEOTECHNICAL PROBLE:MS 
Anclior loads 

· Length of anchor 
Anchor de forrro. tion 
Creep 
Quality of (Tl'Oll,ted body 

Ground anchors are being applied to an increasing number of construction pro­
jects in soft clay, as for example in tie-back excavation as illustrated 
above. Tie-back anchors have the advance over -traditional bracing systems, 
such as struts and raker beams, in that the supporting elements are external 
and do not interfere with construction activities within the excavation area. 
In principle tie-back systems for excavations consist of groups of para l lel 
wires and spun cables or individual steel rods anchored 3t one end i~ ace­
ment-grout body embedded in the soi l or b~drock . The design and construction 
of tie-back anchors is based primar i ly on empirical procedures and past ex­
perience; and as the consequences of an a,chor failure may be catastrophic, 
p~ojects of this kind are seldom undertak~n without initiating a monitoring 
program to check anchor performance . Instrumentation requirements for the 
excavation itself were dealt with in a pr:ceding exampl e and wi ll not be re­
peated. Instrumentation for tie-back anc~ors normally consists of: 
Routine instrwnen'tation for me.asurement of: 

total load on anchor, elastic strain 3nd total elongation of anchor head. 
Specialized instrumentation for measwrement of: 

distribution of load and strain along length of anchor, creep. 

FUNCTION OF INSTRUMENTATION IN RELAT.ION TJ PRINCIPAL GEOTECHNICAL PROBLEMS 

The maximum load carrying capacity of conventional supports, such as struts, 
can be determined accura tely from material properties and dimensions of the 
support. The ultimate capac ity of ground anchors , on the other hand, does 
not generally depend on properties of the tendons , but on the soil properties 
and the size and shape of the embedded (grouted) body of the anchor . Conse­
quentially, computations of allowable loads for anchors are at best only 
rough approximations. Ground anchor s should not be used on a project unless 
their holding power is verified by full scale tests or un less the design is 
so overly conservative that a failure can not poss ibly occur. Even this may 
not prevent a failure if the installation work performeo by the contractor i s 
inferior. Instrumentation procedures for evaluating anchor performance are 
given below. 

II 11 

FuH scale tests are needed t.o evaluate length of embedded part of anchor 

Constru~t test anchors with embedded grouted length less than, equal to, 
and greater than the design .length. Load to failure and monitor load and 
displacement throughout test. Pull out anchor if possible and exami ne 
size, shape and quality of the grouted body. As a supplement, instrument 
anchor with strain gauges or extensometers in order to investigate distri ­
bution of load along the anchor. 

ALZ anchors shoul.d be test loaded 

In order to detect a defecti ve anchor or to ~erify that the carrying ca­
paci ty is wi thin acce~table l imits , each anc~or shou ld be test- leaded to 
a value in excess of the designed working lo.d . Elongeti on of archer head 
orrj:!sponding to the max imum tes t load shoulc be recorded. Loads devel­

oped i n anchors during construc tion should be measu red per iodically which 
wi ll depend on t he anti ci pated rate of load ing on the anchor . On critical 
;>rej ects , install load ce ll s on a number of t nchors to permit cor,t i nuous 
monitoring of forces. 

Dial gauge 

Load cell/calibrated jack 

REFERENCES 

Instrumented tie-back anchors are described in references 13 and 14 . 
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GEOTECHf.'ICAL PROBLEMS 

~ 
Length of frictirm piles 
Fai.lu:re caused by pile driving 
Reduced capacity of dog-legged piles 
Negative skin fr'iction 

GENERAL BACKGROUND AND NEED FOR INSTRUMENTATION 

Pile foundations are often needed to provide adequate support for structures 
on soft clay . Driven piles, either as end bearing piles or friction piles, 
are commonly used for these foundations. As is ·the case with most piles, the 
design of driven piles involves assumptions and uncertainties that need to be 
checked by means of instrumented full scale tests. Furthermore, certain types 
of driven piles cause large displacements and pore pressure changes in the 
surrounding soil; these may in turn have a detrimental effect on neighboring 
piles or on the -stability of the site as a whole . Therefore an instrumenta­
tion program is needed to monitor the effects of pile driving as well as to 
establish the load-deformation character i stics of the piles. Monitoring pro­
grams for driven piles in soft clay will generally include the parameters lis­
ted below. 

Routine instr1111entation for measurement of: 

1 oad-settl ement characteristics for ·pile, heave and horizontal movement 
of ground surface during driving. 

Specialized instrumentatirm for maasu:rement of: 

pore pressures, sub~urface horizontal movements of soil and piles already 
driven, distribution of vertical load along length of pile, bending stres­
ses in laterally loaded piles, load due to negative skin friction and dis­
tribution of load in pile groups. 

