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SUMMARY 

This thesis attempts to identify some of the fundamental 

mechanisms involved in the modification oi soil properties and 

conditions due to pile installation. Pile behaviour is dependent on 

soil condi tions during pile loading, and a t that stage the soil 

properties existing prior to pile installation have experienced some 

~nportant changes~ 

Pile design methods, pile installation and the efíects of pile 

installation are cri tically reviewed wi th a swnmary of all factors 

controlling the behaviour of bored pilesQ 

Different exper~ental techniques are used to study local 

changes in soil conditions. 

Both laboratory and field studies of moisture content and 

undrained shear strength variation due to the contact of soil with 

fresh concrete are presented. A fal l cone test was used to study the 

variation in strength. 

A method involving the use of a radioactive labelling procedure 

to study the migration of water from fresh concrete to the surrounding 

soil is proposed, with a detailed description of the testing procedures. 

Results obtained when using such a technique are presented for spec~ens 

of London Clay in contact with a concrete mix containing labelled water . 

The pore water pressure regime in the fresh concrete is 

studied and some new facts concerning the boundary conditions at the 

interface between the fresh concrete and the surrounding soil emerge , 

leading to the study of the variation in pore water pressure at different 

distances inside clay spec~ens in contact with fresh concrete. 



A field experiment, i nvolving the design of instrwnentation to 

study the horizontal stress regime variation during ar.d after the 

installation of a model bored pile, is presented. 

Suggesti ons for further research are made, including laboratory 

model studies, with the presentation of the pr oposed apparatus. 
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CHAPTER 1 B O R E D P 1 L E F O U N D A T I O N S 

l . lu - I~fRODUC!'ION 

1 v 1. I. - RESEARCH OBJE.CTlVl:. 

The technical anel economicaJ advantages that can he obtained 

from the use of large bored piles have resulted in their widespread 

adoption. 

The .::llJowable load is chosen basically from considerations of 

the ul tima tc load and se1:tlement under working load. 

The avai l able methods for the prediction of pile bearing 

capacity are based on pile load test results, rela ting the pile 

performance with some soil properties existing prior to pile 

installa tion. 

The information about soil conditions is usually obtained in a 

site investigation programmeo As a result a certain " design strength 

profile" is established. With the obtained data, a simple model is 

adopted, using the evaluated "design strength proíile" and correction 

factors derived from case records of pile load test results. Sometimes 

a direct correlation between " in situ" tests and unit strengths is 

used. 

The first problem that arises i rem the present approach to solve 

the problem of prediction of pile capacity is that of a realistic 

evaluation oí existing soil properties. The proposed methods and 

coefficients a re str ongly related to the methods of obtaining the soil 

properties (and the " design strength profile' adopted), the type of 

pile testing programme and the deiinition of the ultu~te or limit 

load in the pile load test. 
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Pile behaviour is dependent on soil conditions during pile 

loading, and at that stage the soil properties existing prior to pile 

installation have experienced some :i.mportant changes, not just due to 

pile installation (the most influential single factor) but due to 

pile loading itself. The effects or pile installation on the soil 

proper·ties and stress condiLions is a subject of major relevance for 

the understanding of pile behaviour. 

This thesis attempts to identify some of the fundamental 

mechanisms involved in the modification of soil properties and 

conditions due to pile installation. 

1 . 1. 2 . - THESIS ffiGANIZATION 

The thesis is presented in eight chapters and three appendices. 

The first chapter presents a brief review of pile design rnethods 

and pile installation procedures, followed by a comprehensive "state

of- the art" presentation of the effects of pile installation on the 

surrounding soil . 

Chapters two to eight cover the experimental prograrnme 

undertaken to study local changes in soil conditions~ 

In Chapter 2 the laboratory studies of moisture content and 

undrained shear strength variation due to the contact of clay specimens 

with fresh concrete are presented. To study the variation in strength 

a fall cone test was used. 

Results of similar studies performed on test specirnens obtained 

from a si te in London, 12 rn depth, adjacent to bored piles, 4 months 

after pile installation are presented in Chapter 3 . 
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A method involving the use of a radioactive labelJing procedure 

to study the migration of water from fresh concrete to the surrounding 

soil l.s proposecl i.n Chapter 4. A detailed description of the t esting 

procedures, tO<Jet \, er wi th resul ts is presented. 

ln C::hapter '5 the pore water pressure regime in the fresh concrete 

is studied .:\nd some new facts concernin<J the boundary conditions at 

the interface between the Cresh concrete and the surrounding soil 

emerge, leadi~1 to the study of the variation in pore water pressure 

at different distances inside clay specimens in contact with fresh 

concrete (Chapter h) . 

A field experiment, involving the design of instrumentation to 

study the horizontal stress regime variation during the installation 

of a bored pile is presented in Chapter 7 . The New Pressure Cell 

design, calibration, installation and results, with the associated 

ground instrumentation are presented. 

At the end of each chapter the appropriate conclusions and 

recommendations are drawn. 

Chapter 8 presents the main conclusions of the whole research 

and general recommendations for future work are included. 

Appendix 1 presents a review on the existing knowledge on 

concrete formwork pressure. 

Among the s uggestions f or further research, an experimental 

approach using a special triaxial to test model piles cas t in beds of 

soil under any stress conditions was included. The equipment was 

de s i g ned and built, the photographs are presented in Appendix 2 . 

Appendix 3 includes the papers produced during the per iod of the 

present research. 
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1 . ~ . - PILE DESIGN 

There are many forms anel conclitions of instability that can 

affect a deep foundation anel no set of simple calculation procedures 

can be expected to cover all the variety of problems that can occur. 

The basic design considerations can be presenteei as : 

(i) - the foundation must possess sufficient safety against 

overa lJ failure ; 

(ii) - t:he foundation should not undergo excessive displacement 

under working loads . 

The nominal design load (DL) should not exceecl a specified 

fract ion of the ultimate load (Q
0

) , so that, at a ny time : 

where: 

D = Q I F' 
L o o 

P = overall safety factor 
o 

At the same time, the displacement of the foundation under 

working load should not exceed speciíied limits set by usage requirements 

and structural tolerances of the supportecl structure (for details see 

Burland, Broms and De Mello , 1977) . 

The ultimate load (Q ) is the load that can cause either the 
o 

structural failure of the foundation itself or the bearing capacity 

failure of the soil . In large bored piles the ultimate load is 

usually determined from considerations of bearing capacity failure of 

the soil . It is important to point out that a large number of problems 

with bored piles have been associated with defects of the pile itself 

(Baker and Khan, 1971, Thorburn and Thorburn, 1977, L. C.P .C., 1978, 

Reese, 1978) . Oue to the usual high load carried and the problens 
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i nvolved in testing a significant number of piles on a site (using 

load tests), there is an increasing interest anel development of 

integrity testing of bored pil es (Preiss, 1971 , Weltman, 1974, Preiss 

et a l, 1978, Vold and Hope, 1978, Heorne, Stokoe anel Reese, 1981 ) . 

Basic definitions : 

a ) Design Load : according 1P \'€1 tman ( 1980) , " the Design 

l.oad is that which may be applied safely t o an isolated pile unaffected 

by any considerations of downdrag . It is thus the ultimate bearing 

capacity divided by a factor of safety", (iu e ., i s related just t o the 

pile , wi thout considering the structure). 

Oesign Load (DL) = Q / F o o 

b) Applied Load: the Applied Load is the theoretical 

calculated load to be imposed on a pile by the works which it is 

required to support. 

Applied Load (~_) = Qal (Allowable Load) 

c ) Allowable Load : the Allowable Load (Qal) is the 

load which may be safely applied to a pile after reducing its Design 

Load to take into account such considerations as downdrag, pile spacing, 

overall bearing capacity of the ground below the pile toe anel allowable 

settlement (Weltman, 1980) . 

Allowable Load (Qal) = Oesign Load x Reduction Factor (RF) 

From the basic equation Q = Q + Qb Skempton, 1966, suggested 
o s 

as a first approximation, for large bored piles in clay, considering 

the mobilization aspects,Pigure l.lb (Qs= shaft ; Qb= base) : 
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for base diameter B f 2 m 

Qal = Qo I 2 (oo base enlargement) 

Qal = o I 2 .. s (with base e nlargement) 
o 

o r 

oal = (Qs I 1. s ) + <~ I 3) 

F'or B greater than 2 m he suggested that the working load (allowable 

load) should be evaluated from settlement calculation. 

Different proposals have been suggested f or factor s of safety. 

F'rom : 

Qo = Q + Q s b 

(the least value) 

a ) F' (overall ul timate) o 

2 to 2 . 5 (London Clay)* 

3 (certain codes of practice) ( NB 51 - ABNT) 

b) F'b (base) 

3 to 3 .. 5 (London Clay)* 

c ) F (shaft) s 

1 to 1.5 (London Clay)* 

The choice of F is a f unction of the uncertainties usually o 

involved in a foundat i on probl em, but Fb and Fs also reflect the 

mobil ization aspects. The use of both conditions imposes an overall 

factor of safety and an additional assurance that the factor of safety 

in end bearing is not exceeded when the shaft friction is f ully 

mobilized ( when F is equal to one). 
s 
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* Observation: references on London Clay by Whitaker anel Cooke, 

1966 ; Burland, Butler and Dunican, 1966a; 1966b; District Surveyors 

Association, 1973 anel Burland and Cooke, 1974. 

1.2. 1. - CCMPliTATION OP THE ULTIMATE LOAD 

The basic problem of computation of the ultimate load for a deep 

foundation can be formulated as follows : a cylindrical shaft of diameter 

B is placed to depth L inside a soil mass . A static, vertical , compres-

sive, central load Q is applied at the top anel increased until a shear 

fail ure in the soil is produced. Ihe problem is to determine the 

ultimate load that this foundation can s upport (Q ). 
o 

The first problem that arises is that Q.\'_~n if the properties of 

the soil are known before the pile is installed, the bearing soil above 

anel below the foundation base is always 5tLsturbed. 

For design purposes the ultimate load is conventionally separated 

into two components, the shaft or skin load (Qs) and the base load (Qb) ' 

which are superimposed as follows : 

where : 

Q - Q + Q = Q A + fsAs o - b s 'b b Eq 1.1 

= bearing area of the foundation base 

A 
s 

f 
s 

= bearing area of the shaft 

= unit base resistance 

= uni t shaft resistance 

The unit resistances depenei on a number of factors related to the 

soil conditions, installation anel geometry of the pile and loading 

condi tions. 
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The bearing areas of the foundation base (Ab) and shaft (A
5

) are, 

by defini tion, the exposed areas of the pile body in contact wi th soil. 

In the case of large bored piles wi th enlarged bases, the side friction 

of the base is always disregarded in computing skin frictiono 

There are many practical ways of solving the problem of the 

determination of the unit resistances or the overall pile resistance. 

A detailed survey can be found in Milititsky, 1980. 

1. 2 . 2 . - PILE RESISTANCE 

1 • 2 . 2 . 1 . - GENERAL METI-IaJS 

In this section the methods using basic soil properties to 

evaluate the pile resistance will be briefly presented and commented 

on. For the computation of skin resistance two basic approaches have 

been proposed the total and effective stress me:thods The base 

resistance is us ually evaluated us ing total stress. 

The major problem of any method using soil properties is the 

evaluation of these properties. All methods are based on pile load 

tests performed in certain areas with some knowledge of the soil 

conditions, after which adjustments or reduction factors are proposed. 

The classic English school (Skempton, 1959 ; Whitaker and Cooke, 1966 ; 

Skempton, 1966 ; Burland, 1973; Burland and Cooke, 1974) proposes 

values to "calibrate" the soil strength, due to a considerable 

knowledge of London Clay properties and the effects of sample size 

and method of testing on the strength values. The American school 

(Reese and Hudson, 1968 ; O' Neill and Reese, 1970; 1972; Reese and 

O' Neill , 1971 ; Engeling and Reese, 1974) until 1976 adopted a different 

10 



11 

approach : sometimes a crude correlation was used to evaluate the soil 

strength and no attempt was made to correct that strength, but the 

installation aspect was used to justify adjusting the soil strength 

to the resul ts obtained from pile load tests . More recently ( Wright 

and Reese , 1977 ; 1979) they have adopted the limit state design 

mcthod. 

TOTAL S1RESS ANALYSIS - BASE RESISTANCE (~) 

Therc are a number of thcoretical solutions for the problern of 

thc ultimate bcaring capacity of deep foundations . The available 

soluti ons can bc cl assified inlo two main groups : 

a ) - solutions using only strength parameters 

(conventional or classic plasticity solutions), and 

b ) - solutions which use both s trength and deformation 

parameters (cavity expansion solutions) . 

All the solutions can be presenteei in the form (total stress 

analysis , "~= 0" ) 

Qb = ~~ Eq 1 . 2 

qb = s d N s + o Eq 1 . 3 
c c c u o 

o r 

qb = Nc s + o Eq 1.4 c u o 

where : 

qb = unit base resistance 

s = c shape facto r with respect to cohesion 

d = c depth factor with r espect to cohesion 

N c = reference bearing capacity facto r 

s = undrained shear strength u 

~ = bearing area of the foundation base 



ao = total overburden s tress at f oundation level 

~ = angle of internal friction of the soil 

Nc = comprehensive bearing capacity factor 
c 

Usually the contribution of the total overburden stress at the 

base level a o is asswned to be balanced by the stresses generated by 

the pile weight . 

a) Classical plasticity solutions 

Pigure 1 . 2 presents the solutions by classical plasticity, 

grouped according to the failure pattern which they assume. I n the 

first group, which considers that the soil above the foundation level 

would act as a surcharge only, there is the solution by Rei ssner, 1924. 

According to the approach suggested, a value of N = 6. 2 for circular 
c 

foundations and a ao stress equal to the vertical total stress must 

be used. The second group consider failure lines reverting to the 

shaft , mobi lizing t he soil strength above the foundation level . Using 

this pattern, Meyerhof , 1951, obtained for circular areas in clays, in 

the case of no interface ( soil versus foundat i o n) resistance Nc = 9 . 34 
c 

and in the case of an i nterface resistance (C ) equal to the soil 
a 

strength (C = S ) Nc = 9.74 • 
a u c 

Skempton, 1951 , reviewed the theoretical solutions available at 

the time ( including the " cavi ty expa nsio n" proposed by Gibson, 1950) 

and comparing it with f i eld evidence concluded that the chart of 

Figure 1 . 3 could be used in the design of f oundations i n clay. 

b ) " Ca vi ty expansion" sol u tions 

These solutions consider that failure under a pile end is 

analogous to the expansion of a spherical or cylindrical cavity. Bishop 

et al , 1945, obtained for the expansion of a spher ical cavity in 
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connection with their studies of metal a solution for the limiting 

pressure at which continuous expansion of a spher.i.cal cavity occurs in 

a uniíorm isotropic material . The expression for N obtained was : 
c 

N = 4/ 3 ( log G/S + 1 ) 
c e u 

F..q L. 5 

where 

G = s hear modulus of the material 

Gibson, 1950, modified this solution, in arder bei. ter to 

represcnt condi tions under the base of a deep f oundationo The following 

expression was prorosed : 

qb = ( 4/3 ( log G/ S + 1 ) + 1 ) S + 0 v, o Eq 1. 6 
e u u 

where: 

N = 4/3 ( log G/S + 1 ) + 1 
c e u 

Eq L7 

Ves ic, 1975, using a different pattern, proposed the expression: 

N = 4/3 ( log Ir + 1 ) + ( ~ c e 
2 

Eq 1.8 

where : 

Ir = "rigidity" index 

Eu = Young ' s modulus (und.rained) 

)Uu = Poisson ratio 

and also s uggested that the characteristic overburden stress should be 

taken as the octahedral normal stress 

0 
o = 0oct, o = 1 + 2 Ko 

3 

at the pile level 

o v, o Eq 1. 10 

as a way of including the effect oí the initial state of stress on 

bearing capaci ty ( this suggestion was made based on experimental 

13 



evidence with model piles in sand, by Al Awkati, 1975). 

Tabl e 1 . 1 pr esents the bearing capacity factors obtained by the 

various expressions of the cavity expansion approach. 

Values of G/S back cal c ulated from measurements of structures 
u 

founded on normally consolidated a nel lightly overconsolidated clays 

with a pl~icity index l ess then 30 are reported by D' Appolonia et 

al , 1971 , to be a bout 400. The values were found to be lower (about 

200) f or c lays with a plasticity index greater than 30 and 

s ubs ta ntially lower (a bout 40) for a single case history i nvolving a 

s lightly organic plas tic clay. Laboratory data were presented that 

suggest that G/S decreases with increasing overconsolidation ratio 
u 

Tl"le value of G/ S at an cx::R of 8 was f ound to be about one 
u 

third the value of G/ S for normally consolidated specimens. 
u 

One rnus t r ealize that the application of the analysis f or 

expansion of a cavity in an ideal elastic- plastic mediurn to the end 

bearing capaci ty of piles i s just an approximation to the real problern, 

a nd certainly estimates of G/S from field rneasurernents of initial 
u 

settlements under s urface loadings should be applied with caution to 

the cavity expansion problem. Nevertheless, according t o Esrig anel 

Kirby, 1979, these analyses provide the following insights to the 

range in values for N 
c 

a) for a given soil , N for overconsolidated clays is 
c 

expected to be lower than N for normally consolidated clays; 
c 

b) for a given OCR, N for a clay of low plasticity is 
c 

expected to be higher than N for a clay of high plasticityo 
c 

There has been a great deal of argument on the adequacy of the 

available bearing capacity solutions on the basis of whether they 
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succeed or fail to predict the failure of actual foundations. Lambe, 

1965 ; De Mello , 1969 and Wright and Reese , 1979, have compil ed data 

from the literature and load tests which suggest that N can vary 
c 

within extremely wide limits. 

r-or any practical purpose, the value of N = 9 for deep foundations 
c 

is widely used. The major source of discrepancy is probably the 

assessment of the proper value of undrained shear s trength, which is 

very sensitive to factors such as test conditions, soil brittleness, 

sample disturbance, sample size and others. 

TOIAL SffiESS ANALYSIS - SHAFT RESISTANCE {Q ) 
s 

The evaluation of the shaft (or skin) resistance in a large 

bored pile is generally similar to that used to analyse the resistance 

to sliding of a rigid body in contact with soil 

where: 

A 
5 

f 
s 

A = bearing area of the pile shaft 
s 

í = unit shaft resistance 
s 

Eq 1.11 

Using total stress analysis, in a saturated clay the unit shaft 

resistance is expressed by the following relationship : 

f : CC S 
s u 

Eq 1.12 

where: 

cc = non dimensional adhesion factor , the shear strength 

reduction factor 

Table 1 . 2 present s a comprehensive review of adhesion factors 

available in the li ter ature, as a resul ts of comparison between resul ts 

of pile load tests and undrained shear strength average valueso It is 

important to point out that there are various app:roaches in the 
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4 4 4 2+ 7T 
I N =log I +1 N = - (log I +1) N = - (log I +1) N = - (log I +l) + -
r c e r c 3 e r c 3 e r c 3 e r 2 

(Gibson & (Bishop et al , (Gibson, (Vesic, 
Anderson 1945) 1950) J 975) 

1961) 

10 3 .. 10 4 . 40 5. 40 7 . CO 

20 4v00 5a30 6 .. 30 7 .. 90 

40 4 .. 70 6. 30 7 . 30 8 .. 80 

60 5. 10 6 . 80 7 .. 80 9 .. 40 

80 5 .. 40 7 . 20 8 .. 20 9. 80 

100 5 .. 60 7 .. 50 8 ... 50 10.,00 

200 6 . 30 8a40 9 . 40 ll .. OO 

300 6 . 70 8.,90 9 . 90 1L50 

400 7 . 00 9 . 30 10. 30 11 . 90 

500 7 . 20 9. 60 10. 60 12. 20 

800 7 . 70 9. 90 10. 90 12. 80 

Table lvl - N values f or ~ = O conditi on, as produced by different 
c 

expr essi ons of the ' cavity expansion appr oach ' .. 
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cvaJ uation of S , effective bearing areas of pile shafts, installation 
u 

technigues anel pile load test programmes i n that survey . 

Skempton, 1959, after assessing the results of 34 pile loading 

tests from 10 sites around London (Figure 1 . 4), reconunended that the 

valuc of alpha would be 0 . 3 to 0 . 6 in this material (London Clay) for 

bored piles, depending on the installation aspects . He also concludeel 

that a good working value of alpha was 0 . 45 (with a limit of 2000 

lb/sq ft (96 kN/m
2

) for f ) . Skempton ' s r econunendation is wielely 
s 

used all over the worlel . 

Looking carefully at this assessment oí the alpha value one must 

realize that none of the piles was instrumented, and in some cases he 

had to estimate the ultimate loael. The shear strengths used were from 

tests on 1 ~ inch (38 mm ) eliameter specimens. Knowing the ultimate 

load he calcula ted the expected end bearing, thus obtaining the shaft 

load. He could then calculate the average adhesion and obtain an 

average alpha. There is also an additional factor : the installation 

technigues a t the time were elifferent from those presently used, anel 

the biggest loael was 650 tonnes. Only 3 piles reached bearing values 

greater than 300 tonnes (Figure 1. 4b) . 

EFFECTIVE STRESS ANALYSIS 

The effective s tress approach, assuming no excess pore water 

press ure, was first used for the analysis of the long term shaft friction 

(Ei ele e t al , 1961) or negative s kin f riction of piles in cl ays (Zeevaert, 

1959; Johannessen anel Bj errum, 1965 ) . Various f orros of the effective 

s tress analysis are g iven by Chandler, 1966 ; 1968 ; Hanna, 1971 ; Clark 

anel Meyerhof, 1972 ; 1973 ; Bjerrum, 1973; Burland, 1973; Meyerhof, 1976 ; 

Janbu, 1976 ; Parry anel Swa in , 1976 ; 1977a anel 1977b ; 
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fú.ê t:J<r .. :.c .. ! fYPL Ot Cl.A'& ;.;.;; LOl..ATIO:, :;:..;,;. suc..~;.. "' K; ...... <Hl !LST co:\:~rR~·c-rto:~ ~!i..Titl·~· 

(1::/c--) 

Harris . 1951 llc01umunt Clay . r,xas llú 'i'ri~xi .. d A. I)!;'-' : ,_.; th ... . 1 ... 10i 

~1~yt>rhoi" .l.H. ~lurco.:k ~ 19.>3 l..ondon Cl~y !65 Tria:d .. d Dr> (1. /C •O . ~l 

.1nd un<" ,' :l1 (1./C•O . ! l 

Goldcr 3nd L~onard , 1934 London C1.1y 1~5 Tri .1xial -
.1 n<l p Li te 

Liu Base , 1955 , 1956 Lny~rcd snndy c l3y,T~xas 55 Unconf incd Ury 

-· 
Sl<o:~upton, 1959 Lo ndon Cl.<y - \' .. 1 r i ous~t \'nriou,(Dr>·) 

~!oila n and J3in, 196; l.xp.1ns i vt· C 1 J)' , lndi.< 150 Une'-'" f i n .. ·U l!01nd 3u~:cr , dr;.-

l.voc,..ud . lundgreen and Lr.. H ano , 191> I I .. J)'C r<•d si I ty and "'md,· I 10 L"nc<'nt Ínt•c.l ~uck~t witl1 C J~inf 
ciJ\' CJ!iforni.J 

~oha:: anu Cnandr a , 1961 t..xp<lnS ive C la)', lndia 80-170 

fris~n anu flc~ing , 1962 London Cl01y ISO Povcr augcr 

Flecing and Salter , 1962 London Clay 160 rovcr aus«r 

Turner , 1962 Silty clay , Texaa ~o-ss 

Oeb and Chandrn, 1964 Expans i vc CI.Jy, lndÍ.J 110- 220 

Pattcrson 3nd Ur ie , 1964 Kcilor CI.Jy , Australia 110-160 

Kcrans Clay, Australia !25-190 

Whitaker and Cooke, 1966 London Clay 1)0 Triaxial Cald"cl 

Burland, Butlcr and Dunican , 196ó London C J.1y 1 so Tr iaxi :l! ro~·cr nugcr 

--
T01y l or , 1966 Clar inl til!, Crimsby , UK 1 140 Dry 

TA.lll..E 1. 2 . - REVI E\.' OI' Tm .. I<Ef't:KCNCES ON ADII~SION FACTORS OF llORED rll..CS 1~; CLA\' AVA!l .. \IILI 1:: Tltr LITI:I\ATliRI.. 

ALI' i !A FACTOR 
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0 . ) 
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o . s 

0 . 2-o .36 O. ) 

0 . 28-o .46 0 . 4 

0 . 44 

O . t..-Q . 4S 

O. !o - 0 . 6 I 
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;.L'!AI-a\S 
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• hy !>k-..·r.pl,m . I u rd 

• \!.J 1 n l ) t riaxi ai 

*Assuccd 
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I 
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REFERENCt. TYPE OF CLAY k~O LOCATION MEAN SI!EAR STRENGTH 

(kN/m2) 

Na t ick <Jnd 1\oz i ck i, 1967 Glacia l Til!, Nova Scotia 110-270 

Komornik and Wiscman , 1967 Sandy fat clay, lsrac1 160 

Reesc and iludson . 1968 Stiff clay , Austin, Texas 260 

U. S. Army Engin••crs , 1968 Expansive c1ay and Sha1e 110-)00 

Bhanot, 1968 Silty clay, Edmon L, Canada 110 

Glacial till Edmonc Can :330 

Watt ,Kurfurst and Zernan ,l 969 Clay , C..1nada 100 

Si lty clay Cana da 65 

Sowa , 1970 Sti(f clay , Ontario 110 

Adams and l{adhakrishna , 1970 Stiff clay, Ontario 95-280 

O' Neil1 and Rccse , 1970 llouston, Texas 110 
f-· 

Barkcr and R~csc, 1970 Houston , Texas 110 

Touma and Rt.'csc , 1972 Houston , Texas 100 
f-

lloltz and Bakcr, 1972 Chicago Si.lty Clay 110-300 

l>oolcy ;tnd Recsc , 1974 llouston, Texas 120 

Engcling and Rccsc, 1974 Texas and Puerto Rico 

Zolkov , 1975 Israel 200-350 

Jcli.nek,Korcck and Stocker, 1977 Huni.ch C1ay, Gcrmany 200-260 
--

TABLt. 1. 2 - Continuation 

TEST CO~STRUCTlON METHOD 

Triaxia1 Dry 
and unconf. 

Vanc Benoto 

Unconfined Dry (mechanical aug) 

Tri<~xia1 ~lech . auger ,dry 

Triaxi a l Hech . aug.,r ,dry 

Triaxia1 Hech . auger dry 

Shear box ~Ice h . auge r 

and torvane 

Percussion , casing 

Triaxi11l Dry 

Triaxial Dry and slurry 

Triaxial Slurry 

Triaxial Dry and SI urry 

Unconf i.ncd Dry 

Triaxial Slurry 

Dry with c<~s ing and 
slurry 

Vanc 

Various Dry 

ALPHA FACTOR 

RANG~: MEM\ 

0 . 64* 

o. 17* 

0 . 55 

0 .2-0.6* 

o . J-o .5+ 

0 .43 

0 . 65 

0 . 1 

1.0 

0 . 31 

0 .4 

0 . 24-ll.St> 

0 . (> 

0 . )-0 .9 

o . 75 

0 . 18 

0 . 59-0.7 

0 .3-0.5 

0.27-0.76 

-
RE:iARKS I 

- -----·-' 
*Failurc not 

reachcd 

*Fa ilurc u(lt re .u hcJ 
----

"'C1a y 

+Shalc 

-

-- --

1 

-~ 
,_. 
1.0 



REfERENCE TYPE OF CLAY ANO LOCATION 

Toml i. nson , 1977 Li as Cluy , Luttc rworth ,UK 

Glacial Ti l i ,Clasgow, UK 

Lcmore , USA 

fearensidc Jnd Cooke, 1978 London Clay 

1--

Weltm~n und Hculy , 1978 Glacia l Tilt , llu l l , UK 

Glac i al Tll l Hart l epoo1 

Ismael and Klyn, 1978 Silty Clay , Ontario 

l!odgson , 1979 London Clay 

Lopes , 1979 London Cl ay 

Ottavi.ani .md Harchctti , 1979 Sandy silty clay , Rome 

Pearcc and Brassow, 1980 Bcaumont C!Jy , Texas 

Poulos, 1980 Stiff clay , Austra1ia ....._ 

Promboni Jnd llrenner , 1981 llangkok C1Dy 

O' Ri orcl.1n, 1982 Woolwich .1nd Read ing bcds , 
London 

TABLE 1 . .! - Continuation 

}fEAN SHEAR STRENGTI! TEST CONSTRUCTlON }IETHOD 
') 

(kN/m- ) 

200 

160 

96 

160 Triaxia1 Bcntonite 

Dry 

110 Dry 

130 Drv 

60-120 Tr ilxial Dry 

ISO Trí.Jx . and* Dry 

170-220 Tr iaxia l V ar ious 

SU-180 Triax . and* Slurry 

190 Triaxia1 Slurry 

160-2&0 Dutch cone lnj,;ctc•d 

20- 60 Dutch cone Benoto 

170- 200 Dutch cone Benoto 

200-280 Triaxial(?) Ory 
SPT 

ALI'I!A i'ACTOR 

Rk'\GE MEAN 

0 . 1-0 . J* 

0 . 85 

0 . 49-Q .S2 

0 .26-0 .46 

0 . 23-0 . 43 

O. ól 

0 .46-0 . 65 

0 . 64 

o. 7 

O. )-Q.S2 o. 38 

0 . 55-0.87 0 . 69 

0.(1 

0 . 2 

0 . 8 

0 . 5 

O.Jó-o.4 

-
I 
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*Vcry scnsi Livc· 

LO t.o.'ttter 

*P 1 ilLC I Oitd 
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-
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Vesic, 1977 ; Plaate a nd Selnes, 1977 a nd others. In this method the 

skin friction i s related to the coefficient of friction between the 

pile and the soil and the normal effective stress. 

Asswning drained conditions, the following equations have been 

used : 

í = S ' + o ' tan ô' s r Eq 1 . 13 

o r 

Eq 1.14 

wherc : 

f 
s = efíective unit shaft resistance 

S ' = unit adhesion between the soil and the pile, which 

i s independent of the normal stress 

o ' = r effective radial stress 

O ' 
h = effective horizontal stress 

ó 1 = effective angle of friction between the pile and 

the soil 

If the interface strength i s assumed equal to the soil s trength 

(e . g. the fail ure is not pile to soil, but soil to soil) : 

f 
s = c ' + <); tan r/J' Eq 1.15 

o r 

f = c ' + K o' tan r/J' s v Eq 1 . 16 

ifc ' =O 

f = K O I t a n r/J' s v Eq 1.17 

where : 

c ' = effective cohesion intercept 

rpr = effective angle of friction of the surrounding soil 

K = coefficient of earth pressure on pile shaft 

( oi/ o~) 



Chandler , 1966, proposed t he use of effecti ve atr ess a nalysi s i n 

t he int erpret ation of short - term skin friction measured i n pil e tests 

f or bored pil es in London Clay, reported by Whitaker and Gooke , 1966. 

Assuming drained cond i t ions , Chandler used the aver age of K' obtained 
o 

by Skemp t on, 1961 a nd Bishop, Webb and Lewin, 1965 and r emoulded soil 

s t rength par ame t ers. 

Burl~ But l er and Dunican , 1966b , based on the ana lysis of pile 

load t ests r eported by Skempton, 1959 ; Whi taker and Cooke , 1966 and 

Burla nd, Butler a nd Dunican, 1966a , argued that t he assumption of f ull 

r e- est ablishme nt of the K' condition gave an " upper bound" to t he 
o 

measured r esi s t ance a nd that a " l ower bound" could be defined us i ng a 

K' = 1. 25 o 

Cha ndler , 1968, extended the effective s tress ana lys i s to pil es 

i n normal ly consolidat ed clays . Introducing Jaky 1 s , 1944, s implified 

expr e ssion f or assessing K~ , the author proposed the expression: 

f = c ' + (1 - sin ~' ) o ' tan ~~ 
s v Eq 1. 18 

or, a s c ' = o in these soils 

f = (1 - s i n ~' ) 0 ' tan ~' s v Eq 1.19 

Burland, 1973 , compiled co nsider abl e data supporting the effecti ve 

s tress analysis a nd presented a method of calculating shaft friction 

from effective stres s analys i s on t he shaft, making the a s sumptions : 

(i ) befor e loading, the excess por e water pr essures set 

up during install a t ion are compl e t ely dissi pated, 

(ii) becaus e the zone of major distortion around the 

shaft is relatively thin, l oading takes plac e under drained condi tions 

dur ing a pile load test (this is the more contr overs ial assumpti on) , 
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(iii) as a result of remoulding during i nstall ation 

the soil has no effective cohesion. 

Hencc the shaft friction f at any point is given by : 
s 

f = CJ1 tan ô1 

s h 
Eq 1.20 

(iv) the furt:her s implifying asslUllption is made that 

crh i s proportional to the vertical cffective overburden pressure cr~ , so : 

Thus, 

IfK 

cr i - K (] I h - v 

from Eqs 1.20 and 1 . 21 : 

f = K o I tan ô I 
s v 

tan ô 1 is denoted by e ' then 

e = f I (] I = K tan ô I 
s v 

Eq 1.21 

Eq 1.22 

Eq 1.23 

e i s thus s imilar to the empirical alpha factor , but is related 

to the fundamental effective s tress parameters K and ô 1
• Average values 

of e can be obtained empirically from pile load tests, provided 

sufficient time has elapsed after installation and the tests are 

carried out sufficiently slowly. It is also possible to make estimates 

of K and ô ' and thus obtain e • In the case of piles in soft clays i t 

is asslUlled that fail ure takes place in the narrow zone of remoulded 

soil close to the pile surface, so that ô 1 = 9Sd , where 9Sd is the 

remoulded drained angle of friction of the soil . 

For piles in stiff clay, the major problem of the effective 

stress method is the estimation or determination of the value of K • For 

a heavily overconsolidated clay s uch as London Clay, K can vary 

significantly from the surface to depth (Figure 1 . 5 and also Chapter 

7 , Figure 7 . 1) . Burland took the mean curve of K versus depth for 
o 

London Clay from the results oí Skempton, 1961 and Bishop, Webb and 
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Lewin, 1965, as had Chandler, 1966, before him. 

Thus the total shaft resistance is given by: 

L 

Qs = " dI G ' K ov o tan o• l'IL Eq 1.24 

and the mea n shaít friction is : 

f 
Qs 1 t a • K tan 5 I l'IL = --- = v o s nd L 

o 
L 

Eq 1.25 

Figure lu 6 identifies the variables used by Burlando 

Lines indicating r::q J o25 and ~= Oo8 are shown in Figure 1.6 

using ó • = f/J' , Burland estimated the effect of 10m of overburden 

abovc the clay, and that effect is a lso plotted on the same figure. 

For bored piles Burland recommended that f3 = O. 8 can be used as 

a conservative preliminary design value for London Clay, because it is 

doubtful if the initial at- rest horizontal stresses can be fully 

re established at the pile surface (thus it would be expected that the 

curve represented by Eq 1. 25 would form an upper limi t for values of 

f ) o s 

In 3 publications Parry and Swain, 1976 ; 1977a; 1977b, presented 

a comprehensive discussion of failure conditions of a soil element 

adj acent to the pile shaft, s uggesting new expressions for the skin 

friction and a link between the total and effective stress approaches. 

They asslnlled that the vertical and horizontal effective stresses crt v 

and o h may vary during the loading, and that 6' may be a function of 

the s tress ratio K (oh f O ~) . They showed that the first failure of 

an element of soil close to the pile would, in general , occur on planes 

inclined to the pile axiso The maximum angle of frlction that could be 

mobilized parallel to the pile axis was shown to be sensitive to the 

inclination of the failure planes, and this inclination was shown to 
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L>e dependent on the asswnption made about the variation of the stress 

ratio during loadingo It was concluded that if K is greater than 

unity , 6 ' must be less than ~', and trwshowed that if K approached the 

llmiti~J pass1ve state Ó' tended to zeroo 

llui. , 1 977 ; 19í9 , in two technical. notes presenteei some discussion 

rela1.ed to the failure condi tions near lhe pile shaft. 

Meyerhof, 1976, suggested that the following equation can be 

used to est:imate the shaft bearin<J capacity of bored piles in soft 

clays (normally consolidated clays) : 

where : 

f = na ' <5 s IJ v u 

S = K tan ~' o 

K = 1 - sin ~ ' o 

and for s tiff overconsolidated clays, he suggests 

of K , if not known, the empir i cal equatio n : 
o 

then 

K = (1 - sin ~') I CCR o 

f = ( 1 - sin ~ ' ) I CXR tan '/J' a ' s v 

Eq 1.26 

for the assessment 

Eq 1.27 

Eq 1.28 

When the over~consolidation ratio is not known he suggests the 

use of : 

f = s tan '/J' s u 

as a good approximationo 

The design of bored piles in overconsolidated clay s using 

effective s tress was also advocated by Searle, 1980, and f urther 

analysis of the published case histories was presented. 

In the recent years, a large number of r eferences refer ring to 
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the use of effective stress analysis and criticai state soil mechanics 

for driven piles can be found in the li ter ature (Esrig, Kirby and Bea, 

1977 ; Vijayvergiya, 1977 ; Esrig and Kirby, 1977 ; Kirby and \IJroth , 1977 ; 

F'laate a nd Selnes, 1977 ; Parry, 1978 ; Kirby and Esrig, 1979 ; Esr ig and 

Kirby, 1979; Randolph and \vroth, 1981) .. 

The effects of pile installation are a dominant feature in the 

modern approach an el as differences between driven and bored piles are 

substantial, the presentation oí such references is not relevant to 

the present workQ 

1. 2 .. 2 . 2 . - PILE RESISTANCE FRCM "IN SIW' SOIL TESTif'.G 

The determination oí the base a nd s haft resistance of piles 

using the methods described under the title GENERAL METHOOS requires 

detailed knowledge of strength and general properties of soil strata 

involved in transmitting pile loads. Sometimes to take the necessary 

number of samples from the soil mass and perform the appropriate 

laboratory tests to determine so i l characteristics needed for design 

is not possible or justified, due to cost problems, available time, 

lack of laboratory facilities and non uniform soil situations . Under 

these circumstances it i s necessary to estimate the unit resistances 

directly from "in situ" soil testing, such as the Standard Penetration 

Test (SPT) , static cone and pressuremeter. 

The correlations obtained by comparing the results of these small 

" in situ11 tests with the large bored pile behaviour must be "calibrated" 

for each soil condition, taking into account the difference between the 

values measured in the tests and the large scale strengths relevant to 

the pile behaviour . 

Someti.mes the " in situ" tests are used to obtain soil strength 
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and those values are introduced in the classical methodsG One problem 

that must be treated carefully is the fact that usually the bearing 

capacity formulae have been developed using the experience obtained 

from pile load tests performed on soils with the properties measured 

using a certain technigue ; when using a correlation this must be take n 

into account, e . g . the correlation must be related to the technique , 

if "the sc.une coefflc:i .ents ru:<.? to be usecl ( the correlation must be 

"calibrateà" J.ccordin;J the testing -':echnigue used to estaolish the 

design m" thod) . 

In some special cas~s , likc uncommon soil conditions, special 

installa tion technigues , high load l evel s or sp<;.-cial reguirements for 

t he foundation ' s behavi our, the data f or the pile desi gn are ob t ained 

from plate bearing tcsts in boreholes and pile load tests. 

Thc aspects of tht::: use of .. i n s itu" testing for design of large 

bor ed piles were reviewed ( Mil i ti tsky, 1980 ) wi th conunents about 

relevance and shortcomingso 
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1. 3 - BOZEO PJ LE INSTALLATJON 

The construction oi a bored pile basically consists of drilling 

a hole in the ground to a prede-rermined <.lepth and then concreting the 

hole, wi th or wi thout reinforcin9 steel. Shaft construction may 

proceecl by a number of different methods (Woodwar<.l, Gardner anel Greer , 

1'-)7:2 ; \veJtman a nd Little, 1977 ; l~eese a nd Wri<Jht , 1977 ; LCPC, 1978 ; 

Reese, 1978 ) ., The simplest case occurs i n stiff c lays i n holes to 

lirn:iled deplh , where the excavation remains st.abl e a nd permits f ree

fa l1 concrete placemem .• More difficul1 s i1:uations arise whenever 

casincJ or bentoni.te slurry must be used to prevent caving or water 

f] ow into the excavation. 

Under the broad description of bored pil es is included the wide 

range from the small diameter percussion bored pile to diaphragm wall 

elements. A detailed description of installation procedures of all 

pil es is beyond 1: he scope of this presentation. Only the basic aspects 

of bored pile i nstallat ion will be presenteei . As a s implification for 

ease of presentation, the bored pile i nstallation has been divided in 3 

stages : (i) boring process, (ii ) support used, and ( iii)concreting. 

1. 3 . 1 - BQU!'r; PROCESS 

Basicall y a dis1:inction can be made on the basi s of the method 

used to excava te, either by percussive or rotary means (considering 

just the mechanical methods ) . 

PERCUSSIOi\1 

The pile is excavated using percussive mea ns : a hole is formed 

by repeatedly dropping a tool i nto the ground a nd bringing the spoil 

to t he s urface. 
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In the construction of small diameter percussion bored piles it 

is usual to employ light tripod rigs. The piles are formed using 

cable operated tools designed for use with the tr i pod rigo In clay 

soils a "clay cutter" consistir19 of a cylinder with a cutting edge at 

its base i s used. The borehol e is advanced by a constant repetition 

of dropping the tool into the base of the borc and emptying the contents 

alongside the pile excavation. This technique is still used due to 

the versat iJity oí the equiprnent a nd low cost involvedo 

Systems used for the construction of large diameter percussion 

bored piles are variable depending on the speciali st contractor . 

Generally ski.d, crane or tripod mounted rigs are used to excavate the 

spoil f rom i ns ide a heavy casing. A hammer grab (cabl e opera ted 

clamshell) may be used to advance the borehole. Insertion of casing 

may i nvolve oscillating the casing t o facilitate penetration and 

extraction. 

RaTARY 

I n the rot ary bored pile s , boring is carried out by a rotary rig. 

A short f!ight a uger or drilling bucket is usedo The pile bore is 

made by lowering the rotating boril"lg tool into the ground. \Vhen 

enough soil moves into the f lights, the tool i s withdrawn, the spoil 

removed and the tool is reinser ted into the hole for another pass. 

Another method of excavation of small diameter pi les is t he use 

of continuous flight augers . 

Rotary drilling is the mos t used method all over the world in 

modern pilil"lÇJ. 
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HAND E.XCAVATION 

ln some places of the world the l .:-.hour intense method of hand 

c•xcavation is s till used {Far East and L<nin r\merica) . 

lJNDER-REAM HG 

ln certain c ircumstances piles are cons tructecl with under- reams 

(or with bells). The under-reams or e n.la rged bases are cut by 

mechanica l means using differem: under- rerun tools . Sometimes hand 

cxca vation i s used to form the enlargementu 

I • 'L.! . - SUPPCRT 

ln some types of ground or layer s equence, as the ho.le is advanced, 

the wa.ll s cave in and create a larger hole than intended. Sometimes 

the soil caves in and fills up the bottom as fast as it can be r emoved. 

To excavate to the desired depth under these circumstances, some f orm 

of s upport must be used to prevent collapse of the hole. 

For easy of presentation, the s uppor t methods can be presenteei 

in the fol lowing categories : 

- NO SUPPORT : the simplest situation. The soil is strong and 

stable enough in order to permit the excavation to remain stable 

without a ny form of support. 

CASIJ'IG : in some instances, casing may have to be advanced with 

the hole to keep it open during excavation (many problems have been 

associated with the use of casing, and withdrawal during concreting 

the pile, O' Neill and Reese, 1970) . 