FUNCTION OF INSTRUMENTATION IN RELATION TO PRINCIPAL GEOTECHNICAL PROBLEMS 

Pile foundations must be able to carry the design loads safely and without ex­
cessive settlement. Full scale tests on driven piles are necessary, therefore, 
to check geotechnical design procedures and driving criteria or to document 
whether the load-settlement characteristics for a driven pile fall within ac­
ceptable performance limits. Field tests may be required to establish the 
length of friction piles or to monitor long-term loading caused by surface 
settlements and negative skin friction. Instrumentation is necessary to moni­
tor pile driving operations and to detect factors, such as badly deformed 
piles or large bending moments, which may lower the bearing capacity of a pile . 

Common instrumentation applications for driven piles are given below. 

Failure at 'Site may be triggered by driving displacement piles 

If topography and site conditions suggest that a slide or failure may be 
initiated by driving displacement piles, establish settlement reference 
points, install piezometers and inclinometer casing to monitor ground 
movements and pore pressure. Some types of piles can be fitted with in­
clinometer casing before driving and surveyed later to determine displace­
ment caused by driving neighboring piles. 

Designed le1'1']th of friction piles may be uncertain 

Carry out full scale load tests. Evaluation of results is simplified if 
load cell can be mounted on tip of pile in order to separate total load 
into point resistance and skin friction. 

End bearing piles driven to irregular bedrock surface may have reduced capacity 

Dog-legged piles, caused by the pile deflecting from a sloping bedrock 
surface may have reduced end bearing. Confirm radius of curvature of pile 
by means of inclinometer measurements or alternately test load. 

Lateral yielding of soil may induce large bendi ng strecses in pile 

Nonuniform surface loading may cause substantial horizontal ground move­
ments in soft clay, thereby causing displacement and undesirable bending 
stresses in the piles. When these conditions are anticipated, instrument 
pile with inclinometer casing, if possible, and/or strain gauges to per­
mit determination of la tera 1 movements and stresses . 

Negative skin friction may cause overload of end bearing piles or increased 
settlement of friction piles 

If large surface settlements are expected, instrument pile to measure 
long-term build up of load. Precise mechanical extensometers to measure 
incremental strain along pile are advisable because of long-term stability 
requirements. Alternately, equip pile with load cells or strain gauges 
at various levels. 
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INSTRUMENTATION 

J. Heave 

I Inclinometer 

:!:;Calibrated jack 

11 Dial gauge 

J:j Load cell 

o Piezometer 

• Tell-tale rods 
or strain gauges 

Instrumentation applications of this kind are found in references 15 and 16. 
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CAST-IN-PLACE-PILES 
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GENERAL BACKGROUND AND NEED FOR INSTRUME~TATION 

G'E:OTECHIIICAL PROBLEMS 
Necked-do"'" pile 
Trapped clay or mud 
Reduced end-bearing 
Defective bell 

Cast-in-place point-bearing piles are cormionly used for foundations in soft 
clay in order to avo id construction prc•blems associated ,lith ground move ­
ments caused by .ddving di splacement pilEs . Thes~ pil e!. are made by drilling 
a hol e into the ground and backf i lling tre hole with fluid concrete. A ten1-· 
porary outer cas jng is generally requirec in sof t c lay ,nd water or drill ing 
mud may be used in advanc ing the boreholf:-. In this case the flu id in the hole 
is replaced by tremic concrete as the ca~ing is withdra,m. Al though assump­
tions must be ma de concerning design parcmeters for sid~ shear and end bearir-0 
for cast - i~ - place piles, the principal problems encountered with the use of 
this type of pile in soft clay are not rf:-lated to des ign but to matters of 
cons truction techn i ques and control. lnHrumencation is required, therefore, 
primarily for contro 1 purposes. The pri ncipal i nstrumentation appl icat-ions 
are listed below. 
Routine instrumentation for measurement cf: 

load-deformation characteristics of completed pile. 
Specialized instrumentation for measurement of: 

integrity of pile and quality of concrete, distribution of vertical load 
in pile, amount of end bearing and side friction, lateral movements, and 
profiling of belled pile if visual · inspection of be l l is not possible. 

FUNCTION OF INSTRUMENTATION IN RELATION TO PRINCIPAL GEOTECHNIC.AL PROBLEMS 

The da nge r of having an undetected flaw ' n a pile is wi : hout doubt the most 
worrisome aspect of using cast- in-place piles in soft cl ay . Th i s is part icu­
larly so for those cases where the temporary casing i s pu ll ed out dur ing con­
cret ing, or when the hol e is excavated w· th the aid of a fluid and concrete 
is placed by the tremie method. In these situations the chances of having d 
necked-down pile or one containi ng a pocl:et of clay or drilling mud trapped 
between so i l and concrete are high. This is particularly true if the contrac­
tor is unexperienced or careless. Thus, the main objec:i ve of instrumentation 
i s to provi de information that can be used to evaluate the soundness of th·e 
c0111p l eted pile. Several possible applications of instrumentation for contnl 
purposes are given below. 