- SLURRY (Bentonite suspension) : when large bored piles are 

constructed through unstabl e ground to reach soil layers at great depth, 

a bentonite suspension may be used to stabilise the borehole~ When 
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the hole instability is due to seepaÇte forces the stabilization effect 

can be i\chieved hy any iluid filli.ng the hole> (some contractors use 

natur.:U ground water mixed wi. th cuttings) . r\ goocl pract.ice 

is lo u~e .:\ controlJed mix or bentonitc. The thixotropic properties 

of ;'1. hentonite suspension, combined with its ability to forrn an 

i mpermei\blc> fil ter cake on permcahle borehole walls under a posi tive 

hydrostatic head, render it s uitable to stabilise boreholes in granular 

soi l s a nd to ret:ain in s uspension fine particles which would otherwise 

~ettlc in the hase of the pile bole. 

- CONTINUOUS F'LIGHT AffiER : a hollow continuous flight atger is 

used in the bor1ng operation and m~ntained during concreting as a 

support technique. 

- CCMBINED METH<X>: in some circumstances both casing and slurry 

may be used as complementary technique to stabilize the holeo 

1 . 3 . 3 . - CON:::RETI!'C 

The technique to be used to fil l the drilled hole with concrete 

is dependent on the support used. Concreting can be accomplished in 

the following ways : free falling , under slurry and grout- intruded 

piles. 

PREE FALL - lVhen IX> support is used or a casing is necessary, 

filling the drilled hole wi th concrete is fairly straight forward . 

Usually high slump mixes are used to avoid problems of integrity. 

SLURRY - Concreting under slurry requires that concrete must be 

placed from below and flow upward, displacing the fl uid. Usual ly a 

tremie is used to place the concrete in the bottom of the hole. The 

concrete discharge is always kept well below the inter face between 
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concrete and slurry to prevent mixing . Before concreting checks mus t 

be made to assess the quality of tbe s lurry. ~vhere necessary contaminated 

bentonite i s replaced by a fresh s uspension before concreting. The 

displacecl benton:ite is usuéllly returnecl to a desandinq pJant prior 

to i ts re- use. 

GROUT- INTRUDcD - in this type oi~ pile the borehole i_s formed by 

means of a hollow- stem continuous flight a.uger. The auger remains 

in the bole until concreting commences, a nd therefore no lining tubes 

are required. The special mix is usually pumped under pressure through 

the hollow body of the a u;Jer . 

TREMIE - under difficult circliDlstances , such as presence of water, 

the concreting can be achieved successfully by the use of a tremie. 
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I . •1 - EPF'ECTS a.' PlLE lNSTALLATJON 

1 4 . 1. - JNTROOUCTJO~ 

lvhen a pile i..; inst .. llled in tht- (Jrouncl, ther{;' ;up a nwnber of 

concliUun~ cxistin<J prior lO the ins l al lation that will ch<U1<Jt-, such 

.ls : state oj sl:rec;-, , soil :. lructure, and noisture content . 

Allhough lhe cons t:ruction procedurec; for bored piles are usu<üly 

considere<.! less j n..fluential on the c;urroundj ng soil than the driven 

pi l es (sce Figure 1. 7 from Vcsic , J<J77) Lhey certain.ly aífect pile 

performance. Thc• process o( load lransfer from the pile to the soil 

mus t be dependent on Lhe final soi l conditions , aíter installation. 

According to some re(erenccs, there is an incr easing interest in the 

installati.on effecls on pile performance (see Chadeisson, 1961 ; 

Endo, 1977 ; Zl iwi nski et al , 1979 ; Hus tama nte et al , 1979; Curtis, 1980) . 

There has been a large amount of research done on the topic 

"effects of clrjven pile installation", covering both experimental 

techniques (f or example : CUllmings , Kerkoff a nd Peck, 1950; Bjerrum 

and Johannessen, 1960; Lo and Stennac, 1965 ; Oocrge and Broms, 1967 ; 

Airhart , 1967 ; Airhart et al , 1969 ; Adams a nd Hanna, 1971; Hagerty 

anel Peck, 1971 ; F'laa te, 1972 ; CJ ark and ~leyerhof , 1972 ; 197 3 ; Hager ty 

et al , 1972 ; Cooke a nd Pr ice, 1973 ; Massarch, 1976 ; Bozozuk et al, 

1978 ;Blanchet et al , 1980; Cooke et al , 1980; Steenfelt, Randolph and 

Wroth, 1981 ; Roy et al , 1981 ) and analytical procedures (for examplc 

Soderberg, 1962 ; Nishida, 1964; Desai, 1978 ; Randolph, carter and 

Wroth, 1 979 ; Randolph and carter , 1979 ; lvroth, carter and Randolph, 

1979 ; Randolph and Wroth, 1979 ; Carter , Randolph and lvroth, 1980; 

Leifer, Kirby a nd Esrig, 1980) but just a few publ ications are 

concerned with the effects of installation of bor ed piles on the 

:n 



properties oí thc clay- pilc systemo 

For ease of presen1.ation the LOp:i c will be covered under the 

followÜKl titles : SIIAFT EXCAVATlON, FRESH CO!'O<ETI· ANO CLAY SYSTB'-1 

a nd RE-ESTABL ISI (t.IIENT G' HQ~J %0NfAL STRESSESu 
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I . +, .:? . - SHJ\FT F'..XC'\VATION 

l'ht> proc~ss o r l..Jorill<} é\ \'~r tic;l l ho] I! to (orm a cast- i.n- si tu 

l>ur~d f•ilL' .:dl<:>cts the propertiv"- oi the t.;];,y around the pile in~~ 

m.mnc>r dill.ic.;ul t to quant i.fy . Durin<_1 5hart eXCd\',ttion the -,tressec:. 

i1lJar· liK• hol t' .. H·e reduc ecl b~, .~n ,t'lloun1 depvntjjnu upon th{:' \\'.d 1 sup~·orL , 

ir ·;.ny , t hat ;,., p .r:uviued. :-lo nmrter the t..echnjqLtv use<! , some .\lllourn LH 

-,tres..; n·Licr \\·i]l occw· . Durin<) tl11.: lxni.nu oi Lhe ::.ll;l(t hole, .--. 

re l ativcly narr ow Lone of "::>oil surroundin<.,~ Lhe pil e mu~t underç;o '::>Om~ 

remou] <I i.11<_1 du~ t o soi. l remova!, horiLontc:~. l :radial total stresses at th€:· 

s urfac<• o[ Lh<' pill' L-.-d 1 to Lero , porP Wél ter pre--.o.;ure-. cha~lL' , anel 

W<lter mi.~1rates rrom the soi.l ma:;::. towards J (:>SS str essed zones élr ound 

tlw bore hole c;o thé.\t s well i n9 a nd sof tenin9 s tar t t o occur . In 

overc o nsolidated fissured clays, the fissures may open. A sirrular 

phenome non occurs at the base of the s haft, where the ver tical total 

s tresses are r educed t o Lero . 

The magni1:ude of t he swell ing , softening a nd e ve ntual soil 

movement s i s influe nced by a number of factors, s uch as : dimens i ons 

o f the excava tion, g round 111ater r egime , soil properties (coeificie nt 

o f earth pressure a t res t ( Ko ) , unit weight , pore pr essure parameters, 

OCR , permeab i l i ty , fabric and macro- s tructure) , lenght of time t he hole 

r emains o pen before concrete i s poured and s upport used ( i f a ny) . The 

in.fluence of three factor s soil properties, g round \lla ter regime , 

a nd time are closely interrelated. If an instanta neous exca vat ion were 

made , the so:il would s train in an undra ined condi tion. lf an excavation 

were made at an infinitely slow rate or were kept open wi thout concreting 

or s upport for a long period, the soil would strain in a f tLl ly drained 

c o ndi t i o n. Actual drilling occurs over a fi ni te period and the soil 
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condi tions ;rre thus partia] ly drained. Typical excava tions in clays , 

;,.s :\ practical matter, are close Lo undrained, excert near the clay 

boundarie s . 

Comp<.tr i ng the effecLs oi u~ing different s upporL sysLem~: thc use 

0 1 c<1::. ing or drill i.ng mucl does not compl etel y restare the i nj 1 ial 

-sLre-..s conclj Lions i \nd s ome amount of stress relief occurs. lVhen cl 

casing is used, it is typical to excavate a s haf t somewhat greater 

than the outside di.ameter of the casing to facilitate sinkino of the 

cas :i nq {American practice, \vooclwu.rd, Gardner anel Greer , 1972) or 

advance tlle excavation in front of the casing (generaJ practice) . The 

resul ting stress reliei i s probably sma L ler than the case of no support, 

but it is very likely that the extension of the remoulded zone is 

gr eater and there is little lateral displacement allowed until the 

concrete is poured. Under some conditions, the ground may slowly squeeze 

in around the casing and make extraction difficul t . Lukas and Baker, 

1978, observed slow squeezing when the ratio oí overburden stress, Z 

divided by the undrained s hear strength, S , exceeded 6 : 
u 

~ > 6 

s 
u 

Eq 1. 30 

when the values oí this ratio exceeded 8 or 9, rapid inward movement or 

i nstability of the hole was observed. In t he case of using a bentonite 

slurry, the lateral pressure of t he mud is usually less than the lateral 

pressure required to mainta in zero lateral displacement. Accordingly, 

inward movement occur res ul ting in some lateral stress relief before 

complete installation of the pile. 

As pile practice is variable and soil pararneters assume a wide 

range in values in nature, a wide range i n the resul ts of installation 

related changes can be expected. 
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ro illustrat<~ the el J"ect of USÍI1Çl diÍferenl teclmique:, 011 the 

(inal pi I e cliamPter , Tah] <> 1 . -1 presl='nt -, tile :-\merict\n experience on 

riH:> typical ratio Of inst<L1 led tO de::>i.ClOed diam<>.ter Ot l>ored pile~ 

when <li(J-erent techniquc.:; .1re used, for variou-. snil condi t ions 1 afLer 

Stew,vt .1nd l<u) ht1wy , 1 LJ81 ) . 
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·- -----------------~---------------------.------------------------~ 

I CONSTRUCTlON METIIQ) TYPICAL AA.TIO OF INSTALLED I ::OI I 

llniform soft clays 

IJniionn soft clay::: 

llniform sdl f clays 

tJni1 orm Slilf clay-; 

Fin0 ( ohcsionles~ 

F'ine cohes j onJ ess 

Stj ff soil wjth 
cobbles 

Loess 

Cavernous limestonc 

Residual soils 

I 

CasinÇJ 

Open holc 

Cas:i ng 

Open holc 

Slurry 

Casing vibrated ahead 
oi excavation 

qxm holc 

Slurry or open hole 

Open holc 

TO DESIGNED DIAMETER * 
1.10 

1.00 to 1 . 05 

1.10 

l.<X) to I . CJ"> 

1 . 1 O to l . 15 

1.00 

1.1 O to 1.15 

1.00 to LOS 

Overpour** maybe 100 % 

Overpour*"*" as much as 
50% 

* ~bst significant factors are groundwater stratification and lenses, 

construction methods , equipment and soil conditions . 

** Overpour = volume of concrete placed in excess oí as- designed 

quantitics given as percentage of designed quantity . 

TABLE 1.4 - American experience of average bored pile diameter as 

i nstalled in various soil conditions (After Stewart and 

l<ulhawy, 1981 ) 
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l. -l • .? . 1. - STRESS RD~ LLF 

Tlw stress relief cau::.ed by a ver lical hole in the ~Jround has 

been trcated in Lhe past (lvcstcrgaanl, 1LJ40; Ter-.:i\ghi, l943) using 

approxüllénc el<1stic solutions to solve:> the probJcm. No <Jcncral 

procedure exists, to the n.uthor ' s knowleJge, lo hi\rldle t.lw problem 

simul..ll i ng thc clifrerent excavation procedures or represent Ln<} a 

realistic stress- ::.train behaviour of soi.l. 

J\ three- di.mensiona 1 piloto-elas t j c study was made by Galle anel 

Wilhoit, 1961 , LO determine lhe s tress ::.tate arounel the wall a nd bottom 

of a wellbore due to the fluid pressure within the wellbore anel unequal 

geostatic stresses. The resLLlts were presented in the form of contour 

curves for each stress component . A systematic method was given for 

calculation of these stres~ components for any combination of fluid 

pressure withi n the hol e anel system of principal geostatic stresses. 

References were given from previous analytical work . 

experimental results were compared to the a nalytical 

reasonable agreement~ 

1he obtained 

predict ion wi th 

Reese and Hudson, l968b, were unsuccessful in a field attempt 

to measure the stresses acting upon the shaft of a bored pile. Problems 

of installation of the total pressure cells inside the pile shaft 

proved to be insoluble. 

For a normally consolidated soil , the stress and strain and 

stress path for soil elements near an excavation was presented by 

Lambe, 1970, in a " State-of- the- Ar t Review" f or the problem of braced 

excavations. 

A pattern of stress distribution around the hole is shown in 
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r'iÇlUH> 1 . 8 , 'ôllÇ1gest<:<.l by ToLUTia anel l~ces~, 1 97:2. 

;\pparcnt that, for t.he C.Oi <:>C shown (K < 1) , 
o 

-.,trl''::><:> • 

lt i s readiJ y 

1 hc mino r pr incipaJ 

.-, possiblc \.·ari;üion of llw -;trcs::. regime durin<.) pile inc;tall.\tion. 

Tht' onl~' measurements <-~vailable in the l iterütur~are those b:. 

Yon~, 1971.J (also reíerred to by An<.lcrson anel Yong , 1980). F"iguresJ. l Oa 

a nd l.JOb shows t.hc resull s obtaim'(l using m:iniature (38 mm diameter, 

I<..Xl nun Lonç_J) inst rumente'<! moclcl pill' , borL>ci in normc:U.ly a nel 

ovcrconsol idated bcd~ of kaoUn anel fillc>d •.11ith micro-concrete (0. 6 of 

watcr : ::! . 4 of aggr Eo'<)ate :J of c~n-~nt) . The total s tress was measured at 

the pile- soil interface using ü purpose built minjature pressure ccll 

( strain-gauge- diaphragm type) . Thc pore pressure at thc im:erface 

was measured using an external pres~ure transducer connected to an 

interface probe (porous s tone inside a brass casing) by nylon t ubes . 

As the interface probe was buil t in the pile, the effects of clrilling 

had to be assurned . A detailed examination of Lhe results obtained 

a nd assWTied conditions can raise some questions about the adequacy of 

techniques used to measurc pore pressure and total stresses on the pile-

soil i nter f ace , the scale of the experiment , the material used to 

simulate the concrete anel even the assWTied lines of pore pressure 

variati on. The merit of the work however, is the íact that an attempt 

was made to study key factor s affecting pile behaviour . 

l . 4 . 2 . 2 . - REMOULDING 

During the installation procedures of a borcd pile the soil is 

disturbed by the boring tool over a zone adjacent to t.hc side5 of the 

excavated hole. Whcn a casi119 is used additional disturbancc can be 
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~·;...:pected. The thicknes::. 01 the .:1ffected disturlx>d zone and the degrce 

of di~turbanct• to the soil struc tur:e i~ dependent on the typc of 

equipment hei ng u::. =<I anc.l probably on other det<lil s of i nstalla t ion. 

To tlw author::. knowledge t her~ Ls no field study of 1 h<._• topic i n 

t lw 1 i t cr<:~ tun.>. 

rhe only refcrcnce found rcfers to Lhe effect oi' cleaning Lhe 

base of thc hole to perform plaic load tests at c.Iepth, by 1'-larsland, 

1971 , on th0 deformt\t.ion mocluli of Lonc.lon Clay (Figure 1 . 11) . In 

t hesc tests it was t•vic.Ient thc i nfluence of the disturbance of 

the clay below lhe iest lcvel causecl by the drill ing operations. The 

loac.I :;cttlemcnt curves for tests made on a surface which had been 

machine finished anc.I from vJhich only loose clay had been removed, are 

much flatter than those where extra hand digging had been carried out . 

1\luch closer agreement was found between the slope of the ini t.ial and 

rel oading curves for the tests where extra clay was removed by hanc.I 

digging. 

1. 4 . 2 . 3 . - DRILLING MUD 

As already discussed, drilling mud affects the extent of changes 

1n soil stresses during a boring oper ation, and thus , affects changes 

1n moisture content in the shaft wallu The mud probably interferes 

both in the water absorption and ion - exchange phenomenon (setting 

concrete and clay) and in addition it can influence ultimate pile 

capacity by increasing or decreasing the available skin resistance, 

as a resul t of mudcake formation on the wa l ls of the ~)rebole. 

The use of a drilling mud involves other aspec1S that must be 

considered : the different tool used can change lhe final size and 



;:;urface cor.cli t i.ons of the pile, making i t diff i.cul t to compare the 

behaviour o i· pn.es madc us i ng di ff<:> r e nt tec:hniquesv 

The (>frPc.:l oí bentoni \.<.: on the skin fri.ct ion OJ bored piles i::. 

a mattcr of di~cussion anel diffcrent opinions r.an be :.ecn in the 

literaturc 

B('nloni te• ::;uspensions an• cxt<?nsively used to s uppor t the soil 

in diaphra0f11 wall construction anda similar technique may be applied 

to borcd pi I<' construction to st<:\bilizc the pile wall, both by prevention 

of <]roundwat<•r i nf Low and by I im) lillC) the collapse o f unstablc soils 

1n the sidcwall. 

ln permcable soil , benton)te íorms a ' filter cake ' layer (Fleming 

anel Sliwinski , 1977) at the interface with the soil which may not be 

fully removed by the action of the fresh concrete being placed by 

tremie. The possible presence of this layer of low strength bentonite 

raises doubts about the friction values that apply for a foundation 

constructed us ing s uch a method. There is no established knowledge 

but the sparse e vidence suggests a reduction in the friction value íor 

granular soi.l s of 10 to 30 per cent (Fleming and Sliwinski, l977) . 

Some tests in model piles in sand have shown a larger reduction. 

In soils of low permeability, such as clay, there is no evidence 

of the íormation of a significant thickness of bentonite at the soil 

surface (Burland, 1963 ; Fearenside and Cooke, 1978) . In boreholes for 

piles in saturated c l ays, only a very thin coating of bentonite cake 

-t.? 

may be expected to forro, and this is confirmed in practice by observations 

on excavated piles anel diaphragm walls . At times a fil ter cake of a 

few millimeters thickness has been found (Fleming anel Sliwinski, 1977) 

and its formation is not completely explainecl . According to Nash and 



J one:, , 1963, experience \llith wall s construc t ed at London using t he 

I.C . O. S method s howed tha t {or 6 per c cnt ben1.onite suspens ions in 

con tac-1 with London Cl ay , :-\ mud cake is fo rmed, .:>.t t he rate of 

i4 i n/clüy ( () mm/day) . Thc r e a r e expl a nations rcl o"\ti ng th~? formation 

of s uch ü laye r to l a rge dcl.:>.ys in concrcting, floccula t ion ::tnd 

c l <:-c t r i cal phe nomc na (Vede r , 1961 ; Na::;h and Jone::;, 1963) • l~eese a nd 

O' Nci ll , l97l , reporteda case of reduc Lion in fric tion proba bly dueto 

a thick l aycr o[ be ntonitc l eft a t the soil interfac e because a 

tempora ry s t eel ct\s i ~~ was .u.~o usecl ( t his i s no t a very common practice) . 

The opinion tha t skin fric tion in clays i s virtually unaffected by 

bentoni te i s supported by a large number of resul ts of pile tes t s 

(Chadci.sson, 1961 ; Burland, 1963 ; Komornik and 

\viseman, 1967 ; Farmer et al , 1970; 0 ' Neill anel Reese, 1972 ; l~eese e t 

al , 1973 ; COrbet e t al , 1974 ; Kiemberger , 1974 ; Slivinski and Fleming, 

1974; Everett and Me Millan, 1975 ; Heming and Sliwinski, 1977 ; 

Fearenside and COoke, 1978 ; Rosenberg and Journeaux, 1978) . 

The series of tests on instrume nted piles constructed using 

different t echniques, by Fearenside and Cooke, 1978, carried out 

specially to get a better understanding of the bentonite influence on 

the behaviour of bored piles in c l ay concluded that there is no evident 

differe nce, due to the us e o f bentonite. 

Re<jarding the stabilizing action of bentoni te s uspens ion, field 

observations and laboratory experiments have been presented i n many 

publications : Veder , 1953 ; Nash and Jones , 1963 ; Veder , 1963; 

Schneebeli, 1964 ; Morgenstern and Amir- Tahmasseb, 1965; Elton, 1968; 

Mesri a nd Olson, 1970; Muller- Kirchnbauer , 1972 ; Meyerhof, 1972 ; 

Hude, 1972 ; Puller, 1974; Nash, 1974 ; Nash, 1978 ; Xantakos , 1979. 



From a prn.ctical viewpoint., contro1 of both the quality anel level oi 

bentonitc slu.rry i~ necessary 'to ensure stability (Littlejohn et al , 

1 97 I ; Nash , 1 97 4; lla nna, 1 978) • 

Thc s1abilization effcct oi the bentonite can he simpl> explained 

.'1'- l·ollows : l he suspcnsi on ;:tcts on the sicle o( t he wéÜ.l exerti.ng 

hydros tal ic pressun> ( corrc~ponding to the dcpth oí the suspension . 1 t 

thi.s point) ; the suspension acts through the bentonite cake which 

forms a diaphragm (lo assure stabiJity oí a borehole, the hydrostatic 

pn>ssurc of t he bcnlonite !:>uspensjon must. bc greater than tlw pressure 

oí the soil less lhe arching effect) . In addition to the hydrostatic 

pressure {thc main s tabili.z i.ng factor) , there are some secondary factor s 

cited by reserchers : 

- the increased res j stance to shearing of the zone penetrated by 

be ntonite ( i n granular soils) ; 

- the passive resistance of the bentonite slurry ; 

- electro - osmotic forces . 

The s uspension must f orm a seal o n the surface with which it 

comes into contact, in order to exert a stabilizing pressure : in this 

way hydros t atic pressure can be exerted on the wal l s . In soil s of low 

permeability such as cl ays , where filtration is very limited (or does 

not occur) , hydrostatic pressure may be exerted directly on the walls 

of the borehol e . 

The displac~tent of bentonite s uspension from the face of the 

borehole by the fluid concrete consists of repl acement of one fluid by 

a heavier one. The properties of fresh (fluid) concrete and of 

bentonite s uspension are s imilar in type but differe nt in magnitude. 

A comparison of the usual ranges of the yield s tress and plastic viscosity 
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b c_1iven on thc tabl e belO\\ (irom Flcminç_1 and Sliwin~ki, 1977) . 

I I I l 
I 

'la tcria l Yiel<..l stres~ l Pl astü viscosity Density I 
I I 

I 
I 

(N/m
2

) 
3. I 

I ( cP) (1-lg/m 1 I 
I 

l l 
'·oncr<:'"LC :?50/ l CXX> ) ') / ? -- ~ · - - · ::> 

Bcntonitc 0/25 10/ 50 1. 02/l. 3 
I . 

T.:\b l c 1. 3 - Comparison oí p.roperties of fluid concrete and bentoni te, 

typical maximum a nd mi nimum valucs e ncountered 1.11 practice, 

from Fleming a nd Slhrins k:i , 1977. 

The yield stress of a bentonite suspension is much lower th~~ that Ol 

concret e , and as a resul t the concrete will be efficien"L in scouring 

slurry .from vertical s urfaces since thc concrcte itself will not be 

sheared until only very thin mud layer s on the borehole s urface 

irregular i ties remain (I-Jutchinson ci ted by F'leming and Sliwinski, 1977) . 

Some measurements of shear s "Lrength of the cake (Veder , 1963; Mesri 

and Olson, 1970) suggest that the order of shearing resistance of the 

cake .formed on a borehole wall is greater than the shear strength of 

fresh concrete , and one can expect an inefficient scouring action from 

the concrete in removing such a layer . Observation of the excavated 

faces of diaphragm walls in pervious soil s confirms the fact that part 

of the bentonite cake remains . 

l . 4 . 2 . 4u - GROUND MOVEMENT 

The only reference f ound in the litera"ture concerning ground 



movemcnts i-\ssociat~l sp<...>eificall,y \\i th bored pile installation ~,·as by 

lukas anel Baker , 1t)78, t·cfen·irx_, 1.0 c .~_,e.., in Chic:a(l<.>, l'S . .\. Tt 

impor t ant to notP Lhú t th"-' typical soiJ prot ile in a) I 

rcportli!u case~ pre ... ent,., .l lnyer approximatcl.> lO m thick o1 ~ult 

to m~Uum ,.,il ty cL\} ov<..!rlayin9 the vcry -,t:iíf clé>.y a.rnJ l>edroc:k 

when> u.:;u;d l y th<..! l>orPd pil <' :::>top,., . . \nother iJnpor t.ant ...1.spect o( rhc 

papcr i.s Lhe installation proceclure used : a n oversized s haft. was 

clr i J l ed ( us uaJ ly () i.nchcs biuger i.n diameter tha.n the temporary casinÇJ) 

.\::; ;> st;,nd<l.rd technique, us irxJ a lxmtonite ::;lurry, up to the top of 

t.he stiff layer. I' i.gurc l. 12a shows the foundation settlement of an 

adjacent structure in sj te 3, dueto the excava tion oí piles of 

different cliameter. Figure 1.1.2tshows the ground moveme nt monitored 

at another site. 

As there is a growing use of slurry wall panels as foundation 

elements (" pieux barrettes" in F'rench li ter ature) and there are some 

records o f the ground movements related to diaphragm wall 

construction, the most relevant findings will be briefly presented. 

A field test carried out by Dibiagio and Nyrvoll , 1972, in soft 

clays in Oslo s howecl that the lowering of the density of the slurry 

and its final replacement by water increas ed the surface settlement 

of adjacent ground . 

Cun.ningharn and Fernandez , 1972, f ound no s ignificant ground 

movement due to the installa tion of t wo diaphr agm wall s in 

interbedded sands and clays in Chic ago. 

A field test carried o ut to monitor ground movement caused by 

a bentonite - s uppor ted excavation i n London Clay was reported by 

Farmer and Attewell , 1973. During and after the excava tion anel 
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concrct ing of a deep trend1 ( 0 .. 8 m wi..de, u.l m long, and 15 m deep) 

in thrcc panel s of approxi..matcly ] m long ead1, the horizontal movements 

were mcasurcd with jnclinometcrs an<.J vertical movements in o ne of the 

borehol es werc measurecl with Ruildin<.J Research Establislunern magnetic 

rinç scttlemcnt gauges(Figure 1.13a) . Acconlino to thc authors 

siç_mificant deformation of thc instrwnented ground did not occur 

until excavation of the centre panel had started. Immediately after 

excavation, ~ maxu1um deformation of 15 mm at borehole 1 was observed 

~t <"- depth of 5 m. 1'-linor changes occurred up to 7 clays, when the 

excav<-'~tion was concretecl. Max:Unum deformations of 6 a nd 2 . 6 nun were 

observed at a depth of 6 m in borehole 2 and 3 respectivelyw No 

significant horizontal deíormation was observed at borehole 4~ The 

vertical settlement was measured at the s urface, and at 3 m increments 

of depth in borehole J • Max:Unum vertical settlements of 6 mm occurred 

ata depth of 7o7 m. Deformation vectors for borehole 1 are illustrated 

in Figure l . l3b. Apparently the deformations were affected by thc 

excavation guide wall used (reducing the horizontal movement at 

ground level) • 

During excavation for a 17 m deep wall through glacial till in 

Montreal (canada) , Rosenberg et al , 1977, recorded a maximum lateral 

movement oí 1 . 3 mm at 7 . 6 m depth. 

According to Lambe et al , 1972, a 24 m deep dia:_)hragm wall 

excavation in the highly o~erconsolidated Boston Blue Clay showed a 

maximum inward movement of 19 nun, about half was recovered during 

concreting. The net movement measured durir19 installation contributed 

about one third of the total lateral movement after excavation .. 

Observationson diaphragm wall excavations in London Clay suggest 
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that. ,;j gnificant ground movement.s occur during e xcavation oJ the 

--lurry Lrench (St Joh}1, 1 C)7'>) 

Observations of the ground movements é\ssociated wi th the 

construction of a n underground ca.r park i n London (Hurlancl et al, 

1 ':>77) showed that the vertical a.nd horizontal ground movement. s 

ou"t~íde the cxcavation, dueto the installa tion of the diaphragm wall ., 

~nd piling, amount.ed to approximately fifty per cent of the total 

movements recorded on complet ion of the main excavation to 18. 5 m. 

The a rca affccted by settlement.s had a length of approximately 30 m 

a nd horizont.a l movement.s towards excavation were monitored up to 

40 m away from the walL At a distance o [ lO m from the south wal.l 

a set"tler.:ent. of 5 mm was recorded at the time of c..>mpletion of the 

diaphragm wall , which had increased to 10 mm just prior to 

commencement of the main exca vat:ion, four months later . The 

corresponding maximum horizontal displacement was about 6 mm . 

1.4. 3. - F'RESII CON::RETE ANO Cl.AY SYSTEM 

During a typical bored pile installation, f ollowing sha.ft 

excavation the borehole is filled with a high slump concrete mixu 

Different effects ca.n result • For ease of presentation these can 

be grouped as being rela ted to the state of stresses a nd to the 

effects of water migration. Iry rea.lity a.ll effects are related~ 

When a bored hole is filled with fresh concrete there is an 

i ncrease in bot h total radial s tresses a nd pore water pressure~ 

During the setting time of the concrete there is a cha.nge both in 

volume a.nd in the state of stressesw Usually , for the mixes employed 

in bored piles, the available water in the concrete mix i s more tha.n 

required for cement hydration a.nd may serve as a moisture source 



fm materi~ls havin9 a tendency to swcll. To study lhe intcraction 

LH::'LWC'en the concrcte and the s urroundi nq soi l i t i::. funda.JlH.mtal t:o 

idc'JH ify ~nd understancl thc propertics and changes of the concret<: 

mix from thc jresh state lo thc hardcncd om~ . ,(!, survey of 1·he 

c:oncrete technology literature shows that the propcrties of conc:reu:> 

0 t <U1 early age ~ no t covered by the cxtensive volwnc oi publicn.t ions 

usually devoted to fresh or hardened concrete (Bergstrom anel Byfors, 

1980)~ The fi r st attcmpt to orÇ;tanize the available knowledge was 

mad ' by t hc JULI::J\1 in i\pril 1 1JH~ (" Properties of ConcretP at ~rl y 

Ages " , Paris) . 

1 • 4 . 3 . 1 • - DE.Lt\ Y 1 N CC>r\O<ETlf\G 

To the au thors knowledge there has been no successful field 

test performed to assess the effect oi delay in concreting on Lhe 

performance of bored piles. It is well known in the piling practice 

that delays are bad practice and must be avoided at any cost if a 

good performance is to be expected. 

The effect of the delay in concreting can be assessed f rom the 

response of the soil in some "in s itu" testing. In addition to the 

loading level and pile geometry, the elastic modulus E (or the shear 

modulus G) of the s upporting soil has a f undamental effect on the 

settlement of a pile under working conditions. According to i"'larsland, 

1971 , the ratio E/ S (where S is the undrained shear strength) both 
u u 

determined from plate loading tests carried out in the bottom of 

shafts in London clay is dependent on the time taken t o set up the 

tests. For short times , E/S values of about 500 were reported, 
u 

whereas for longer than 8 hours E/S dropped to bet~een 100 anel ~00. 
u 

The representative in situ value of E/ S for London clay is probably 
u 



.:\ i. h •,\st SCO and lowcr valucs indicat<o- borin9 djsturuance, inddequate 

,- leanin<J of the has c', an<l s welling. 

,\ laboratory s tudy 01 the etfect s of delay between boring and 

conr rctinç1 was performed by YorKJ, 197() . Lsin<J model pHe"' (38mm 0\ t!w 

Iollowing lo:\d rcductiun-; were round: íor 1~ hours '"' reduct 1011 o( 

.:.bmn 1 U ' õ, (o r ..!4 t1our s dcl ay ii reduc t i on o f ,"\bou t ")ü CC j n shaf t 

beari nç:1 capacity. when comparin9 with the resu.L ts obtained wi th no delay. 

I A . 3 . 2" - STATF OF STI~l ~SSES 

The pa ttern of strcss clevelopment throughout the concrete and 

the ~djacent soil mass jsa very complex problem. Propos~l approaches 

to e valuate the concrete stress distrjbution at this stage have been 

developed for the design of concrete formwork. The normal design 

methods assume that the concrete will reach a maximum pressure. The 

pressure envelope follows the fluid pressure to the depth at which 

this maximum pressure occurs and then remains constant. The maximum 

deslgn pressure is obtained from design charts (American Concrete 

Institute, 1958 ; Civil Engineering Research Association, 1965 ; 

CIRIA, 1969) or equations and it is dependent on the rate of placing, 

height of lift, section being fiUed, concrete density , temperature 

and consistency . These approaches were developed for placement of 

concrete i n f ormwor k; there are major differences s uc h as placement 

rate, consistency and height of lift from one situation to the other" 

The appl icability of the proposed approaches is, at the least, 

questionable. The mechanisms involved in the development and 

variation of formwork pressure do 

as yet (H~rison, 1979) . 

not appear clearly identified 

Amongst others, the following variables have been founcl to 

so 



,IJ-fE'L t the lateral prcssure 01 íresh c·oncrc'Le (ACJ - Pressures Oll 

Formwork, 19513 , CERA - ~e-,carch Repo1 t , l 965 ) : 

- Ra te of plac.ement : thi :o. 1 i\Ctor has ;, pri.mary effect on lateral 

pn->::;~ure~ regardl<~ -....., 01 Lhe over-<~.11 hei9ht OL thc lift uld pres ':>ure 

i::. dircc tly proportional to rate of placement; 

- Consi=.t ency of tlw concreLc: (.:u1 approximatc idcG> oi the 

consi:-.tenc_y oJ the concrcte can ue obtained írom the slump test) . 

The rons1..,tcncy can bc cxpre>ssed as a function oí cohesion and 

intcrr.<:d friction .\nd varies wi\h t-Lnw as ..,et occurs (the rr.a.in 

difference belween the concrete used for structures and fo r large 

borecl piles is t.hat for the sccond purpose it is common practice Lo 

use plast.icizcrs to obtain a n almost fluid material) ; 

- Depth of placemen"L : all the rcsearch done on the subject is 

referred "LO the usual height of one storey (18 ft or S. L~ m) , anda 

major d i fference arises because piles with dep"Lhs of 25 m or more 

are us ual ; 

- Stiffenjng of the concrete: stiffening of the concrete may be 

defin(~1 as the progressive increase in the strength of the concrete. 

This is partly due to chemical changes in the ceme~t ma"Lrix but it 

is also dependent upon lhe degree of mechanical interlocking between 

aggregate par"Licles. As stiffening develops, the concrete becomes 

capable of s upport.ing acldi tional surcharge wi thout i ncrease i n 

lateral pressure ; this phenome non might therefore, be related to the 

rate of increase of shear strength of the fresh concrete. That part 

of the stiffening process which is due to the chemical reaction of 

cemer t depends upon time, temperature and the t.ype of the cement 

i tself. ·rnat part of the stiffening process which de!Jends upon the 
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phy::; ic;u interlock beween part icles i~ ;I func-t ion of total stres~, 

worknhiUty ;u1d vHJration. ln ..:~ lnr<JC l·orcd pill=', tlw time conswnacl 

in concrer i 11<] all the pil 1.: can he signi!'icant , ,,nd 1lw stiffeninç1 of 

- Arch.inc_1 cffc>c-:t.s : in ali thc me..:~suremern'> availüule, t.he 

\Crtic.d lo.•d at ,\11y hori/.ontal ,-,ect.ion i., rcdu<..etl b~· trictll'n.:;.l 

forces dcveloped between the concrete and the formwork face::. . The 

archi ng effect is dqJendenL on the dimensions o f the :>ection, thc 

distribution of latcr.:\1 pressun• o"er (ormwork and thc variation oJ 

the cocffici.enL oi fricti.on bctw<.:en thc concretc an<.l Lhe formwork 

faces. In n borcd pile the fac<' of thc pile will be dependent on 

the installation proceclures and soil conditions (anel it wi.ll normally 

be much rougher t.han a timher shutter) . 

- Other factors : impact (the effect of impact of discharge l.S 

to increase the pressure above that normally due to the static 

surcharge) , weight of concrete, maximum aggrcgate size, temperature 

of concrete mix, ambient temperature, smoothness anu permeability of 

con tainer , cross sec<:iu: 1 of container , plac"inJ procedures, a tYJ -=~;pt, 

oi cement . 

1\ full review of the literature on the studies of formwork 

pressure i s out~de the scope of this study, but the basic aspects 

(referring to the mechanisms and proposed approaches to predict the 

pressure)of the most relevant papers will be presented in Appenclix 1. 

DATA PROM LITERATURE 

The available information in the literature is scarce, since 

the effects of installation was not a major guest.ion in the research 



prcgrammes performed L:p to recentlyv 

Fiel d measurements reported by DiBiagio anel Roti, 1972 , for a 

trench 18 m deep show that upon compl etion of t he pour t he pressure 

exerted by the fresh concrete was the hydrostat~c pressure of liquid 

concrete o nly i n t he upper portion of t he panel a nd specifically f or 

a clepth o f 5 m (Figure 1 J 14) ., When the colunm of overlying concrete 

exceeded 5 m, the lateral pressure on the fac e gr aclually became less 

than t he tot al overburden pr essureu. At a elepth of 10 m or more the 

pressure was between Ov6 a nel 0 ., 8 t imes th.e overburden pressure~ 

ln a paper describing th.e behaviour of a t rench wall, Uriel anel 

Otero, 1977, present t h.e results of t wo instrumenteel panels (Oo80 m 

thick, 3o 40 m long , 34 m elepth) u The observed total pressures on one 

panel are presenteei in Figure l . l4o On the same figure are p r esenteei 

the theoretical total pressures, corresponding to the case in which 

the panel is completely f ull of bentonite ( 16 = 12 kN/m
3

) , with fresh 

3 
concrete ( y = 23 .kN/m ) c . 

According to the results, f or practical purposes all measured values 

are included between the pressure of the slurry and the hydrostatic 

pressure of concreteo During the phase with only bentonite i n the 

t rench, measured pressures were very s imilar to the theoretical ones 

taking yb = 12 kN/m3, except in cells situated at 9 anel 12m depth, 

where they were slightly higher .. When the concrete was poured, 

pr essures increased almost to the line f or 
3 

Y = 2l kN/m , up to a 
c 

elepth of 12 mo As the depth increased thereafter a diff erence 

appearedo Pressures measured at greater depths corresponded to a 

maximum f resh concrete head .that oscillated between 13 and 15m 

(almost 20 times the minimum thickness of the panel). The speculation 

is that a silo effect takes place i nside trenches as the concrete 
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level is rai~ed or the eífect. of concrete set-up with time shows its 

effect.., In the next sta~Je (~-l huurs .:tfter concreti119) pressures 

decrcased cuxl stal>ilizecl, at values ol the same orcler of magnitude 

as those o( the bcntonite phasc Accordinç! to the üUthors, there was 

no m<Jjor differ.ence betwccn th- t wo panels that were tested. 

Data concerning t.he t:on ..... .::-el<.:! prcs~ure in a large bored pile 

obtained from field measurement are presented by Cooke, 1979. 

Reexamination of Lhe Le~t data obtained by Whitaker and Cooke, 196b, 

on a very L<'-rge invest i~lc'"\tion o( the behaviour of bored piles at 

Wembley, rcvealed that the vert i cal forces indicated by the load cells 

at the pile bases inunediately after the concrete was poured were 

between one - third and one - half of the weight of wet concrete. 

In all but two oC the 13 piles Lested, these forces decreased during 

the period prior to the start of each incrementai loading testu 

According to Cooke, this was attributed to increased arching between 

the concrete and the c l ay around the shaft , which could have been 

initiated by shrinkage oí the concrete away from the clay beneath 

the baseo 

Recent contacts with the author (Cooke, 1980) did not succeed 

in obtaining the values of the recorded pressures, because the 

original data have been lost. 

Touma and Reese, 1972, presented a speculative discussion about 

the possibility of the effect of shear s tress development along the 

shaít wall during placement. It seems, however, that due to the 

f luid nature of the fresh concrete, any development of shear s tresses 

should be small owing to the small resistance to shear offered by a 

high slump concrete mix (Powers , 1968) . 



1n C:\ [).:\per on pi l t-~~ i n sanei, when try ing to es tabli sh t he 

'10r izonr • .ü stresses due to Lhe fre~h concrcte, 0 ' Neill and Reese, 1978, 

u-.,j 11~1 r lw Ame r ican C'oncr01 e Jnst j t u t ion .:\pproach , propo sed what t hey 

Crl ll ed ,\ " cr i tic<l1 rel ative depth" CZ/ d)c The concrete pressure wa~ 

<~ ssumecl to var y I i nearl y [ n )m zero to t he ma ximtun • .\t t his point .:.\nd 

n.!lnai.n cons t a nt ther eéll-tc-r . Accor cling to the authors 1:hi ~ a.pproach 

could take into account the diameter of the pile, as the f.:1c tor was 

cvaluated f rom Equa tion I _ 31 : 

3CXX> 

--:r'd c 
Eq L31 

'"here : 

z = critica! depth (ft) 

d = diame ter o f the pile (ft) 

3<XX) = limit value of horizontal pressure (Psf) 

I 

Yc = buoyant unit weight o f concrete (Pcf ) 

Since the diameter i s present on both s ides of the equation it 

i s difficult to understand the effect of the diameter in the variation 

of t he critical depth (Z critical will always equal 23ft) . 

Field measurements reported by Reynaud and Riviere, 1981 , 

describing the behaviour of a 1:rench wall (each pane! with the 

following dimensions : lv 20 m thick, 7 w20 m long , 30m depth) in Le 

Havre, France, are presented in Figure 1 . 14. Using Gl~tzl total stress 

cells it was f ound that the pressure of the bentonite used was 

measured with accuracy~ When t he concrete was poured, it was found 

that the maximwn pressure occurred when the fresh concrete was a t 8 , 

11 . 5 a nd 13n above the cells located respectively c:\ t 16, 22. J and 



.28 . 1 m depth and Lhen Stt\uil ized. The maximum recorded pressures 

wen:• lower t han the hydros L,\tic c~ücuJ ated wi th y = :]3 . 1 kN/m 
3 

c 

(me~\::>liJ:L>d by the authors) . 

L. 4 . 3 . 3 - tvATEJ( ~IIGR/\TlüN 

The <wai l auJ c wa ter in the concrete m1.x i::; usually more than 

requi1·ed for cement bydration and may serve as a m:ri.sture source for 

materials having a tendency to swell. According to Nash and Jones, 

19(>3, uifferenccs between thc ions an<l the ion concentration in the 

soil wa ter compt\red wj~ th the water in the concrete will r e s ul t in a 

tenclency of water movement due to a difference in chemical potential. 

A literature survey of results of measured changes in soil 

adjacent to the shaft of bored piles and diaphragm walls are 

presentecl in Table l.,s. 

lt is important to note that only part of the observed changes 

in field experiments are due to the migration of water from concretew 

The following factors also play some part : stress release due to 

drilling
1 

fluid used for borehole stabilization and free water flowing 

out of the soil mass towards the pile through cracks, fissures or 

permeable seams during boring operations a nd up to the time of 

stabilization of stresses around the pileo 

Considering that the s urvey covered all published data the 

volume of available information i s scarce . The range of initial 

moisture content was from 19 to 32 a nd just three types of soils have 

been referred to : London Clay, Beaumont Clay from Texas, USA and 

Bl ack Cotton Clay from I ndia. The affected zone varies from a 

minimumaf 25toa maximum o'f 100 mm, wi th a n average range from 50 to 

5o 



)7 

70 mm The maximum rec.orded increases in mois ture content. \'.Jere in the 

r.,n<Jc n 1· ..2 to lO r~, most cornmonly bet.wcen 2 anel 3 %o In some cases tl1e 

ma.ximum increase did not occur at the interface pile anel soil. The var iation 

obtained in rnoisture content near the interface was in thc range O. ? 

to H o.ó. Figure 1 ~ 15 shows the area covered by the changcs in a 

graph o f moi5ture content incrcase versus clistance frorn contac1 

betwecn pile and soil , using the available data from the literature. 

f\. review of the existin9 laboratory stuclic5 of water migration 

w.:1s made and from thc cxi!::>ting references (Dubosc, 1956; Taylor , 1966 ; 

Chuan<J a.nd Reesc, 1969 ; O' Neill anel l(eese, 1972 ; Rice, 1975 and Yong, 

1979) the relevant findings are prescnt as follows . Results of any 

laborator y simulat. i.on of the effect of pile installation must be 

treatcd with caution. Apart. from the scale effects, there are many 

installation related effects that are difficult or even impossible 

to simulate in laboratory conditions, such as : natural structure of 

the soil , remoulding due to boring, effect of bentonite, relief in 

stress, pressure acting on the fluicl concrete due to self wcight, 

heat generated by hydration of a large mass of concrete ... 

P.esults obtained by Chuang and Reese, 1969, are presenteei in 

Figures 1 . 16 to 1 u 18., The technique used was to pour a cemcnt anel 

sanei mortar into a tube containing a sampl e of coropacted soil (one 

s er i es was perforroeel us ing natural soil) . After sealing the tube, a 

triaxial cell was used to house the experiment anel to apply a 

convenient confining pressure (usually lO psi) . The effects on moisture 

migration of factors such as water cane nt ratio , i nitial rnoisture 

content of the soil , type of cement anel time were studied. The main 

conclusions were : the initial mois ture content affects mois ture 



Reference Location Soil type Method o f Concrete Original A:ffected 1\laximwn j ncre.:lse l 
l nc...n.: .. l"">e ,-tt I 

construction mois ture /.ODC: in moi~Lure inter r.~ce 
('r. J content ( %) (mm) conten1 (%) 

r-- .. •• c -•-

tvleyerhof and London London Clay Dry (piles) W/ C=0 . 4 28 to 31 30 to ()0 ~ LO () 1 t () () 

Murdock, 1953 
-

Rodin anel London London Clay Dry (p iles) .!.7 to 31 -~ . r; "L'> 

Tomlinson, 

1953 

Mohan and India Bl a ck Cotton Dry (piles) 19 to 20 50 to 75 2 1:0 1 :! to "i 

Chandra, 1961 Cla y 

Burland, l963 London London Cl ay ''Diaphr agm'' 
dry 27 50 l o ?5 ~l 1 

bentonite .},7 10 to :50 •.) 3 ~ 

0 1 Neill a nd Texas Beaumont Dry (p iles) :!O 8 ~i 

Reese_.~ 1972 Clay 

Chandler , 1977 London London Clay 32 -lO ]0 ...j 

Fearenside London London Cl ay Dry (pil es ) 
)E-

7 300kg ce/m
3 

22 70 ] 3 
and 8 s lw11p 125nun 22 50 ") o. s 

Cooke, 1978 10 400kg ce j m3 29 ')() 5 -l 
s lump 160mm 23 50 ., ., 

ce/m
3 = ce. 

-. ent per uhic meter 
400kg c ejm3 11 27 70 <) <) 

s lw11p 175mm 21 50 <I 1 

Bentonite 
. 

3 13 400k g ce/ m 26 100 ., l 

sl W11p 17 Snun ") ) 

----
")t":: 
-J 4 ..:t 

TABLE 1 .,5 - Li terature s urvey of results of measw·ed changes in moisture content in soiJ.., .HI_i.l< ent to pile~ <in<. I 
diaphragm \>Jall s 

I 

\ .. .1 
O:l 



incre.:1se ( :he hiCJher i nitial moisture conte nL, the lower is the 

increase) ; water/cemem: ratio Í:, a key íactor in the prece:,::, (available 

Cree water) ; the i nitial moisture contelt .:1Cfects the lengtb of moisture 

mic1r.:\t ion, the v.::üucs varyinq rrom 1 to :21
2 Lnches (25 to hH nun) for 

compacted and n,\tural sampl c::, . I t was suuues t ed that the use of 

ccments with hiCJher rates of hydration wiJl reduce the moisturE> 

ni.uration, if ,'\J.l other variables are kept constant. 

Pl. comprehensj ve laborat.ory experimental research on model bored 

piles (25, 38 ,ul<.l 50 mm diameter , 100 mm long) installe<.l (using micro 

concrete) in bed::. oí a nisotropically consolidated kaolin ( internal cell 

dimensions of 200 mm diameter, 400 mm long) was performed by Yong, J979y 

Figure 1 . 19 shows the resul ts obtained in the study of the 

.influence of ini tial moisture content migration in the soil surrounclin~.J 

the pile, at mid- height of pile for a mix of 0 . 6 of water ; 2.4 of 

aggregate; 1 of c~""l""t in weight. The region af.fected by moisture 

migration is confined to 60 mm from the pile- soil interface. The 

higher the initial moisture content , the lower is the average increase 

in moisture content. 

The in.fluence of the water/cement ratio on moisture migration is 

l\\.t 
presented in Figure 1 . 20~ As expected, the higherYWater/cement ratio, 

the higher increase in moisture content ( certainly due to the greater 

amount of free water available) . 

The variation of moisture conte nt at different pos itions from 

pile-soil interface at different ages is presented in Figure lw21 . 

Changes in moisture content can be observed up to 60 mm .from the pile-

soil interface. After 60 days the measured values of mois ture content 

are s lightly below the original value. lt is questionable if the 



~:::xper iment. sjmul é\t~u <1 reé\1 :i <>t.ic mouel for 3 lon<) term e>..1"leriment , 

:;pec· iaJ 1 ~ due to scale effE>cts . 

There ;u-e SUCl<Jestions th:\t. th<~ \\'ater mior:\tin9 t rom thP rresh 

concr-et 1::' tO\,· areis the ::;urroundi ng -5oil c. arries cement. iJar l icJ es 1 in 

hi.ç1hly ~Jermealll e soil) or cement component. .., dissolved or ~n ->Olut i on 

(Chuanc:1 anu Reebe , I YuSI) but there is no experimental e \· i.dence 101 

the case of clay soil.., surrouncling bored piles of such phenomenon~ 

lt is very un.l ikely that the water migra t.ing from the fresh concrete 

js c:leé\n or dOI'>no:i: carry <:my c~nenL (:Omponents , t.he main difficulty 

in s t u<.lying t.he possible cement. cont<unination in the wat er is the 

similar chemicaJ components exist:ing in the clay and in the cement.. 

GO 



1 . <-lu 3 . 4 - COt'Olli'Ic CURIN:; EFF'CCTS 

The curing or stiífenHlQ of the concrete ü, accomplished by the 

p:rocess of chrunical hydrution of the cementu When water is <:.\ddecl to 

anhydrous cemcnt u complex series of reactions is started which 

continues for many years~ A presentation of the various theories and 

(X>ssibl~ chcmical rcuctions t aking pl ace is out of the scopc of this 

research. A brieí refcrence to the possible effects will be made in 

this section. 

~ typical exampl e of the possible effect of concrete set on the 

measured lateral pressures i s shown in Figure 1.14 (Uriel a nd Otero, 

1977 ) by the difference in values between the c urves labelled "after 

concreting" and "24 hours after p l ucement". 

A second effect of the hydration process is the development of 

thermal s trains caused by heat resulting from the chemical reaction of 

cement and wa ter . According to To uma a nd Reese, 1972, due to th is 

process 1ongi tudinal strains along the shaft may reach values of 

100 microstrain, a lthough values as high as 200 may be possible. These 

strains are typically contractive and depend on the subsurface soil 

and grou~ater conditions , consistency of the concrete and the ambient 

soil temper ature conditions. The r esultof field measurements by the 

authors showed that the maximum thermal strain is located near the 

midheight of the s haft and decreases to zero at both the limits of the 

s haft (top and bottom) . Due to these strains, shear s tresses are 

developed along the soil and s haft interface, caused by the relative 

movements that occurs between t he soil and the s trained concrete. 
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Figure 1.22 , lrom Toum.:1 and Recse, li.J72, shmoJs an example of 

thest' shc.:lr :; trcssC's for the compres::. ive t.herm<.U strains. 

At rres('JTt., therc hav<-' been no cletailcd st.udies made to evaluate 

thc cffecl.-:, of the t:hermal strain::. or of thc he.:1t generated jn thc 

condi.tion., or behaviour of l>orcd p iles. 

( 
., 
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1 • -t~ -i - RC-f'STt-\BL l SI-1.\IE:\'T (F HCR IZONIAL ~TRESSE~ 

,.\f1:er insta] J ation of the pile, the 3tresses will graduall }' change 

and th~ yjeld value will uepencl 011 tile de<jree of :;oiteiÜng that 

takes place in the cl ay arouncl the shaft prior anel during concretinç;o 

l:..ven with p<:!riect conditions , it seems doubtful if the initjaJ. at. rest 

hori.;,:ontal -.tres:;.es can ever be fulJ.y re-established at the pile shaft 

face (Bur)ancl, 1973) ., The re- establishment of the lateral stresses in 

the 11<:!Í<Jhhourhc•Jd o r the p.i l e shal·t wil I reconsoliela te the softened zone 

around the pile. There ;u-e no ,·i.elc.1 measurements of the loi1Çl term 

stresses (R<:ese anel Huelson, l96Hb, fai]eel to measure horizontal stresses 

eluring anel after pile installé\tion elue to instrumentation problems) ... The 

strength of the soil in t.his zone reduces as a result of the initial 

increase in moisture content , remouleling anel s welling anel then increases 

again as reconsolielation progr esses (consielering only the stresses) . 

Re- analysis of some of the results presenteei by Whitaker anel 

Cooke, 1966, Taylor , 1966, anel Combarieu, 1975, by the author (Clayton 

anel Mil i titsky, 1983) has elemonstrated that the shaft friction component 

can i ncrease over a perioel of many months (Figure 1. 23) , presumably as 

a result of changes occurring on the perioel, inclueling the increase of 

horizontaJ effective stresses . 

This has serious implications for back- analysis , on which 

virtually all elesign methoels are baseei . Loael tests are ofter carrieel 

out shortly after the piles are formed, when strengths can be still 

changing. 
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the topi.c. 

For ense nf pr~sentation , the e1 (ecLs o( pi l e inst,.lllation wer1' 

c Ja-;-.,il ÍPu into three 11roups : <.,H!-\FT f Xü\\'ATION, r'~mSI I COt\CI~I· fr. 1\J~D 

CLAY .::>YSTEM, ..... nd Rl·- r:STAHLlSHNJ:.NT CF IICRJZONIJ\J.. STI~ESSES. 

Ffiecls o( shaft exc<wation have been Lreated under the ti Ll e:::

Stress l~elief, Remoulcling , Drilli11<.1 ~luu al1<1 Ground :'-lovem(~nt . Different 

references were found in the liter<.tture concerning the stres~ reqime 

changes clue lo excavat:i.on , but no real solution exists that cover~ the 

prob l em of pile installation consi<lering both Lot.:U and effective 

str ess chanqes, a11<1 no measurements exist of local stress change;; 

during pile i nstallation. RemouldillÇl is a factor referred to by 

many authors but no field measu.rement or research pr<x.:Jramme deals 

wi th the topic extensively. The use of drilling mud is widely covered 

by the literatu.re anel it appears that the effects of it ' s use is 

assu.med to be known not to affect pile behaviour. Ground movements 

reported by different researchers when diaphragm walls were built 

show that significant deformations occur during excavation and 

concreting. The in.formation concerning bored piles is practically 

non existent, particularly if the volume of piling work is considered. 

The study of the interaction between fresh concrete anel clay is 

one of major importance in unclerstanding the mechanisms of change in 

(J-l 



• \'(~!"\ cum1•1 ex pr11h l em. h'hen : e<~ é· ti n< l 1 hP 1 "·oi> h-?lll til<;' pr ~·~. 1 i -::c n ;" 

,...,l :1,· ~mpirical :\ppn,:tchc-; i-., I·oJJu\\letl I'>' m:~ny I H2ntechnic;,J rc.,e.:.t·...:ht~!~ 
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Pina1ly, the possihility of partial r e-establishment of horüontal 

stresses was discussed. The author re-analized some of the Sj.>orse data 

on the topic and demonstrated that, for the cases studiecl , the shaft 

friction component can substantially increase over a per iod of mé.Uly 

months. 

Pile behaviour depeneis on the state of stresses acting on the 

surrounding soiJ during loading, Lhus Table l.() swnm.;.rizes ai I factors 

controlling the behaviour of a bored pile under vertical compressive 

load. 



The development o f eff ecti v e stress ;).pproaches to ,_:oml 'LI r e 1 h v 

,:,I :n- u :·(l ci entl~ P1dE'r..,;,I JO:i11J ~~llow 1i1em 10 h<> :;i.;nul,1·ed IJ) 

1 h cor"' t i c~~ 1 mode1 s o r mulH:!l" i c é\ I t eclmiques . 

In tut urc tlworet ic<d mmlt>l-:, could provicle ~• usetul jnsiç1ht into 

til<.' C.H·tor .... th.,, . ll.t"ecl pi le 1 o~p.1cit.y ~~nd coulcl l>e u::;e(ul i n prac~ice 

to pro\'ide ;1 1 ramework Jor cont inued developmem . Routine pile de:•s ign 

will probahl y continue to he m.:J.de büsed on past. exper.i.cnce, usin9 

empirical fac1oro-. .:\nd the ver~ ~implified total ~tres~ dppro .. 1ch. 



l . ~.,..;ROl 'ND CONDJTIONS 
- Soil profi le 
~jl properties ~properties 01 

l - St ,\.te 0 1 initial ::.tJ·esse" 
the different Lay~rs1 

' • -l - Ground wa ter condj t íons 

..! • l'l LE COND I T fONS 
' , 

- · 11. -
I nstalJ <\tion 

:2 . 1 . 1 - Drill i.t~1 process 
:2 . J • 1 • J - Ma nua J 
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l.)ercussion 
Rotary dr ilJ ing 
(Type of tool) 

..2 . 1 • .2 . 1 - lJns upported excavation lDrY methodJ 
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.2 . 1 :2 ~ 1 - i'-lucl 

..! . 1~..! . -l Continuous flight auger 
2 . 1 . ·~ - l ~ase c l eani ng 

2 . 1 • ·~ . 1 - !'!a nual 
2 . 1 . 3 . 2 - t'>lechanical 

2 . I . 4 - l::.xcavat. ion U me 
2 . 1 . 5 - Concr eting 

2 . 1. S. J - Del ay 
2 . 1. S. 2 - Mi x composi t ion 
2 . 1 . 5. 3 - Ni x properties 
~ . 1 . 5. 4 - Addit ives 
2 . 1 . 5 . 5 - Tempera ture 
2 . 1. 5 . 6 - Integrity 

3 . 2 - Geometry 
2 . 2 . 1 - Length 
2 . 2 . 2 - Cross section 
2 . ~ . 3 - Base condition 

3. LOADI NG CONDITIONS 
3. 1 - Pil e a9e 

~. 2 . 3 . 1 - Enlarged 
2 . 2 . 3 . 3 - Not enla r ged 

3 . 2 - l")ile l oad t es t 
3. 2 . 1 - Type of loading programme 

3~2 . 1 . 1 Slow maintained load 
3. 2 . 1 . 2 - Constant rate of penetration 
3 . 2 . ] . 3 - Cyclic 
3. 2 . 1..4 - Others 

3. 3 - Under a r eal structure 
3. 3 . 1 - Bui ld up of the permanent load 
3. 3. 2 - Type of live load 

TABLE 1. 6 - Factors controlling the behaviour of a sinç!le bored pile 

under vertica l compressive loacl 
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C IIAP TER 2 L A B O R A T O R Y S T U D I E S O F 

~I OTSTURE CONTENT A N D U N D R A I N E D 

S H E A 1~ STRENGTH V A R 1 A T I O N S D U E T O 

T H E CONTACT O F C L A Y S P E C I M E N S W l T H 

F R E S 11 C O N C R E T E. 

2 . 1 . - INTRCOUCTION 

To star l the s tudy of local changes in soil condi tions due to 

the i nstallation of bored piles in cl ays , it was decided to simulate 

some of the conditions arising f rom pile construction using laboratory 

experiments. 

I nvestigations of moisture content ~1d undrained shear strength 

variations in clays due to the presence of fresh concrete are reported 

in this chapter . 

The idea of simulating complex events in simple laboratory 

experiments to study specific aspects is not new. Referring to the 

specific topic under consideration the following references were 

found : Taylor , 1966 ; Chuang ~ Reese, 1969 ; O' Neill and Reese, 1970 

and Yong , 1979. 

In order to study the variation i n strength, t he cone test 

device (BS 1377- Test 2 a), bu t with a d i fferent weight, was used. An 

" Index strength" was proposed to compare changes in undrained shear 

strength at different distances from the contact between concrete a nd 

soil . The major advantage of s uch an approach is the possibility of 

performing a number of tests in one specimen due to the small area 

affected by each test . 

Both natural and compacted soils in contact with fresh concrete 
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were tested. The effects of age of testing and water cement ratio 

were investigated . 

In this chapter the technique proposed the definition and 

justification of use of the "Index strength" , tests performed, resul ts, 

comments anel recommendations will be presented. 

Table 2 . 1 summarizes the test progr&mne performed. 
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Series Material used Specimen used 
diameter length 

(nun) (nun ) 

A Undisturbed Boulder 100 140 
Clay 

B Compacted Boulder 100 80 
Clay 

c Undisturbed London 100 80 
Clay 

o Undisturbed London 100 100 
Clay 

E Undisturbed and 100 80 

Compacted London 
Clay 

F Undisturbed London JOO 80 
Clay 

G Undisturbed London 38 80 
Clay 

-------

Table 2 . 1 - Sununary of the test programme performed. 

water/cement Time 
r a tio o f 

testing 
(days) 

0 . 8 7 

0 . 8 7 

0 . 8 7 

- no 
contact 

- o 

0 . 8 1 
0 . 8 6 

0 . 6 O and 7 

no concrete o 
o. s 
0.8 

7 

Remarks 

Effect of fresh concrete on moisture 
content and cone penetration 

Effect of fresh concrete on moisture 
content a nd cone penetration 

Effect of fresh concrete on moisture 
content a nd cone penetratjon 

Natural variation of properties 

Natural variation of properties 

Effect of time on test resuJts , 
natural versus compacted specimen 

Effect of fresh concrete on moisture 
content a nd cone penetration 

Natura l vari~tion o( propertjes 

Effect of water/cemenl ratio on test 
results 

• 

·~ 
O' 



2 . :2 . - CONE PENETRATION AS !\ MEASUREMENT CF " lNDEX STREN:;TH" - I 
s 

2 . 2 . 1 • - INTROOUCTlON 

Shear strength of so:iJ can be measured directly or indirectly 

wi. t.h many difí erent instnunent.s . The r e sul t.s , however , depend on the 

ac tual conditions imposed l>y the type of test . In the case oí f issured 

materiais , like t.he London Clay, the so called "undra ined shear st.rength" 

i s not jus t test. dependent l>ut , even for the same t.est (undrained 

triaxial compression, for example) it depeneis on the size of the 

specimens l>eing t.es ted (l.Vard, Marsland and Samuels, 1965 ; Bishop, 1966 ; 

Si mons , 1 967 ; Bishop and L i t tle, 1 967 ; Agarwal , 1968 ) • 

When a decision was made to study the effect of the fresh concrete 

o n the strength of London Cl ay the next step was to decide on the test to 

be used to measure strength. The necessity of studying possible variations 

of strength in the same sample at different positions and of using the 

specimen for testing at diíferent ages required the choice of a testing 

technique involving a small amount of material . 

As the main concern of the research was to identify mechanisms 

and phenomena, instead of providing numerical values of properties, an 

index t est was chosen. The Cone Penetrometer or Fall Cone test used 

for many years as a quick measurernent of strength (llansbo, 1957, 

Kezdi , 1980) was chosen. 
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The cone penetrorneter test was developed by the Geotechnical 

Commission of the Swedish State Railways between 1914 and 1922 . There are 

a number of references in the 1iterature covering its use as a way 

of measuring shear strength (Skempton and Bishop, 1950; Caldenius and 

Lundstrom, 1956 ; Hansbo, 1957 ; Youssef et al , 1965 ; Wroth and Wood , 1978 ; 



Kezdi , 1980) and liquid limit (Terzaghi , 1927 ; Sowers et al , 1959; 

ScheYrer, 1961 ; Sherwood and Ryley , 1068 ; 1970; Skopek anel Ter-

Stepanian, 1975; Li ttleton and Farmillos, 1977; \vood and \vroth, l 978 ; 

Clay ton and Jukes , l 978 ; Na9arev et al , 1 ;l81 anel \vood , 198~) . 

2 . 2 . 2 . - TIIE TEST 

Basically the test is carried out as follows ; a metal " standard" 

cone i s placecl ver1 ically wi th i.ts apex just in contact wiLh the top 

suríace of the clay sample to be tested (Figure 2 . lb) . The cone i!:> 

then droppecl freely into the c lay and t:he depth of penenation 

measured., 

The cone used in Lhe rresent research was def ined in BS 1377 : 1975 

Test 2 (a) . It has an apex a ngle of 30° anda weight of 80 grrurunes. 

The "standard" cone proved to be too light for use in the 

material being tested. r!ansbo , 1957, s uggested the use of a 400 grammes 

cone for stiff clays. It was decided in the present work to use a 

weight of 650 grrurunes in order to avoid the possible effect of 

disturbance (referred to by l lansbo, 1957) when preparing the sample 

surface for testing. 

2o2 . 3 . - SII.EAR STREI\GTH DETERMINATION USII\G THE CONE 

The relationship derived by Hansbo , 1957, with detailecl 

considerations of the mechanics of the cone penetration and supported 

by experimental evidence was ; 

~Vhere : 