1111 

Load tests demonstrate pile capacity and may indicate defective pile 

Conventional load tests will document capacity of pile. Strain gauges, 
hydraulic load capsules, pressure cells at the base and precision exten­
someters or other special insfrum·ents to monitor load transfer and com­
pressibility will provide infonnation useful to interpretati on of pile 
behaviour. Unexpected low capacity may be because of serious defec t in 
pile, suEh as a large clay-filled void or that the pile is badly necked 
down. Large observed settlement of a pile designed to carry s ignifi cant 
load in end bearing may be a r-esult of remoul ded cl ay and mud trapped be­
neath the pile because the bottom of the hole was not properly cleaned 
before pouring concrete. 

Nont.lestructive methods can be used to investigate integrity of concrete 

Con tinuous diamond core drilling is sometimes used to ·obtain samples to 
assess quality of concrete and detect flaws. However , th i s method i s 
e~pensi ve, time consuming and can be complicated and misl ead ing because 
of alignment problems on long piles. An alternate procedure to detect 
flaws i s to survey the pile with an ultrasoric borehole probe or similar 
type of device that can detect variations ir modulus of e l asticity of the 
concrete. These can be operated in~ single hole or cross-hole techniques 
can be used depending on the type of instrument and size of pile. The 
casings required for the'survey can be cast integral with the pile during 
concreting. 

INSTRUMENTATION 

b• 

= Contact pressure 
0 • 

•: D Load cell 

Rf' Displa.ce11Nmt gauge 

I ~~ Ul trasoni,: probe 
j 

I ·11 
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. ·. 
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I Reinforcement 
strain gauge 

I Embeclment 
strain ga1'9e 

REFERENCES 

Examples of ins t rumenta t ion of this kind is given in references 17, 18 & 19 . 
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SLURRY TRENCH EXCAVATIONS 

GENERAL 8.11.CKGROUND AND NEED FOR INSTRUMENTATION 

Slurry trench excavations, above, are supported by an internal fluid instead 
of conventional structural brac ing systems such as struts and sheeting. Oth­
erwise th2 design, control and performance monitoring problems and also the 
consequen:es of a failure are similar to those encountered with braced exca­
vations; consequently the instrumentation requirements are analogous in ~any 
ways. 
There is, however, one fundamental difference between a conventional braced 
exca vatio~ and a slurry-filled trench that illustrates the need for instru­
mentation of the later. In a braced excavat;on an experienced observer can 
see th i ngs, such as, unusually large defo rmations of the sheeting or sig ns of 
overstressing in the bracing system, that may give a warning of unexpected 
performance or even impending collapse. In many instances serious difficul­
ties have been avoided by initiating remed ial action based on simple visual 
observations alone. On the other hand, it is not possible to see anything in 
a slurry-filled trench. Therefore, unexpected events and even a failure could 
occur suddenly and without warning unless a suitable instrumentation program 
for monitoring the performance of the excavation has been provided for. Mo­
nitoring programs for slurry trench excavations in soft clay will generally 
include the following observations. 

Routine instrumentation for measurement of: 

settlements, horizontal displacements, level of slurry and ground water 
table, and physical properties of slurry. 

SpeciaZized instrumentation for measurement of: 

profi"ing of trench (width), creep of sides, vertical alignment of exca­
vation, pore pressure in soil, loading and deformations when trench is 
concreted, stresses and deformations in the completed wall, distribution 
of water and earth pressure on completed wall. 

FUNCTION OF INSTRUMENTATION IN RELATION TO PRINCIPAL GEOTECHNICAL PROBLEMS 

Although contractors have extensive experience with the use of slurry to sta­
bilize deep excavations in many types of soil, this construction procedure 

has not been generally applied to soft clays. For this reason a considerable 
effort has recently been devoted to instrumentation of slurry trench excava­
tions in soft clays in order to obtain answers to even the most elementary 
design assumptions. 

On slurry trench projects it may not always be feasible or possib l e to inte­
grate all aspects of planned instrumentation and moni toring programs i nto t he 
contractor's work routine. Thus a full-scale i nstrumented test panel at the 
site may be necessary in order to verify critical des i gn assumptions before 
the main contract work begins. Common instrumentation philosophy and app li ­
cations are given below for a single panel excavat ion. 