s u 

w 
= constant 

S = undrained shear strength 
u 

Equation 2 . 1 
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P = cone penctration 

~~~ = ~\'eight of the cone 

Equation 2ol , according to ~llroth anel Wood, 1977, is a l so 

obtainable Ly dimensional analysis (neglecting rate cff~cts)o 

Hansbo stated that the constant depeneis mainly on the cone angle 

but is also influenced by the rate of shear and by the sensitivity of 

the cl ay., Comparisons bctween cone rcsults anel other t ests (Figure 

2u 1 c , ;dtrrHansbo , 1957 ) can provide values oi the constant in Equation 

2 . 1 , allowing the dctermination of the undrained shear strength in a 

sirnpl e and quick way. 

The Lonelon Clay used in this research was subjected to heavy 

compaction (BS - 1377 : 1975, Test 13) at different moisture contentsg 

Three specirnens (38 mm diameter , 76.2 mm high) were extruded from each 

mould and tested both using the cone and the standard procedure f or 

undrained triaxial test (rate of deformation of 1.5Z mm/min) o The 

results obtained are presenteei in Table 2 . la and Figure 2 . ld. 

The scatter of the results obtained is comparable with that 

measured by Hansbo, wi th a c l early recognizable trenel. The number of 

test resul ts anel range of unelrained shear strength values is not enough 

to define a relationship between cone penetration and undrained shear 

strength determined with the triaxialQ For the results obtained, upper 

anel lower limits are suggested in Figure 2.,ld., 

Due to the special nature of the material used in the present 

research ( stiff fissured clay) , it was decided to adopt the result 

of the penetration as a meas urem:?nt cf a compara tive strength, i o ew an 

inelex value., 
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r- -· 

Sample O M 

Specimen Dl 02 03 Ml M2 r-13 

Bulk density (Mg j m3 ) lo90 lo90 1.90 lo87 1.89 1. 86 

Dry densi ty (M.g/m3 ) 1.41 L43 1.43 1.39 1. 42 1 . 39 

Moi sture content (%) 34. 3 32.8 33.0 34.7 33. 1 33,9 

Undrained triaxial test 

Confining pressure (kN/m
2

) 100 200 400 100 200 400 

Undrained 2hear s trength 56 68 67 50 62 62 
(S ) (kN/m ) u 

Cone test 

Cone penetration, a verage 7.0 6.3 6.0 7. 2 6.8 6 . 4 
(mm) 

Nurnber of tests 9 9 9 6 9 9 

--··----- ---··---

TABLE 2 . 1a - Comparison of test r esults f or specimens of compacted London Clay 

penetration and undrained triaxial ~ests 

s 

Sl S2 53 

L85 1. 86 L88 

L35 1.36 1.38 

36~7 36. 5 36. 0 

100 200 400 

46 50 55 

9.0 7 . 3 8 . 4 

6 6 6 

essayed for cone 

,_. 
8 



2. 2o 4o - THE "IJ'UX STREN;TH" (I ) s 

Frorn equation 2ol , expressi ng the unclrainecl slH~ur :::.tr cr19th ns a 

function of the other variables : 

Equation 2. 2 

where : 

K = constant for u gi ven soil 

When perforrning a series of tests on a sample the weight of the 

cone and K does not d1angeo A 1nore general constant can be cons idered: 

Equation 2 . 3 

where: 

K = constant f or a given soil and a given cone weight 

As the interest in the pr esent researd1 is t o make comparisons 

of strength, it was decided to establish an "lndex strength" , 1
5

, as 

a way of measuring the effect of the fresh concrete in the strength 

of the material (soil) o 

The propos ed index can be defined as follows : 

where: 

I s = 1000 
p2 

I = " Index strength" s 

P = cone penetration (mm) 

1000 = reference constant 

Equation 2o4 
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Com~ p~netrz. t iorr 1 
(!nm) 

s 

lCXXJ 

') 2.50 

1 lll 

.:.! 63 

5 40 

6 28 

7 20 

8 16 

9 12 

\ I) lO 

TABLE 2 . lb - Proposed "lndex strength" I \'ersus cone penetralion (mm) 
s 
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The main objective o( the programme was to establish a procedure 

capable of producing information about the effects oi the contact of 

fresh concrete on moisturc content and shear strength of adjacent clay 

specimens. The control oi stress conditions and the possibility of 

tcs ting the same specimen at diíierent positions anel difíerent age was 

a priority in the establishment of the procedure. 

The available studies were made using direct shear boxes (Chuang 

and Reesc, 1969 ; O' Neill and Reese, 1970) or laboratory vane (Yong, 

1979) to measure the shear strength at different distances Irom the 

contact between soil and concreteu 

As the test conditions in the shear box are difficult to control, 

stresses and displacements are non-homogeneous and,according to 

Morgenstern and Tchalenko, 1967, the major discontinuities which appear 

are Riedel shears and these structures are oblique to the horizontal . 

Kinematic restraint is an important feature of the test. Probably there 

is no way of comparing values obtained at the contact between concrete 

and soil and close to it with those obtained far from that region 

using direct shear box tests. Apart from those problems each sample 

could be tested just once; for any comparison different specimens 

should be tested. 

The major limitations of the work done with the laboratory vane 

are the area affected by each tests ( the tests being made at 20, 40, 

60 and 80 mm from the contact of soil and concrete),itbeing impossible 

to test the soil at a closer distance from the interface, and the 

materials used to simulate the pile-soil interaction (kaolin and 
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micro- concrete)o 

Gonsidering all these aspects it was concluded that a new 

cvaluation of the effect of fresh concrete in clay specimens was neededo 
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2 . 3 ., 2 . - TESTII'C PROCEDURES 

Two types of procedure were used in the programlilf! : the first was 

to test the clt~.y specimens on the surface (when the same specimen was 

tested at different ages) anel no moisture conte nt was determined. The 

second was to test the sample f or strength rtnd moisture deterrnination. 

In t.he second case the sample was sl iced, tested with the cone on the 

new s urface created by the cut anel the entire section oven dried for 

rnoisture content determinat.ion. 

The test. set~p is shown in Figure 2 Q2 . A standard triaxial cell 

was used to ma ntain a cylindrical specimen under an isotropic state of 

stresses .. 

Sarnple forrnation was obtained by cornpaction or extrusion of 

natural samples from U 100 samplers. 

When compacted samples were used, usually a reference specirnen 

was rnade to study the variation of initial moisture content . I n the 

case of extruded s arnples the rnoisture content of both ends was measured. 

The fir s t step after sample formation was dependent on the 

purpose of the test . Some tes t s were made to study the natural 

variabil i ty o f mois ture anel " l ndex stren gth". In these cases the 

specimens were tested immedia tely after the specimen was obtained. 

When the effect of contact with f resh concrete was the feature under 

question, the specirnen was placed inside a s tandard triaxial cell and 

reconsolidated up to the desired pressure (us ually during one week) . 

After reconsolida tion the confining pressure was released (with 

drainage closed) , the cell opened and a cylindrical mould was placed 

on the top of the sarnple. The rnould was f illed with a cernent - sand 

mortar (1 of cement and 3 of sand) , at a specific water-cement r atio. 
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The top cap was replaced, after careful cleaning of the membrane, and 

the confining pressure re-established. During that phase of the 

exper iment the drainage was closed. At the desired moment, 

the confining stresses were relieved, the cell was opened, the membrane 

was utrrolded to expose the side of the sample to testing with the cone. 

The sample was replaced in the same condi tions and the cornining 

pressure was re- established. 

For the detern1ination of moisture content (when that was required), 

the s~nple was split and cone testing was performed inside the sample 

before sampling for moisture evaluation (all cross section used) . 

At each distance from the contact between the mortar and clay, 

three penetration tests were made, averaged, and presenteei as a single 

value in the results . 

Tables 2 . 1c and 2 . ld presents a general description of the soil 

strat.?. for both materials used for testing (London Clay aJ~d Boulder 

Clay) . 
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DEPTII 

0 . 00 

1. 50 

7 . 00 

20. 00 

SOIL DESCIUPTlON 

1\lade ground 

Stiff brown fissured silty CLAY with some grey 

s taining in the fissur es, occasional lenses of 

brown sand in the upper levels and selenite 

cr:-~stals . (LONDON CLAY) 

Stiff to very stiff dark grey fissured silty 

CLAY ( LONDON CLAY) 

Bottom of borehole 

Table 2 . lc - Soil profil e identified f"r~., the si te i nvestigation report , 

Wimbledon, UK 
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DEP11-I 

0 . 00 

0 . 35 

1.20 

4 . 00 

12 . 50 

SOlL OOSCIUPTION 

Topsoil 

fl.lade ground 

Soft to firm red- brown sil ty sandy CLAY wi th 

par t i.ngs of sand 

Stiff red- brown sandy CLAY (BOULDER CLAY) 

Bottom of borehole 

Table 2 . ld - Soil profile identified fl·u.'t) the si.te investigation report , 

Derby , UK 
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:..! . -l. - RESULTS 

ln t hj s section the description of alJ test s performed and 

resul t s obtained will be presented. Some aspects of the cone penetration 

tes t discovered d uring the tests were: 

the presence of a Ci ssure s trongly affects t he penetra tion 

measured, reducing the s t rength ; 

- r esul t s ar e affec ted by selenite c rystals, common i n Lo ndon 

Cl ay, which i ncreasc the measured s tre ng th ; 

- pr ecise location of t he cone ' s point o n t he s urfac e to be 

tested is a n essent i al part of the test (otherwise misleading results 

can be obtained) ; 

- tes t s must be perf ormed as quickly a s pos sible to minu1ize the 

possibility of varia tion i n mois ture content due to evaporation. 

2 . 4 . 1 . - CONE PENETRATION AND MOISTURE CONTENT VARIATI ON IN 

SAMPLES WITHCUT CONI'ACT WITH FRESH CONCRETE. 

To study the na tural variation in moisture content and cone 

penetra tion, tests O, E and Gl were perf ormed. 

Figure 2 . 3 shows the cone penetration, moisture content a nd 

"Index s trength" f or two samples of "undis turbed" London Clay ( t e s t s Dl 

anel 02 ) , sampled from 6w 50 to 7 . 00 m depth. The samples are de ser ibed 

a s stiff fiss ured brown silty clay. Table 2 . 2 presents the r esults 

obtained. In sample Dl the penetration test was performed in two 

orthogonal directions as shown in Figure 2. 3a. The average " Inclex 

strengt h" obtained i n sample 01 wa s 74, the maximum diff erence f rom 

average was 9 and 7% respectivel y in the two directions tested. The 

test performed in sample 02 (very f issured) showed a bigger scatter, 

the a ver age "Index s trength" obtained being equal to 7 . 6 and the 
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maximum difference f rom t he a verage be ing 21%. 

The results of the tes t s per formed i n sampl e E (" undis turbed" 

London Clay, firm brown s il ty c lay ) are shown i n Table 2. 3 and 

Figure 2 . 4 . 

Table 2. 4 a nd F'igure 2 . 5 present the results obtained with 

s ample G (undis turbed London Clay without contact with f res h concrete) . 

As a conclusion of the s tudy of the varia tion of "Index s trength11 

obtained tes ting samples without contact with fresh concrete it can be 

said tha t a sca tter in values is observed a nd the maximwn difference 

from the a verage varies f rom sample to sample, the minimum value 

ob t ained wa s 7%, the maximum was 21%.T"• -...oi s ture content varia tion 

obs erved wa s randomly distributed. 

2 . 4 . 2 . - EFFECT a<' FRESH COI'CRETE ON MOISTURE CONTENT DISTRIBliTION 

ANO 11 INDEX STREI\GTJ-Il' • 

Three experiments were made to study the effect of the fresh 

concrete in contact with soil . The description of the tests and 

results obtained will be presented with comments. 

TESTA -

A sample of Boulder Clay (brown sandy silty clay) recovered from 

4 . 50 m depth using a U 100 sampler was tested. The sample preparation 

anel the testing procedures followed the description of section 2 . 3. 2 -

"Testing Procedures". 

The identification of the sample, moisture content measured 

before the test and test conditions are presented in Figure 2 . 6 and 

Table 2 . 5 , with the resul t s obtained 7 days after the contact was made. 

From the results obtained it can be clearly recognized that there 
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Distance from Tes t D 1 Test D 2 

contact Penetra tion(mm) Jsl 1s2 
Moisture Penetration I 

s 

(mm) p l p 2 content (mm) 
(%) 

10 3 . 6 3. 7 77 73 29. 7 3 . 8 69 

20 3.,6 3. 8 77 69 30 .. 9 3. 6 77 

30 3.,8 3 ... 7 69 73 31. 2 3 . 3 92 

40 3., 9 3. 6 66 77 31.4 3 . 6 77 

50 3 . 5 3 . 6 8l 77 29. 3 

60 3., 7 73 30 . 2 3 . 8 69 

70 3. 7 3. 6 73 77 30. 3 

80 3. 6 3. 7 77 73 30 . 1 3 . 6 69 

A ver age 74 74 30. 4 76 

Max difference 
9 7 21 

from aver age 

Range 66/ 81 69/77 29. 3/ 69/ 
31.4 92 

Table 2 . 2 - Natural variation of rno isture content , cone penetrati on a nd 

tt Index strengtli' (I ) i n undisturbed London Clay, test D 1 
s 

anel D 2 . 
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Distance from Penetration "1ndex strength" i\loisture 
contact (mm) (mm) I content s 

(%) 

l() 4 . _1 59 31.1 

~o 3 . 8 69 30. 2 

30 3. 6 77 30. 1 

40 3 . 9 66 30. 7 

50 3 . 7 73 30 . 4 

A ver age 3. 8 68 30 . 5 

1'-laximwn difference 16 
from average (%) 

Range 3 . 6/ 4 . 1 59/ 77 30 . 1/31.1 

Table 2 . 3 - Natural variation of moisture content, cone penetration 

anel " Index strength" (I ) in unclisturbed London Clay, 
s 

test E. 
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Distancc from Pcnetration 11 Jnclex strength" Moisture 
contact ( nun ) (nun) l s content 

(%) 

5 4 . 5 49 28. 8 

lO 4 . 8 43 29. 8 

20 4 . 8 43 28. 9 

30 4 . 7 45 28. 6 

40 5. 1 38 27. 6 

50 4. 9 42 28. 2 

A ver age 4 . 8 43 28. 6 

Maxirnum difference 14 
from average (%) 

Range 4 . 5/ 5 61 38/ 49 27. 6/ 29. 8 

Table 2 . 4 - Natur al variation of moisture content, cone penetration 

anel 11 Index strength" (I ) in undisturbed London Clay, 
s 

t est G. 

113 



was a chang(~ in moisture content a nd in ':rndex s trength". The r a tio 

of minimwn "Index strength" to maximwn was found to be O. 6 anel O. 7 

for the different testing positions . The increase i n moisture measured 

was of the order of L 5%. The reduction in the " lndex s trength" was 

observed up to 6 em away f rom the contact between the clay a nd fresh 

mortar . 

TESf 1.3 -

The mater i al used in test A was compacted and the same overall 

conditions applied to the t est spec:i.men (Compaction us ed: BS 1377: 

1975 , Tes t 13 ) . 

Figure 2 . 7 presents the results and the testing procedures . 

The a nalysis of the results is made i n Table 2 . 6 , with the identific-

ation of the characteristics of the testing program. 

The analysis of the results shows that the increase in moisture 

is identified up to 3 em from the contact, anel 1 . 5% was the variation. 

The shape of the "Index strength" curve is s imilar to the one obtained 

in sample A and even the two level s (max:i.mwn and min:i.mum) are comparable. 

The observed ratio between minimwn anel maximwn I was O. 74. The reduced 
s 

values of l could be found closer than 3 em. 
s 

Comparing the affected area it can be concluded that the 

compacted sample was less susc~ble to the change. A direct comparison 

can not be made because in the compacted sample there is always the 

possibility of pre-existence of systematic variations of strength due 

to the layers used in the compactions. 

TEST C -

A sample of London Clay (stiff brown fissured s ilty clay), sampled 



at 6 .00 m elepth with a U 100 sampler was tested uneler the conelitions 

shown in Table 2 . 7 . The results obtained and test conditions are 

s hown in Table 2 . 7 and Figure 2 .8 . The reduction in the "lnelex strength" 

was tound to affect up to 4 em from the contact , the ratio I min/I max 
s s 

hei.n<J equal to 0 . 74. Table 2 . 8 summarizes the results on the tested 

samples (A , B a nel C) . 

From the results obtained it can be conclueled that the cone 

penetrati.on test is able to measure changes i.n strength over a small 

area in one specimen. 

The purpose of the testing programme was to stuely the possible 

effects of the contact between fresh concrete and clay. The results 

showed that there is a clear change in strength and an increase in 

mois ture content. 

The length of the r egion affected by the reeluction i n the measureel 

" Index strength" varied from 3 to 7 em. The observed ratios between 

mi n:i.rnum anel maximwn " Inelex s trength" were i n the range 0 . 6 to O. 74. 

The sanei anel cement mortar used in the tests :i.s not a gooel 

s:i.mulat:i.on of the usual material employed i n real piles. In oreler to 

get a fluiel mix it was necessary to aelel water up to a water- cement 

rat:i.o of 0 . 8, in a paste of 1 of cement anel 3 of sanei (resulting in a 

mix where the water represented 16. 7% by we:i.ght of the total mater ial) . 

A var:i.ation between 1 . 5 anel 2 . 4% was founel when comparing the 

mo:i.sture content ex:i.sting prior to contact anel after 7 days of test:i.ng , 

the trenel be:i.ng clearly recognizeable. 

2. 4 . 3 . - EFFECf CF TIME ON TEST RESULTS 

In order to stuely the var:i.at:i.on of " l nelex strength" with time 

ser:i.es E anel F were performed. 
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Distance írorn " lndex strength" Moisture content (%) 

contact (mm) 1sl I ? beíore 7 days 
s~ 

test 

o 30. 3 

10 39 36 31.6 

J 5 39 

:20 39 36 31. 8 

30 44 39 30. 8 

40 51 39 30. 9 

45 44 

50 56 48 31.1 

60 51 56 31.2 

70 51 44 31.1 

80 56 60 29 . 6 

90 60 30 . 2 

100 60 30 . 6 

110 

120 

130 29. 4 

Base 2 9 . 7 

I max* 56 60 
s 

I rnin* 39 36 
s 

Ratio rninjmax 0 . 7 0 . 6 

Table 2 . 5 - Variatiol'l of rnoisture content )" lndex str ength" and r a tios 
of I mi n/I max i n undis turbed Boulder Cl ay (W/ C = 0 . 8 , 

s s 2 
7 days, confining pressure of 100 l<:N/m ) , t est A. 
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Distance from "Index strength" Moisture content 
contact (nun) I (%) 

s 

5 42 

10 40 34. 1 

15 40 

20 42 33. 3 

30 52 32. 4 

40 56 32 . 5 

50 56 32 . 2 

60 52 32 . 6 

70 54 32. 5 

80 49 32. 4 

I max* 5 4 
s 

I min* 40 
s 

Ratio min/max o. 74 

*From Figure 2 . 6 

Table 2 . 6 - Variation of moisture content, " Index strength" (I ) and 
s 

r a tio of I min/I max in compacted Boulder Clay (W/C = 0 . 8, 
s s 2 

7 days, confining pressure of 100 kN/m ) , test B. 
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Distance from contact " J ndex strength" f.loisture content 
(mm) I (%) 

s 

10 57 32 . 3 

30 57 32 . 4 

30 62 31. 7 

40 66 30 . 4 

50 77 29. 5 

60 77 30 . 0 

70 30. 0 

I max 77 
5 

I min 57 
s 

R a tio min/max o. 74 

Table 2 . 7 - Variation o f moisture content , " Index strength" (I) and 
s 

ratio of I min/I max in undisturbed London Clay (W/C=0. 8 , 
s s 2 

7 days, confining pressure of 100 kN/m ) , test C. 
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Test A B c 

lnitial 1 2 

moisture content (%) 30. 2 30. 0 32. 5 30o00 

\ 

Max. increase (%) 1.5 1. 5 1.5 2 .40 

Aífected length (mm) 50 to 70 50 to 70 20 to 30 30 to 40 

1 max 56 60 54 77 
s 

I mi n 39 36 40 57 
s 

I min 
Ra tio s 

0 . 7 0,.6 0 . 74 o. 74 
I max 

s 

Affec ted length (nun) 60 to 70 60 to 70 20 to 30 40 

Table 2 . 8 - Summary of t he results of tests A, B and C. 



SpeciJnen of 100 mm diameter 

A) Sanei and cement. mortar (1 : 3 in weight) 

Water/cement ratio : 0 . 6 

each lO mm of mort.ar 

Volume 3 = 78.54 on 

\veight = 180. 00 grarnme 

Free water·*= 10 grarnme 

B) Soil 

Volume oi soil per lO mm = 78.54 cm
3 

3 
Weight oí dry soil (for a density of 1 . 45Mg/m ) = 114 gramme 

C) Water necessary for moisture content increase (1 %) per 10 llUll 

of soil = 1 . 14 gramme 

* Free water : consiclering a water/cement ratio of 0 . 38 the 

amount necessary to hydrate the cement, then : 0 . 60-0. 38=0. 22 

or ó . ll % of free water (in weight of the mortar) 

TABLE 2 . 8a - Free water available in the sand and cement mortar (1 : 3) 

and possible change in moisture content in the soil 

speciJnen 
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TESf E : Two samples were compacted (BS 1377, Test 13) , 

using London Clay. The first sample was used as a reference for the 

moisture content and the second one was tested with the cone at 

different ages : the first time immediately after compaction, without 

contact wi th the mortar , and one a nd 6 day s af te1: cont.:1ct wi th tbc 

mortar and under 100 kN/m2 confining pressure. 

The results obtai.ned are presented i n Table 2 . 9, F'igures 2 . 9 

2 . 9a a nd b and 2ol0~ 

From Figure 2 .9a it can be seen that the original values oí the 

" I ndex strength" of the sample were scattered, the average in the 

area covered from O to 2 em from the contact with the mortar being 

equal to 57 and from 2 to 5 an equal to 51 .. 

The r esults obtained one day after contact showed a more clear 

t rend. A general reduction in stre ngth can be identified, up to 4 to 

5 em from the contact . The lower values were found at 2 to 3 em from 

contact . 

At 6 days after the contact the values of " Index strength" were 

l ower than the measured for the same distance at one day . The length 

affected was 5 em. 

A comparison of moisture content values obtained from the 

reference s ample and the tested one is presented in Figure 2o9b , with 

t he values obtained f o r t he s ame material when it was obtained from 

the U 100 s ampler . The maximum i ncrease i n moisture cont ent was of 

t he order of 3% after 6 days . 

Whe n the ratios oí average " Index stre ngth" were det ermined 

two regions were c hosen : :Crom zero t o 2 em away from the 

and from 2 to 5 em f rom the contact. 
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Dis1o:\nce f rom contact "Index st:rength" Moisture cont:ent 

(nun) Jnitial 1 day 6 days (%) 

lnitial"' 6 days 

o 57 49 29. 6 33. 0 

lO 66 43 34 28o5 32 . 3 

20 49 32 23 29. 6 32 . 4 

30 57 32 25 30. 1 32. 4 

40 47 40 25 30. 3 31.8 

50 47 36 30. 3 

A ver age 55. 2 42. 2 28. 6 29. 73 32. 38 

Average up to 20 mm 57 . 3 41.3 28 .. 5 29. 23 32 . 57 

Average from 
51.0 37. 7 27. 2 30. 07 32. 20 

20 to 50 mm 

Ratio of I 1 o. 76 0 . 52 
s 

Ratio up to 20 mm 1 0 . 72 0 . 51 

Ra tio from 20 to 50 mm 1 0 . 73 Oo53 

*Contr ol sample 

Table 2 . 9 - Effect of time on t est results, test E, compacted London 

I 2 I Clay, confining pressure of 100 kN;m , W C = 0 . 8 . 



One day af ter contac t the ratios of 11 lncle x s t rength" were 0 . 72 

and 0 . 73 for the two regions . Six days measurements presenteei lower 

values, 0 . 51 a nd 0 . 53 respectively (Figure 2 . 10) . 

TEST F' : One sample of undisturbed London Cl ay (stif f 

fissured brown silty clay) , obta ined wit~ an U JOO sampler (t :n depthJ 

was tested wi th the cone a1. d:Lffenmt ages . The fir s t t est s were 

performed immediately after extrusion of the sample, wi thout contact 

with mortar . The second tests were performed 7 day s after the test 

specirnen wa~ i n contac t wi th ti~ e c ement sand mortar, under 100 kN/m2 

confining pressure in the triaxial cell . The results obtained are 

presenteei in Table 2 . 10 anel Figure 2 . 11 . 

The original 11 Index strength" was hi gher near the posi tion of 

contact with the mortar than 40 to 50 fl1lll away (52 to 4.S) . The values 

obtained 7 days after contact shown a general reduction in strength, 

the lowest value being founcl at 30 to 40 m'll from contact. The ratios 

of "Inclex strength" obtained when comparing the val ues a t 7 and zero 

days were O. '57 . 

From the moisture content results 0btai ned at 7 days it appears 

that the affected area extends up to 60 mm from the contact. 

From the resul ts obtained on the series E and F i t can be 

concluded that 

- the cone penetration tesi.. provided consist ent 

results of the changes in strength , dueto the use of the same 

test specimen for comparison at different ages ; 

the variation in strength continues after the first 

day, when the mort:ar sets 

in both compacted a nel undis t.urbed test spec:llnens 
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Distance from contact I I Moisture content (%) 
s s 

(mm) O day 7 days 7 days 

o 52 30. 3 

lO 49 30 30o2 

20 49 27 30 ... 2 

30 47 23 29u9 

40 45 24 30. 1 

50 45 32 29. 3 

60 28. 6 

A ver age 47. 8 27. 2 29. 8 

A ver age up to 20 rrnn 50 28. 5 30. 2 

A ver age from 30 to 50 mm 45. 6 26. 3 29. 8 

R a tio o f aver age 7/0 days 0.57 

R a tio up to 20 mro 0 . 57 

Ratio from 20 to 50 mm Oo58 

Table 2o10 - Effect o f time on test resul ts , test F , undisturbed 

London Cl a y, 6.00 m depth confining pressure of 

100 kN/m
2

, wjc = 0 . 8 . 
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a majoJ decrease in st:rength was observed, up to 50 nun from the 

contact with the mortar; 

- lhe calculatecl ratios of "lndex strenqtil" for the 

compac.._ed sample were respectively 0 . 76 anel 0 . 52 for one anel six 

day s ( when compareci wi th the original values) · 
' ' 

- the rcttio of " !nele:-: stn:~ngth" obtainecl at seven days/ 

the ori9i nal value was O. 57 for the undis turbecl London Clay. 

2.4. -l . - EFFECf <F \vATER/CEMENT RATIO ON TrSf RESULTS 

The effects o[ using different water/cemen t (W/C) ratios were 

testecl in series G. 

Two samples were compactecl (BS 1377, Test 13) using London Clay . 

One of the samples {G2) was exposed to a mor tar with a water/cement 

r a tio of O. 5, after being tested for 11 Index strength" measurement , and 

retested at 7 days. The other sample was used to study the effect of 

0 . 8 water/cement ratio mortar on the same material , at 7 days. 

Table 2o8 shows the values obtainecl for the different positions 

testecl, the average values and the calculated ratios for different 

sections of the specimens. The tests were performed in accordance 

to Section 2 . 3 . 2 - Test ing proceduresu 

A comparison between the "Index strength" values obtained in 

sample G2 and plotted in F'igure 2 . 12 as ini tial value anel after 

contact with mortar with W/C = 0. 5 shows that there is apparently an 

improvement in the strength of the sample . A possible explanation 

for the results obtained is that, for themix used, a water cement ratio 

of 0 . 5 is not enough to allow the hydration of the cement and to 

fill the voids in the mortar ; the mortariavidity for water creates a 
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s uction a nd reduces the moisture content of the sample. Figure 2.13 

gives an idea of the possibility of such a pheno!Denon, the moisture 

content variation on sample G2 shows a trend where the mois ture 

content near the contact ]s lower than at -1- or Sem away . Another 

possible explanation for that set of results is that the mortar created 

is a non satura ted media , wi th the confining pressure acti ng on the 

clay sample, the w.J.ter migra tes from the h.igher stressed area i nside 

the clay lo the permeable material . lnspection of the sample after 

the test s howed a very porous materi.:.U . The observed increases in 

" Index s trength" were 12 and 18% respecti vely for the areas between 

zero and 2 a nd 2 to 5 em away f rom contact . 

The results obtained with s~nple G3 are shown 1n Figures 2 . 13 

anel 2 . 12 a nd present the expected trends : decrease in "Index strength" 

near the contact, increase in moisture content in that area7 affected 

zone covering the first 4 em of the sample. The ratio of " Index strength" 

for the first 2 em was O. 71 anel 0 .85 for the area from 2 to 5 em, when 

comparing wi th the original values. 

As a conclusion of the effect of water/cement ratio, the 

following aspects appear significant : 

- as expected, the water/cement ratio has a strong effect on 

the changes of both moisture content and " Index strength". As the 

water/cement ratio increases the amount of free water increase 

- the results obtained with the sample tested with the mortar using 

a water/cement ratio of 0 . 5 must be regarded just as an exercise 

in research. The test bears no relation to real piling techniques. 

In real piles a rich mix is always used anel porous concrete, such as 

the one obtained in the test , is avoided • 
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Di stance from contact G 2 G 2 \1/C = 0. 5 G 3 ~v/C = 0 . 8 

(mm) I initial I mois ture I moisture 
s s content(%) s content(%) 

1(7 days) (7 days) 

5 49 

l O 43 49 28 . 4 34 30. 7 

20 43 52 28. 9 30 31.1 

30 45 52 28. 7 34 29. 9 

40 38 52 29. 4 36 29. 6 

50 42 43 29. 6 42 28. 7 

A ver age 43. 3 49. 6 29. 00 35. 2 30. 00 

A ver age up to 20 mm 45. 0 50o5 28. 65 32.,0 30. 90 

Aver . from 20 to 50 mm 42.0 49.,8 29. 20 35.5 29. 83 

Ratio I /I initial 1.15 0.,81 
s s 

up to 20 mm 1.12 0 . 71 

f rom 20 to 50 mm 1.18 0 . 85 

Table 2 . 11 - Effect of different water cement r a tios on test results, 

test G, compacted London Clay. 
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Distance from Natural specimen Compacted specimen 

c-ontact (mm) "Index strength" moisture "Index strength" moisture 

I content I content 
s % s % 

10 59 31.1 57 28 . 5 

20 69 30. 1 66 29. 6 

30 77 30. 1 49 30. 1 

40 66 30. 7 57 30. 3 

50 73 30.4 47 30. 3 

A ver age 68 30. 48 55 29. 76 

Maximum difference 16 20 
f rom average (%) 

Range 59/77 30.1/31.1 47/66 28. 5/30. 3 

Table 2 . 12 - Natural soil versus compacted specimen, test E, London Clay . 



2 . 4 . 5.. - NATURAL SOIL VERSUS CCMPACTED SPECIMEN 

In serics E a comparison between the natural s tructure and the 

compacted one can be studied.. Thc London Clay tested as a natural 

material (undisturbcd specimen) was compacted and tested in arder to 

study the effect of compaction and ageo 

Figure 2 ., JLI s hows the moisturc content variation Ln the 

undisturbed and compacted specime ns .. Figure 2.,15 presents the " l ndex 

strength" for both specimens wi thout contact wi th fresh concrete. 

Gons idering the moisture conte nt distribution in both samples, 

the scatter in the undisturbed specimen (.30. 1 to 31. 1 %) is lower than 

1n the compacted specimen (28. 5 to .30. 3 %). 

A comparison of t he " l ndex s trength" values shows that t he 

average value for the undi sturbed specimen is gr eater than f or the 

compacted one ( 68 and 55 respectively)o 8oth samples presented a 

wide scatter in the results (16 and 20% as maximum differences from 

t he average values f or the undisturbed and compacted specimens) o The 

obs erved ranges in " I ndex strength" were 59 to 77 f or the undisturbed 

specimen and 47 to 66 f or the compacted o neo 

Figure 2 . 16 shows the moisture content variation on the 

undisturbed and compacted specimens without contact with the fresh 

mortar (like Figure 2 . 10) and the effect of such contact i n t he 

moisture distribution a t 6 days f or t he compact ed specimeno 
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2 . 5. - CONCLUSIONS (from the experimental rcsults) 

NATURAL VARIATION IN MOISTURE CONTENT ANO CONE PE.l\'ETRATION 

Prom the tests performed in specimens without contact with fresh 

concrete a scatter in values of " lndex strength" was observed. The 

maximum difference írom thc average varies from specimen to specimen, 

the minimLUll value obtained was 7 %, the maximum was 21 %. i'Vloisture 

content variation observed was randomly distributed. 

EF'PECf CF PRESH CONO~ETE ON MOISTURE CONTENT DISTRIBUTION ANO 

" INDEX STREI\GfJ-Ilr 

:'he resul ts obtained s howed that there is a c l ear change in 

strength anel increase i n moisture content . The length of the region 

affected by the reduction in the measured " Index strength" varied 

from 30 to 70 mm (3 to 7 em) . The observed ratios between minimum 

anel maximum " Index strength" were in the range 0.60 to O. 74. A variation 

between 1~5 and 2 . 5% was found when comparing the moisture content 

existing prior to contact and after 7 days of testing, the trend 

being clearly recognizeable. 

EF'F'ECT OF' TJME ON TEST RESULTS 

The cone penetration test provided consistent results of the 

changes in s trength, due to the use of the same test specimen for 

comparison at different ages. The variation in strength continues 

a:fter the first day, when the mortar sets. In bo th compacted and 

undisturbed test specimens a major decrease in strength was observed, 

up to 50 mm (5 em) from the cont act with the mortar . 

EffECT CF WATFR/ CEMENT RATIO ON TEST RESULTS 

As expected, t he water/cement ratio has a strong effect on the 

130 



changes of both moisture content anel " lndex strength" ~ As the water/ 

cement ratio i ncreases the ~Jount of free water increase resulting 

in a larger change in moisture conte nt on the adjacent. soiJ 

NATLRAL SOIL VERSUS CCMPACIED SPE.CIMENS 

The observed scatter in the mois ture content distribution in the 

undisturbed specime n was lower than i n t he compacted specimeno Both 

sampl es presented a wide scattcr in the resLuts of cone penetration 

tests, resul ting in a scatter in " lndex s trength" values . A comparison 

of " Index strength" values between both sample s is difficul t due to the 

different initi& moisture content affecting the comparisono 

CONE PENETRATION TEST AS A MEJ\SUR&vlENr CF SOIL S'TREI'GfH 

The cone penetrat ion test was used successfuly for the study of 

changes in strength. l mpor tant a spects of the test discovered during 

the programme were : (i ) the presence of a fissure strongly affects the 

penetration measured, reducing the strength, (ii) results are affected 

by selenite crystals , common in L..o ndon Clay, which increase the 

measured strength, (iii) precise location of the cone ' s point on the 

surface to be tested is an essential part of the test , otherwise 

misleading results can be obtained, a nel (iv) tests must be performed 

as quickly as possible to minimize the possibility of variation in 

moisture content due to evaporationu 
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2 . 6 - CCM"IENTS 1\ND RECQ\'h"IENDATIONS 

In this chapter t he preliminary study of moisture content and 

undrained shear strength variations in clay samples due to the contact 

with fresh c emenl and sand mortar has been presentedv 

The n:oisture content determina tion •<~as performed using the 

current practjce in Soil Mecha nics laboratory work (oven drying 

samples) . As lhe variations that occur are small the accuracy obtained 

is not good enough. A new technique is needed to study the changes, 

especiall y because t.he determinat.ion of the initial moist.ure is always 

a probl em. 

The use of the cone penetration a nd the " l ndex strength" f or the 

study of changes in stre ngth proved to be a s uccessful approach.. The 

possibil ity o[ testing the same specimen at different positions and 

retesting at different ages is a major advantage of the procedure.. The 

cone penetration test i s a quick, simpl e a nd rel iabl e way of measuring 

c hanges in strength or compar ing streng ths i n different posit i ons 

ins ide t he same specimen or in differ e nt spec ime ns.. Its use should 

be adopted as a strength test. With experience, the comparison of 

resul ts of such tests can pr ovide values f or the constants for each 

ma terial and the test can be used as a very simple index test . 

In situations when a compl etel y new material will be f ound 

surrounding bored piles, t he technique proposed in this chapter can 

be used as a n i ndication of t he s ensitivit y of the soil to the f resh 

concr ete to be used (prior t o the necessary p i l e l oad test pr ogramme). 

Any f ut ure l a boratory research concerning the effects of fresh 

concrete on so i l pr operties a nd condi tions s hould use natural soils 

(undis turbed specimens) and f ull concrete mixes . Apart from the fact 



that diiierent mixes can be studied, the numerical values obtained with 

a more realistic model can be used as é'\ basis for a better understanding 

oí the various factors afíecting pile behaviour . Ideally the laboratory 

research should be coupled with f ieJ d work. Samples taken from the 

vicinity of real pil es should be tested a nd the results compared, and 

f •.u:thermore, pile load test resul ts could be related to the resul ts of 

these simple experiments, in order to compare real behaviour with the 

rcsults obtajned using this Lechnique. 
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Oial to record cone 
penetration ----+~ILj. 

Release button ----~ 
Heig)t adjustment 

80g cone and rod ------..l 

Cone -----------~ 

FIGURE 2.la- 80 g FALL CONE APPARATUS 

FIGURE 2. lb - CONE PENETRATION TEST 
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FIGURE 2. 3a - TESTING PROCEDURE USED IN SPECIMENS D1 AND D2 
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CIIAPTER 3 i'l O I S T U R E CONTENT A N D 

CONE 

N E A R 

R E S I S T A N C E CHA NGES 

B O R E O P I L E S 

1 . 1 . - INTRODUCTION 

ln order to s tudy the local changes i n soil conditions due to the 

ins tallatíon of bored pil es , the ideal situation is Lo compare laboratory 

results obtained under controlled conditions with field measurements . 

Jt is unlik<>ly' that simple experiments performed in the laboratory will 

simulate the complex series o.f events taking place during the installation 

of a real bored pile. The efíects of IEmoulding caused by the boring 

tool , relief 1n stress, effect of the use of casing , use of drilling 

mud, pouring the f resh concrete and setting of the concrete in natural 

soil s can be assessed only in field experiments~ A maJor problem that 

must be overcome is to find a suitable place, with favourable conditions 

for soil sampling adjacent to the piles. Routine piling does not 

present the possi bility of access to the soil affected. 

A very convenient situation is presenteei when a contiguous bored 

pile wall is built . The excavation that f ollows pile installation 

allows easy access to the surrounding soil at depth . By the kind 

suggestion of Dr. WoG . K. Fleming of Cementation (the piling contractor 

for the si te) , attention was drawn to a site in London. 

The construction of a lO story block (Peninsular House) wi th a 

three story basement on a site bounded by Monument Street, Lower 

Thames Street and Pudding Lane, Billingsgate, London EC3 gave the 

opportuni ty of access t o soil layers enabling measurement 

effects of pile i nstallation in real conditions. 

of the 



TI1e writer gratefully acknowledges the assistance of Pell , 

Frishmann a nd Partners, Consul ting Engineers who gave permission to 

go ln site and provided local support . 

\Vork was unclertaken to obtain samples from Lonelon Clay , 12 m 

below ground level . Samples were taken close to the piles within 

the si te and (rorn the surrouneling wall. The main difficul ty was timin<J 

s ite visits to fit in with the excavation work. Both block samples 

and l " samplers were used. The description of the s i te, project, 

location of testing anel test r esults will be presented in this chapter , 

with the analysis and conclusions. 

Cone penetration t ests were performed in accordance to tl-.e 

procedures described in Chapter 2 , using a 6.50 granunes, ?IJ
0 cone. 

All block samples were tested f or cone penetration in site. The 

specimens obtained with the one inch sampler were extruded anel tested 

in the Soil Mechanics Laboratory, at the University of Surreyo 
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3 . 2 . - THE SJTE 

3 . 2 . 1 . - LOCATION 

Figure 3. 1 . shows the plan of the si te, bounded by i\1onwnent Street, 

Lower Thames Street and Pudding Lane, Billingsgate, London EC3. 

3 . 2 . 2 . - SITE INVESTIGATION 

The s itc investigation was a routine contract , carried out by 

Terreseard• Limiled, F'oundation Engineers & Gontractors (Report 

No 5 . 24/738) . It consisted of the drilling of five boreholes at the 

site, during F'ebruary and March , 1974. The boreholes were 200 mm and 

150 mm nominal diameter and were drilled with light percussion equipment. 

Borehole 2 was drilled to a depth of 15. 5 m whilst the remaining 

boreholes were 30 m deep. The positions of the boreholes are shown 

in Figure 3 .1 . 

Samples of the clay layer were taken using staoCard 102 mm diameter 

open drive sampling tubes . The results of the laboratory testing 

programme ( unconsolidated undrained triaxial compression tests ) are 

shown in Figure 3 .2 . 

3 . 2 . 3 . - GROUND CONDITIQ~S 

The following is an extract from the site investigation report : 

" The Geological Survey of England and Wales, London Sheet No N Y 

S. E. (scale 6 inch to 1 mile) shows Higher F'lood Plain Gravel over 

London Clay in the area of the site. A borehole for water drilled 

near King William Street about 100 yards to the North West of the si te, 

proved the London Clay to extend to a depth below surface of about 44 m. 

The borehole investigation confirmed this general sequence. 

Boreholes 1 and 2 on the site of the f ormer Billingsgate Buildings 
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proved madc ground comprising concrete o ver clay wi th grave! and shell 

fragments to a depth of between 1.25 a nd 1.90 m. On the western part 

of the site Boreholes 3 anel 4 were drilled through a basement void 

and concrete floor , beneath which bricks, clay and timbers were proved 

to a maximum depth of 7 . 20 m. In Borehole 5 the made ground comprised 

concrete over clay , san<l and t~nber t o a depth of 4 . 85 m. 

l~eneath the made ground thc boreholes penetrated medj wn dense 

fine to coarse gravel which was 5. 35 m thick i n Borehole J but only 

1. 75 lo 2 . 00 m thick in Borehol es 4 and 5 and was absent in Boreholes 2 

and 3 . 

All five boreholes entered stiff to very stiff London Clay and 

were terminated in this s tratum at depths of between 15. 50 and 30. 00 m 

(- 12 . 00 to - 26. 65 m 0 . 0) . The c lay was generally slightly silty , 

highly fissured and below a leve! of about - 15 m O. D. frequent 

partings of f ine grey sand typical of the lower parts of the London 

Clay stratum were observed in most of the boreholes. The clay was for 

the most part dark grey in colour but was weathered to brown over the 

upper part to a maximum of 5. 80 m in Borehole 3 . 

Groundwater was struck at a depth of 6 . 80 m below surface in 

Borehole 5 but no strikes were observed at shallow depth in the 

remaining boreholes due to the addition of water to assist drilling 

through the made ground and gravel . 

Additional strikes were noted at depths of between 23. 0 and 

25. 0 m in the fissured London Clay. The standing water level rose 

significantly in õll boreholes when left overnight on completion of 

drilling, in Borehole 1 for example, the leve! rose f rom a depth of 

30. 0 m to within 1 . 50 m of the surface. Final standing water levels 
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measured a.fter completior. of drilling ranged [rom 1. 50 to 5 . 70 rr: depth 

(1.8'5 to 2 . 30 m 0 . 0 . ) . " 

Figure 3. 2 presents a general descript.i.on of the strata, according 

to the site investigation report . 
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3 . 3 . - TIIE PROJEC.T 

A general se:ti.on throug1 th~ project is presenteei in l•'igure 3 . 3 . 

The building w<~.s designed lo housc <~.n investment. company, part 

of the bas~nenl being used as a bullion stoJagcu 

The construction sequence was as follows : 

a) - installation of ·the piles a nd retaining wall from the 

initi.::U grouncl level , the piles being concreted up to the pile cap 

levels anel backfilled uç to ground levei to avoid stability problems ; 

b) - general excavation of the ground, with a temporary heavy 

s teel bracing st.ructure supporling the wall; 

c) - eKcavation for each pile cap individually ;concreting the 

pile cap. After concreting all pile caps, the basement slab was 

concreted ; 

d) - followed by concreting o[ colLllllns and slabê wi th the sub

sequent withdrawal of the internal bracing. 

Table 3 . 1 presents details of the concrete used in the foundations . 

The technique applied for the install ation of the wall and piles was 

the use of casing in the granular top layer and a bentonite slurry 

for the rest of the piles. 

Figure 3 . 4 presents the position of the testing area, with the 

identification of the piles in the wall and the pile cap used for the 

res~?arch work. 
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3. 4 . - TEST RESULTS 

The results obtained will be presente<.! in Figures 3. 3 to 3. 10 

with the ident.ification of the samples being tes tect. The sampling 

was períormed immedia1B.ly after excavation for the pile cap. Apart 

from the samples tested, two block sampl es were lost due to the 

pres~?nCG of fi_ssures~ 

P JLE 35 

Figure 3 . 5 shows the location of the tests made near the pile 35. 

One i nch samples were taken from the bottom of the excavation f or the 

pile cap (15/9/1980) i.n order to study the variation of moisture 

content and cone penetration aL different points at the same depth . 

Of the six samples taken, only four were subsequently used ; the natural 

fiss ures of the soil proved to be a major problem in obtaining s amples 

in ~ condi tion suiLable for LeSLing with the cone. For the penetration 

tests the samples were extruded anel , at each position on the sample, 

3 penetration tests were performed and the average used 

as a s ingle result. The moisture content and cone penetration r esults 

obtained are presenLed in Table 3. 3 and Figures 3 . 6 a anel 3 . 6 b . 

Considering the moisture content resul ts, i t appears that the 

variation in natural moisture is considerabl e (Figure 3 . 6 a) , for some 

samples up to 2% of moisture content . When the aver ages for each sample 

were plotted (Figure 3 . 6 b) no significant trend could be identified. 

The results of cone penetration, plotted on the same f igure , showed a 

clearer trend, being higher near the pile soil contact anel lower 

f ar from that r egion. Figure 3 . 6c shows the a ver age "Index strength" 

varia tion near the pile, showing a clear trend. 

PILE 36 
Figures 3 . 7 a anel b shows the position of t he block sample , t esting 



proceclures and resul ts obtai ncd near the pile 36 (15/ 9/1980) . A well 

deíined trend is observecl in bo Lh moisture content changes and cone 

penetration (carried out on sit.e) . 

PILE 37 

The r esul ts obtained when testing the material near pile 37 

(15/9/1 980) are plotted in F'igure 3 . 8 b . The measured moisture content 

values s howed a small variation (less than 1%) a nd the penetration 

values were scattered. 

PILE 26 (wall) 

The testing procedures usecl in pile 26 (in the wall) when a 

one inch sampler was used to obtain a representative specimen of the 

soil adjacent to the wall (10/ 9/1980) is presented in Figure 3 . 9 a . 

In Figure 3. 9 b the results obtainecl are presented. A well defined 

trend i n both moisture content variation and cone penetration exists. 

PILE 28 ( wall) 

The layout a nd testing procedures near pile 28 (in the wall) i s 

presenteei in Figure 3. 10 a . A block sample was taken (10/9/1980) and 

cone testing was carried out on site . The results obtained are presenteei 

in Figure 3 . 10 b. The shapes of the moisture content curve and the cone 

penetration curve are similar. An increase in moisture in the area 

c lose to the concrete {5 em) with an equivalent increase in cone 

penetration (decrease in shear strength) in the same region was observed. 

A summary of the measured results is presented in Table 3 . 2o A 

general description of the results obtai ned for all piles is as follows ; 

- after f our months from pile installation, the moisture content 

measured near the piles in 3 out of 5 cases showed a clear trend, with 
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11igher values in the zone up to 5 em thick, adjacent. to the piles ; 

- in nll cases there was a variation (from 0 . 9 to 4.4% moisture 

content) in moisture content, when comparison is made with values 

obtained close and far from pile - soil contact ; 

the highest moisture content measured was not always in the 

closest. pos jtion of contact , being sometimes up to 2 em away from that 

point; 

- 111 all cases there was a clear variation in cone penetration, 

when a comparison of values obtained close and far from the pile -

soil contact was made; 

- the position of the highest cone penetration values recorded 

(i . e . the position of lowest shear strength) in each test did not occur 

close to the pile, being in some cases up to 3 em away from the contact; 

- there is no coincidence between the positions of highest 

moisture content and lowest shear strength (highest cone penetration) 

measured; 

- the shear strength values close to the interface between pile 

and soil , in most cases, is higher than might be expected from its 

moisture content. It seems that the contamina tion in the water leaving 

the concrete may penetrate and strengthen soil close by. 

This process has been suggested by Chuang and Reese, 1969, when 

analysing the results of shear box tests. 
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Part of Lhe Class of AddiLives \va ter/ cement Installation 
foundation concre~e r a tio 

(N/mm ) 

Piles 30 Plastic. * 0 . 5 

No 35 7/5/1980 

No 36 9/5/1980 

i\ o 37 5/1980 

\Val1 35 P1astic. 0 . 5 

No 26 5/1980 

No 28 5/1980 

* F1ocrete N , 200ml/SO kg cement 

TABLE 3.1. - Identifi cation of materials used 1n the foundation's 
work. 
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3o5 - ANALYSIS 

ln arder to study the changes in shear strength observed using 

t he cone , the val ues of the " Index s t rength" (I ) , presented in 
s 

Chapter 2 , item 2. 2 , \'Jt:r e cal c ulated and pr esented in Figures 3 . 7c, 

3. 8c, 3. 9c a nd 3 . 10 c . 

The symbol s ( l ) max and ( J ) mi n ref er to maximum and minimum 
s s 

values of the obtai.ned " lndex strength". The value of the penetr ation 

obta ined when testing neares t t o t he clay/concre te contact was 

identified as Pc , and the corresponding I as ( I )c . 
s s 

The val ues oí maximum and mi nimum moisture contents for each 

s ample were plotted ver sus minimum a nd maximum I in Figure 3. 11 for 
s 

al l t estsú The gener al trend in 11 I ndex strength11 variation showed a 

defined shape , the i ncrease in moisture r esul t i ng in a decrease in 

strength. There is a significant sca t ter of results, typical of 

natural soils . 

lt is impor t a nt to note a t this point tha t t he " l ndex s trength11 

bei ng mea sured by the cone is rela ted t o the intact shear strength of 

t he ma terial tested. The changes measured are due to inst alla tion 

procedures, the increase i n mois ture content being a resul t of a 

number of fac t ors already d i scussed in Chapter 1. 

To inves t i gate a possible relations hip, the changes i n moist ur e 

content and t he r a tio of 11 I ndex stre ngt h" R obs erved in t he t e s t s 

perf ormed were plotted in Figure 3 . 12. 

R = ( I )min/( I )max 
s s 

The values of R are i n t he r ange 0 . 36 to 0 . 74. As t he number 

of experimental points i s sma l l , only a trend c an be s ugge s t ed 
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(specialJ y if one considers that for ~ero change in moisture content 

R must be 1) . The increase in moisture content resLuts in a reduction 

of R. 

Values of Rc were calculated and plotted in Figure 3 . 13 versus 

mois ture content change for eac h pile. 

Rc = (I )c/(I )max 
s s 

Rc vr\.lues were in the range 0 . 62 to 0 . 88. Test results with the 

pile 35 were discarded as the Pc value was not obtained in the testing 

programme. The s~ne kind of trend observed in R variation was obtained, 

with consistently higher values of Rc. 

\~ith the objective of studying the possible effect of the initial 

strength on the strength reduction, values of R and Rc vers us I max 
s 

were plotted in Figures 3ol4 and 3ol5 respectively. No trend could 

be identified. 

A comparison of the obtained I~ a nd Rc values for the piles on 

the wall and on the foundation is made in Table 3 . 4 . The number of 

tests is not big enough for any conclusion but it appears that the 

reductions near the foundation were lower than t hose for the 

wall . There are various possible reasons for the bigger reduction in 

the wall , s uch as : variability in soil sensitivity, group effect on 

the wall, minor differences in installation conditions a t t hat 

specific point . I n the case of ideal identical conditions , the fact 

that the piles in the wall were concreted up to the original ground 

l e vel , r aising the pore water press ure at the test level , and the 

foundations were simply backfilled with soil with no big rise in 

pore water pressure , is a possible mechanism responsible for the 

difference. 
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Test ldentification ] 2 3 4 5 

Sampling Technique 1'' 5ampler Block l " 5ampler 1 '' sampler Block 
5ample sample 

Pile 35 36 37 26( wall) 28 (wall) 

Lowe5t Moi5ture 26 . 3(av) 26. 8 28. 2 26. 9 25. 3 
Content (%) 

llighe5t Moislure 27 . 7(av) 29. 8 29. 1 31.3 28. 1 
Content (%) 

Variation in 1.4(av) 3 . 0 0 . 9 4o4 2 . 8 
Moi5ture ( %) 

Affected zone (mm) (?) 60 40 60 70 

Lowest Penetration 3 . 0l(av) 3 . 0 2 . 5 3 . 3 2 . 4 
P . (mm) m1.n 

Highe5t Penetration 3 . 95(av) 3 . 5 2. 9 5. 5 3. 4 
P (mm) max 

L P (mm) 0 . 94 0 . 5 0 . 4 2 . 2 1.0 

Pc (mm) - 3 . 2 2 . 8 4 . 2 3 . 1 

15 max 110 111 160 92 145 

I min 64 81 119 33 86 
5 

I c - 98 127 57 104 
5 

R= I min/I max 0 . 58 0 . 73 0 . 74 0 . 36 0 . 59 
s s 

Rc = I e/I max - 0 . 88 0 . 79 0 . 62 0 . 72 
s s 

TABLE 3 . 2 - Summary of the measured resul t5, calculated 11 I ndex strength11 

I , and Ratio5 of " Index 5trength" R and R c • 
5 
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Pile R R c 

Wall 

26 0 . 36 0 . 62 

28 0 . 59 0 . 72 

a ver age 0 . 48 0 . 67 

Foundation 

35 0 . 58 -

36 0 . 73 0 . 88 

37 0 . 74 0 . 79 

a ver age 0 . 68 0 . 83 

TABLE 3 . 3 - Comparison of R a nd Rc values obtained for 

the piles f rom the wall a nd foundations 
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3 . 6 COi\QUSIONS Ai'.JD REC~IENDATIONS 

Pour months after pil e i nstallation a variat ion 111 moisture 

content (from O. 9 % to 4.4 % moisture content) , when comparing values 

obtained close and far from pile-soil contact, was found. Three out 

of f ive cases showed a clear trend, with higher values in the zone up 

to '5 em thick, adjacent to the piles. The highest moisture content 

measured was not alwn.ys in the closest position of contact, being 

sometimes up to 2 cm away from that point. A possible explanation f or 

that reduction is the existence of suction forces in the concrete, 

generating a f urther water flow towards the pile. 

In all cases there was a clear trend in " I ndex strength" (I ) , when 
s 

a comparison of values obtained at different distances of the pile-

soil contact was made. The position of the lowest "Index strength" 

recorded in each test did not occur close to the pile, being in some 

cases up to 3 em away from the contactG There was no coincidence in 

positions of highest moisture content and lowest 11 Index strength11
• It 

seems that the cement components in solution in the water leaving the 

concrete may penetrate and strengthen soil close by. 

The calculated ratios of minimtun and maximtun 11 Index strength11 (R) 

are in the range O. 36 to o. 74. When comparing the 11 Index strengths" 

obtained in the closest position to the contact between pile and soil 

with maximtun values, the calculated ratios (Rc) were in the range 0 . 58 

to 0.88. It appears from the experimental results that a trend can be 

suggested, when plotting the variation in moisture content and R for 

each test , the higher the increase in moisture, the lower measured R. 

No effect was found of a possible influence of the initial 

(maximtun) 11 lndex strength" on R or Rc for the tests perf ormed. 
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hfhen comparinç: the ratios of "Index strength" , R and Rc, in piles 

f rom both the wal) a nd from the f ound.:ltions, i t ~,ras cle.:lr that the 

reductions in the wall were consistent]y higher . A number of causes 

could be respons:ible for the different behaviour, such as : variability 

in soil sensi ti v :i ty , group effect in the wall, minor diff erenc e in 

ínstallation conctítíon at that specific point. The fact that the 

pil es i.n the waJ J were concreted up to the original ground level , 

generatj I"XJ a biÇ! rise in thc> pore pressure at 12 m clepth and the 

foundations were simply backfilled with soil , with no rise in pore 

pressure is a possible exp la nation for the difference. 

Considering that the "Jndex strength" for a íissured clay is a 

measure oí the " intact undrained shear s trength" a nd the failure 

surface on the soil when the pile- soil system fails is most unlikel y 

to coincide with existing fissures , it can be speculated that the 

cone measurements oí variation in strength can provide useful 

information in the study of the skin friction oí bored piles in 

tissured clays. 

The systematic use oí cone penetration tests as a technique for 

stuclying changes in s hear s trength in piling practice may leacl to the 

identification of important installation related chenges and provide 

eviclence for the adoption of better techniques and practice. 

In an instrw11ented pile load test where samples could be taken 

at different positions along the shaft of the pile during installation, 

a comprehensive research programme could be suggested. It should 

include the study in the laboratory of "Index strength" changes 

coupled with results of cone penetration tests performed in specimens 

(obtained af1:er pile installation) from site and the pile load test, 
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in order to provide a possibl e " method of estimation" of shaft 

hearing capacity, based on result. s from cone penetration t ests. 

Another point that needs investigation is the location of the 

failure s urface related to the strength variation near the pile 

shaft wall. 
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C II APTE R A RAD IO C H Er-1I CA L M ET HOD 

OF S T U DY ING 1\1 O l S T U R E 

1\1 I G R A T I O N 

4 .. 1 .. - Il'rfROOUCTION 

Thc major problem in at tempting t o assess the magnitude of 

local mois ture content changes adjacent to piles i s the variability 

of t he na tural moisture content (see, f or cxample , Fearenside and 

Cookc, 1978) . Although the variability can be reduced when using 

remoulded soils in the laboratory , other problems remain. Thus, the 

mois ture content test most commonly used ( BS 1377 : 1975 Test l(a)) 

has very limited accuracy compared with the mois ture content 

i ncrease to be observed. In addition a rela~ively large specimen 

needs to be removed and subsequently oven driedo Consequently tests 

may be affected by the sampling procedure. Furthermore the same soil 

specimen can not be sampled at different times during the course of 

an experiment . I t is necessary to devise a new procedure that will 

allow many samples to be taken in a simple reproducible manner 

without affecting the nearby soil. In addition the analytical 

method should be sensitive and capable of handling many samples in a 

short time interval. The present Chapter is concerned with the 

development of such a procedureo 

Isotopes are widely used not only in chemistry but also in the 

life sciences. The possibility exists of following the 

transfer of water from one environment to another by means of a 

label~ procedure, using either a stable (i.e. non-radioactive) or 

radioactive isotope • Labelled water can be obtained in at least 

four forms : 
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d) hedvy waLer or deuLeriurn oxide, o
2
o; 

b) tritiated water, HTO; 

c) 11 
17o· 2 ' 

d) H21Bo. 

Of these isotopes (D(2H) , T( 3H) , 17o, 18o) only tritium is 

radioactive, being a very weak B - emitter (Emax = 18kev) with a halí-

lifc of 12. 3 years . It is also oí low toxicity and can be supplied at 

very high specific activity (curies per millimole) . Furthermore the 

preferred method of detection, liquid scintillation counting , is 

extremel y sensitive. Even in experiments where the concentration oí 

tritium decreases by a factor of 1010 there is no difficulty in 

measuring its concentration. Gonsequently it seems that the use of 

this radioactive isotope of hydrogen as a tracer in studies of concrete 

and soil interaction is attractive. There are examples of the use of 

radioactive tracers in civil engineering e . g . in hydrology and in 

studies of t he flow motion of tremied concrete in diaphragm wall 

construction (Ykuta et al , 1971) but thereaiE no previous examples 

of the use of radioactive water in studies of water migration from 

fresh concrete to the surrounding soil . 
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4. 2 . - LIQUID SCINTILLATION OOUNTING 

The detection of radioactivity i s based on one of the following 

methods : 

a) the radiation can interact with matter, usually a 

gas , to give rise to ionisation and the resulting current can then 

be ampliíied to give a signal . This is thc basis of the ionisation, 

proportional and Geiger-Muller counters ; 

b) the second method is based on the interaction of 

radiation with materiais called scintill ators. This results in the 

emission of a light pulse and with the aid of suitable electronic 

circuitry this again can be converted to an elec:tronic signal . This 

method can be used for both « B and Y radiations, a different 

scintillator being used in each case. Usually the radioactive source 

is placed adjacent to the solid scintillator but because of the low 

range associated wi th weak S- emi tter s this is not possible. This 

difficulty is overcome by dissolving the radioactive material 

directly in the scintillator . The scintillator cons ists of a solvent 

s uch as toluene or xyl ene, a primary scintillator s uch as 2. 5 

diphenyloxazole,and if need be a blending agent such as ethanol or 

dioxan,so that the mixture is completely homogeneous . With such a 

system efficiencies as high as 90 % for 14e- and 55 % f or 
3

H can be 

h . d . all f 14 3 1 b lled und ac ~eve • V~rtu y any type o C- or H- a e compo can 

be detected using this technique. Difficulties arise when the material 

cannot be dissolved, in which case a gel is prepared, and when the 

material is highly coloured. If one has a series of samples to count 

then provided the composition of each vial is the same the detection 

efficiency will be the same. In those cases in which it is necessary 

to know the absolute value of the radioactivity (disintegrations per 
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minute) as distinct from some relative value (counts per minute) onc 

employs an internal standardo This has prcviously been calibrated so 

that the radioactivit.y per unit volume (or mass) is known in absolute 

tcrms e . go microcurie per Oul mlo 

The advantagcs of thc liquid scintillat ion method of counting 

are many. Thus sampl e preparation is easy, the sensitivity is good, 

and many sampl es can be countcd in a short time interval e . g" as many 

as JOO per hour" 

Some of the available basic books on the subject are : Birks , 

1964 ; Horrocks, 1974 ; Neame and Homewood, 1974; Dyer, l974 a nd 1980 

and Peng 1977" 
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4 o 3o - FREEZE-DRYII\G 

The freeze- drying technique originated because of a need to 

pr eserve biol ogical specimens ~n the laboratory. Today the laboratory 

applications of the technique are used by a large spect:rwn of research, 

such as microbiology, virology, histology and cheroistry. There are 

many industrial applications of thc technique, foodstuffs being the 

most important~ 

The principle of the method is s imple and car. be i llustrated by 

the phase diagram for water (Figure 4ol ). Water can exist in three 

different forms ; solid, liquid and vapour and the pressure-temperature 

plot is known as a phase diagramo AB denotes the s ituation in which 

vapour and liquid water are in equilibrium, AC that in which ice and 

liquid are in equilibrium and AO that in which vapour a nd ice are in 

equilibrium. A is the water triple point which occurs at Te =Oo0098 C 

and Pc = 4a 58 mm Hg. 

When ice at a pressure P
2

(which i s l ess than Pc) is heated from 

a temperature T2 (less than Te) to T1 it is converted directly into 

vapouro In practice the vapour can be removed by condensing it as 

ice on a cold s urfaceo The apparatus that is used to achieve this 

change of state is illustrated in Figure 4. 2 o Because the amount of 

water associated with a given mass of soil (in the actual experiments) 

is small the best procedure is in the first case to add a known amount 

eog. one ml of ordinary water to a known weight of soil in the round

bottom f l ask A. By first of all s haking the f lask so that the water 

becomes fully equilibrated and then rotating in a Dewar f lask containing 

liquid ni trogen a thin f ilm of ice is f ormed over a large areao At 

this s t age the apparatus was assembled and connected to a rotary vacuum 

pump and then evacuated with flask ~ immersed in liquid nitrogen. When 
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the apparatus was íully evacuated the stopcock B was closed and the 

condenser C Drunersed in liquid nitrogen, the flask bei~J suspended in 

air at roam temperature. \<Jhen the drying was completed the vacuurn 

was released cautiously and the melted ice collected in C assayed 

for tritium. 
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4o4o - E.XPERJJ.IENTAL PRCX:::EDURE 

The testing procedure that was used to carry out some of the 

preliminary experiments a nd to assess the feasibility of. the approach 

is illustratcd in Figure 4. 3 ~ Once satisfactory results had been 

achi eved a more refined laboratory test arrangement \~as constructed. 

Figure 4., 4 shows the l aboratory test arrange.ment used to allow 

clay to swell i n contact with fresh concrete. A cylindrical specimen 

of 11 undisturbed" London Clay (height 200 nnn) obtained with a 100 nnn 

thick walled opendrive sampler was placed in the pedes tal of a triaxial 

cell, sealed with a double membrane and consolidated under a desired 

effective pressureo When the specimen was fully consolidated, the 

drainage was closed, cell pressure r eleased, the top cap removed and 

concrete poured into a former on top of the soil specimen. 

The concr ete in these experiments had a water cement ratio of 

Oo6 and the mix was 1 : 2o40 : lw90 by weighto Tritiated water ( 10 ~ 1, 

of 5 Curie per ml specific activity) was added to 0 . 5 ml of water and 

this was equilibrated with the 30 ml of water used in the pr eparation 

of the concre t e . 

The assembly was again sealed in the doubl e membrane anel subjected 

to the previously applied cell pressureo 

4o4o2. - SAMPLING FOR RADI OACTIVITY 

In order to take a l arge number of very small s amples from the 

same test specimen, a minia ture sampler was designed anel constructed 

(Figure 4 o5 ). The sampl er was att ached to the end of a plastic 

syringe f or ease of handling, and in a n a ttempt to produce a vacurnn 
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behind the sample during withdrawal of the sampler o Initial experiments 

were made wi th a sampler wi th an inside diameter of about 1 u 5 mm and no 

inside clearance. As it proved difficult to obtain more than a few 

millimetres ofthe very stiff London Clay with this sampler , modifications 

werc r equired. Inside cleara nce was pr ovided by rolling the cutting 

edge inwards to give the sampler the following characteristics : 

Area ratio 248 % 

Inside clearance 39 % 

Inside diameter loS mm 

Length of drive 24 mm 

There was no difficulty in obtaining samples of the cl ay with 

the modified sampler . 3 
Samples typically had a voltune of about .30 mm , 

and were taken from the specimen by rolling back the outer membrane 

anel driving the sampler through tbe inner membrane for a distance of 

about 20 mm, in the required pos i tions (Figure 4. 6a) o After sampling, 

the hole in the inner membrane was repaired by applying a small patch 

of latex rubber to the membra ne with adhesive (Figure 4o6b) o The 

second membrane was then replaced in its original position and the cell 

pressure re-established until a f urther batch of samples was required., 

Samples were take n at varying distances from the soil and concrete 

interface, at different positions around the perimeter of the specimen 

(Table 4.1) . 

4. 4 . 3. - RADI OACTIVITY DETERMINATION 

The radioactivit y of each sampl e was determined in the fol lowing 

manner . First of all the we i ght of the sample was determined to the 

nearest 0 . 0002 g. The sample weight was usually in the range 0 . 06 to 

0 . 1 go Secondly one ml of water was added to each sample, so as to 
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Distance from Days after preparation 

concrete (mm) 1 3 7 

10 B c A 

20 c D B 

30 D c 
40 A 

50 D 

60 A B 

70 

80 B c A 

90 

100 c D 

110 

120 B 

130 

140 B A 

1.50 

160 

170 B c 
180 

190 D 

TABLE 4 . 1 . - Position of sampling 



induce the fol lowing isotope exchange r eaction : 

(cl ay)H 0 + 1120* 
2 

Next the labelled water was removed f rom the clay solution by 

f r eeze-drying using the apparatus and technique previouslY describedo 

Pinally, 2 1.! 1 of the radioactive (tritiated) water obtained from 

conde nser C was added to 5 ml of a commercially available liquid 

scintill~tor ( NE 250} a nd the radioactivity determined us ing a Beckman 

LS lOO liquid scintillation counter. Enough counts were obtained to 

give an accuracy better than + 0 . 1 % o ln order to convert the counts 

per mi nute to disintegrations per minute (i. eo absolute r adioactivity 

units ) the efficiency of counting was determined by adding a known 

3 amount of an internal s tandard ( H-hexadecane ) to a mixture of 2 J..! 1 of 

water and 5 ml of NE 250 liquid scint illatoru 

4o4o4o - CALCULAIIONS 

Because the process involves controlled l abelling, sampling and 

t esting, it is relatively simple to convert the disintegrations per 

minute (d.p . mo) obtained from the scintilla tion counter to an increase 

in tritiated water content. 

Initially, when tritiated water i s added t o t he concrete mix, 

three methods present themselves as possibilities f or determining the 

disintegrations per unit time per unit volume of this water . These 

are : 

(a ) the use of the specific activity of the tritiated water and 

the various dilution factors; 

(b ) sampling of the completed mix , and 

(c) samplir~ of the diluted but l abelled water , before addition 

to the cement and aggregate. 
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Method (a ) is only possible if the radioactivity of the tritiated 

water is accuratel y knowno As suppl ied, normally, the radioactivi ty 

of the tritiated water will only be correct to ~ lO to 20 %. Method 

(b) requires a large e nough sample to be taken to be representative of 

all the particl e s i zes present in the concreteo The labelled water is 

r~1oved by the addition of unlabell ed water, as before. Because its 

radioactivity is higher than can be handled conveniently, i t must be 

dilutedo As soon as the labelled water is added to t he concrete, it 

is possible that r eactions involving the labelled water would commenceo 

Thus the equilibra tion process might not r~ove all the tritium from 

the concrete sample a nd a low radioactivity would r esult, giving an 

overestima te of labelled wa t er content in the clay samples. Thus the 

best method of determining the radioactivity of the l abelled water 

would appear to be method (c) . After sampling and scintillation 

counti~ the radioactivity of the tritiated water can be expressed in 

disintegrations per minute per gramme of water . A figure of about 

10
10 

to 10
11

dop . m./g H
2
0* would be expected in the present case. 

In order to obtain the labelled water content of the clay it is 

necessary to have an approximate knowledge of its overall mois ture 

content before the test . Oonsider a typical set of data f or a sample 

of clay extracted and tested as described above 

Radioactivity of the tritiated water 

added to concrete 

Weight of clay sample 0~05 g 

Radioactivity of extracted water 6 
Oo I X 10 d.p . mo 

Moisture content (before tes t ) 30 % 
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During the preparation of the clay sample to obtain material for 

scintillation counting the water was removed from the clay by dilution 

anel freeze- drying. The volume of labelled water present in the clay 

had previously been equilibrated by the addition of one ml of 

unlabelled water . After sublimation a 2 Ul sample was withdrawno 

Assuming the labelled water content to be small , this represents a 

3 dilut:ion factor of Oa5 x 10 • Thus the radioactivity of t:he f ull 

6 sampl e would be 50 x 10 d . p . m. , and the weight oí labelled water 

transferred from the concrete to the sample would be OoSO mgo Since 

a O. cs g sample of clay with a moisture content of 30 % will have a 

dry weight of 38. 46 mg, this represents a n increase in moisture content 

o[ 1.,30 %. An error of 5 % in the overall initial water content would 

lead to an error of about 0 . 05 % in this calculated moisture content 

increase. 
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4 . 5 ., - SENSITIVITY a<' THE TECHNIQVE TO DIFFERENT PRCX:EDURES 

In order to obtain a better understanding of the effects of 

different procedures on the obtained results, a mix of sand and 

cement was testedo The mortar used in these experiments was made with 

150 g of fine sand, 50 g of ordinary Portland cernent, 30 g of water 

contaminnted with 10 ~l of tritiumo \Vhenever possible, t wo samples 

were taken at each s t age of testing to check the repeatability of 

resul ts . 

Tabe 4 . 2 summarizes the results obtained. 

4 . 5 . 1. - l~lOACfiVITY a<' THE LABELLED WATER 

To assess the repeatability of the count rate of the labelled 

water , series W was tested. The specimens were taken f rom the wa ter 

before mixing with the cemento Each specimen was obtained by sampling 

one ml of the water , one ml of ordinary water was added, and after 

f reeze-drying a specimen of 0 . 1 ml was wi thdrawn anel added to 5 ml 

of liquid scintillator (NE 250) . The radioactivity was then 

determined. The results obtained are plotted in Pigure 4 . 7 , presenting 

3 
a variation of 142 to 153 x 10 c . pom • • 

4 . S. 2 . - EFPECf CF INITIAL SAMPLE SIZE ON THE COONTS 

In order to s tudy the effect of the size of the i nitial sample 

wi thdrawn from the labelled wa ter , the ser ies W.ic was tested. The 

amount of labelled water taken from the main sample is identified in 

ml by the digit in the ~ position. The results obtained are presented 

in Figure 4 . 7 ., with the series W for comparison. 

4 . 5 . 3.. - AGEII'G a<' THE MffiTAR SAMPLE 

A standard procedure wa s used to s tudy the effect of ageing of 

the mortar mixture in the results obtained. 
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A variable amount of material was withdravm from the mortar at 

different ages ( referreel to in Table 4 . 2 as weight of original sample), 

a nd one m1 of water was added to each sample . After a period of 5 

minutes of mixing , the labelled water was removed by freeze- drying. 

From that sample of labelleel water , 0 . 1 ml was withdrawn anel addeel to 5 

ml of liquid scintilla tor (NE 250) and the radioactivity determineel. 

The ser i.es cs0/.i was obtained from the f res h mix, t he zero 

referring to zero hours after mixi ng the water with the c~1ent. Sampl e 

CSO/l was t ake n immeeliately after mixing , cs0 / 2 anel cs
0

/ 3 at 20 and 30 

minutes , respectively. 

To study the possible effect of c ement hydration on the count 

rate, the mix was s ampled at 6 , 24, 48 hours , 5 , 7 and 1 4 days . At 48 

hours 3 samples were taken, mixed with one ml of water but freeze-

drying was delayed for 3 and 5 days (cs
48103 

anel cs
48105

), resulting in 

5 and 7 days after mixing for the count determination. 

4 . 5 . 4 . - RESULTS ANO DISCUSSION 

The r esults obtained are presenteei in Table 4 . 2 and in Figures 

4 . 7 to 4 . 10. 

The effect of initial sample s ize on the counts presenteei in 

Figure 4. 7 shows that there is a lower efficiency for samples 

greater than 0.1 ml of water . No difference was found from the results 

obtained in series W anel W i C when the same amount of material was 

testeel. 

The effect of ageing of the mortar sample in the results is 

presenteei in a graphical forro in Figure 4 . 8. As the control of sample 

size is difficult and the efficiency varies with the amount of water, 

a basis of comparison must be the weight of the original sampl e . 
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Considering the original proportions of the mix (1.50 g of sand + 

50 g of cement + 30 ml of water), the original amount of 

water in each sample was calculated and is plotted in Figure 4o9. The 

values obtained 1n the W series is also presented for comparison. 

Figure 4 . 10 shows the variation obtained in counts/weight of 

sample wi th time for the various essayed specimens up to 14 dayso 

From the values plotted in Figures 4 . 8 to 4 . 10 i t can be concluded 

that no major difference in counts is measured when a comparison based in 

the original l abelled water content is made (due to ageing) up to 30 

minutes aft er mixing. The variation in counts obtained up to 24 hours 

may possibly be due to non homogeneity of water distribution in the 

mortar . A small reduction was observed up to 48 hours . After 48 hours 

there is a big reduction in counts/weight of the specimen with time. 

The reasons for the reduction are probably the hydration of the cement , 

creating a more s table structure (strong links with the water molecules) 

and the possibility of bad sample mixing for older samples, due to the 

larger groups of particles connected together . 
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Sample Time after Approx. weight Labelled Counts per Counts/ 

mixing of original water minute/103 weight 

sample (g) (ml) ( / g) 

~v A o 0 . 1 142 

\i3 o 0 . 1 153 

wo . sc o O o OS 66 

w1c o 0 ., 1 151 

\',12C o 0. 2 185 

w3c o 0 . 3 243 

w4C o 0 . 4 275 

CS0/ 1 o 2 . 8511 0 . 3583 288 101 

CS0/ 2 20 min 3o 9577 Oo4974 383 97 

CS0/ 3 30 mJ.n 2 o9377 Oo3692 293 100 

cs6/1 6 h L 8519 Oo2327 190 103 

cs6/ 2 6 h 2 . 6113 0 . 3282 233 89 

cs24/ 1 24 h l u1392 0 . 1432 130 114 

cs24/ 2 24 h 2 . 2620 Oo2843 209 92 

cs48/ 1 48 h 0 . 6837 Oo0859 65 9 5 

cs48/ D3 5 days Oo4792 Oo0602 36 75 

cs48/ Ds 7 days 0 . 7898 0 . 0992 53 67 

cs120j 1 5 days 0 . 7207 Oo0906 56 78 

cs120j 2 5 days 0 . 8362 Oo1051 50 60 

cs168/ 1 7 days o. 7171 Oo090l 48 67 

cs168/ 2 7 days 0.4159 0 . 0523 29 70 

cs336/ 1 14 days Oo8274 0 .. 1040 51 62 

cs336/ 2 14 days 0 . 9172 0 . 1153 55 60 

TABLE 4 . 2 . - Results of the cement x sand testing programme 



4. 6. - RESULTS 

Using the technique described in Section 4 . 2 u two samples of 

undisturbed Lonelon Clay, with the characteristics referred to in Tables 

4 , 2 anel 4 . 3, were tested. 

Figure 4.11 to 4.14 presents the results obtained. The increase 

of moisture cont ent of sampl e RC. aft er one day of contact is presented 
l 

in Figure 4.11 . The pattern of the increase in moisture content is 

s imilar to that obtained using conventional techniques (Chuang and 

Reese, 1969; 0 ' Neill anel Reese, 1970 ; Yong , 1979) . As expected, the 

moisture cont<."nt ir:<.:rease falls off rapiclly as the sampling point is 

moved away from the contact between soil anel concrete. At a distance 

of 50 mn1 the measured radioactivity is only 15 % of its value at a 

distance of 10 mm . 

Results obtained at different ages for sample RC
1 

are presented 

in Figure 4 . 12. The evolution of moisture content at some points 

close to the contact is shown in Figure 4 . 13. 

Figure 4 . 14 shows the results obtained from the sample RC
2

• A 

different trenel can be clearly identified from that of the previous 

sample. The unexpected resul ts canbe explained by the presence of a 

strong pattern of fissures, probably interfering with the water 

migration. 

The Internal Standard Method was used to check the efficiency of 

counting, and it was found to be 32 %{see Dyer, 1974, for details of 

the Internal Standard Method). 

From Figure 4 . 13, obtained from the average lines of Figure 4 . 12 , 
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it is clear the pattern of moisture migration near the contact in the ~ 
first week. Points close to the contact continue to increase the ~~ v• 

~fj 
Q~ ~ 
~ 

~§ ~ ~ 

# 



:11oi:,tu.re c;on"!:e~t aft0r the first day , ther efore the mea s ured increase 

of moist:ure at: D on i.s very small after the firs t day . 
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LOCATION : Wirnbledon 

Depth (m) Soil description Undrained shear strength 13ulk de~si ty 
Depth of sampJe Undrained shear k9/m 

2 m s trength k.i'l/m 

0 . 00 Made ground 

1.50 S~iff brown fissured s i l t y 

Q..AY wi th some grey 

staining in the fissures, 

occasional lenses of brown 

sand in the upper l evel s 

and selenite crystals 

7 . 00 Stiff to very stiff dark 

grey fissured silty CLAY 

13. 50 - 14. 00 220 2035 
16. 50 - 17. 00 310 2050 

20. 00 Bottom of borehole 
19. 50 - 20. 00 360 2025 

--·-- ---·--

Table 4. 3 . - Soil profile and undrained shear strength f rom the site investigalion report . 

' 

l\J 
l\J 
l>J 
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RCJ RC2 

Sample discription Very stiff dark Very sti:ff dark 
grey f issured grey very fissured 

s il ty clay sil ty clay 

Place of origin Wimbledon Wimbledon 

Depth 15m 18 m 

lnitial moisture 

content : top 25% 23 % 

bot.tom 25 % 21 % 

Sample diameter 100 mm 100 mm 

Sample height 190 mm 180 mm 

Remarks Very f issured 

(difficult to handle) 

Confining pressure 250 kN/m
2 

300 kN/m
2 

Table 4 . 4 - Characteristics of samples RCl and RC2 



4. 7. - DISCUSSlQ~ 

The method described involves the use of a radioactive 

labelling procedure to study the migration of water from fresh 

concrete to the surrounding soil . The major advantages oí the method 

are : 

(A) Very small samples can be used for the measurements 

with t he possibil.ity of close spacing on sampl ing, great possible 

frequency and reduced experimental disruption; 

(B) Due t o the sensitivity of the analytical method 

used to measure the isotope concentration, in carefully conducted 

experiments the accuracy of the technique is at leastone order of 

magnitude better than can be obtained by conventional determination 

of moisture content by oven drying , and 
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(C) I t overcomes the problems existing in the usual approach 

to studying moisture migration , e . g . variability of moisture 

content in natural soils and lack of accuracy of the method used to 

evaluate moisture content compared with the expected variation in 

moisture. 

The experimental technique used in this method is relatively 

simple to perform, requiring only the usual counting equipment 

normally found in a radiochemistry laboratoryo 

Although this method entails the use of radioactive material, 

there is little or no hazard as the level of radioactivity is low 

(micro-curies) and the average energy of the tritium 8 radiation is 

very weak; consequently the scale of the experiment can easily be 

increased. Because sampling is carried out remote f rom the 

radiochernistry laboratory and the transporting of samples f or counting 



poses no problem, there is the possibili ty of using the method in full 

scal e experiments in the íielcl (the besL way to <)et quantit<1tive 

informa tion of the real interact..ion bet111een bored piles and s urrounding 

soil) . 

ln order Lo compare the obtained resul ts it is absolutely essent iaJ 

that a standard procedure is followed during all tests ; minor changes 

in the Lechni.que can affect the resul ts obtained. The amoum. of 

material used and the dilutions must be kept constanto To avoid the 

possibjlity of cross- contamination it is importa nt to clean a ny equipment 

that is used during sample handling properly, such as pipettes, burettes, 

and freeze-drying equipment. 

Considering the results of the tests made on cement- mortar 

samples i t can be concluded that (i) a delay in the determination oí 

the radioactivity of the mortar up to 6 hours does not affect the 

results , (ii) count efficiency is dependent on sample size, and (iii) 

the ageing of the mortar sample affects the count rate. 
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The observed increase in moisture content in " undisturbed" London 

Clay when subjected to contamination under laboratory controlled conditions 

shows a well defined trend in moisture migration. As expected, the 

moisture content variation íalls off rapidly as the sampling point is 

moved away f rom the tritiated concreta. 

In very fissured samples the smooth trend is not observed, 

possibly due to non uniform conditions on the sample, with the fissure 

pattern providing preferential flow channels. 
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CHAPTE R 5 POR E P R E S S IJ R E I N F R E S H 

CONCRETE 

3. 1. - INTRODUCTION 

From the identifica tion o.f a ll the mechaniSills invo1 ved durirKJ 

the j ns tal la tion o f a bored pile emerged the necessi ty of studying 

t:he pore pressure changes in the .fresh concrete. 

There is a number oí references on atten.pt s t:o meas!..i:r::.:! t:~.e d1ar:ge 

i11 •;he~~Y .s crcngth of fresh concrete w.i. c:1 t::i.mP usirKJ vane tes ts 

(Rhchie, 1')62) or triaxial tests (Witte, 1961 , Me Dowell and 

Ritchie, 1969) , in order to provide data for the mathematical theories 

on pressure 1.n formwork. In 1969 Uzomaka s tudied the behaviour of 

fresh concrete using oedometer tests and the triaxial apparatus. In 

all these studies, total stresses were used a nd no measurement of pore 

pressure is mentioned. 

Reviewing the literature concerning concrete t e chnology, the 
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topic pore pressure is f ound related to internai uplift of gravity dams 

(Moffat , 1970) . Some experimental research is concerned with the effect 

oí pore pressure on the strength of concrete (Me Henry , 1948, Davis, 1950, 

Leliavsky, 1958, Serafim, 1964, Campus et al , 1969, Cullington et 

al , 1971 , Butler , 1981) . The material that was tested in this line of 

research was not f resh or plastic concrete. Mature specimens were usedo 

In order to investigate the variation of pore pressure with time 

during concrete set an experimental programme was undertaken, and the 

standard procedures used in soil mechanics laboratories were tried. 

Samples of fluid concrete were tested under a triaxial isotropic state 

of stresses. The technique used, problems and resul ts will be presenteei 



in this chapter. Finall y a discussion about the relevance of the 

subject, factors possibly affecting the results , conclusions and 

reconunendations about future work is included. 
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5 . 2 . - TECHNIQL'E 

5 . 2 .1. - ESTABLISHMENT OF THE PRCX:::EDURE 

The method proposed to measure the variation of pore pressure 

with time in a sample of fresh concrete was the utilization of the 

s tandard triaxial test equipment with a pressL~e transducer connected 

to the base o f the cell. Figure 5. 1 shows the test ar r angement . The 

cell used to house 100 mm samples was preferred, in order to permit 

the testing of a complete mix of concrete , instead of a cement / sand 

mortar . 

The f irs t difficulty tha t arose was the sample preparation. 

Handling a fluid mix of concrete in order to obtain a cylindrical 

sample is quite difficult . The f irst trials were made using two s tandard 

100 1mn membranes as a mould without s uccess {Figure 5. 2 . ). A plastic 

container was introduced (as a permanent mould) in order to f orm the 

sample. The base of the pedestal was protected with silicone fluid 

(DC 200/ 350 CS) and covered with two saturated filter papers discs . 

Two membranes were used. The top disc was placed and two " 0 ' rings 

used as a seal. The ducts in the cell base were previously deaired 

and saturated. The cell was filled with water and the confining 

pressure applied. The pressure transducer readings were taken. The 

observed results showed no clear or defined trend in the first tests , 

it being impossible to obtain reproducible results when using two 

identical samples under the same overall conditions. 

At first , sample preparation and saturation of the ducts were 

under close scrutiny but no reasonable results were obtained after 

improvements. Finally it was discovered that the base of the pedestal , 

made of aluminium, was suffering chemical attack from the cement 
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present in the fluid , anel there was gas generD.lion. 

The Cinal test arrangement was cstablished. A perspex disc 

protection, 'J mm thick was made. Before each test all the ducts were 

flushed wit.h siljcone flu.i.d to avoid any possil>le conlact bet.ween 

contaminated wa1:er anel t.he metallic parts. The perspex disc was 

protectecl wit.h two filter paper discs, t.he top of the samplc was 

covercd by a fil Ler paper disc and sealed wi th two "0 ' ring s acting 

on a perspex cap. Cell s l\l i lh brass pedestal were used. 

5 . 2 . 2 . - SAMPLE PI~EPARATTON 

The followir~ s teps descril>e the complete procedure of sample 

preparation : 

l - Silicone fl uid was f lushed through the ducts of the pedestal , 

pressure transducer block and perspex protection disc ; 

2 - The base of the cell, i.ncluding all elements such as perspex 

disc , two filter paper discs , pressure transducer block, etc, were 

deaired and satured; 

3 - The plast.ic mould was positioned inside t wo 100 mm standard 

triaxial membranes fixed lo the pedest.al wi th two " 0 ' rings. Usually 

the plastic mould was fixed to lhe pedestal with a tape, with some 

longitudinal cu1:s on the ends to allow the connection (Figure 5 . 4) ; 

4 - The solid components or the concrete were mixed , to the point 

of achieving a homogeneous colour (using a Liner Cumflow mixer); 

5 - The necessary amount of water was added to the mix; 

6 - Prom the obtained homogeneous mix, a slump test was performed ; 

7 - Immediately after the mix was obtained, the material was 

poured into the mould , with continuous tapping of the concrete 

with a metall1c 10 mm diameter bar to obtain a sample without trapped 
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~lil· or voicls . \vhen a sarnple of approxima tely 200 mm high was forme<.! , 

t he top hact to be properly prepar~l for the cap. r\ trowel was used 1.0 ., 
obtain a nat surface. l)uring sample prcparation i t is convenien1 tcx 

protect the cell base with paper jn order to avoid .lny contact of the 

mix; 

H - A fully ::;atura t< .. >d fi l ter paper tlisc was used to J..irotect t he 

top cap; 

l) - 1\fter ÇJetting the top cap in position, with proper 

considerat.ion to the problems of voids between the sarnple a nd the cap 

a nd careful cleaning o( t.he sides of the cap, the two membranes were 

unfolded ; 

10 - The specimen was sealed using two "0' rings on the top ; 

11 - The ce11 was íilled with water~ 

CQ\iú'VIENIS: The successful manipula tion of the fluid concrete 

needs some experience~ Sometimes minor details such as lack of 

c1eaning the sides of the top cap and membrane can result in a s~nple 

lost d ue to 1eaking past the "0' ring. Al1 tools should be cleaned 

immediately after use. 

.246 



5.2 . 3 . - TESTING 

Aíter the procedures described under the title " Sample preparation" 

the testing stage was started. The cell pressure was raised in stage~ 

up to t he desired level. Readings of the pore pressure change were 

compared wi th the change in confining pr essur e , in arder to check 

t he value oí the pore pressure parameter 13= ôU __ The confining pressure 
6o 

was naint:üned a nd t he pore pressure readings were taken at i nterval s of 

t~ne of 1, 2 , 4 , 8 , 15 minutes, ~' 1 , 2 , 4 , 8 , 12, 24 hours, 2 , 3 , 4 days. 

Usually a da t alogger was used and after the f ir s t hour automatic data 

acquisition was provided. 
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S. 3 - RESULTS 1\ND OISCUSSlON 

The resul ts obtained are presented in Tables 5 . 1 anel 5. 2 anel 

~igures 5 . 5 LO 5. 7. 

The tested nnx was composed of 

Cement. l 4 kg 

~vaLer 0 . 59 2 . 585 kg 

Aggregate 10- 201mn 1. 60 6o400 kg 