Ground movements provide simpZe and reZiabZe indications of stability 

Monitor settlement of ground surface, guide walls and adjacent structu~s. 
Sett'lements may be quite small and settlement rate is a key factor in e­
valuat i ng overall stabil i ty. Therefore inc l ude at least one p~ecision 
settlement gauge close to the excavation that ca n be read quic kly and 
frequently . Insta l l at least one i nclinometer cas i ng close to t he edge 
of t he excava tion and monitor horizontal di~placements frequently . 

Posit i on of ground-water table relative to level of sbrr;; is i mportant 

Monitor elevation of top of slurry inside the excavation as well as the 
elevation of ground-water table near to and remote from the excavation. 
Account fer unexpected loss of slurry. 

High density sZurl'!f is expensive and can complica~e concreting .operations 

Some form of observational program is required in order to establish the 
acceptable minimum density of the slurry, to be used on a project. This 
fundamental parameter can be evaluated of course on the basis of a series 
of full scale tests using slurries of different density, but this is not 
always practical or economical. An alternate procedure is to excavate 
one panel using a slurry wjth a high initial density and subsequently di­
luting the slurry in stages until the observed deformations or rate of 
deformation become excessive or a collapse occurs. Tests of this kind 
require very accurate and frequent measurements of settlement and hori­
zontal displacements in order to correlate creep rate to density and time . 
Measurements of pore pressure versus time are also valuable in this re­
spect. To obtain adequate creep data for the inward movement of the 
walls, it is advisable to install extensometers inside the trench at a 
number of levels. 

End effects infZuenae the maximum length of panei that can be excavated 

The limiting length to width ratio for which a single panel can be exca­
vated safely can be established on the basis of full scale test panels of 
varying length. Comprehensive measurements of the displacement field are 
needed to evaluate the restraint provided by the soil at the ends of a 
trench. 

Configuration of completed excavation may deviate from designed shape 

As it is not possible to examine visually a completed excavation, one 
must rely entirely on instrumentation for a final inspection. The width 

.i:,. 
w 



II I I 

of the excavated panel at any point can be determined with remote reading 
caliper tools lowere~ into the trench. The same instrument can also be 
used .to search for local failures or overbreak particularly in fissured 
clay where blocks of material may fall out during or subsequent to exca­
vation. 
Errors in vertical alignment may have serious consequences on certain ap­
plications, Verticality can be measured using conventional inclinometer 
surveying techniques inside flexible casing lowered temporarily into the 
trench and pressed against one side ~y small pneumatic jacks, for example. 

HoLJ long ,r.ay an ercavated panel be kept open? 

As a rule contractors will complete a section of slurry trench wall as 
quickly as possible in order to minimize the time the excavation is kept 
open. There are occasions, however, when an excavated panel must be kept 
open for longer periods of time and the effec:t of time on overall stabili­
ty becomes an important factor to consider. One way to evaluate this 
factor is to monitor settlements and lateral displacements very carefully 
with time, as described above, and make a conclusion based on the magni­
tude of observed deformations and wh~ther the rate of deformation is in­
creasing or decreasing 1·ii th time. Trends in measured pore pressure in 
the surrounding soil can al~o serve as a guide to indicate how fast over­
all stability is deteriorating with.time. 

Local stabiZity of excavation may be uncertain during concreting 

Filling a deep slurry trench excavation with fresh concrete causes a sig­
nificant i ncrease in load ing on the ~ottom and sides of the trench with 
res pect to t he slurry that is di spla:ed . As a result large local defor­
mat i ons may occur in very soft clay ; and there may even be a chance of a 
bearing capacity type failure of the bottom or sides of the excavat ion 
during concreting. Therefore l ateral deformations and settlements and 
pore pressures, if available, should be monitored closely during concre-
ting of the first panel. · 

Cast-in-place 4iaphragm LJalle can be instrwnented for perforrrrmce measure­
ments 

Embedment strain gauges and instrumented reinforcing steel or similar in­
struments ,an be attached to the reinforcing steel cage before it is lcw­
ered in to the trench. If the completed wall i s to be used as a earth re­
taining structure, inc1inometer cas ings for measurements of horizontal 
displacements can be insta l led prior to concreting. Furthe rmore, special 
procedures have been devel oped for installat ion of transducer.s flush with 
the surfa ce of the final wall for subsequent monitoring of earth pressure 
and pore pressure on the completed wall. 
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REFERENCES 

INSTRU~IENTATION 

I Surface settlements 

iPreci.sion settlement gauge 

II Inclinometer casing 

1:=-JEemporary cal!ing for 
measuring alignment 

0 Pie21,om11ter 

~ Settlement of guide LJell 

INSTRUMENTATION 

l Surface settl.i!ments 

--t Settlement of near-
by structure 

~ Earth pressurE! cell 

~ Piezometer 

II Inclinometer aasing 

Instrumented slurry trench projects are described in reference 20 and 21. 
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