5-lOnun 0 . 78 3. 120 kg 

Sanei 1.93 7 . 720 kg 

Samples A- 1, E-1 anel G--2 were tested uneler t he sarne overall 

conditions to check the repeaLability of lhe results .. Considering the 

nature of the material being Lested, the results show a good leve! of 

repeatability . 

The tests on Samples F- 1 anel F- 2 were made to study the influence 

of the confining pressure on lhe pore water pressure recorded. 

In order to compare the results obtained the pore pressures were 

normalized against confining pressure and plotted for the tests 

performed in Figure S. 7 . 

The results of all tests showed that at the begining of the test , 

when the confining pressure is raised, the concrete mix used behaved as 

a saturated granular soil , resulting in a 8 value equal or very close 

to one. As the concrete set , small changes i n the recorded pore 

pressures were observed, up to 8 hours. Major changes are observed 

in the fir st day , the results apparently being dependent on the confining 

pressure. For the specimens under confining pressures equal or greater 

to 200 kN/m2 pore pressures dropped approximately to aumospheric pressure 
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atter -1-8 hours . The specimen subjected to ,, corúining pressure of 
. .., 

loo kN/m- IK\d a uifferent behaviour. The reduction of the recorded 

pore pressures took .f days . 

After the pressure fell to zero further changes were minor. In 

2 sample under 300 kN/m a s uct:ion v.ra.s recorded. 

C'..o nsider i no these r e sul t s in the ligh t oí the theor ies 01. 

concrete pressure on formwork that considereu the pore water pressure • 
(Schj~dt, 1955) , effective stresses (Harrison, 1979) , the mechanisms 

proposed by the different author s ( see Appendix 1) and the field 

values of measurements of concrete pressure presented in Chapter 1 , 

Section 1. 4 . 3, the following idealization can be proposed as the most 

likely boundary condi tion a t the interface bet\veen the fresh concrete 

and surrounding soil in a bored pile, due exclusively to the presence 

of the fresh concrete: 

- v.rhen a high slump fresh concrete is poured into the 

borehole it acts as a fluid of density equal to that of the concrete. 

- if a lower slump concrete mix is used, a continuous 

intergra nular structure involving the solid constituents may be 

formed. In such a case the initial horizontal concrete pressure will 

be the s um of the horizontal component of the pressure of the granular 

structure and the pore water pressure~ As in this case the fluid will 

have a density between that of the water and the fluid concrete, the 

resulting pore water pressure v.rill be lower than the case where no 

initial intergranular structure exists. 

- depending on the pile dimensions and concreting 

procedures, in long and large cross-section piles when concreting can 

take a long time and concret e set starts before full concreting is 
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;,chievecl , the in i tial pressure dis tr ibution wi 11 l>e diií erent. from 

lwdrosta t ic. 

- as the concrete ::.cts, cemenl hydration \áll affect the 

pressure distr ibution. The ~X) r e \113 ter pressure wi ll reduce due to the 

chan<)e in the .-~ount o f free wa ter avaiJ able. The pressu.re due to the 

nranular comrX1nents of the concrete wil L chc'\nge , ,'"\s cement hydration 

mocl i. !"i es the mechanical properties o f the ma ter i<ü . There is ~· change 

both in compressibility, a nd permeability (Figure 5 . 8) , affecting the 

interaction between soil and concrete. 

- once a particle structure is foDned, the demand for 

water can create suction. 

Total lateral pressure wil l consequently change with 

time in a very complex way . 
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Sample Slump TesL Duration o( test Confi nir)ÇJ 
' l 

(mm ) St art (days) Pressure (kN/m~) 

A- 1 ISO ] / 6/81 5 200 

E.-1 160 25/ 6/ 8 1 ') 200 

&-2 160 25/6/ 8 1 5 200 

F'- 1 170 2/7/81 11 100 

F'- 2 170 2/7/81 11 300 

Table 5. 1 . - Scope of the exper iment 
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I. 
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I 
I 
! 

SA1"1PLE A-1 E -1 E-2 F -1 F-2 

CONFINii~G 200 200 200 l 00 300 
PRESSURE 

~ (kN/m2) 
-
t1i nutes 

o 196 200 191 99 290 
5 198 201 195 100 295 

10 198 203 197 100 294 
30 199 203 197 1 o 1 293 

Hours 
1 200 203 197 102 292 
2 203 203 196 103 290 
3 204 195 103 290 
4 203 195 l o l 288 
8 179 189 97 267 

18 70 108 118 
21 74 115 

-· - · ··-
Oays 

1 55 76 89 72 98 

2 10 45 22 

3 o -2 6 21 2 

4 -6 -2 4 4 -6 

5 4 -2 2 -9 -4 

6 -9 -15 

7 -4 -24 

8 -5 -28 

9 -4 -24 

lO -4 -24 

ll -4 -22 

- .. _. ----~---

Tab1e 5.2 - Summary of the resu1ts obtained (Pore water pressure in 

kN/m2) 
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1 . -l. - CO~LUSIONS AND RECCNl'IEl\'DATIONS 

A procedure using a tr iaxial cell was es tablished that allowed 

the .;; tudy o r· the varia tion of pore pressure on f r esh concrete \'-' i t h t ime, 

g i.vi.JXJ repr oduc i.ble res ul t s . Speci me ns of 1 00 mm d i ameter were used in 

order to test a complete mi x. ~llhen t esting fresh concrete specimens i t 

is necessu_r y to us e a chemically i.nert test apparatus i n order to obtain 

mee;\ningl"ul measurements of ÇXJre pressure. 

The r esults obta ined showed that a t the begining of the test the 

concr e t e mi.x used behaved a s a satura ted gr a nular soil . As the concrete 

set s , c ha nges in the recorded pore pressures were observed, the values 

apparently be i ng dependent on the confining pr essurPs . 

The present initial study of the var i a tion of the pore pressure 

r egime with time in the concrete provided evidence to support the 

f ollowing idealization of the boundary condition a t the interface 

between the fresh concrete and surrounding soil in a bored pile (due 

exclusively to the presence of the fresh concrete) 

when the borehole is filled with concrete, the state 

of tota l s tresses acting on the pile wall depends on the mix used. When 

a high s lump f luid concrete is used, it acts as a f luid of density equa l 

to tha t of t he concrete. If a lower slump concrete mlX is used, a 

continuous structure involving the solid constituents may be formed. I n 

such a case, the horizontal pr essure has t\~ components : the first i s 

due to the horizontal component of the gra nular structure, the s econd 

i s the pore pressure (being the density of the f luid in beu'-'een those 

of the wa ter and the fluid concrete). 

- total lateral pressure will cha nge wi th time in a 

complex way a s concrete sets, as cement hydra tion affects the mechanical 
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rroperties of the material a nd a l so the .:unount of f ree wa t er. 

Depencling on the overall conclitions a s uction force can he present a t 

<\ certain stage ( a likely explanation for the appa rent reduction in 

1noisture content sometimes observed very close to the interface 

between concrete and soil) . 

The study of the development of pore pressure regime and the 

IX)Ssibil ity of the iclentification of the most releva nt factors affecting 

the pore press ure i.s of importance for the understancling of the 

inter action between bored piles a nd soil . 

Factors such as the mix composition anel proportions, water/cement 

ratio, confining pressurc, presence of plas ticisers and type of cernent 

are likely to af[ec t the pore pressure regime anel s hould be investigated 

in future work. 

The identification of a realistic pore water pressure regime 

in the fresh concrete and its effects in the surrounding soil is a key 

factor for any future theoretical study of the interaction between 

bored piles and soil . If an effective stress approach to pile design 

is to be used, the changes occurring during a.nd after pile installa tion 

should be taken into accountu 

With the identification of a possible key factor affecting the 

interaction between pile and soil , a new testing procedure was 

proposed to investigate not just the bounclary conditions but the pore 

water pressure variation in the adjacent soil (CHAPTER 6 - Pore pressure 

changes in the vicinity of the interface between soil and concrete) . 
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FIGURE 5 . 2 
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FIGURE 5.4 - OETAIL OF THE FIXING OF THE PLASTIC MOULD 
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C HAPTI~R 6 POR~ P l~ESSURE C HANG :::.S 

I N T H E V I C I N t T Y o F' T H E I N T E R F' A C E 

!3 é T ,v E E:.. N S O 1 L A N D CONCRETE 

6. 1 . - INTRODL~TION 

í\ r eview o f the ceferences concerning the effects of ::>ored pile 

i.nst <.llla tin1·1 0 "'1 the properties and condi tions of the soil surrounding 

tl-.e sl':aft oí t he pile brings to light s ome s uggestions abo•.1t 1:he s tress 

regille t~at I ollows pile concreting (Lopes, 1979, see Figure 1.9, 

ChapteJ: L) . T:1e o nly measurement of p-..:>re pressure fo11nd in t!,e 

li-+:erat tu: e was by Yor.g , 1979 , :-1lso ref·?.rred t o by Andersun anel Yong , 

1980, Figur·es 1 . l 0a a nel b . 

To ii:vestigaJ:e t he variation of the pore watcr pressure i.n the 

surroundi.ng soil d ue to the p resence o.f f resh concrete i.t is necessary 
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i .o simulate the f iE:ld conditions in the l aboratory as c losel y as possible. 

It was decided to use specimens of "undist urbed" London Clay and a 

complete cnnc r ete mix. 

The standard triaxial cell with minor adaptation was used to 

honse t he clé\Y spec imen. The exper imental programme r-'roposed consisted 

o f the installation of minia ture pressure transducers inside a 100 m.m 

diameter clay specimen, at di:fferent distanc<:>s from t he t op of th~ 

specimen , which will be in contact with fresh concrete, reconsol idation 

of the s ample to give an i nternal egualiz<ttion of pore pressure, contact 

of the top of the specimen with fresh concrete, reapplica t i on of the 

same confini.ng pres sure anel the recording of the possible variation in 

pore water p ressure with time a t the different locations inside the 

soil specimen. 



In thi!: chapt.er the techni(jue propc.-sed, materüüs used and 

resul t s obtainecl \1d ll ~e presm~ted . A cli. scussi.on of the sigr1ificance of 

such stucJjes ar.d resuJ. ts, conclLtsions and reco:nrnei:cl.ations élbou1 fnture 

"vorlr. is inc1.ucled . 
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6 . 2 . - TECHNIQUE 

6 . 2 . l • - TEST ARRA.NJEMENT 

The proposed approach to s tudy the pore pressure variation at 

different points inside a clay sample due to the prc::>ence o:f f:r.esh 

concrete was the use of standard triaxial cells with some adaptation 

and the insertion of miniature pressure transducers(POCR - 81/Druck) 

inside a cylindrical clay sample, 100 mm diameter , 200 rnm high, at 

different distances f rom the contact w:ith tl"E fresh concrete. The 

pressure on the base of the sample was measured by an external pressure 

transducer . All transducers were connected to a datalogger for automatic 

reading and stor age of results . The general test arrang~nent is shown 

in Figure 6 .1 • 

6. 2 . 2 . - SAMPLE PREPARATION 

Sample preparation was achieved by performing the following 

stages : 

1 - The pore pressure transducers previously deaired using a 

vacuum pump were placed through the special connection designed in 

such a way that the wires could cross the membrane without leakage, 

Figure 6 . 3 ; 

2 - The wires from the transducers were positioned through the cell 

base, using the connections (Figure 6.3 • ) designed for closing the holes 

in the base of the cell, and connected to the datalogger; 

3 - A specimen of clay was placed on the pedestal usually used 

for performing standard triaxial tests in 100 mm diameter samples. 

(a:fter deairing and saturation of the ducts of the pedestal , porous 

stone disc, filter paper and pressure transducer block) ; 
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4 - The us ual method of fixing the membrane, top cap (without 

dra inage) a nd "0' rings was used to prepara the sample for the next 

stage . Care mus t be taken with the len<Jth of the mernbra ne in order 

' to allow the frash concrete housing on the top of the sample; 

5 - Circ ular holes were made in the membrane (5 mm diameter ) in 

the desired pos itions, in order to permit the housing of the miniature 

pore pressure transducers inside the clay sample ; 

6 - Using miniature samplers {Figure 6 . 2 ) cylindrical sampl es 

( 5 mm in diameter, 12 mm long) were taken f rom the clay sample, through 

the holes in the membra ne ; 

7 - In each hole a miniature transducer was introduced, the device 

designed to permit the wires to cross the membrane was tightened. As 

an extra protection a layer of Silicone Rubber Compound was applied 

covering a large area including the hole (Figures 6.2 to 6. 5) . 

8 - After positioning all miniature transducers , the triaxial cell 

was closed, Cilled with wa t er and the desired confining pressure applied; 

9 - Aft er the f irst readings were obtained, a decision about the 

drainage/pore pressure had to be made: the readings obtained were 

different for the various positions. The f irs t choice was to maintain 

the drainage closed and wai t f or pore pressure equalization. The 

seco.~ was to apply a convenient back pressure and again wait for 

equalization. In the present research the s econd choice was made. 

10 - When the pore pressure readings were stable and uni:form 

after equilibrium under the applied state of stresses) sample 

preparation was complete. The entire process typically took 15 days. 
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6 . 2 . 3 . - TESTING 

The testing procedure used can be described 1n the following 

steps (after sample preparation) : 

- The drainage duct was closed. The cell pressure was lowered, 

the wa ter was taken :from the cell and the cell was opened; 

2 - The "0' rings on the top cap were taken from position, the 

top cap was removed; 

3 - The designed concrete mix (see Table 6 . 1) was poured into the 

top of the clay sample, the final top surface was prepared with care, 

a filter paper disc was positioned on the top of the fresh concrete. 

After getting the perspex top cap in position, taking care to avoid 

the formation of voids between the sample and the cap and careful 

cleaning of the membrane and top cap to prevent leakage, the membrane 

was unfolded; 

4 - The complete specimen was sealed by using two " 0 ' rings on th12 

top cap ; 

5 - The cell was refilled with water and the desired confining 

pressure was applied; 

6 - At this stage the drainage duct was mantained closed; 

7 - The pore pressure readings were taken for the desired time. 

A datalogger was used to provide automatic data acquisition. (SchlUI1lberger

Solartron 3430 compact Logger) . 

8 - At the end of the testing period the sample was opened and 

the moisture content and cone penetration values were determined at 

different distances from the interface between tbe concrete a;:d soil. 



6 . 3. - RESULTS 

r:1e testi:rg appar a t .ts is pn~s,~nted :!..n Fi-;;,ure 6 . 1 anrJ 

the various equipment s and details in Figures 6 . 2 t o 6. 5 . 

Ti-:e testecl mé~terials will be identified in tabll~ 6.1. All 

transduser s usec \lf~:re calibrated L·s ing éJ. Budenber0 Dead iveight Tester. 

Both soil -s?ec ime ns cé.une from thc pro.íile describe<.l in Tabl.e 1.4 

(Chapte1- 4) , from 1 3 . 5 m defth, After extrusion f rorn U 100 samplers 

the moistw:-e content of the samples were determined, th-211 t he procedure 

expla üvd u r.der " 6 . 2 . 2 . - Sé;U11ple prepara tion" was followeei. 

Tabl~ 6 . 2 pres ents the pore wa ter pressure r.eadir~s a t the 

different st.J.ge s during sampl e prepara tion. It can be seen t~)ã t the 

initia l readings presenteei different values from point to point. 

Considering (i) that the satnples used were not recently obtaineei f rom 

the s ite ir.vestigatinn pro~ramme, (ii) the process of inserting íhe 

transducers may have changeJ local conditions .:md (iii) the u.sual lacl< 

of homogeneity of natural samples (w ith the fissures playing an 

important role), this f inding was no-t unexpected. 

During tlle st;;gc of relief of confining pressure and pouring t!-.e 

concrete on the top of the samples , ne<Jative pore wa ter pressures were 

Meas ured (Table 0 . 2) . 

The resul ts oht~,ined when the confining pressure was ree~tablished 

are presenteei in Figures 6.7a to 6 .8c . Figures ~ -h •".l ua presents the 

recorded pore wa ter pressure in samples B-3 and C-2 in the f irst 4 and 

6 hours, respect ively. The f irst day ' s resul ts are pr ese nted in Figures 

6.7 ard6& • The recorded res ul ts in the first week are pres enteei in 

Figures 6 . 7cand 6 . 8c. 

In arder to study the moisture c hanges a nd shear strength variation 
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at the end of the testing period (150 days) the test specimens were 

opened (Figures 6. 5 anel 6 . 6) . The mois ture content anel 11 Index strength" 

determined at different distances from the contact between clay and 

concrete are presenteei in Figures 6 . 9 and 6 . 10 for the test specimen 

R-3. No tests were performed in test specimen C-2 due to diíicul ties 

i.n handling the material. 

The resu1 ts of pore pressure vad.at.i.on obtained f rom both samples 

shows tha.L the re-establishment of the confining pressure initiated an 

increase in pore pressure (in the clay sample) up to a level higher 

than the one previously recorded (during the consolidation and 

equalization period) . According to the results obtained in Chapter 5 , 

when the confining pressure is raised, the pore pressure in the concrete 

is r aised too, and is equal to the confining pressure. The difference 

in pore pressure between the two material causes a migration of water 

from the fresh concrete towards the clay sample. The maximum recorded 

values of pressure are var i abl e according to the position inside the 

srunple. The equalization of the pore pressure inside the cl ay sample 

was obtained in about o ne day for specimen B-3 and approximatel y six 

days for specimen C-2, after contact with fresh concrete anel r e-

establishment of the confining pressure. 

Examination of the results obtained with sample B-3 showed that : 

- the transducer located at 2 em from the interface between fresh 

concrete and soil registered a maximum pressure of 484 kN/m
2 

a few 

minutes after the re- establ ishment of the confining pressure (500 kN/m
2

) 

anel started decaying from that value with time (original back pressure 

2 of 325 kN/m ) ; - t he i ncrease in por e pressure at the other points 

(5, 10 em anel in the base of the srunpl e ) took 7 to 10 hours , with the 

2 
maximum recorded pressures of 375, 355 and 339 kN/m , repectively ; 
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- ln the first week the pressure recorded in the base stayed stable, 

the remaining transducer s recorded a s low reduction in the pressures; 

- the recordccl pressured continuecl to reduce slowly 11p to 3 weeks 

2 a nd than stabil izes at 310 k.t\/lm • 

The behaviour of sample C-2 can be described as follows 

- maximwn recorded pressure was at t he transducer installed 3 em from 

? 
the contacl between the fresh concrete a nd soil a nd was 315 kNim- , four 

hours after the re- establishment of the confining pressures ; 

- the increase i.n pore pressure continued up to 8 hours at 1.he 

transducer located at 6 em from the contact and up to 2 4 hours at the 

base (slowly af ter 6 hours), the ma ximum recorded pressures being 293 

a nd 275 kNim
2 

respectively (original back pressure of 250 kNim
2

) ; 

- one week after the re- establishment of the confining pressures the 

pore pressures equalized at 255 kNim2 at the three recording points. 

From Figure 6 . 9 it can be seen that the variation in moisture 

content near the contact in the specimen B-3 was up to 3 . 5% higher 

than the moisture content obtained at 7 em and 2 % from the moisture 

content measured at 15 em from the contact . The " Index strength" (I ) 
s 

variation is s hown in Figure 6 . 10. The calculated "lndex strength" are 

I c = 73 I min = 62, Imax = 92 a nel the ratios of " lndex strength" , 
$ ' s s 

as defined in Chapter 3 are 

R = I min I I max = 0 . 79 
s s 

R = I c I I max = 0 . 67 
c s s 

Figure 6 . 6 shows the claylconcrete interface after 5 months. 

The concrete was strongly connected to the clay, being necessary to 

use a trowel to separate the two materials. The fissured structure 

of the tes·t specimen used can be identified in Figure 6 . 6 . No apparent 
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djffer -" nce in so il cal or, slro..:c1:~n: or composition cOl:ld be recognized 

wl1er: co!1paring the soil spec:imen at different distu.nces from the 

interface with the concrete. 
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Sample identification B-3 C-2 

Sample dc=s cription 

diameter (mm) 100 100 

height (mm) 200 190 

Moisture content 
before testing (%) 

Top 28 27 

Bottom 27 26 

Thick.ness of concrete 
lq.rer on the top (mm) 23 20 

Concrete mix used 

cement 1.00 LOO 
aggregate 10-20 mm 1. 60 1.60 
aggregate S-10 mm Üo78 o. 78 
sand 1 . 92 1.92 
water 0 . 60 0 . 60 

Confining pressure (kN/ m
2

) 500 500 

Pore pressure before2adding 
f resh concrete (kN/ m ) 325 250 

Number of pressure tr ansducer s 
inside the sample 3 2 

Total mllllber of pressure 
transducers 4 3 

Begining of test 4/ 11/ 81 4/ ll / 81 

Duration of test 5 months 5 months 

Table 6. 1. - Identifica tion of test conditions and materials used. 
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Specimen 13- 3 C- 2 

Confining pressure 
500 500 • ) 

(kN/m'"' ) 

I Dis1:ance from concrete/ 

clay interface (em) 2 5 lO 2Cf J <> 1 9~ 

Ini. tial (X>re 

I pressure reading 103 7-J. :~26 325 176 191 ::?50 
I ., 

(kN/m- ) 

Applied back 
pressure 323 325 324 325 250 247 255 

{kN/m2 ) 

Nega tive pore pressures 

recorded during relief 
- 40 - 76 - 84 - 3 - 25 - 17 - 18 

o f confining pressure 
2 

(kN/m ) 

Readings after 5 months 
309 311 312 307 255 254 259 ? 

(kN/m-) 

Time to reach new 

equili!::>rium 3 weeks 1 week 

* Transd:.J.cer loca teci outside the triaxial cell 

TABU:: 6. 2 - Pore water pressure variation inside the test specimens B-3 

and C-2 during t he reconsolidation stage, r elief of confining pressure 

and after :; months 



6. 4 - DISCUSSION 

Considering the results obtained in the present Chapter coupled 

\lli th the ones of Chapter 5 , when Lhe pore water pressure recorded 

initially in the fluid concrete mix was equal to the confining pressure 

and the s ubsequent changes, t he following general picture of the pore 

water pressurc variation in the c l ay specimen emerges : 

- when Lhe corrfining pressure is reduced to zero in the triaxial 

cell, the pore pressures inside Lhe sample fall to negative values. 

- the presence of fresh concrete and re-establishment of confining 

pressure give rise to a major change in conditions for the clay specimen : 

the boundary in contact with the fresh concrete presents a pore water 

pressure level equal to the confining pressure, as the pore pressure 

inside the clay sample is lower , there is a migration of water from the 

concrete towards the clay , with a reduction in the pore pressure 1n the 

concrete and an increase of pore pressure in the clay sample. 

- the water migrates inside the clay sample to equalize the 

overall pore pressure, the high values on the boundary start to reduce 

and, at a certain stage (theoretically infinite) , a "uniform value" is 

achieved. 

- points very close to the interface (up to 60 mm in the actual 

results) at first present an increase of pore pressure to a level higher 

t han the original equilibriwn and than a reduction takes place towards 

a uniform value in the sample. 

- the rest of the sample presented a trend of increasing pore 

pressure from an initially lower value towards the original leve! . 

- the most affected area oí the test specimen is the one very 

close to the interface with the concrete, which experiences a hi gher 
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pore water pressure level than the original equilibriWll values, before 

the concrete contact . 

- the variaLion of the pore water pressure in the clay sample 

:is not just due Lo the dissipation of the initial higher value in the 

l~undary; as the concrete sets, the amount of free water reduces and 

Lhe hydrat:ion of the cement: affects the inLeraction in a complex and 

s t iJ.J. not compJ etely understood manner (Lhe possibil i ty of the recorded 

s uction forces interfering wjth the process, the variation of the 

concrete permeability, stiffness and others should affect the 

interaction) . 

F'ive mont.hs after the contact with the fresh concrete, the 

observed trend in moisture content and shear strength measured with a 

cone were the same as obtained in samples recovered from the field, near 

b or ed piles (Chapter 3), and in the laboratory programme presented 

in Chapter 2 . An increase in moisture content near the contact and a 

reduction in the undrained shear strength measured with the cone were 

recorded. The higher rnoisture content close to the contact was not 

followed by an equivalent reduction in shear strength , suggesting 

that water flowing from the fresh concrete might have some components 

of the cement in s uspension that a<:ts êS a stabiliser for the soil near 

the contact. That point is a controversial one, as the initial strength 

in not known . As i t is very difficul t to identify cement components 

in the water, further research is needed to clarify ~ aspect of 

the interaction concrete and soil . 

The aim of the testing procedure was to sirnulate, as closely as 

possible, the general changes in the stress field that a specimen of 
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soil , adjacent to a pile, experi.l.!n< t.!~ during pile installation. Certain 

conditions, such as the axisymmetry , possible arching,the presence of the 



casing , effects of the dr illing t ool, use of drilling f luid , effec t ive 

s tress changes and regime , str ess levels a nd heating generat ed by t he 

l arge mass of concre te hydra ting are not reproducibl e in such s imple 

e xperime nts a nd may also affect the pr ocess . The r esul t s of t he 

per f ormed tes t s mus t be viewed critically : there are factors rel a t ed 

to t he t esting procedures that are bound to affect the numerical 

values obt a ined, such as 

- Concrete mix : the varia tion of the pore pressure wi th time 

in the concrete i s an impor t a nt boundary condi tion. In real i ty this 

is probably the controlling mechanism of the process. All factors 

affecting the press ure variation in the concrete (material dependent) 

should aff ect the resul t s on such tests ( see Chapter 5). 

- Scale effect : the amount of f resh concrete related to the 

volume of soil being tested probably affect s the distribution of the 

pore pressure inside the soil specimen, and will most certainly affect 

the final equilibrium water content and pore pressure in a laboratory 

test . It seems that the scale eff ect has a limited influence : if a 

small l ayer (e. g . 4 mm) of concrete is used, certainly the amount of 

free water will not be enough to create a big change in moisture 

content and pore water pressure inside the clay specimen and the zone 

of influence will be restricted. When a certain thickness of concrete 

is achieved, more concrete will not radically affect the change. The 

similarity of results between laboratory and field experiments confirms 

this point of view. 

- Stress level : the confining pressure and original pore pressure 

inside the soil specimens are factors that impose the initial boundary 

conditions. The new level of confining pressure i s another aspect that 

must be taken into account (due to the effect on the initial pore 
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pressure in the concrete) . 

- Geometry of the experiment each experimental geometry will 

impose a different degree of freedom to the soil specimen (related to 

volwnetric changes) and probably the stress path followed will be 

a.ffected. 

Despite é\ uniform final pore water pressure and confining 

pressure, the moisture content distribution inside the test spec:i.men 

is not uniform. TI1ere are several possi bl e explanations f or t his 

behaviour : 

- Swclling oí the soil speclinen can occur adjacent to the 

co•~rete while it is wet and pore pressures are rising, but once set 

takes place, shear s tresses applied a t the concrete/clay interface 

will reduce reconsolidation in that area. As a resul t the fi nal state 

of stress near the contact will be diíferent from that away from 

contact and the confining pressure will be l e ss than the cell pressure 

close to the soil/concrete boundary. Thi s mechani sm is most unlikely 

i n the field, where the same f inal difference in mois ture content is 

observed (see Chapter 3) . 

- The water flowing from the fresh concrete is contaminated with 

cement components and affects the soil properties near the contact, 

making the soil structure more stable and preventing reconsolidation. 

- The pore wa ter press ure changes are different at the various 

dist ances during the process but after re-est ablishment of final 

equilibrium (in the labora tory exper:i.ment) the various points are 

under the s ame effective s tress. I t is difficult to imagine how these 

stress path differe nces might result in a large moisture content 

change. 
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- During a nd after concrete set, suction i s developed a t the 

clay/concrete interface, interíerir)Çl with the general s tress equilibrium. 

It i s mos t unlikely t:hat é\ s ingle mechanism i s the complete answer 

to the problem, the possibility i s that a combination of íactors causes 

the apparent anomaly . 

\~en a comparison was made of the available studies of soil changes , 

both in labora tory and in field experime nts (with di.fferent geometries 

and installation procedures) , Table l . S and Section 1 . 4 . 3 . 4 ., it was 

noted that the length of soil in which the rnoisture content increases 

is always o.f the order oí 50 mm . ln the present experiments, that is 

approximately the length o.f the s~nple where there was a large increase 

in the recorded pore pressure in the hours following concreting, and 

then a slow reduction towards equalization with the rest of the sample 

took place. It seems that the zone af.fected by the rise of pore 

pressure is the zone were the major changes occurred. If a study of 

factors possibly affecting the moisture content distribution both in 

laboratory and fiel d experiments is made, if we eliminate those factors 

which are not similar we should be left with the factors that control 

the process. 

(a) Similar 

~laterial 

Concrete p. w. p 

behaviour 

(?)COntamina tion 

of soil with 

cement components 

(b) Dissimilar 

Geometry 

Effective s tress changes 

a nd regime 

Stress levels 

Remoulding at boundary 

The pore pressure regime must be the key to the similarity 

between laboratory and field experu1ents and it can be suggested that 
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the concrete plays a very important role in the installation related 

changes in the surrounding soil . Contamination of soil wi th cement 

components is a topic that needs further research. 

Takjng into account all these observations, it is possible to 

recognize that the general trend observed in the por e water pressure 

variation in the tests performed represents the mechanistic behaviour 

of the complex situation near bored piles during and after pile 

installation. 

Considering the results obtained, a completely new image of the 

pore water pressure regime for the soil s urrounding a bored pile emerges. 

ln opposition to the present beliefthat the pore pressure regime varies 

from the original level existing before pile installation to a reduced 

value due to the excavation (negative when no support i s used) and then, 

due to the presence of fresh concrete, s tarts to increase up to the 

original level , according to the results obtained in the experimental 

programme presented in Chapters 5 and 6 , Figure 6 . 11 represents the 

most likely variation of pore water pressure regime during a bored 

pile installation. 

lmmediately after concrete pouring, the pore pressure in the 

boundary between the pile and soil is equal to the total stress due 

to the self weight of the fluid concrete, giving a substantial increase 

in pore water pressure in a narrow zone of the surrounding soil . Due 

to water migration a nel hydration of cement the pore pressure reduces 

in that area a nd at a certain stage finally equalizes, after some 

period of time. 

The :irnplications of the present findings for future research is 

that both experimental and theoretical approaches should be used to 
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investigate the effects of the pore water pressure variation on the 

interaction between pile and soil. F'urther experimental work is 

necessary to s tudy the role of the different factor s affecting the 

pore water pressuxe regime in the fresh concrete and in the 

s urrounding soil . 

Por the piling practice, concrete mix composition must be 

considered an impor Lant topic not just to avoid integr:i. ty problems 

(Thorburn anel Thorburn, 1977, L. C. P. C. , 1978, Reese, 1978) , but as a 

possibl e significant factor affecting the pile behaviour . 



() • 5. - CONCLUSIONS ANO RECOV~IENDATIONS 

- A technique wa s establis hed tha t a llowed the study of the pore 

water pressure reg ime a t different points inside a lOC rr.m diameter 

cyl i.ndrica l c l a~' specimen, due t o the contact of fresh concrete on t he 

top o f the spccimen. A s tandard tria>•.ial ceJ.l , wi t h simp.l.e modif ications 

to the base and miniature pressure trar.sducers housed a t different 

points i nside the clay specimen, was us ed. 

- After t he re-es t ablishment of the confining pressure the 

measured pore wa ter pressures vary according to their distance from the 

interface bet~een the soil and concrete. In the proxlinity of theinterface 

between the soil a nel concrete the pore pressures are strongly 

affected by the presence of the fresh concrete in the first hours. 

The pore pressures measured at points close to ti1e contact 

between the concrete and soil (up to 6 em) showed that the pore 

pressures experienced in that area are higher than the rest of the 

specimen (in the first hours after the contact of the soil with f resh 

concrete). 

- The a im of the testing programme was to simulate t he changes 

in stresses that a specimen of soil , adjacent to a pile, 

experiences during pile installation. All field conditions are 

impossible to reproduce in laboratory tests and the numerical resul ts 

of the tests performed are bound to be influenced by some of the 

conditions imposed and must be viewed critically. Even so , the 

general trend in the pore water pressure varia tion measured represent 

the mechanistic behaviour of the complex events taking place near 

real piles during and after installation. 
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- In opposition to t he present belief that the pore water 

pressure varies from the original level be.fore pile installation to a 

reduced level due to t he excavation a nd the n, due to the presence of 

the fresh concrete, starts to increase up to the orig inal level , 

according to the resul ts ol>tained in Chapters 5 and 6 , F igure 6 . 11 

rerresents the most likely var i ation of pore water pressure regime 

during the installat ion oí a bored pile~ 

Immedia tely after concrete pouring, the pore pressure at the 

boundary between the pile a nd the soil is equal or close to the total 

stress due to the self weight of the f luid concrete, giving rise to a 

substantial i ncrease in pore water pressure in a narrow z.one oí the 

surrounding soil. Due to the water migration and hydration of cement , 

the pore pressure reduces in that area and, after some period of time , 

finally equalizes wi th the zone less affected. 

It can be speculated that the concrete plays a very important 

role 1n installation related changes in the s urrounding soil. 

Apparently the zone where the major variations in pore pressure occur 

is the same as tha t of significant moisture content changes. 

- An incr ease in moisture content near the contact and a 

reduction in the undra ined shear strength measured with the cone were 

recorded 5 months after the contact between f resh concrete and soil. 

The observed trend in moisture content and shear strength were the 

same as obtained in samples recovered from the f ield, near bored piles 

(Chapter 3) , and in the laboratory programme presented in Chapter 2 . 

- The higher moisture content rneasured close to the contact was 

not followed by an equivalent reduction in shear strength, suggesting 

that water f lowing :from the f resh concrete might have some components 
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of t he cement ln suspens ion tha t acts as a s t abil iser for t he soil near 

the contact~ That point i s a controversi al o ne and f urther researc h 

is needed to clarify this aspect of t he i nteraction concrete a nd soil. 

- Experimental a nd t heoretical research s hould be c arried out t o 

invest i gate t he effects o f the pore pr essure var i a tio n o n the 

i nteraction betwee n pi le and soil. 

- Por t he piling pr act i ce , concrete mix compos ition must be 

cons idered a n important topic, not just to avoid i ntegrity problems 

but as a possible s ignificant factor affecting the pile behaviour . 

F'urther experime ntal work i s nece s sa ry to study the role of the 

d i f ferent factors affecting the por e water pres s ure regime in the f r esh 

concrete and in t he s urroundi ng soil. 
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FIGURE 6 . 4 A - PICTURE CF THE MEMBRANE PROTECTION AND SILIC:ONE RUBBER 

CCMPOUND USED AS AN EXTRA PROTECTION 
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C 11 1\ P T E. R 7 PIE.LD E.XPER IMENT - MODEL PILE 

7 . 1 • - INTROOUCTJ ON 

One oí the problems still open to question on the subjec"t of the 

effects of pil e i nstallation on adjacent ground is the stress regime 

variation. A l itera"ture r eview o n the topic was made and presented in 

Chapter 1. To the author ' s knowledge there is no reference to measurements 

o.f " in situ" horizon"ta] stresses at a s ite were a pile was buil t nor 

a ny s ubsequent measurement of some modiíication in the stresses. 

The first problem that arises is the assessment or measurement of 

the initial horizontal stress Both l aboratory (triaxial test ( Bishop 

and llenkel , 1957, Poulos and Da vi. s , l 972) , capillary pressure s uction 

(Skenpton, 1961 , Bishop et al , 1965, Som, 1970))and field tes"ts (self 

boring pressuremeters (Baguelin et al , 1972 , Wro"th and llughes, 1973) 

flat dilatometers (Marchetti , J 975, 1979) , "drive in" total stress cells 

(Massarch, 1974 , 1975) and hydraulic f racturing (Bjerrum and Anderson ,l972, 

Penman, 1972, Vaughan, 1972))can be performed. Por practical applications 

even empírica! relationships (Jaky, 1948, Alpan, 1967, Schmidt, 1967, 

Wroth , 1975, Schmertmann, 1975 , a nd Meyerhof , 1976,among others) are 

widely used. A detailed presentation of all aspects of the determination 

of " in si tu" stresses was made by Wroth ( 197 5) and by Ladd et al ( 1977) • 

To give a realistic idea of the difficulty in the estimation of 

the horizontal " in si tu" stresses 1n stiff cl ays, Figure 7 . 1 (from 

Simpson et al , 1981) is presented. It is clear from the reported values 

that there is a high dependency on the method of determination. As 

there is no way of obtaining the " true'' value of the horizontal stresses , 

the assessment of accuracy of the different procedures is very difficult, 

i f not impossible. 

The second probl em is the reliable measurement of the changes due 



to pile installation in the vicinity of contact between soiJ and pile. 

For this stage the only possibility is the use of continuous field 

measurements at different positions around the pile. 

There is a wide range of approaches to study the problem. 

Tdea1ly, a comprehensive site investigation should bc made, using both 

laboratory and field tests to study the soil properties and conditions 

in a restri.cted area. Following that stage, installation of field 

equipment of different types to measure the horizontal stresses and 

piezometric regime should be done at different distances and depths 

near the position of a real large diameter bored pile to be tested. 

After the stabilization of the readings, a fully instrumented pile 

should be built, in order to get the load distribution along the shaft, 

the load sharing between side and base and pressure in the contact 

between soil a nd pile. All instruments used should be monitored 

during and after pile installation. After stabilization of the readings 

and al lowing time to s tudy subsequent changes, the pile should be loaded 

up to failure, maintaining all instruments active. After some weeks , 

the pile should be unloaded and reloaded to study possible changes in 

behaviour, repeating the procedure in a regular schedule up to the 

condi tion of no change in behaviour. An a lterna tive procedure could 

study the long term behaviour of a bored pile under load. 

In order to reconcile the needs of research with available 

resources, a different line of work was undertaken: a simple experiment 

was designed. 

A new earth pressure cell was designed and build in order to 

instrument a model pile (15 em nominal diameter and 7 m long) . Data 

on the "In situ" stresses were obtained using two piezometers and two 

304 



" drive in" total stress c ell s . ln this Chapter the description oí the 

inslrWllent<llion usecl, L09~ln .er wlth Lhe New Pressure Cell design, 

c aJ ibration, installation, resul t s obtainet.l and comrnents about the 

proÇJramrne, is presented. 
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7 . :! . - EXPERll"IENTAL PRCGRAI\.li\1E 

To tackle the problem of measurcment of the vari.ation oi the 

horizontal stresses due to pile installation i t was necessary to 

design equipment rtble to simula te pile installat i.on , simple enough 

to be bui L L by thc Civil En<Ji.neering Department. workshop, s Lrong enough 

Lo survive inst.'\llation, accurate enough to regi.ster the possible 

changes and stable enough to maintain t.he possibility of reading up 

to 6 months after installation. It was decided to design a cell with 

the same diameter as the model pile shaft, flexible to allow for the 

irre<Jularities of the \llall s oi the excavations, with the possibility 

of imposing a certain initial pressure (to simulate the act.ion of the 

fresh concrete) . Two cells were designed (one pnewnatic, the other 

using an internal pressure transducer) but just one (with the transducer) 

was buil t and used. 

It was decided to make the experiments on the University Campus, 
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near the building that houses the Civil Engineering Department laboratories 

(BB) for easy use of the available facilities . 

The experimental program was designed as follows : 

- installation of two piezometers (one Casagrande and one Pneumatic) 

for the measurement of the pore pressure regime. The use of different 

equipment was decided in order to make possible a comparison of behaviour 

( to check the reliability of the results) and to have a more 

flexible system of measurement (adding the advantages of two methods); 

- installation of two " drive in" total stress cells. After 

considering the possibility of using a Camkometer (Cambridge Self 

Bering Pressuremeter from Carnbridge In Situ) it was decided that a 

better choice was the use of equipment that could be left in the ground 



tu study the long t crm behav'iour . ,\nuthcr impor tant consideration 

\\·d~ the hi~1h pricc or the u~e ot 1lw Camkumetcr , wl.en compareci with 

tlw cost ot buyi11r1 two " drivc i n" cclls. Two ceJ l-;; were used to 

mc.:\sure thC' horizontal 1:o1al srres::.cs 1n on.hogonal direct íons 1n 

1he ç:1round , at thc same depth; 

- ~\ deep sounuinç:. tDutch cone) test was performcd by Pu<..)t:o; 

U I tKl samplers were taking , using a ] ight percussion drilli~1 

rig . 

Figures 7 . 2 . a nd 7 . '3 s hows the location of the site, the 

distribution of the experi.ments in plan, the resul1:s of the site 

i nvestigation proç_~ranune (1965) , iclentification of sub-soil layers 

and Cone test resu] ts, from Fugro ( July , 1982) . 
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7 . 3. - THE PIEZCMETERS 

7 . J . J . - TYPE 

TWo piczometers were used to monitor the pore pressure regime in 

the area oí the field test . One was a standar d Casagrande, Standpipe 

piezometer, the other was a standard pneumatic piezometer, both supplied 

by Geotechnical Instruments Ltd. The reason tor the chojc~ of different 

systems was that results could be checked, rapid changes could be 

measured, and the advantages of both systems added. 

7 . 3 . 2 . - READOUT 

The readings on the Standpipe piezometer were taken using a Water 

Level Meter (Oipmeter)conmercially a vailable from Soil Instruments Ltd. 

Figure 7 . 4 shows the diagram of the pneumatic piezometer measuring 

system used. A nitrogen air free bottle was used as a pressure supply. 

The original system was built with a mercury manometer but , in order to 

use the same system to read the " drive in" cell ,a Bourdon Gauge was 

also included. 

7 . 3 . 3 . - CALIBRATION 

The pneumatic piezometer was calibrated using a shaft of water 

3 . 5 m deep in the lo/draulics Laboratory. The piezometer was lowered 

to different depths below water level and measurements were taken at 

intervals . It was decided, for simplicity, to use the reading of the 

pressure obtained when the diaphragm closes (after being open by a 

pressure greater than the water pressure) . This procedure avoided the 

need of using a flow-meter (the alternative procedure). The results 

of the calibration are presented in graphical f orm in Figure 7.s . 
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7 . 3. 4. - INSTALLATIQ~ 

The installation procedure used ror both plezometers was the 

same a nel can be described as follows: 

A Portable tvli.nut eman(manufactured by tvlobile Drilling Co, USA) was 

used to drill a 3" ( 75 mm) diameter , () . 0 m de?th hole . Due to the 

na turc o f the soil no problem 01- stabili t y of the hole was observed 

during installation. PVC Standpipes were used to check the length oí 

the hole. A bed of uniform medium sand was formed by pouring sanei 

and water through Lhe PVC Standpipe to establish a base for the 

piezometcr tip. The sand was compacted with another PVC Standpipe 

with the end closed. The piezometer tip, saturated in water , was 

coupled to the Standpipe (in t he case of the pneumatic piezometer, 

special installing rods were used at this stage) , anel lowered down the 

hole until the tip reached the sanei filter . Further sand was poured 

through a PVC Standpipe anel tamped, until enough material was used 

to cover the tip by at least 300 mm. (At thi s stage the installing 

rods were withdrawn in the case of the pneumatic piezometer) . A plug 

of bentonite made by using stiff bentonite pellets . was formed (ap

proximately 300 mm) . The ~mainder of the hole was backfilled with 

cement- bentonite grout. In both piezometers a protective standard 

cover was concreted at the top of the borehole. The plastic tubing 

of the pneumatic piezometer was connected to Legris f ittings in order 

to make the connections between the readout and the piezometer easy~ 

Figure 7 . 6 shows the diagram of the piezorneter in the ground. 

On the day after the installation of the Casagrande Piezometer 

the PVC Standpipe was filled with water up to ground level . 
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7 . 4 . - THE "ffi lVE IN" Tai'AL s·nmss CELL 

7 • 4 . 1 • - 1l-IE CELL 

The "clrive in" total stress cell (also called "push- in• cell ) 

was introduced by Massarch (1974, 1975) who developed a spade-

like cell us ing the well-known Glotzl measuring system. The thin cell 

lS pushed clown into the ground. ~vhen used in soft material the cell 

i s protected by a s teel casing. In stiff soils a hole mus t be made 

up to 30 em above the intended measuring level and the cell is pushed 

from that positionu 

The thin steel cell, which is filled with oil, is connected to 

an a ir operated valve and a pwnp (Figure 7 . 7 ) . By s lowly increasing 

the a ir pressure, the sensitive menbrane in the valve will open (at a 

pressure which slightly exceeds the oil pressure in the cell ) . 

According to Massarch (1975) the maximum deflection of the membrane 

is about 5 mm, corresponding to about 1/30 000 of the diameter of the 

cell . The volume change of the cell itself is considered to be 

negligible and does not affect the readings. 

The cells used in the program were bought from Soil Instruments 

Limited (Figure 7 . 11) and were made according to instructions supplied 

by the Building Research Establishment. 

Values obtained wi th s imilar "drive i n" cells i n London Clay are 

presented in Figure 7 . 8b (from Tedd and Charles, 1981) compared with 

the results of the Camkometer (self boring load cell and pressuremeter) 

and laboratory study of capillary pr essure(Burland and Maswoswe, 1982) . 

The dissipation of the pore pressure generated by pushing the cell is 

shown in Figure 7 . 8a. 

The main problem with the use of these cells is the possible 
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effect of t he displacement of soil during installation. The probl~1 

of increase of pore pressure due to installation can be overcome by 

leaving t he cell until stabilization of readings i s achieved. 

7 . 3 . 2. - THE READ-OUT 

The same read-out employed in the r eading of the pnewnatic 

p iezometer was used for the "drive in" cells (Fig ure 7 . 4 ) The only 

d i f ference was the use of a Bourdon gauge (O to 12 bars) as a pressure 

measuring device. 

7 . 4 . 3 . - CALIBRATION 

The calibra tion of the "drive in" cells proved to be, wi th the 

installa tion, a major problem to be solved in the present r esearch. 

When the cells carne f rorn the manufacturers (Soil InstrUITlents Ltd) no 

reference to the calibration was made. A contact was made and it was 

learned that no calibration was made on such equipment f or lack of 

facilities. As the equipment was built in accordance with Bui lding 

Research Establishment design ) a contact made (Penman, 1982 ) brought 

to light that at that institution the calibration was made using a 

large triaxial cell full of water . When a container f illed with clay 

was used the results obtained were in~onclusive, the readings always 

being higher than the applied confini ng pressure. 

The largest triaxial cell avai lable at the University of Surrey 

laboratory is f or a 15 em diameter sample, not big enough to house 

the complete " drive in" cell. The problem was solved by using a large 

chamber recently built in the laboratory (Clayton and Dikran, 1982 , 

Dikran, in preparation) . 

A cross section of the chamber is shown in Figure 7Q9ae Vertical 

s tresses can be applied to the specimen (43 5 rnm diameter, 650 rnm high) 
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by using an air-wa ter pressure system act ing on the diaphragm located 

in the base of the charnber . Lateral stresses are appl ied by changing 

the pressure of the water aroun<..l the spec:i.men, which is e nclosed in 

a 1 . 2 ~n thick latex rubber membrane. 8oth vertical and horizontal 

stresses are measured using el ectrical pressure transducers with 

digital reaclout units . 

The soil us ed f or the calibration was s ubangular uniform f ine 

quartz sand (Leighton Buzzard, 1~200 mesh) , Pigure 7 . 9b. 

Specimen preparation was achieved by hand placing the sand 

inside a iormer, wi th the rubber membra ne pulled up inside i t and 

overlapped around the top of the former with two jubilee clips acting 

on the botton1. After a tr~al when a compacted specimen proved to give 

noticeably unrel i able results (probably due to the arching of the sand 

around the cell to be cal ibrated) it was decided to build a loose sample. 

During the sample preparation the cell was positioned at mid- height 

(Pigure 7 . 9a. ) of the sand specimen and the tubes taken through the 

top platen and top cover. When the desired height of the specimen was 

achieved the rubber membrane was f ixed to the top pl aten by means of 

two jubilee clips. Before removing the former , a s uction of about 

20 kN/m2 was applied to the bottom of the specimen using a vacuum pump. 

The space around the specimen was filled with water to the top of the 

specirnen. The top cover was placed in posi tion and bol ted both to 

the outer cylinder and to the top cover (the top cover was sealed 

against the top pl aten of the specimen) . 

The chamber used for calibra tion allows any independent variation of 

ver tical and horizontal stresses. It was decided to use an isotropic 

state of s tresses as a standard calibration procedure. After finishing 
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the calibrati.on, some measurements were rnade to study the effect of 

vertical stress changes~ lt W.:\S íound that, provided the horizontal 

stress does not change, there is no effect of the vertical stresses on 

the readings. 

The resul ts obtained are presented in Figures 7 . lO é-• and b, 

It i. s cvi.dent from the n?::. uJ t.s obtained that th "drive in" cell ::, 

over read the confining press Ltr~~ . 
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7. 4 . 4 . - INSTALLATION 

The installation of the "drive i n" cell is an easy task when 

testing soft materiais. The cell can be pushed down into the ground 

from the surface; during penetration the cell is usually protected by 

a steel casing that can be withdrawn while the cell is pushed down the 

last 3Q) mm to reach the intended measuring level. When the soils to 

be t ested are s tiff or compact , a borehole i s necessary . F'rom the 

bottom oí the borehole the cell must be pushed to the desired level 

(usually 300/400 mm ) . I n a material like London Clay a reaction of 

about 1. 2 tonne was repor ted necessary {Tedd anel Charles , 1981) . 

A Portable Minutman was used to drill a 4" (lCDmm) diameter 5 . 5 m 

depth hol e . An adaptor was designed a nd built in order to connect the 

cells to 32 mm square SPT rods (Pigure 7 . 12) . 

~Vhen an hydraulic system {like the one used for the deep sounding) 

is available ,the cell c an be p ushed easily from the bottom of the 

borehole to the testing level. In our work it was necessary to use 

kentledge and an hydraulic jack in order to achieve this objective . 

The system used i s shown in Figure 7 . 12. It proved to be difficult to 

build anel make it work properly due to problems of levelling~ getting 

the necessary reaction anel many others. The f irst cell {Number SOO)was 

driven using just water as reaction (filling three 250 litre tanks 

plus approximately 250 kg of beams) . The second cell (501) showed a 

different behaviour during installation. It was necessary to f ill two 

tanks with sand anel water, anel an additional 500 kg of concrete blocks 

anel 300 kg of s teel weights were necessary (after an unsuccessful trial 

using the same amount of material as the f irst experiment). During 

this part of the i ns tallation it was s uspected that a clays tone layer 
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was responsible for the high strength, but later resuJ ts showed no 

,;jgni[icant cli..fference in behaviour between the cells. The total 

load usecl to driv<? the two celJ s was therefore lO<X> kg and 2000 kg 

approximately . 

The SPT rods ~vere left in t he hole to allow f uture recovery of 

the cells. The holes were fi.lJ ecl wi th a bentoni te slurry (Pulbent ) 

a nel protectecl .:\t grouncl level by a U 100 sampler (Figure 7 . 13) . The 

e nds af the pl as t ic tubes were f i ttecl with Legris pipe couplings, 111 

order to ease the task of connect ing the readout system. 

The installation of the first cell took one week, the second 10 

days , considering only t he time spent on the field work. 
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7. 5. - THE NEW PRESSURE CELL 

7.5.1. - CDNCEPT ANO DESIGN 

The basic concept used to develop the design of the "New Pressure 

Cell " was a field s imulation of a bored pile installation. It was 

decided t hat the characteristics of the measuring device should include: 

- possibility oí imposing initial stress ( to simulate the fresh concrete 

on the walls of the borehole) ; - flexibility to allow for the possible 

irregularities on the walls ; - simplicity in order to be economic and 

possible to build in the Department workshop; -strength and durability 

to resist the installation and contact with concrete and soil; 

accuracy to register even small changes in pressure and s tabili ty to 

allow long term readings. 

After a review of the available earth pressure cells principies 

and equipment , it was decided that the cell should have the same size 

as the model pile for simplicity and to ovzrcome the basic problem of 

all devices (change of the state of stresses being measured by imposing 

a different condition) . Basically the same principle was used for the 

design of t wo cells. Both cells had the size of the projected model 

pile, both could bemflated and for manufacturing reasons had the same 

shape and basic components (interna! cylinder and flexible membrane). 

The main difference was the measuring system. 

The cell refered to as the "New Pressure Cell - GPl" (Grout 

Pneumatic) model was , basically, a rigid cylinder made in duraluminium 

(100 mm~,300 mm long) with two externa! membranes with pneumatic type 

of sensors located between the two membranes (Figure 7.14 )u The idea 

of proper installation was to lower the cell inside a hole (150 mm in 

diameter), wi th the bottom already f ull of concrete ( lm) to simula te 
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.l pile construc1 io:-,, ap?lY grout (cement-tentonite mix) through a 

flexible tube into the space between the rigid cylinder and the inner 

membrane, up to a desired level (to simula te the pressure of the fresh 

concrete) . The installa tion of the rest of the pile should continue 

up to the completion of the pile., Through the tubing coming to the 

surface the horizontal pressure acting on the device could be measured 

at any time" The advantaç;es of s uch cell are that the s tiffness is of 

the same order of magnitude of a pile (and can be changed by al tering 

the ceme nt-bentonite grout) , the materials to be used are easy and 

cheaply found, operating techniques are s imple, the device is robust. 

The major disadvantages are the necess ity to mas ter rubber handling 

techniques in order to produce a reliable device and the problems of 

grout mix design and i nstallation. 

The "New Pressure Cell" STl (Soleroid Transducer) model , (Figures 

7 . l Sa to 7..17) , is a rigid cylinder made in duraluminium (100 nnn in 

diameter, 300 mm long, 10 mm thickness) with top and bottom (10 mm 

thick plates) with an external rubber membrane. The membrane was 

specially made by Denber Trading Co, using the specification of 

Building Research Establishment : pure rubber l a tex of low protein 

content, and containing no coagulant (Ca C1 03 ) , double leached. 

The membrane was made by dipping a mould in a tank containing the 

rubber solution. The mould was cured in the curing solution. After 

initial problems of irregularities on the surface (causing problems 

of leakage) and delays in production, a satisfactory product was 

achieved and delivered (~140mm,h=300mm) .The membrane can be inflated 

by pumping deaired water in the space between the cylinder and the 

membrane, it being possible to open and close the inlet valve at the 

cell using a general purpose solenoid valve Type 200 (Burkert Contromatic 
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Ltd , Stroud, UI<) . The pressure can be measured using ~ transducer 

with buil t in tllllpljfier , type POCR JO/A/S, suppl.ied l>y Druck Limited, 
") 

Leicester , 1 fi< , ~1ivinç_1 a 10 Volts out.pu L under 300 kN/m- pressure. For 

protection during ínstallation, rubber disks .3 nun thick were used on 

both ends oi tiP cell and the complete apparatus was covered by two 

6 inches st.1.ndard triaxial rubber membranes (Figures 7 .. l6. and 7 . 17) . 

After assembl y the cell was connected to a 1 inch ga:; barrel , 6 m lonCJ, 

for installa t.ion :Figure 7 Q 24) . 

Duri~J the design of the cel~ the use of existing components was 

a priority.. fhe duraluminium cylinder, the so lenoid valve, and t he pressure 

transducer are items commercially availableo The rubber membrane was 

specially produced in order to solve the probl em of water permeability 

on t he l ong period of test, necessary stre ngth and proper size. Figure 

7 . 15b shows the basic components of the cell . 

During the assembl y of the components it was learned that leakage 

was t he big probl em to be faced , apart f rom deairing . " O' ' r ings and 

specia l glues (rubber- metal) were used. The probl em of deairing the 

system was solved by mounting the cel l wit h deaired water being flushed 

thr ough the solenoid valve and overfl owing by the top of the cel l . 

As the "New Pressure Cel l - GP 1" {Grout Pneumatic) was not bui l t , 

the uNew Pressure Cell" - ST 1 {Sol e noid Tra nsducer ) will be r eferred t o 

in the rema inder of the text as the 11 New Pressure Cell" . 



sreps : 

7 ) . 2 . - CALIBRATION 

The c:alibration oí lhe New Pressure Ccll involved the following 

c~libratjon o( the pressure transducer . 

::> l udy o1 t h e s tab iJ j ty o ( the t r· ansducer in lon9 term measuremen ~ . 

ca l ibrcnion of the cell assemi>ly a<;:~ainst water, ..ind "creep" ;.cst. 

- study uf r:1e cell l;~havi.uur whe;. tested in a cali.brati.on chamber 

\•.ri th soil. 

Eacn step will be describe! with the results obtained. 

CalibratJ.on aJYJ s1.ahiLi· y of the pressu=e tro.nsducer 

The pressure transducer was cali~rate! using a Budenberg Oeõ.d

wcight p-r.ess.1re gauge tester , with an overall accuracy o~ tbe r..e~ter 

better than + 0 . 05 % of t.he pressure being measured (according to the 

suppl.-e.c of the equi.pment) . The results obtained are presenteei ii1 

Figure 7 . 18h. 

To check the stability of the transducer , after the calibration, 

a pressure of 2.50 kN/m2 was applied anel maim.ained f or 14 days . The 

resul ts obtained are presenteei in Table 7 . 1. The varia tion oí- the 

recorded pressure was l ess than 0 . 5 kN/m2 • 

The per =ormance of the pressure transducer during the "wanning 

up" period is presented in Figure 7 . 18c. No significant change was 

observel in the readings. 

F'rom the results obtained it can be concluded that. the performance 

of the pressure transducer (linearity, stability under constani load anl 

" warming up" effect ) is remarkableo 

Calibration of the cell assembly against wat.er and "creep" test 

To check the ability of the designed New Pressure Cell to respond 
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to üppl ieà e>.:ternal pressu.res a r:d JOr. lertkeayc~, tl:e =ell \11as tested 

insidc .. s1 andard tr iaxiaJ cell , dSC'I.: rm () j .1cll\:!S .;pecimens tFigurc 

- . lHa) . 

The resu tts obtain<.'Cl cn the calibra~ i.on :>1 t:he 1\ew Pr.:essure CeLi. 

~u·e p:·es ·nted in FiÇJure 7 . ~8h. Comparing the results obtaineei wi th t he 

l l"é..l n-:,ducer c.:lijbration.itis clear Lha t , a ft.er s olvi.ng t he problems of 

dca i.J·in<:.l a nel J eaka<Jes (i t was necessary lo take special precautions 

to overcome these problems, during the mounti ng of the cell) , the New 

ccll j s able lo measure pressures anel pressure variation with the same 

accuracy as the pressure transducer used .. 

The volume c hange characteristic of the cell , when uncler a 

constant confining pressure, was testecl i n an 11 day experiment (Figure 

7 . 19) . J t \lias decided to measure the change in volume of the water 

used to apply t he confining pressure inside the triaxial cell . The 

results obtained are presenteei in Figure 7 . 19b. A pressure o f 250 kN/m
2 

\liaS applied and maintaineei, being t he volume change measureei using the 

system describeei in Figure 7 . 19a (paraffin vol ume change gauge) . 

To study the " creep" of the triaxial cell used as a container, 

the test \liaS repeateei without the New cell inside the triaxial . The 

results obtaineei for the same applieei pressure are presenteei in Figure 

7 .. 19b. 

The computeei volume change under a constant pressure was measureei 

after a n " equalization time" of 60 minutes, f rom the moment that the 

2 
confining pressure was raiseei from 200 to 250 kN/m , in both experiments. 

It is clear from the resul ts obtaineei that the " creep" measureei 

in the first expe riment was l argely , if not entirely, originated by the 

volwne change of the tri axi al cel l and not due to s igniíicant volume 
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chan<;_~e of the New <..eU o The volume change resul t =o , when the triaxial 

cell wu.s testecl wi thout the New cell inside, wu.s greater than the 

original one. The measure<J difference o[ about 4 on3is upproximately 

const.'"tnt during the tes1.. 

As i t is very cliíficul t to establish the ini tial volwne variation 

precisely ( when Lhe confininç. pressure is raised from a lower to ,'\ 

higher value) i t is doubthful if lhe di.Iference measure<J has a ny 

speci.a.l meaning , appart from indicating that lhe overall volume change 

is not significantly aiíected by the presence of the New cell . A more 

conclusive resuJ t can be arhieved usj nu a rigid container (instead o[ 

a triaxjal cell) and a more accurate volume change apparatus (the 

paraffi.n gauge used is sensitive to minar temperature changes anel the 

overru.l capacity is not enough to measure the volume change occurring 

during the raising of the pressure) . 

Study of the New Pressure Cell behaviour, when tested in a 

calibration chamber 

In order to gain a better understanding of the sensitivity anel 

general behaviour of the New Pressure Cell , when surrounded by soil , 

it was decided to use the calibration chamber descr ibed in Item 7 . 4o3o 

(Figure 7 . 9) to test the cello The same soil (fine sane!) was used to 

build the specimeno · 

After some problems of making the soil bed too compact and then 

getting arching around the New Pressure Cell, it was achieved a 

r easonable t esting condition~ The results obtained are presented in 

Figure 7~20 . , with the cal ibration of the cel l plotted in the same 

Fi gure , f or comparison. 

321 



DurinC) the testing procedures it was observed t.hat even a minar 

change in the confining pressure (e. g., 3 kN/ m2 J was monitored by the 

cell. \vhen t.hc vertical stresses were changed, but the horizontal 

were kept at the same original level , no variation was observed t.n 

the readings ~ 

From the results obtained it can be seen that the difference 

between the appl.ied confining pressure on the sand specimen and the 

measured !)ressure wi th the New Pressure Cell was l ess than 5 %. 
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Day Readings 
~Volts) 

l 8 . 82 ::> 

J 8 . 8 17 

3 8 . 8J 5 

-1, 8 . 824 

s 8 . 826 

6 8 . 823 

7 8 . 822 

8 8 . 819 

9 8 . 810 

12 8 . 810 

14 8 . 812 

!VIaximum difference 0 . 016 Volts 

(0. 035 Volts = 1 kN/m
2

) 

2 
TABLE 7 . 1 . - Siability of the pressLcre t ransducer , when under 250 kN/ m 

dLcring 14 days - Readings i n Volts . 
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7. 6o- TI 1E SITE 

The s ite used f or the experiments was the University Campus. A 

place ne.:rr Building BB that houses the Civil Engineering Department 

Laboratories was chosen in arder to allow the use of all necessary 

facilities (PigLrre 7 . 2a ). As continuous reading was neces sary a 

power sug:lly near the si te wa s essential . 

The records of the Geological Survey indicate the sub-soil 

conditions to consist of London Clay, Woolwich and Reading beds and 

Chalk. 

Prom the Report on Site lnvestigation made by Foundation Engineering 

Ltd, August , 196S, for the construction of the University Campus, the 

borehole 105 was the nearest to the site. The descr iption of the 

layers and the Undrained Triaxial Compression tests on 38 mm test specimens 

taken f rom Ul.CD samplers are presented in Pigure 7. 3a. 

From Skempton and Petley, 1967, study on the slope stability 

f or the building of the Campus) the following values of strengths were 

taken: 

Peak str ength of the intact clay 

2 c ' = 1.6 t /m 

Residual strength of the slip-surface specimens (approximately 

equal to those measured in reversal shear box tests on the " i ntact 

clay"} 

2 
c ' = 0 . 3 t/m 

Figure 7 . 3b presents a description of the subsoil as identified 

during the installation of the model pile, with the results of the 
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unconsoli.dated undr.ajned triaxial compression tests on 38 mm samples 

taken from U 1 CXJ sampler s obtained some 1 3 m away from lhe model pile, 

using ~' li9h1 percussion t·ig . 

Figure 7. Jc presents the results obtained by F'ugro, when 

performi.n<J a cone t.est ( June , J982J . According t.o Fugro ' s experience, 

lhe Ul1Cir<.lined she<u strength of London Cl ay can be obtaine<l b~ ( lj\·idino 

the cone resistance by 17 . 
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7 . 7 . - RESULTS OBTAINED 

ln this section all the results obtaineel from field instrwnentation 

wil] be presenteei, with a description of the installation proceelures 

of thc "New Pressure Cell" . 

7 . 7 . 1 ~ - PIEZCMETERS 

The installation of both piezometers useel was describeel , n 

item 7 . 3.4. l n this section jus t the results obtained will be referred 

to . 

The Casagr a nde piezometer was installed on 8/ 2/82 and the 

Pneumatic piezometer on 10/ 2/ 82. The results obtaineel since installation 

are presenteei in Figure 7 . 21. Differences i n resul t s are significant, 

if the different methods of obtaining the data areconsidereel. Small 

seasonal changes can be observeel on the f igure 7 . 21. 

7 . 7 . 2 . - "DRIVE IN'' TOTAL STRESS CELLS 

Installation of cell 500 starteel in 27/ 2/ 82 with the excavation 

of the hole to 5. 30 m.. The cell was s uccessfully pushed into the 

reading position in 5/ 3/ 82. Cell 501 was ready f or measurements in 

12/ 3/ 82, after 10 days of i nstallation proceelures. The results 

obtaineel are presenteei in Figure 7 . 22 . 

Due to the difficulties in the installation proceelures the first 

readings were made days after the installation. No major change was 

observed in the readings(rise and dissipation of pore pressures) and 

both cells presenteei approximately the same outputs (recorded horizontal 

total s tresses) . 

One of the objectives of the experiment was tostudy the possible 

exis t ence of different hor i zontal s tress e s acting in different directions 
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(as recorded in other places in London Clay , or even diametrically 

opposed load cells of the Céillikometer, see Simpson et al, 1981 , page 115) 

due to special geological features , but the results obtained s howed no 

signií icant differenceu Figure 7,22 ~ shows the results obtained with 

the two cells . Figure 7 . 2 2 b presents the estimated vertical stresses 

for the site, with the values of piezometric 1evel recorded (Standpipe) 

and horizontal pressures obtained by the"drive in" total pressure cellsv 

7 " 7 . 3 . - " NEW PRESSURE CELL" - INSTRL.r-lENI'ED MODEL PILE 

The installation of the " New Pressure Cell" with the model pile 

started on 21/4/82 , with the excavation of the hole . The Portable 

Minuteman used for drilling the 75 mm and 100 mm diameter holes for the 

piezometers and " drive in" cells was used. As the required diameter 

f or the model pile was 150 mm and the drilling equipment was not capable 

of drilling 7 m using a 150 mm continuous auger, pre- drilling was 

necessary. A 6 . 5 m depth hole was made using a 100 mm diameter continuous 

auger . After cleaning the hole, a single auger, 900 nun long and 150 mm 

diameter, was used to enlarge the overal1 length and a final level of 

- 7 . 0 m for the base of the model pile was reached. Drilling the model 

pile hole took 6 hours and was completed by 15. 30 hours on 21/ 4/ 82. 

The original plan was to concrete the model instrumented pile 

one day after excavation (22/4) , but the water inside the hole r ose up 

to - 3.5 m. Cleaning the hole proved to be a problem. After some trials 

a 100 mm diameter bucket was used, but a decision was made to postpone 

the pile installation to the next day, due to the unexpected dalay. 

Full cleaning of t he hole proved impossible, using the available 
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facilities . Jt was decided to concrete a larger length at the base of 

the model pi.lc to ensure continuity a nd a clean bed Cor the cell. 

Concre t in<J of the model pile was initiated al 9 . 30 h on 23/4/82. 

The concrete mix used , after some 1 rials in the l\1aterial ' s laboratory 

to obtain an almost fluid mix, with a slwnp greater than 150 mm and 

<)ood workabjlity andA maximum aggregate size compatible with the 

experiment, was the fol lowing (by weighl) : 

Cement : 1 

\Vater : 0 . 53 

Aggregate 10 mm : 1 . 36 

5 mm : 2 . 04 

Melament : 0 . 0249 

The " New Pressure Cell" was carefully introduced into the hole 

to make contact with the fresh concrete at its base. The system 

described in Pigure 7 . 23 was used to impose an initial pressure of 

80 kN/m
2 

on the cell at 11 . 15 h ( simulating 4 m of head of fr esh 

concrete and allowing f or a possible small increase due to the real 

3 2 concreting that f ollowed : 4 m x 23 kN/m = 92 kN/m ) . 

The solenoid valv.e was closed and after 15 minutes (when constant 

readings were achieved) the remaining length of the pile was concreted. 

A datalogger was used during the f irst week f or continuous 

monitoring. 

On the first night {23/4/82) after the installation, the 

equipment was vandalized. After the incident extra precautions were 

taken to protect the wires, connections and equipment, and successful 

readings were achieved continuously . 
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During the model pile insta lla tion disturbed samples were t aken 

a nd tes t ed in the l abora tory. The sub-soil profile e ncountered with 

ide ntification of the soil type, na tura l moistL~e content a nd Atterberg 

lú1its obtained at the respective depths is s hown in Table7 . 2 • 

F'igL~e 7 . 2 6 shows the f inal configuration of the model p ile wi th the 

" New Pres sure Cell". 

Figure 7. Z7 a to d presents the resul ts obtained using the "New 

Pressure Cell" during the model pile installation and the long term 

readings. In Figure 7 . 27a the results obtained during the pile 

installation, up to 3 hours after the initial pressure was established 

in the cell are presented. 
2 

F'rom the imposed ini tial value of 80 kN/m 

at 11 . 15 h, when concreting with the fluid mix started, the pressure 

reading on the cell reached 
2 

the peak of 105 kN/m at 11 . 30 h. 

At the end of concreting, at 11 . 45 h, the pressure reading was 

2 2 
95 kN/m • The recorded pressure continued to drop slowly to 87 kN/m 

three hours after insta1lation started. 

Figure 7.27b shows the pressure readings in the 12 hours 

following installation. lt can be seen that no change was observed 

from 3 to 12 hours . 

In Figures 7 . 27 c and d the measured values for the first 

week and 150 days are reported. In the first week the range of the 

? 
observed values was, after the f irst peak, from 87 to 91 kN/m-. Up to 

150 days after installation no s ignificant change was observed. 

The rising of the recorded pressures due to installation can be 

explained by the configuration of the reading device. The " New 

Pressure Cell", when expanded, has part of the flexible membrane 

exposed on the top (not covered by the rigid protection discs) . F'rom 
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the imposed pressure acting internally t he action of the external 

verti cal pressure of the f luid concrete caused an i ncrease in t he 

pressure reading. Uncler the new state of stresses, the equilibriwn 

between the cell a nd the surrouncling soil was reached after some 

volume change, g iving rise to a c hange in the r eco rclecl pressure. The 

2 reading obtained after 2 hours was 88 kN/In anel up to 150 days the 

variation observed was less tha n 5%. 

Due to the events during the ins tallation, the model pile 

simulated a construc tion of a n unorthodox pile. The delay of 2 days 

from the excavation to the concreting allowed the soil to reach a new 

equilibrium uncler the acting stress regime. 

The result obtainecl, with no major change of pressure f ollowing 

initial equilibrium reachecl 2 hours after concreting, shows that in 

the total St;J;"ess r egime no variationoccurrecl in the time that followed 

the installation. 

I n Figure 7 . 28 the " swnming up" of fielcl exper:imentation r esults 

and estimatecl vertical pressure are presenteei for compariso n. The 

values obtainecl with the " Drive in" total stress cells when compareci 

with the estimatecl vertical pressure resultecl in the fol lowing ratios : 

Oh measured = 2 . 1 
O v estima teci 

dh measured 
= 2 . 5 (?=Ko) 

dv estimated 

The reaclings on the " New Pressure Cell" stabilizecl at a level 

higher than the estimatecl vertical total pressure, but probably well 

below the original " in si tu" horizontal total stresses. 
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Figure 7a27 e presents a typical set of results obtained 100 days 

.:u.·ter instal l ation of the model pile. I t. can be observed a small 

varia1:ion in the readings , due probably to the "warming up" effect 

(transclucer) anel to the fact that the datalogger was unprotected on 

the open, s uffering the effe-:ts of thc weather . 



7 . 8. - DISCUSSION 

A simple field experiment was performed in order to study the 

possible effects of pile installation on the existing stresses in the 

ground. Two piezometers, t wo "Drive in" total stress cells and a "New 

Pressure Cell" acting as a model pile instrumentation were installed 

and presented consistent results during more than 100 days; 

Pcoblans during the installation of the model pile resulted in 

a change of geometry and delayed the concreting. As a resul t the 

experiment s~nulated the installation of a defective (poor 

workmanship) pile ; 

At the level of the " Drive in" total stress cells ( - 5 . 70 m) the 

ratios between horizontal stresses measured and vertical stresses 

estimated resulted in the following values 

a h measured 
2 . 1 = 

O v estimated 

dh measured 
2 . 5 = 

a' v estimated 

The measured values of total stress from the " New Pressure Cell" 

( 4 . 00 m depth) reached a maximum of 105 kN/m2 during installation, when 

the fresh f luid concrete f irst acted upon the cell. After 30 minutes 

the recorded pressure reached a level of 95 kN/m2 and 2 hours after the 

2 i nstal lation a final eguilibrated stress level of 88 kN/m was recorded, 

wi th no significant changes up iP 150 days of readi ngs ; 

The recorded pressures acting on the " New Pressure Cell" were 

s l ightly higher than the total vertical pressure estimated f or that 

level. As a result, the ratio of measured horizontal stresses and 
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estimated vertical stresses are lower than the typical range of " in 

si tu" s tresses ; 

l'he principle, design, sensitivity, strength, accuracy and 

reliabilily of the " New Pressure Ccll" proved to be suitabl e for the 

study of the state of stresses acting in a bored pile. The cell is 

able to measure the installation pressures a nd possible variations 

during long t c rm exper iments . As the design is based on a simple 

cotrriguration and all materials can be easily obtained, the experiment 

can be repeated on a different scale; 

Jn principle, future field work concerning large bored piles 

should concentrate on the effects of pile installation on the 

properties of the s urrounding soil . The use of the proposed system, 

in conjunction with other field equipment can prove to be a valuable 

tool . 

The conclusions of the present f indings will be presented in 

Chapter 8 - General conclusions a nd recommendations . 
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Moj s t ure Liquid Plastic 
DEPTH SOl L DESCI? lPT ION content l i mit limit 

(nl) t%) (%) (%) 

0 . 20 Toeso i I 

Soft brown sandy si l ty CLAY with 
some gr avel anel occasional brick 

0 . 90 franme nts tmade a r o und ) 

Soft. to firm fissured brown sandy 

silty CLAY 

35 70 32 

~~ . ()() 

Stiff ver y fissured brown silty 

o..AY with some selenite c rystals 33 75 35 

30 79 33 

6 . 50 
31 67 32 

Very stiff brown silty CLAY 

7 .00 possible claystone layer at 6 . 80 m 

END CF HOLE 

TABU= 7 . 2 - Sub-soil profile encounterecl during the i nstallation of the 

model pile, wilh values of natural moisture c ontent and Atterberg limits 

obtained at the respective depths . 
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C~IAPTER 8 G l: N E I{ A L C ü N C L U S I ü N S A N D 

R E C O 1\1 l\1 E i\ O A I I O N S 

The dev~lopment of effective stress approaches to compute the 

shaft friction of bored piles can provide an bnproved undcrstanding 

of the factors that affect shaft friction. There are fundamental 

advantages of the effective over the total stress approach. The total 

str.ess approach is based on the shear strength of the soil available 

prior to pile installation and loading, and undrained strength is test 

dependent anel obtainecl in Laboratory or fielcl tests which do not 

represent the loading conditions around the pile shaft. The effective 

stress apprc:tch can be baseei on conditions before pil..'! loading and 

uses drained (or effective stress) strength parameters, which are 

largely test independent. 

At present, the effects of pile installation on soil properties 

and conditions are insufficiently understood to allow them to be 

simulated by theoretical models or nwnerical techniques , but theoretical 

models using the effective stress approach can provide a useful insight 

into the factors that affect pile capacity, and provide a framework 

for continued development . Thus the identification of the mechanisms 

involved in the modification of soil properties anel conditions due to 

pile installation is a subject of major i nterest for the improvement 

of the understanding of pile behaviour. 

New results have been obtained for moisture content changes in 

the soil adjacent to the pile due to the presence of fresh concrete, 

both in laboratory and field experiments. Similar variations in 

moisture content were found in long t erm experiments, showing that the 
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vari.ation in t he soil ' s void ratio is perma nent . The soi.l structure 

is stable under the new s tress conditions. Some o.f the problems of 

such studies are the l ack of accuracy of t he traditional method used 

for t he measurement of mois t ure content. (oven drying), the difficulty 

in establishing t he original moisture content before the contact with 

the fresh concrete, a nd the fact that one is measuring total instead 

of variation in moisture content. 

A radiochemical method proposed to study the migration of the 

water f rom the fresh concrete to the soil proved to be successfuL The 

major advantadges of the proposed method over the usual procedure are : 

(i) the overal precision of the new method is, at least, one arder of 

magnitude better, (ii) it measures moisture content changes, due to the 

fac t that it counts the radioactivity of the labelled water which comes 

f rom the concrete, and (iii) only very small test specimens are necessary 

f or the counting, a llowing the study of moisture migration using the 

same sampl e at different ages . Results of moisture migration obtained 

from one to seven days after contact between soil and fresh concrete 

showed the evolution of moisture content at different points, the 

results generally being in agreement with those obtained using 

conventional techniques. The method can be used both in short and long 

term laboratory experiments, and field tests , to provide more information 

on the migration pattern at different stages of cement hydration and pile 

age. 

Pall cone tests to measure the variation of undrained shear 

strength of soil adjacent to the interface with the concrete proved 

to be a usef ul approach. Results of laboratory and field tests showed 

an unexpected similarity , bearing in mind the very different geometry. 

There is an increase in moisture content near the contact and a 
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l' eduction in the unclrainecl shear s t rength. The higher moi &ture 

content -:::lose to Lhe interface between conc rete anel soil was not 

a lways t"ollowed by an equivalent recluction in shea r strength, suggesting 

Lhat the water íl owing from the fresh conc rete might have some components 

of the c ement in suspension, or dissolved, that a c t as a stabilizer for 

the soil near the contact. The use of the fall cone can be widely 

explored in field experiments anel could lead to a possible method 

o( estimation of pile bearing capacity, provided the necessary experience 

was accumulatecl . Using the p.roposecl approach, lhe effects of different 

installatjon techniques can be quickly assessecl , the sensitivity of soil 

to Lhe installation oí bored piles in ne\\1 areas or the eífect of 

clifferent concrete mixes can be studied preliminarily under laboratory 

or field conclitions . 

As a results of various experimental techniques, this study 

provides fresh light into the effects of fresh concrete <:m the 

surrounding soil , in the forro of : (i) identification of the boundary 

conclitions at the interface between the fresh concrete anel the 

surrounding soil (anel in particular the variation of the pore water 

pressure within the concrete) , (ii) measurement of the effects of such 

conditions in the adjacent soil, in terms of pore water pressure 

variation and possible mechanisms explaining the permanent changes in 

both moisture content anel undrained shear strength. The results 

obtained in the present work shows that immediately after concrete 

pouring, the pore water pressure -'t the boundary between the pile anel 

soil is equal or close to the total stress due to the self weight of 

the fluid concrete, giving rise to a s ubstantial increase in the pore 

water pressure in a narrow zone of the surrounding soil. Due to water 

migration and hydration of cement, the pore pressure recluces in that 
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.-Hea anu, at i\ certain st.:iÇIC, finally equalizes ,,,ith the less aifectecl 

7.ü:1P ln~yond . It appears t ha t thc concn:-Le play s a \'ery impor Lant role 

in tlw inst<dlation relau;d ch.:ulC)es in the :;urroundin9 soil. It i~ t:he 

ke>' to lhe understandj 119 o( the IJOSSible mechanisms affecting soil 

cond:itions , such as the variation in the stress regime , as a source or 

moisture, an<.l probably by providing some form of stabilization for the 

soil very close to the contact between pile anel soil. 

The e s tablishment of an effective stress approach to the study or 

desi<Jn of borecl piles is highly depenclent on Lhe knowledge of the actual 

stress regime actin0 upon the pi.l e shaft. There are no field 

measurements oí such state of stress in lhe literature, mainly due 

to tec hnical problems wilh Lhe instrwnentation. The model instrwnented 

pile showed that the proposed new instrwnentat ion for the study of the 

stress reg~ne during and after a bored p i le installation was a 

successful approach. The equipment designed ~~s highly sensitive, 

stable, robust and was able to measure the horizontal stresses without 

interfering with the stress field it was s upposed to measure. F'rom the 

resul ts obtained it was revealed that , loJhen the pile hole remains open 

for a long period (2 days) , no re- establishment of horizontal stresses 

occurs during the fi rst 150 days af ter pile installation. Oue to the 

delay in pile installation, the r a tio of estimated " in situ" total 

horizontal stresses a nd the confining stresses on the model pile shaft 

'"as of the order of O. 5. The measured stresses in the pile shaft were 

of the order of those of the fresh concrete. This may be the lower 

limit f or the case of piles bored into overconsolidated clays . 

Further eff orts towards the identification of the changes in 

parameters and conditions Lhat occur during a pile installation and 

the study of the effects of pile loading i n the stress field should 
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leact to t he es tablishment oí the real condi tions oi the soil 

(ailure in the vicinity of Lhe pile s haft. 

Far from provjdi ll<_! the a nswers to the l.;-1.rge nwnber of questions 

r e J atecl to the topic , thi s work has identified some basic mechanisms 

anel established a more souncl basis for the continuing study o f the 

behaviour of bored piles in clays, apart from providing some new 

t echniques anel equipment useful in the improvement of the understaneling 

of pile behaviour . 
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APPENDIX 1.. - LATERAL PRESSURE <F FRESH CONCRETE. 

The basic aspects of the mechanisms and proposed approaches to 

solving the problem of evaluation of the l ateral pressure of fresh 

concrete are presented in this sectiona The availabl e studies of 

formwork pressurc can be divjded i nto ernpirical approaches and 

mathernatical theories. 

A 1 . 1 . - EMPIRICAL STUDIES 

RODIN, 1952 

The first comprehensive review of the previous work on f ormwork 

pressure was carried out by Rodin, 1952a According to his ideas, when 

the concrete is placed between forms , the aggregate settles until the 

grains are in contact and surrounded by a cement mortar mix. Rodin 

used the classic Terzaghi, 1934, work on the effect of the movement 

of the retaining structures in the pressure distr ibution of granular 

soil s .. Rodin claims that arching generally occurs and this , combined 

with friction between the concrete and form and chemical stiffening 

of the mortar , is the prime cause of the l ateral pressure distribution. 

Figure A1 . 1shows Rodin ' s proposed lateral pressure distribution. For 

Slllplicity, Rodin recommends that the shape of the pressure distribution 

be taken as linear between zero and the maximum pressureo Using his 

model of pressure, Rodin fitted empirical curves to the experimental 

results available at the time.. Using his judgment, Rodin produced 

oarection factors to allow for different mix proportions, workability 

o 
and temperature from the basic 1 : 2 : 4 concrete at 70 F for hand 

placed concrete used as standard. 
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[ o r hé\nd placed concrete : 

~ 
(kN/m

2
) p = 17 hs = 19o16 ( 3. 28 R} 3 Eqo Ao1 max 

a nel for vibrated concrete : 

where : 

1_ 

(kN/m
2

) p = 24 hs = 25. 9 ( 3 .. 28 R),3 

max 

P = maximum latera l pressure (kN/m2 ) max 

R = rate oi placing (m/h) 

Eq. A. 2 

hs = head a t which the maximum pressure f irst occurs (m) 

Due to lack of data at the time, the importance of setting time, 

size and shape oi the form was ackmwledged but not assessed, without 

any rela tionship or correction factor s proposedo 

AMERICAN CONCRETE INSTITUTE (ACI) , 1958 

The ACI Committee 622 review, 1958, on formwork pressure used 

Rodin ' s 1952 survey extensively anel also the work of Hoffman, 1943 ; 

Schjp dt ,1955; anel the Ontario Hydro-Electric Power Commission, 1957. 

No new theory on formwork pressure was presenteei or new experimental 

work done, but they make use of unpublished data. The cuo::ent ideas a t 

the time of publication were discussed~ From the review, the Committee 

concluded that rate of placement, concrete temperature and vibration 

were the most important factors controlling formwork pr essureo 

where : 

The basic general equation proposed was : 

p = C 1 (1 - C 2 R ) 
max t 

p 
max 

2 = maximum lateral pressure ( kN/m ) 

Eq. A .. 3 

c 1 = a constant depending on the unit weight of mix 
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C 2 = a constant depending on the consist ency of 

the concrete 

R = rate of placement (m/h) 

t = tempera ture of concrete (° C) 

For ordinury Portland ceme nt, a 11nit weight of 33. 6 kN/m3 anel a 

slump of 100 mm, the 9:JUation Au 3 becomes : 

p 
max 

785 R = 7 u 2 + _..:;:.~:;,;._ 
t+17o8 

The minimum value of 7o 2 kN/m2 was to allow for construction, 

surcharge anel re-vibration loads. Some modifications have been 

proposed (1962, 1977) for walls, but for columns there has been no 

change. 

2 
Equation A. 4 was applied up to a maximum value of 144 kN/m • 

With very high rates of placing, the assumption was made that the 

whole depth of the column is subjected to vibration anel the Committee 

recommended that the maximum pressure be taken as 144 kN/m2 at one 

third the height of the column above the base and varying linearly to 

zero at the top and the bottom (Figure Al . 2 ). This recommendation was 

based on unpublished field tests. 

The Committee also recommended that the height of the column 

should not exceed 5 . 5 m anel if i t did so , th\? column should be concreted 

in 5 . 5 m lengths with periods of at least t wo hours between concreting 

s uccessive lengths. This approach was s uggested in order to allow 

some chemical stiffening to take place anel consequently reduce the 

l ateral pressure. 

Since first presented in 1958, the ACI methocl has been widely 

used no t just for formwork design ( the small number of changes shows 
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the safety of the method) but as an indication of the actual pressures 

on large borcd piles by some American \~iters (O ' Neill and Reese, 1978 ; 

Stewart a nd Kulhawy, 1981) . 

ERTINGSHAUSEN, 1965 

In 1965, Ertingshausen presenteei the results of his comprehensive 

research i n laboratory condi tions an:l on real structures anel f rom statistical 

analysis of the results the following equations were suggested for 

maximum pressure : 

a) rates of placing (R) up to 4 m/ hour : 

~ 
P = 30 (R) 4 

max 
Eq~ A. 5 

b) r ates of placing (R) between 5 and 6 m/hour: 

!:< 
P = 36 (R) 4 

rnax 
Eq. A. Sa 

The suggested design envelope is shO\'m in Figure A 1 . 3 . A 

discussion on the shape of the pressure envelope highlighted two main 

factors : shrinkage of the concrete and the flexibility of the f ormwork. 

CIVlL ENGINEERHG RESEARCH ASSCX:IATION - (CERA) , 1965 

In 1965 a study of formwork pressure was carried out by CERAa 

Data from site measurements were analysed but no new theory on 

f ormwork pressure was produced. 

The empirical equation proposed as the best fit for the values 

obtained during the study was of the forro : 

F = D .. R. t + 1 . 89 (2 . 44-R) 
1+C (- t- ) 4 

t max 

Eq .. A.,6 
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where : 

; 
p = lateral pressure (k.N/m- ) 

D = density oí the concrete 3 (kN/m ) 

t = time s ince conunencement of placing (hours) 

t = stiffening max time of the concrete (hours ) 

C = factor depending on the workabili ty of the concrete 

and the continuity of vibration. Typically it 

ranges from 0 . 13 to 0.27 for structural concrete 

R = rate of placing (m/ h) 

When t = t 
max 

p 
max = 

t D • R • max 

1 + c 

Various graphical aids (CERA, 1965, Concrete Society, 1972, 

CIRIA, 1969, CIRIA, undated) have been produced. Pigure A 1 . 4 shows the 

pressure design e nvelope suggested by CERA, 1965. 

RITCHIE, 1962a, 1962b, 1963 and RITCHIE AND MCDOWALL, 1969 

The work done by Ritchie, 1962 a and b , 1963 and Ritchie and 

McDowall , 1969, introduced some new techniques and concepts to the 

s ubjec t . Initially the f ollowing variables were studied : m1x 

proportions, workability, method of compaction, rate of pour and 

f ormwork size. The properties of fresh concrete were s tudied using 

t he vane test and triaxial tests. Using full sized columns the 

authors produced data on formwork pressure. The conclusions that are 

of interest in understanding the mechanisms relevant to large bored 

piles are that : 

(i) - an increase in slump does not necessarily 
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produce an increase in lateral pressure ; 

(ii) - there were largc differenccs in l a teral pressure 

for equal s lwnp but differcnt cemen-t t:o aggregal.e ratios ; 

(iii) - an increasc in angularity of Lhe aggregate , at 

constant water/cement rat:io, reduces Lhe l ateral pressure ; 

(iv) - an increase in the surface area of the cement 

at constant water/ cement ratio makes little difference with rich mixes . 

Based on the results of the full investigation the a ut:hors 

presented their concept of formwork pressure, considering the changes 

in a single lift of concrete which has successive lifts of concrete 

pl aced above it . When the lift i s first placed (and vibrated) it acts 

as a fluid of dens ity equal to t hat of t he concreteú When the vibrator 

is withdrawn, the concrete congeals and regains its viscosity . The 

cohesion oi the concrete balances most of the shearing st:resses and the 

aggregate remains s uspended in the cement paste matrixu 

When a f urther slug is placed the vibration and load transmitted 

to the lower slug will cau se it to deform plastically and produce 

hydrostatic pressure. During this period it is s uggested that some 

particle contact will be establishedo 

Eventually the placing of a new slug of concrete and the 

transmitted vibration will cause the formation of a continuous 

i ntergranular structure involving all the solid constitue nts. 

Additional lateral pressure may still be induced by pore fluid. As 

the shearing stresses are transferred to the intergranular structure, 

a compression oi the volwne occupied by the particles occurs resulting 

in the expulsion of i nterstitial cement paste and water , and 

transference of vertical pressure to t he wallso 
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Once maximum density has been attained, further loads cause a 

dilation of the structure and a vol~1e increase, resulling in the pore 

fluid being drawn back into the interstitial spaces, reducing both the 

lateral anel vertical pressures~ Further lateral pressure reduction 

are caused hy t.hixotropic regain anel the formation of chemical bonels. 

Othcr references concerning the mechanisms involved anel a study 

of the different Iactors af:lécting formwork press ure are Adam et al , 

1965 anel Ore et al , 1968. 

A 1.2 . 1'1ATHEMATICAL MOOELS 

The classical theories oi earth pressure anel silo design have 

been adapted by researcher s on pressure in f ormwork. 

Guerrin, 19.50, presented his approach considering different 

categories of concrete : 

liquid concrete with no internal friction ; 

- poured concrete having an angle of internal friction 

o of 20 ; 

- stiff concrete (angle of internal friction of 30°) ; 

- concrete after compaction by vibration (~ = 50°) ; 

- concrete after compaction by rodding (~ = 30v) 

The given angle of friction between the concrete anel formwork, 

~·, was 23° Ior timber anel 14° f or steel . For wide sections , poured 

concrete was split i nto a water component anel a solids component and 

the maximum pressure for a mix with a density of 2. 2 was given as 

p = 10 h + 12 h • c 
max s s 

Eq. A. 8 

where : 

P = maximum pressure max 
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h
5 

= produc t of t he rat e of pl aci ng a nel the sett ing t j me(m J 

c = a coefficient gi ven a s Oa413 f or timber and 0 . 445 

f or steel 

~vith vibrat ed concre t e , t he materia l was asswned to act as a 

fl uid to a depth of 0 . 8 m and the maximwn pressure g i ven by the 

cquation : 

wher e : 

p 
max = 0 . 8 O + 0 . 13 O (h

5 
- 0 . 8) 

O = concrete de ns ity {kN/m3 ) 

Eq. A. 9 

When considering wide sections where arching was considered to 

be insignificant, many researchers have us ed the Rankine coeficient of 

earth pressure K or even Coulomb theory. Oifferent approaches are 
a 

based on different variations of K with time (Bt5lun, 1929 ; Hoffman, 1943 ; 

Tous saint, 1950 ; Olsson, 1953 and Muhs, 1955) . 

The f irst a ttempt to introduce a component of pore water pressure 

i nto formwork pressure analys i s was carried out by Schj~t , 1955. 

I n his analysis the f ollowing variables have been considered : 

se t ting time 

workability of the concrete 

weight of the concrete 

pore water pressure 

rate of placing 

depth of vibration 

smathness oí the formwork (f or arching) 

permeability of the formwork (in connection with the 

pore water pressure) 

cross section of the formwork 
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The concr ete model us ed to develop his f ormula '~as t hat the 

concr eta acts a s a íluid during vibra tion but as soon a s it ceases, 

t he mater i a l beha ves a s a solid porous ma terial with pore wa ter pressureo 

Dur i ng the f luid s tage the p r essure curve f ollows t he hydrostatic 

press ure . 

&hj~dt der i ved equations for f ormwork pressure with a nd without 

friction between the concrete a nd the f orm. The main problem with 

the proposed equat ions, appart from the complexity of some coefficients, 

is the s election of the material constantso 

Witte, 1961, studied the variation of properties of fresh 

concrete with time using triaxial tes t s . He tricd to reproduce the 

standard technique to assess K for granular soils (adjusting the 
o 

horizontal stresse s to prevent the specimen deforming and referring 

to the ratio of stresses as À) . At the beginning of the test À was 

assumed by the author to be equal to unityo Experimental results 

lower than expected by the author were attributed to frictional losses 

in the equipment o 

Witte considered that the reduction of À with time should 

follow the exponential form and the experimental results from 3 hours 

onwards fitted reasonabl y this assumption (Figure Al . S) . 

Levitsky, 1973, presented an analytical approach for evaluating the 

formwork pressure. The formulation presented uses a physical model, 

assuming that the shape of the pressure curve is a result of 

simultaneous hardening and shrinkageQ In 1975 the same author produced an 

analytical model for form pressure based on a viscoelastic model . He 

suggested that the relaxation in the form pressure after the maximum 

was originated by the relaxation on the formwork. Using his model , 
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the author was uns uccessful jn correlating exper imental data with 

predicted values., 

i-\ new theory of concrete pressure on formwork in widc sections 

was presenteei by Harrison, 1979, consideri ng the principle of effective 

stress The author cons i dered the problem oí variation with time of 

t he pore pressure and the so có.lled coefficient of effective pressure, 

depe nding on : 

- disper sal of the hydrodynamic excess 

development of s uction forces 

- c hanges in the concrete head 

- vibration 

Figure Al. 6 shows the components of vertical anel horizontal 

pressures.. Figure Al. 7 shows the effect of the consolidation process 

on concrete pressure. 

The mathematical model proposed by Harrison was developed using 

a modified consolidation theory; a combination of the equation that 

describes the consolidation process with the development of s uction 

forces (Figure Al . 8 ) . No solution was proposed to the equation that 

defines the rate of change of pore water pressure with time for a 

constant rate of placing ( simples t case) , mainly because of the 

problems of establishing the numerical values of the coefficients 

presenteei in s uch equation. 

According to the author , the major advantage of the presenteei 

theory is its ability to provide a logical framework that can be useel 

for interpretation existing and new data. 
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APPENDIX 2 

SPECIAL TR~IAL CELL TO TEST MODEL PILES 



APPENDIX 3 

SPECIAL llUAXlAL CELL TO TEST I\100EL Pil-ES 

Dur inÇJ the estat.lishment oi the different approaches to stud)' the 

efCects of bored pile installation on the properties a nd conditions o( 

t he s urrounding soil , it was recognizeu that, if the changes a nd final 

soil condi tion could be related to a pile load test resul t , a major 

improvement in the knowledge of the interaction between pile a nd soil 

would result . 

In order to make the testing of model piles cast in beds of soil 

under any stress conditions possible, it was necessary to design an 

apparatus that would allow the independent application of horizontal 

and vertical confining stresses on the soil bed. In addition to that 

characteristic, facilities for measuring the pore water pressure on the 

top a nd bottom (or drainage facilities) of the soil bed were required. 
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It was decided to modify a standard 6 inches diam. triaxial cell. An 

internal f rame, with variable hight was designed and connected to the cell 

bottom (see Figure A2. 2 B) . 

A diaphragm acting upon the new pedestal provided the independent 

vertical stresses on the soil bed~ The horizontal stresses were applied 

in the conventional manner , the soil bed being protected by a standard 

6 inches triaxial specimen membrane. 

Pore water (pressure or drainage) ducts were provided both at the 

top and bottom (the measurement of pore water pressure should be made 

a t the bottom - copper tube was used to avoid volume change) . 



The top cover of t he frame has a central hole, to permi t loadi ng 

01 the model pile to be i nstalled i n the soil beda The load being 

applied to t he pile can be measured by an i nterna! load cell, acti ng 

upon the pile, with a Bellofr am rolling diaphragm protecting t he soil 

!Jecl from the water on t he cell. The pile displaceme nts can be 

measured by a s ubmers i ble LVDT moni toring r elat i ve movement between 

the f r ame' s t op cover a nd t he l oad cell bottom. 

The possibility of us i ng t he technique developed in Chapter 6 

(ins t allation of minia ture pressure transducer s i nside a soil specimen) 

ca n al low the study of tbe variation of the pore water pressures a t 

diff erent dis t ances f rom t he model pile cluring i nstallation ( under axi

symetric conditions), up to equalization (in a rnedium terrn experiment ) 

and during pile loadingo 

Difí erent experimental procedures could be suggested f or the 

specimen forrnation, pile testing and post test s t udies (var i ous a spects 

could be studi ed, such as : effects of different procedures used f or 

pile installa tion, diff erent concrete mix proportions, importance of 

stress r a t i o, stress level , stress history, structural changes in the 

soil a t different times of the rnodel pile history, among others ). 

The special triaxial was designed and built and its use i s left 

f or future work. 

Figures A2. l to A2. 3 show the new apparatus. Figure A2. l 

presents details of the basic components and the new pedestal being 

assembled. Details of mounting the interna! frame, top a nd bottorn 

ducts, and the complete new pedestal are presented in Figure A2 . 2 . 

The complete new apparatus, inside a standard 6 inches diarneter triaxial 

cell, is presented in Figure A2. 3 . 
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RESLIMO 

O rr~.· ... ~.·niL' 1rahalho an:rl''·' "' dealtl' Ja e\CClH;an de ~.·qaca' e ... cavaJa, em 
'nln' ar!'thh•" na' prnpncdaJc, dn '''tema 'olo-c,laca. a 'abcr: alíno Je tcn 
'"C' de,·rJ,, a cwa\ .11. an. clctt<l da utalrtação de lama hcnt<HllliCI. :u.;ão do cnn
~.·rcto fre'l'\1 ahnn.lando a altcraçún 1111 c'taJ o de tcn,llc' c migraç:io da ;i~!Ua liHe. 
cfelln da dcmnra na L'll tll'rctaccm c rccqahelcl' llllt.:nto de tcll'tic' hori1 nntai ... . 
Siio :tpre,cnlado' n:,ultado' tlc c rhaan-.. preliminar..:' rca litaJ,,... em lalwralort<l 

com a ranaladatlc dc e ... tuJar lh efclll" da rrc,cnça Utll'l11Krcto frc ... cp Cllll'lln · 
talo t·om n 'olo na rt:,i\lt?rH:ta n:io drcnada Ja, ar!!ila'. hem conw rc~ultado~ dc 
en~aio~ cm <HlH >~tra' ~.·nlc tada' JU nto a c'taca' r~ai .... a 12 m tk profumliJadc. 
mn,trando o ckiltl uc c\ccuçüo <.Ja., c'tat·a, na rc'''téncaa não drenada da argala . 
4 rn~.·~es aplÍ' a C\ccu.,-:io Finalmcnte ~.· onu.:n ta-'c a am port :'ant·ia do conhcca 
mcnto de ta i' el'c tt(l' na pre\ t<w dc ~.· umportamcnttl da' ~.·,ta.:a' C'l:a\ ada' de 
grande diâmetro cxcl·uta<.Ja, em 'olo' argilt1'th 

ABSTRACT 

The pape r dt•scnhc•, thc t:f/ct·t, o/ /wred flllt• lll.ltttfla/11111 1111the propt•rtit'.l of 
the pile--ela v .1.\'.11<'111 . Such c·/l('c/1 11111\' ht• clue to relie/ 11/ 1'/rc'.II'I'S <1.1' a re.111lt 11{ 

excal'li/Ío/1 . to the 11.1<' o(.1/urn·. the mi~ration u{'u·ater ti·ot/1 {re.1h collcrt'll' . th<' 
dela r i11 ('(IIIC retin~ or the rc-t•stablt.lhment o/ lwri:olltai .Hrt' llt' l . Preliminan 
tl'.\1 result .\ are• pn;\C' IIIccl shuwing the c:l.f<·ct ll(tht• fi·l'.lh t·oncn·tc in cotl/actll'itlt 
the dtn· on the unclrained shear l'ln'll~th . Rewlts o(test· pcrfi,rmed 1111 Htlll/Jft•l 
tal..t•nnear rt'al ptlt•1. I:! 111 decp . .J mo11ths a{tt•rtnltallwion are al.1o f'rt' l<'lltt•d 
Final/.' . l'll lllllll'lltl art• prnc11ted collt'l'I'IIÍIIg the refc'l'tlll< c olthl'.lt' clfcct.l 111 

predictina: the hdlal'l(lltr oflar~e /}()red pile.1. 

INTRODUÇÃO 

A cxec uç:io de.: c~HH.:a~ e ' l.: :t\ ada' ~.:o n~ i,tc 
basicamente na perfuração do sub-.,olo até uma 
profundidade pré-determi nada c na ~.:oncn:ta 
gem da escavação. Na prática ocorrem diferen
tes condiçõe:-. de execução e ~;io utili7adth pr'o
cedimentos diverso., em cad;t ca~o !Tomlinso n. 
1977: Weltman anu L.aule. 1977: Rec,c. IIJ7HJ . 

A ~i tuaçao ma i~ si mple!> ocorre em '>\llm argtltl· 
~os rijo~ em e~taca~ com profundiuade ltmitada. 
onde o fuste permanece esttívcl !--Cill utilizaç:io 
de procedimentos cspeciai~ de contenção. per
mitindo a concretagem por queda ltvrc . :\C\\:· 
cução to rna-se mai~ complc:>.a na medida em 
que -;c torna neecs~üria a utilização de re,·e,ti 
mento ou Iam;~ bentonítica para a manutenção 
da es tabi lidade da c~cava~·ão ou prcvcnçáo do 

Di.H·u.Hões ahcrtas até 301/] 'R/ 

15 
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• dt'\ tJp .l C'l.l\ :tt::iP I. h.11r tk L11111JaJt.• dtl ,nJP 
. tdta~.·~n t c .t• l llh tl' r~.k\ '"'' :1 prl',l'n~· ..~ d,• .tgua 
' " rc n•l t:• Hl•' l'l'ltl ~.: .d t\ 111 dl' tl'll'Úl'\ 1. anH• l!.!.t· 
m.· ntn d,1 •til li tlllll< ' ;r , p.llt'lk ' • dc\ rd• • .1 a~:u• 
lllo..'~.oll11,·:r ,f<' ·''L!\ .1 ... 1111 t. l lll l liL'Ik' I:J d:t ll l rl l/,1 · 

,,,,1 d~.· l.rnl:t h~.·n~o•nrtr, .1 n.t 1111t:rfau: ""''· 

:\ L'\l'lll,' ,l\1 d~ '"''·' ~.·, ta ç a e'Ct\ ad;o n;'tn 
.rk ta tú11 nurcrd:unl.'ntt' '" •'t ll td it,·(,~, do '"'~' 
4LI:t ll lll a de uma l''t:tl'a l l,l\ .tda 1l· i!.! . I ... tkta
lh~.·, p:rra ~o:'taç,,, l''l.'.l'.,td,,, n,t, hl!' - ~a:; 1. ma' 
Ll'rfallll.:llll' Ih L'kllll' ,:·111 1111Jhlrtal1[1.:' lltl t.ll lldl · 
l.' lllll:tllll.'ll( O d11 t.' tllllJIClrl:lllll.:ll iP da t'' l<t l ,l "Ih 
c arrt.');!:l lll ~ lllll . 1: :-. t'oll' um r llt ~o:rt'''l' ~.· r~.·, t·e nt ~o: 

111" a'p~l' l lh l ~ l al· tonadth cn rn n ,· fl' ihr da l'\l' · 
t.' UÇ:ill tk fund:tÇÚ~' p1'11llllld:t, llU l'O IIl Jlllrl:t· 
rncnto tJa, rne"'Ja' 1 l:ndo . 11J7-: 13u,t,unant ..: ct 
.d. 1979: Cunt'. IIJX01 

ra~,a -\1.' a dllali\ar t.'ada Lllll do' cfctlt" da 
l' xl'c uç[tt' . "-' paradam~ntl' . 

,\Li\' 10 DE TE:\SÕES DE\' ID O \ ESC\
\ 'AÇÃO 

O ..:on..:c it o ' tmplificatln d11 l'' tatln de t..:n
~úc~ cxi~ten tc no 'n lo antCfllll' llll:ntc a l'\Cl'll\à'' 

ao1o omoiQoOO e e/teor 
de umidode otterodo 

~de tensões hof! 
zontois devtdO ô escoY!:! 
çõo 

(A l ESCAVADA 

J.t c' t:tl'.l. dc\ tdo "'llll'llte ,111 pc'tl proprttl d11 
"'"'· ~· ba.;eadtl n:h '•'g utrll.:' cn n~ rJ ..:r<t\i'e' 

·'' t..:n~ilt:' \c r tlt.ll' ,,j,, tcn,,k, pnnctpal' 1' 

pod..:m ,~·r J~.·tL'rllllllaU:h .t J':trtrr tlo Pl'"' 
proprlll J,, \tllll r r r, 1 • 

:1 pre,,ü,, n..:utra l' L"onh..:crd a I UI. 

·'' tl'll'tll''> hon/oltt;u , ':io t ~ trat ' l'lll tt lJ:t , "' 
drr..:,·i'lc' l' também ,,io t en"·~.·, pnn ..:tp.ll ' 
1 •r" I. 
a relaç;h' entre·'' ten,óe' hnn;nntar'.: \t.'rtt 
1: ,11 , l'lctt\'a' e tlclinitla ~.·nmP '' l'clefrnt:ntt.' 
dt: e mpu\tl em rq10u~tl 1 K0 1 

\l <J ,,,luçúo 1.k probkma~ na prüt tca da En 
~..:nhana de Solo'. potle-~e detc: rminar ou l! ' ll · 
mar ~.·,lln rdatl\ a lacilidatle a~ tt:n,ôe' \'Crticai' 
l' n~.·utra. p11rém :" tc n ~ôc~ hori1.o nwi-. co n,ll 
:u~.·nt um probkma nwior I \'O.:r . por t:Xl'm p l<' . 
\\' roth. 19751. 

O procc"'o de e'ca\·açüo do fu'-le d~ uma 
t:'> tact afeta a' propriedade~ tlo ,oJo ar~tlo"1· 
n:" \ 11111han~:a~ da l''taca . Jc uma forma dift ..:tl 
de quan tificar . Durante a e~cava~· :'tU <.lo ru .. ae (I 

nr\..:1 dt: ten~<ie~ hori1.on tais próximo a c~l'a\'a · 
ç:io é rc:duL ido. 'cndo o proccs'>o dependente Jn 
trp11 de ..:xecuçüo lu'u tle lama bt: nt onítica. rc 
\e, trrn..:nto ou 'implc!o e~ca\a~·úol . Con~t 
dcrantlo a ctmuiçüo mais ravuriivd. llntle o rc 
\·cstim..:n to o u a lama bentoníti ca não !>àO utili · 
;aJo,, uma e~pe"ura lim itada de \Oio ao redor 

AU - acréscimo de prenõo 
neutro devido à c r o
voçõo 

__...,..------ re<;~iõo CIITIOIOCJdO e com 
elevoção de pressão 
neutro 

( 8 ) CRAVADA 

Fig. I - Diagrama Esquemá tico Mostrando os Efeitos da Execução de Estacas no Solo 
I Detalhes para o Caso de Estacas Escavadas nas Figs. 2 a 5) 
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PRESSÃO NEUTRA 
NO PONTO A 

(YOior lniCIOI) 

concnttOQem 

'- eSCOIIOÇÕO 

r1191ÕO amoloooa 

DISTÂNCIA 
DA ESTACA 

USO DE L AMA BENTONÍTICA --+--• ESCAVAÇÃO SEM CONTENÇÃO 

Fig. 2 - Diagrama da Possin·l \"a riação da Pressão ~cutra Devido a Execução de Estacas 
Escavada~ l'm Solo Argiloso 

TEOR DE: UMIDADE I h I 
E RESlSTENCIA NÃO 
ORf:NADA I Su I 

2,5 S. O 7,5 10,0 
DISTÂNCIA DA 
ESTACA ( em ) 

Fig. 3- Diagrama da Variação do Teor de Umidade e Resistência não Drenada na Inter face 
Estaca-Solo 

da I.'S<.:avaç:io ,ofrc um pro<.:I.'S'-0 de amolga
mento devido a retirada du material !sendo dc
pendenlc.: do 1rpo de ferramenta utilr7.:Jdo 11:1 

c.:~c.:a\· açãol: a' tc.:n-,i•c' hori/Oillal~ rad.a1<.. lotai, 
na 'upcrfr<.:1c do fu,te rc.:du7cm-'c a Lero: a 
eventual água c.:xi-.tt.:nte na mao;,a de solo 1mgra 
para a zona c.:om nível de tcn~i>cs ma1s redu7ido. 
in il: i ando um procc.:~'O de c x pan~ão 1 1 11·el/ inK J c 
reduçáu de rcsi~tência l.wjiening 1: em ~o lo' fi, 
'urados as fi ~sura~ podem abrir. Fenômeno ~i 

m il ar uc.:orre na ba~e do fu ~te. onde as tensões 
verticais lotai~ cae m a zero . A magnitude da ex
pansão c.: de red uçüo de rc~i~tênci:J é certame nte 
1nfluen<.:1aJa pelo e~ l ado de pré-adensamento do 
~o lo. coeficiente de empuxo c.:m rcpou-;o. densi 
dade do <;o lo. parümetro ... Je prcs .. ão neutra. 
permeabilidade c pelo tempo em 4uc.: a c-,cava
ção permanece aberta até o momento em que ~c 
1nicia a c.:oncrc.:tagcm !considerando apena~ o' 

aspec1os rcfcrcnlcs ao ~olo e esc.:avação para 
n1nformação do fu~tc) . 

Quando é utilizado revestimento para a ma
lllllençáo da estabi lid:Jdc da e~cavação. pos~l
vclmc ntc a variação de 1cn~õc~ é menor. a ex
tensão da zona amolgada é maior c a deforma
ção lateral pcrmi1ida at~ que o <.:oncreto seja 
colocado é menor. 

No caso de ut ili zação de lama bentonitica 
oc.:orrc amolgamcn1o c ce rto nível de alívio de.: 
1e nsõt:~ horizonlais c vcnicai~ lpossive lmenle é 
um caso intermediário cn tr t: o~ ci t ado~ 

anteriormente) até a concrctagcm do fus1e. 

Como os paràmetros c condições~cima re
ferido" possuem diferentes gra ndezas na na· 
lu reza c prática de execução de estacas. o resul -
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I 2 ~ 

11 I 

TENSÕES~ i? ADIA I S 
ro r AIS 

i 
/ 

r 
I 

ORESSÃO 
IIIEUTRA 

TENSÓF.S 
RADIA I S 
!:FETIVAS 

' 1 

; - e sco vos;õo 
2 • concreloQen" 
.3 ·curo 

TEMPO 

TEMPO 

TEMPO 

Fig. -' - Diagrama da Possível Variação de Tensões 
H.adiais t'um o Tempo Próximo a Estacas Escavadas 
sem Contenção dr Fuste 

tadu c um:t ampla gama de ,· a rla ~·üo na' corH.l l · 
)'Ól' ' do 'olo rci:H.:i onad a cnrn a cxecu~,·:io de l'' · 

taca'. para 1J~ diferente-, ~olm. c téc nica~ utili
/ a do' 

EFEITO DA UTILIZAÇÃO OE Li\1\lA BE~
TONÍTICA 

Conform~.: anteriormente ci tado. a util iLa · 
ção de lama bcntoníuca afeta o ni,·d de vana\· ~-~ ~ ~ 

de tcn ~ôcs no .;o in durant..: a cscav:u;ãn do rustc. 
influindo t:unbé m na variação do teor de um i
dade do ~o l1l próximo ao fuste. A lam a bcntoni
tica interfere na absorção de água c troca-i ónka 
I concre to frc~co-ügua ) c adicio nal mente pode 
influir na carga li mite da estaca . int erferi ndo no 
atrito latcr;;l c rcsis tl:ncia de ponta disponíve i ~. 

como rc~u ltado da formação de pc I ícu la I mu·d 
cake ) na~ pared..:~ e fundo do fuste c rcmoçüo in
completa ($1iwinski e t a i. 19R0). 

E 

n ível dO solo 

Jn I 

/ I ' I h 

I ! 

I ! i.J. L. 1.. L 
I) ( 2 ) ( 3 ) 

Q 

p 

ll l solo <JR=lSh~'CT~ 
( 2 l e3COIA:lÇÕo clllentoo• to ~ : 'lf> h < CT ~ 
( 3 l concre toQem CJ~: lSc h> CT~ 

, I { ' ') 
P : 2 CTR+<le 

' I ( , , ) 
Q = 2 crR -era 

Fig. 5 - Variação no Estado de Tensões 
Horizontais (Kstaca Escavada em 
Argila Pré-Adensada) 

CARGA ( KN ) 

00 50 100 150 200 250 300 350 

0 , 1 

0.2 

E 0,4 

w i5 0 ,5 ~--"1---t~..,.,.--f----\--1---i 

..J 

5 0,6 1--- 1---4----f'o...,....-,-- t\---i 
w 
cr 

0,8 

O u..;o de lama bcnt0nítica e nvolve outro 
a~p..:c to a 'cr considerado: geralmente nesta c ir
c un ~tânci a a ferramen ta utili zada na escavação 
é difer..:ntc lcl<t utilizada na escava\·ão 'em 

Fig. 6 - Resultados de Provas de Carga 
Mostrando o Comportamento de· Estacas Não 
Influenciado pelo Uso de Bentonita 
(Fearenside and Cooke. 1978) 
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'''''" •'llll.t l '' <iUt.' p••de Jltc r ar tan111 J ' ,l rrnen
" ' '-' 1 '0Jo ' .l.J _. ,1,1-.l lfll:tnl" ,,, ,<>ntl!,út'' da \U
·,,·:•r lt.' '.rtcr.tl Ja rnc.:,ma 

r l :rc.: rt <' Ja u rr l r ta~,;.ll• d,, l:11na t>c n!<llllll t.' <J 
tl" ll<1 l:llt.'r:rl d:t' t''t,r;.·a, ,.,, ;t\ ,tJ .,,.: ICill O: de 

Ir ' '"' '.!'' ,. \ t'rllr t..l-, 1.' a llt.llllt'ncta k ll{':nr (le, 
, .l ll lr<tdrll•rr .t' n.r lrt rr:tlur. r 

I •n "'' '" p~.·r ll lt':t' ,. ,, J l.:m;t hc.: ntnnrll t.':t 
· .. rrn.t um •• c .rm.nl.t n.r rnll'r l,tt'ê ,·q,tt·<t -,olo 
!tltt·r , ;rJ.,.,·r. lfll l' <.: lll algtllh ca' '" :'ndc 'erre

ll lt l\ rd :t t.k lorrn.r p:n ,· ral p..: l:r aç:r.1 dn ,·on,·re ttl 
Ire,,, , -c nd<l ,.,, ,,,, . .Jd ll .tlr:l\ ,., dPtuhn trc m•H1ha 
ll rt'l1 11 1'1 t Fklllll l!! .rnJ S ll\\ llhl-.1. I'J 7"' l A ;w' 
,,., d prr,c.: n~,· .t d,·,ta ~.· : nn:r d.• de hc.: nldllll .r de.: !>a; 
'·' r<'' l ' t ~·n ~.· r .l lt' \,llll.t d tr, 1tl ,1, rt·l:ll r\: r' :Hh 
':rlt•rt'' d..: :HrrtP ,t ' C:rc 11r nh11du' num:r c ' taca 
,·,•rh lru rda utrl 11 .rnd" tal prov: •" ' ·\r u:tlmc nt c.: 
11 .11 • t'\I' IC.: 11111 c llllht'l.'lfllt' ll l< • ~'I.Jhc lc.:, rclt • " ' hrt' 

,, pr••hk rna. lil .r ' .rt''l';r..., :r : ' rd,· ril.r.r "''P"'"'c:l 
, lf ~ C:It.' .r n,·n rr. ·n,·ra de.: r~.·du~ ·'" nn ., .tlor da rc 
''' t0nc.:r:r pnr ::t rr ln . t'lll ' n l'" ~ r : tnular c:'. da 111' 

Jcm .k I O ,, 'ti' ; lf· km rr 1 ~ .tnd 'i Ir" rrhl.. r. 
I li~~ , 

f-. 111 "'' '" de.: hal\a pt·rnlc.: ah rlidadc.: \.' 1111111 

:r' ar~ila'. pude -,(' c 'pc: r.r r :rpcna, .r !Pr lllaç üo 
,k 11111.1 ~.· am.rJ,, dt· p~.·q tll.:n ,, t' 'J'C.:"''' a rc.:..:o · 
hnndo :r' part' th:' d.t l'' t::t\:fl;.ro . I.Jlll' l' \c nt u:d· 
menlt' [llldt•r,r de l\ ar d<.' ,,., relllll\ rd:t l· , tc fa to 
c c.: ,•nfrrm:rdn na prüt rl'<r l' "r ,,1."<:1 \ ' ,11.'• •..:' k rla' 
~rn c\lac " ,. parede ' dr alr:t~ma de i\,td: t' .r t:Jto,. 
çohert o l:.m al~ un' t'"' '" 1111 ..:t llõ'i .rlad.r .r pre
'en(;a dc um:r ca m:rtb L'<Hll pntrL'"' mrl•mc.: trn-.. de 
C.: ' J'e"ura trlcmrrrg and SI"' '"'.!..: . 11177) r uja 
pre , <.:n(;a c f<,rm a~'iit' 0: rl'lac· rnnatb 1w r l' l'r!O~ 

:t u t t \ r~-.. corn l11 11 !!a ' de n111ra' na ,·,·m·r,·tagcm. 
ocorrê m:ra de !m1. a' c!clrll"l' 11 11 l''<:n tu:"' rea
çt"•c' qu ímr ca\ . Em nutrth ,··' ' '" 11:io e \1\I C e vi
c.Jê nl.·ra de lnrmaç:'tt ' de ta l ç;rr11ad:1 n.r rntarare 
t Burland . 196 \. F..:arcn'ldc :rnd c,,"l....: . I!J7Xt 

o· :'>íelll a nti Ree\e I I ., -~ I n:l:t ta al um C l'-0 

de.: 'cn~ível rcdu(; :io 11 0 alrrt n lat..:ral c:tu,:ltlo 
pela nl'<Hrê nc ra de c'pc,~a l'amada de hc ntonita 
11:1 intcrf:u:c e ,w,·:t-,olo. dc ' rda pn.,., i\ e lrn..: ntt.: 
:t utllitaç:io de IC.:\<.: \l imcntn pruvi , cín n I prática 
pou<.:n comum I. 

.\ nptni :io de que n a trrl :tl,llc ral n:io c prati
~.· :rrlh! nt e afet ado pc.:ln u\n de l:1rna be ntonítica é 
' uportada por grand t.: número de prova' de l'arga 
rea litada' c.:m c lc.:rnc r1ln\ l'IHbtru rdn-; uti liLa ndo 
t.oll ljHl \.k prnc.:c.:diment n tC' hadei,,o n. 1961 . 

" :> resiÕes móx1mos 
"O concretooem 

o 

-5 

- 10 IJ) 

<t 
l
o ..__._ __ _.____._._-u~ - r 5 u 

30 20 10 o 
PRESSÕES TOTAIS ( tlm2J 

Fig. 7 - Pressões de Concreto Medias durante 
Cuncretagcm de Painel numa Cortina 
Diafragma (Oibiagio and Roti, 1972) 

E 

• :oncreto tresco 

o orxis 24 horas 

w r o t--r~'-+"---~-t--..._-1 

o 
<t 
o 15 
o 
z 
~ 20 
o 
a: 
Cl. 2 5 1--+--f---\h"'t...t--+-~ 

Fig. 8 - Pressões Devidas ao Concreto 
Medidas em Cortina Diafragma (Uriel and 
Otero , 1977) 

Burland . 1963: Fernandez. 1965: Kornick and 
Wiseman . 1967: Farmer et ai. 1970: O'Nei ll 
and Ree sc. 1972: Fl e ming a nd S liwi ns k i. 
1977t . Num exten so programa de provas de 
carga em cwtcas instrumentadas. reali zado com 
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1000 
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TEOR OE UMIOAOE 1%) 

Fig. 9 - Relação entre o Teor de Umidade l' 
a Resis tência Não Drenada para a Argi la de 
Londres (Skempton. 19591 

a 11n:.tl1datk e'pecll lt'a tk t''tudar o t'lc.: il cl da 
utd11aç;ú1 dt· lama hentclnlli c:t 1111 u•mporla · 
lllt'llh' d,,, t''lat·:,, c.:'c" ada' t'lll ,oJ<h :tr!!il<•· 
"''. l·c.:arc.:n' iJe :11\ll ( .. HikC I I 97X I condu~ram 
411e. apc.:,ar d:~ ampla gama de rt"'u lt aJo, ohti
Jo,. niu1 llt'orrc.: lh:nhum:J difc.:n.:n<;a t'\ itlc.:ntc.: tk 
componamento dl'\ 1do a utllltaçiu• c.k'-tl' prn 
ce"nt'•lll'truti\o. 1-'igura ó 

:\(.-\0 00 CO~CRETO FRESC O 

.-\pth ,, la~e de c.:,c.t\ aç:'1o. ,, lu,tc.: c.: preen
c hido com concreto de alt:J pi:J:-.tlt' ldadc.: 
(fluido I. J::\lqem dOI\ c.:lciiO' UÍ\111110\ a 'nem 
con-.,iuc.:rado': a lteração no l''latlo de tcn'-oc' c 
migração de tigua 

Estado d e Tensões 

Quandn a c'cava~·úo é prcent·hida com ton
ncto flu1dn ncorrc um aumento na:-. tcn,(lc.:, ra
diais tot.~i:-. c na ple\\Utl neutra t\ lnrma do dc 
'c.:nvolvimcnto do e~tadn de tcn,i"lc' ratllal\ de· 
vid<' a prc,ença do concreto frc,co na ma"a de 
,oJo aJ1accn tc é um prohlcma complc''' :\ 
atual ahord:~gcm do prnhlcma rc fcrc-,t' ao C\· 

tudo do t.·a~o de prc":io du concrc10 frew'' em 
fô rma ~ !AC I - IY5l{. CE RA - I Y65. Ln· it~ky. 

197.\. IY75J c. entre oulra:-. mo,tra :1 influi:nci:J 
da~ '>cgu1ntc' 'aritivc1' no de,cnvoh·•mento da' 
temõc~: velocidade de concrctagcm. uln'i~ti:n 
tia do cPncrcto. altura de lançame nto. cndure
nmcn to do ~:nncrc t o. ar4ucarm:nto. pé:-o e'pc· 
dfico uo maten:JI. t.unanho müx1mo de agrc· 
gado. tcmpcratur:~ da mi~tura. tempcr,ltura am· 
hicntc. ,e~:ç:io da I <'Irma c procedimento:- con~
trutivo:- ll)IIH\ a' l' llnUÍÇÚC\ de tllnt'rCtilgCill 

20 

''tllllt' IHt' 't' lll ,.,t.11. a' \''ta\ ada~ ,;:.t, t'nmpkta 
mentc Jrkr~.·n~t·, u.ltjllt'la' cnt·n ntrada' na~ C'-· 
tnllura' t.dtur;t' d .. • lant.llllCillll . çfump. \Oiuml' 
de m.lll'rl.il , ... , ,>f.,idP. ,,·u,:n' dn ckmcntP 
'l'lldP u•ll,ll'lddt• . "'mCIItC para' 11~11 ,ilguma' 
Ja, ~.t~ nd•~·'e' 1 '' t' \prc, ,Út'' prnpo,la' par.1 ,, 
:a't' d:t' ,;,rma' '·"' lnadC.:tjU.IJa, JH''·''P Je c'· 
t.tl a'~,·, ... ,\ ·•"·'' 

<>" \t'lll .111d R~.·t·,c 1 I '17'1< lt'tllhltk r:1111.h· ,d · 
: u•h J," prohkill.l' relcnd"' · Jcf1n1ram um:t 
p1ot und•tlaJc t rlllt.l c prnpu,cr:~m umtiJagrama 
1111 qual a prc".1o !Jtcral d11 concretn nc:-t·c l•· 
ncarmcnlt' de ;cn• alé .\.000 pd't f 1·1.1 (...N m 1 

na profundidade criti..:a I 1. til ,, c pcrmancl't' 
'''ll'iante a pari li' dc,tc ponto . O fator (I di, , é 
c1 h11do .1 pan1r da E4uac;:io I. I:<Hhldcrandll o 
conrrt'lo flu1dn 'ubmer'o para o c<ho c'iudadtl 
pclt'' autnrt'' 1 u'n tk lama bcntoniti ca 1: 

onde 
3000 

( t •d I, I 

)'. ti 

nndc 
-yt· .; a ma:-.:-.a c' pccífica apart:ntc \llhlllt'l'.t do 

com.:n.:to 1 p tft ·) 
de o tl1ãmctrn da c-.,t;Ka I ft 1 c 
I e a proiUilUHJadc tftl 

Rcfercnt' l ao; rei a ti va~ a prc~:-;·w do ~:o nere.: In 
lrc,cocm parede, diafragma ( l)i Bi:•g•nand Rn-
11. t 97 2: Une! anti Otcrn. 197 7 J IIHhtram .t 

ncorrl!ncia de nc,c lmcnto praticamclllc l1 ncar c 
pn>porcionaJ ao pe~o próprio UO C\lnt:rC.:lO J'IUIUO 
a té ce na profundidade (aparc ntemc.:nt t: funçãn 
da geometria da peça cnnnctadal c relatiVa 
n,n.,ti•ncia a partir deste ponlo f Fig' 7 c XL 

Cookc t i 97Yl rcfcrc -~c a dado' cxpcrimcn
tal' re l ativo~ a prco;~;io do connctn fluído em 
estaca:- c~t·avada:- . O re-exa me de dado' 1)b11do' 
em amplo programa de inve,tigaçâo de compor
tamento de e\laca~ c~cavada' de grande diámc
tro em :-n lo~ arg il u:-o~ f Whítakcr anti Cookc. 
1966) mostrou a ocorrência de valorc' dt: JHI:' · 
,;io \Crtical na ha-,e da~ c~taca' (indlcadl>- na' 
célula:- de carga! Imediatamente ap<h a rnnnc
tagcm. com ordem de grandeza entre I 2 c I _, 
do va lor correspondente a co luna de cnncJTtll 
fluido . Em li da:- 13 c~tacas en:-aiada' c~ta' 
força~ decrc!>Ceram no período antcnor ao inl · 
l'ÍO da~ prova~ de carga. Segundo C<l<J(...c ( II.J7l) I 
c~ta rcdu~·~Hl deve ~er a tríhuída ao arqucamcnto 
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: n11~ ,, u•m 1c1n ~· .1 .11 ~li.t. qu~· p11dc 1c1 llllllad•' 
;'l'l,l l<'lLtl.l ll d 11 _-i 'll\.'l'l' l\1 . • Jil\ l;tJlll•' :1 n:t 'l' 
l •• rll:t ll" m.llllld•t' d'lllll .nllnr t C'''''\l'. 19:-.ll t 
1••1.11 11 •nl rutJk rt'- 11.1 rc~· up~.·t.l,·:·tn dt" \ ,dnn:' 
11\l llll'll"" d.1 prc''.iP l' ll1 ~.:1d.t ~,·;"" · pni' '"r~.· 
~'' '~"~" •'rt:.:l nah ll.l•' lnram cJl l"Pitlr:tJih , 

\ l i).!rarao dl' .\l!tl:l 

' "rm.tlnlcnJ~· .t •luant1dadc Jc a:-:11.1 uldt
/.ld .l 11.1 p1cp ara~.· :1t1 "'' lillli.Jcln da ''ta~.a 1.' 

nl:lllll qu ~.· .1 n~.·cc":tl l : l par:t :1 I11Jrala~·:tn dnn · 
nwnl<~ c ·'I''",, t1111 de pe:.:a docnlll'fl'llll'\lqe 
.1p1.1 li\ r~.· dl,pnnl\ el na nl:l,,a de l' lllll n:to. '' 
ljlll' p•~tk 'l' l ll111:t l••llll' de :1h:"lel't11ll'lll11 d ' a:.:ua 
para "'I'" u1111 :1\ ~tkt 1: lllllll'rtant~.· 'al~~.:n t ar 

qu~.· .tp~.·n.l' p:1rtc d.t, .dh:r:tl'lll'' 111• tl'•'l de un11 
d.ttk qu~.· nu11r~·m 11<" '"'"' argd''"" llllllll de 
l'lctncnl' " 1k lund:ll;auc, cl\ad•''..: d..:' 1da :tllll · 
!!f:ll;:i11 d~.· :1)!11.1 di'l'"lll' ..:11111 ~,· otKr,·tn : de lurma 
~.·nmpkm~.·ntar l"\l,ll' a llllltrthllll.;ll, d~.·\lda a<~ 
.til\ 111 dc ll'll'"c' que,,. ''-':!lll' a '-='l' :l\ .ll·''' · prc · 
'~.:nt,;a d•• tlu1du utd11ado para manutcnt,;:tt' tb 
~·,tahilidad~· dn fu,t~· C agua li\ 1'1.' 1111 llll l'I'Hlr U:t 
111a"a de 'ilhl IILIIndo.llr:t\C,de l•"ura' ,,haJa' 
peJa, up~.·rai,'IIC' de '-='1.':" adto c h1HI/tllllc' p~.·r 

mca\'ei' 

Para llu,trar .t m:trctd.t tnllu~.·nu.t do h:or 
de umllladc na rc,l't0ncla n:'itl dr~.·1!ada l'lll ,nlt" 
argi lll, ll\. a rlgura l) r~.:p rndu/ \h rc,ultadll' dl' · 
pm1í,·e1' tSkcmpton. IIJ541 na ~p1Ka d:t puhll
caç;lo de trabalho ~.Ja,,leo 'nhrc c'iaea' e'l'.J' .J· 

da~ ~.:m '"I"" argih1'1" . 

:'-ia llll'l.tiUra e\l'lcm \Üna' rclcrcnua' .1 
'an:u;ão dntellr de unlldadc nn ,t,ln lllnll' a' e, . 
tac:t' c'e:l\ au11~ c\ecutada' ~· 1 11 'o ln' :tq: ll1"ll' 
<JI.Jc,crhol and \lurd11d. JlJ:'- 'J: Rnh1n and rn. 
rnlin,on. 1953: \.lohan and Chandra. 19111. Bur
land. 1116.\ : o·;-.;l'lll anú Rcc,c. IIJ70: Chandkr. 
1477: Fearcn , 1Jc ano l'll(ll..c . I 1J7Xl. l·.ml ahor:t · 
tlirio a di,tribulçan d11 lcur lk urn1d:11k .:m 
anll):-.lra' argdn:-.a' em eontat 1.1 l'<'lll l'llllerctu 
lrc,n> 1111 c,tutfada pm Ta~ '''r 1 llJóól . Chuang 
and Ree'l' I I '-1691 c YtHlg 1 !IJ7 1)1 

:-.la hgura I O 'üo aprc-.cntad1" I" rc,ulta
do' d..: cn,aio.., prcl111llnarc' rca l izaJo, em I.J
hiH:Jt<irio pnr um Jn, autor.:' 1 l\1illlihk). 
I IJ~OI. onde fni e'tud:u.lo ,, deito Ja ~.· ollll':tt;:io 

de anHI,tra de 'olo arl!ilo'-ll ..:m contato 1.'\llll 
t'oncrclo lr..:,l'o. tl'ntandll 'llllUiar a' comliçúc' 
Jc eampll roi u tilitado ll l.'ll,:llll de pcn..:traç:itl 

de ,.tllll' tu tdll:td• ' n.1 pr:Ht l' .l 1ngk'<t na dctcnn1 
nac·ll, d,, l11ni1c de l1q11H il'/ BS I ':.77: I 1175 
rc,l 2 ,tI ,11b a :1\:ttl de pe\tl Jc X()(l gr ~-lllll :J fi · 
naltdadc lk ·•ht~.·r uma ·" .tlt,t.:an qu.llllati\ .t d:t 
\ .ma~::ll' d:1 r~''l't.:ncl :t nan dr~.'n:1da ( > r..:tcnd, , 
,. n,alo :tpr.:,ent.t .1 ':tn tagcm de p..:r:n111r a rc:d1 · 
t:ll,"j,, lk Jc,tc' r~.·pcudo' n,llllc,m.t ,llllthlr.t. ,·n• 
dtlercnk' P•"l\'l.ll''. t·ar:tl'll'llland'' ,, 'an.tl..ll' 
de r.:'l' t0nna a pequeno' llllcn :ti•" c pcmllt..: .1 
utlilla~·:·IO d~.· uma :tllll"lla e111 ,·n,al•" \l,a lld l' 
.-ar:telcrll.tr a \:trl.tl'iill de rc'l'lénna no tl'lll(lll 

-\ l· igura 111 IIHI">lra a 1cla)ÜO direta entr~.· 
pcnl'llilt;:io d~.· cun~.· .c .tumcnw d11 teor de un11 
daJc hcnd11 a r,.,,,téneia mvcr'>amcntc propor
,· ,ona l :111 quadrad11 da pe nc traçüol . (), n:~ulta · 

do' d~1 :ttno,tra (i 11-ig li J Jndie<llllll ~.·tcitn d~1 
uttll;aç:·totk d1krcn1e' lat1lr~.·, :igua nmenlll :\ 
:tnw~lra ~ 1 hg . li J f111 ulli11ada para c'tllllar ,, 
..:l"~.·ittl dnlcmpn d..: eo nlalll I 1dadc" da l'">laca I 1111' 
rc,ultadlh de pcnetrat;:io d~· l't1n1.· . L' tllitandP 
uma alllchlra controle .• t f-Igura I ll mo,tra o 
ek11o da l'\'llluç:"to dll tenr de umidade no'' alo 
re' de penetra,· [to 1 rc' i't0n<.: ia l. Dc" r~.:,ultad t l' 
ohtidu' eondul · 'l.' que: maior fator :ig.ua ~·1· 
n11:nto eondit:1ona maior rcduçiio de re,i\lênna 
Jo ">IP. m:t111r aum~.: nto de teor de um1dade nn 
n lllt:tlll ''do-L·nncrl.' lll n:io earactcri; a a reg~<i11 
de llll.'llllr r..:,iqência 1 m:t1or pcnetraçiio d11 
,·pnc 1. P•h'l\·dmcnte de\ tdo a c f..: I! Ih C\lablll 
;adore' c..k t'lllllP''ne ntc' doe1men1o di~~olvitfo, 
na :igua ,. earrcadn' no pmec,~o de migraç:"to . 
(h l'lc.:lll~'> 'enllctlh>' no atual programa de cn 
'alll' n11 neidcm çom Ih rc,ullado' obtido' por 
Chu:tn _\: and Rcc'c 1 I 1Jh9) . 

(), rc,ulladt" de cn'allh rcalt;ado' r•'r um 
d'" aulnre:-. ( :-.1 dltlhl..'. I IJXO) em amn, lra' 
l"llktada,junto a eortm~; de l'\tal.'a' ju,tapo'ta' . 
" I~ m de profundidade. -t mc'e' ~1p11' a e\e~.· u 
ç~w da' c'taca~ c Imediatamente apo' a c,l':t\:1 · 
~- :-to ':io aprcscntadn~ na F1gura' I ~ c 1.\ .-\ <•hra 
referida 'itua -'e em Londre' 1 l\ l onumcnt 
Strcet. The Cit\ ). A' c'taca' fMam nerutada' 
eom a ut ilizut;il' de rc,·c,llmcnlll na regi:"to d11 
~ub-~oln com hnn7onle granular.: lama h~.:ntn · 

ní tica na profundidade nndc a-. anHI'\lra' loram 
coletada~ . Oh~crva-:-e no' re,ulladn' tiOtHfo, 
uma tendência hem curartcnt.udu nn~ rc:-ullad'" 
de penct raçãn de enne e teme~ de un11dadc cor· 
rcspondentes . No:-. ca~n:-. em que o aumenlll nu 
teor de umidade n:"111 ~ ~l'n'-1\'el. a penctraçàn do 
eo ne nao aprc,enta tcmlêne1a e:-.pce1al ( F1 g. 
I 3 I. 
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_1\ med1da q ue P C<'tl:re to cura_ pro \'avcl
mcnlc ocorrem Lnmpk'' '' k ni,mcno' tk tr(lc:J
tóntca cmrc n ~nncrcl•' c a .tn.!tl:! -\c' idênCJa 
n•h e n~aw-. rc.d11ad•" 'u!.!er~ um Jumo:nt o d~· 
~e' l'-t l: m: ta n •• rq~tÜ • ' d11 ,oilltllh.:dtatamente ad
ta~e nt e .w -• •IH. rctn po1r ~· lcJlo tfc,tc' knú-

22 

lllCilO!'o . 

A utilização de aditi\(h para me!horar a 
trahalhabilidadc do concreto certamente inter
fere na 1ntcr-rclação global e nt re o concretn.: o 
-olo . porém não e.\Í~tcm e'tudo... c'p.:dfko:-. do 
prnhlcma na lilcratlira . 
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1·. 11 11Jll11'l:llll<' ""l ll :.! l:tr lJ ll <' "' ro:-.ull:tdt'' dé 
t!ua l4u<'r pro~ rama dl' lah111 ,tl nrtn 10:111andn ._:,. 
luthr clt:ll'tlotl:. 1 anaç:i11 du I<'< li dt: un11dad.:.: 
do: r.:'1"é11.:1a J11 '"'t' d.:ndo, ,1 pr.:'o.: IH," :I d,, 
n m<'f<'ICI frt:,l'll<'ll1<'tllltalll J<'l ..:111 '"r L' l1l'a radn' 
l'l llll 1. .1utda I. t:\lr<'ltl;lllll'lll<' ,ompk\a a 'I · 
mlila i,':-,CI <'111 l.,h, l rat~> rll' da' ,. ,llldl l,' ll<'' d<' 
t'<Jill[HI c<" r..:o..ul tadn, 11htido' dl'l<'lll ,,. , 1.'11111 
parado' 0:11111 '" d,· ~.olltiJlP .111111 tk :tplr,t:ntar 
'i g 1111 11.· ú nL' I a 

(), <· fe1t1h da d..:nH1ra IW ~· ••11neta t: t:m po· 
dcm 'ct a1:d1ado' peln' rco..ultad<h nhttdn' em 
algun' cn-...llo' --In ,1111-- \km d11 11 11<.:l lk 
<.: arga ..: geometrta da c' taca. ll lll<•d ul, , de da~ tl · 
.:idade E 1ou o n11\du lo de L· , ,~dhamentn Gl dn 
-..olo é uma 1 .1n:Í1t:l fundament.d. afe tando n rc:· 
calqut: de uma e-.. taL·a . lk aL·ordll <"Pill re,ultadn' 
uhtido' por Mar-..l and ti 1J71 t a relaçãn E·Su 
!onde SLt é;, rt:o..i,t..:l1l' la ao L' t,al ham<·nto n ~in 

drenada l determtnada .ttra' "'de t: no.,aln' dt: pla 
ca ..:m c'ca,·açtk ' cm l.ondre-.. 1 Londnn Cla\'l é 
d..:pcndcntc do te mpo .tp<" a "'c;" ;u;~o dn fll't\! 
no qual o ' cno..;11oo.. , :to rcali;r;ulth Para t uno c,. 
pa<;n dt: tempo I oram oh t 1do' ' :dur..:' de 1: Su da 

urtk m de )IH I. cmupu-..t(,'<in a ,. ,!l on:~ cn1n: I oo,· 
21Ht ohtido o.. cm en,aio~ rt:alitado' em pcnod<~o.. 
mau>n:o.. que X h1lra' . O\ alor rcpre-..e nta tÍ\ <I da 
r..: la,·:in E Su p;,ra a argi la tk Londre~ é P""' · 
'..:lm..:ntc ) 00. l'alon:-.. infcriorc-; obtido' noo.. 
c1ha1o' nHn d1fcrc nça de tempo entre a t:-..Ctl ·•· 
,·:io c o cn~a1<1 indi <.:a m. e ntre out ro~. t:ki tuo.. dt: 
amo lp tmt:nto <' cxpam:io . prim; ipalmt:nte . 

RE-ESTABELECI~1E:--.ITO OE TENSÜES 
1-fOR I ZO:--.IT.\IS 

Apó~ a l'X l'L'LIÇÜO r nmpkta da <'' ta<.:a. "' 
tt:n,úc:-. llllrllontaio.. l.!r:.dualm.:nte aumt:ntar:ill 
de ni1·cl c o va lor lim~itc que 1nflucnl'iara 1111 rc
o.. u llauo de uma prol'a de .: arga é dependen te dn 
grau de rcdtu;:io de re~i~ t ên.:ia 411 <' ocorre no 
~o l11 ;w redor da t:s tara no-.. c~tCig1o' d..: t:o..o:,l\ .t· 
ç\lc~ c <:on<.:rc ta gt:m c po s tc ritH gra u de rc 
e,tabck.:imcnto dc t .:n~út:o., . M c~mO <'Il l1l pt:rk t· 
ta~ nllldiçôc~ de execução. parcc.: pouco prm a
ve i que o e~ tado ini t·i al d1.· t<.: nsôc-, lwri zont;n' 
cm rc pou,o. o..t:ja rc -.: , tahck.:iuo <.:o mpkta · 
menti.' na' parcdco.. l:ttcraio.. da l'~ta.:a I Burland . 
I 1J7 ~ l O rc-c,taht:k<·lmcn to da~ teno..úc~ hnri -
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Fig. 12 - Perfil Simplificado do Sub-Solo em Monument Street, The City, Londres, com Valores de Resistência Não Drenada Obtidos 
no Programa de Investigação do Sub-Solo Realizado para o Projeto de Fundações 

,j:>. 
\J1 
,j:>. 



3.6 
A . I 8 1 

::1.6 :5 1 -

o umtaooe \0/o. "}. o umooooe 1%1 ~ 
• pene11oçõotmm l 

:le-
I • oenetroçõo (mml .., 

o 
~.4 , . . 

<: ~ . ~ 
o 

29 ~ 
~ 

--- . ~.21 ,..._ . -- . 
28 

. ! \ 
\ 

~.o 

27 I 
I 

2.8 \ '? . . - - . 
\ 

E 26 E \ i 
E E . \ _ -2.6 
o ' o .... 

•<t 25 •<: .... -· u. o o----<t <: 
a: 2.4 . !: 2.4 - . - . -... .... w 
z 24 z 
w I w 
Q. 

Q. 2 2 24 
2 4 6 8 lO 12 · o 2 4 6 8 10 12 

OISTÀNCIA DA ESTACA ~ tem i OISTÀNCtA DA ESTACA 28 temi 

ICI IDI 

~ 
:;1.6 

~ o umu:Jode t01o) o umodode (%1 
• pef'letrocão f rvn ) 

:52-
• penetração t mml :52 .., w 

' 
o o 

• ' - . <t :5.4 - - l r r 1 r <t o o 
:51 ::< ' I :51 i 

~ _L. ~ 

. l· 
I ;)O 30 

29 29 

I . 
T 

28 28 

o 
' o<t 27 . 'L: .,. __ u. 

~ 2.4 

I I :~ 
... 

26 
w 

26 z .... 
Q. 

'-'! I 

o 2 4 6 8 o 12 2 4 6 8 10 12 

OISTÀNCIA DA ESTACA 29 I em I DISTÂNCIA OA ESTACA :59 I em I 

Fig. 13 - Teores de Umidade e Penetração de Cone (P= 800gr) em Amostrao; Coletadas j unto a 
Estacas Escavadas, 12m de Profundidade. 4 Meses após a Execução do Estaqueamento. 
Monument Street, The City. Londres CMilititsky , 1980) 

zontais nas vizinha nça~ da estaca rc:con solidará 
a zona amolgada e em processo inicia l de ex pan
são. (não exis tindo ainda medições das tensõe.; 
atuantes a longo prazo ). A resis tência do solo 
que so freu um processo inic ial de redução de -

vido ao aumento inicial do teor de umidade. 
amolgamcnto e expansão. au mentará como re 
.;u I ta elo da rc-consnl idação . A Figura 14 aprc
"cnta o aumento ncú:,-;ário de tensõc~ horizon
tal~ ( rc:prcscntadu no caso pm K0 1 para produ?. ir 
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Fi~. 1-t - .\umcnto elo At rito Lateral r omo 
( 'onwqul·nda do :\umcnto das Tcnsúcs 
lloriwntai:o. com o Tempo (Chandlt'r. 196Rt 

,, , Pllljhlll,tllll'llln 11h11du ~.·111 pn" "' dc· c1rga a 
dlk lc'llll'' Hladc:'. <.'11111 a cnn' ltk raç:·ltl de: '.:r 
... ,,,. '' Ullll'l' l.llnr 'an:l\ d no prohkm:t tdadn' 
tk \\ hna!-.. ·r and ( 'uu!-r. I 'J66 . 'rgundo Chan
dlt'l . l'lhX 1 

CO\'CI.t SO ES 

·\' '.1111 agc:n' 1~1.- n t<.:a' c: l.'l.'<lnÚmii.' :J' d:1 
ultllt:JÇ.J<l de: c:'la<.::l' c:wa\'ada' de: grand..: 'c:..: 
'i:it1 rc:,ullaram 1111 ~.·rc:,<.:C: I11C: u' " de: tal ,j,tc:ma 
de: lunJa,·\1~,· , l:m lun\~1\l da' 'ua' caractcri,ti 
,-a, )!C:l111ll:tnt·a, <llll.' llllllllh ..:kmcntn' ''olado' 
tr:JI1~"1ltttndo ele:\ adn' 11Í\ c i' de: <.:arga ao ~o l tl 
1 I 0001 nu ma1' n:in ':itll:ttth raro' l. ma~ o c:om
portallll.'lllo da' c:, ra~,· a, c'..:av:HJa, relacionado 
~,·nm a' prnpric:dadc:' do 'nlo ai nda não C: c la ra
lll C: I1 tl.' comprc:c ndido . 

O c: lc1 to da C:\C:I.' li (,'Üo da' c~ t :.H:a:> nas pro
pnc:dadc:' d11 'o l11 c: c \lado de: tl'l1't-'l'' é tópico de: 
m;i xima rc:lc\'~111 \.'l a para o co nhc:..:iment<l do 
c:omportanH:n ro du' .:'laca~ . O pnmc: iro prob le
ma a ".:r rc,o h 1doc: a a,·a liaçüo rcali\la dc'tu~ 
comliçilc:' antc:nnrmc: ntc a c:xc:cu~·ão da e:- ta.:a . 

(), c:k lto' lllah 'l)! rllfi~.·a tl \'lh da cxec:ut;ào 
d~.· c'ta..:a' c:'c" ada' 1111, 'olo' argilo~o-; :-:io: <> 
amolgamc:nto do ,,1111. ali' io de tcn,óc~ . 'aria
çúc' no t..:or de umHladc c: co n'c:4ücntc rcduç:io 
dc: rt:,l'-l~IKI:l. c\pa11'>àn c t'c11ómcno' dc: tr<ll'a
IÚilll.'a . 1 a n:alldadc: o t:onhc:eimc nto deste' fe
nllmc:no' atualmc:ntc ~puramen te 4ualitati vo c é 
u-..ualmcntc l'Oil'ldcrado ..:omo indit:ação para a 
adoç:in de t~t:ni..:a' <.:o n ~trutiva-, ou estabe lcci
mcntt> de latorc-, c ntpiri<.:o:- a ~crc nt uti l itado~ 

na prcvi,Úll de ~.·a pacitl adc: de carga . 

26 

( l pr,1hkm.1 ,, lfltpl!,·.l-'<' na mt'dld:t qui.' ;1, 
,I!Jl·r,·nr ,·, 11.'1.1111..1' lk t:\l'<. lf1.·:io de: c:'tJ<.',t' ~,·..._,,. 
' ·""'' .spr~,·,..:nt.tm tnllu,·n~.r.l dt\C:r'a 111 qu,· 
.dc:rt.lp.u.s•• pr11hkm.1 d .. · que 11 r~,·,ult.tdll J,· J,·. 
r,·rnnn.sd.l J'l•" ,, dt' ,·,tr!.:·'· ll',dlt.ld.l 1.'111 ,·,ta,-,, 
,. ,, .... 111.1<1.1 1k· ·''"rd,1 ullll um:t m,·t,ldlll•':!'·' 
I'' ''"' -er t llll.'llatttl.'ttt~.· dllC:t l.' tttt' d" '''lll fll'rt" 
lllt:llt•• a -..er 11ht1d•' 1111 llll.''illll ,,,111 ~.·m ~,· ,t.tc.t 

,·11111 .11111.'\111,1 ,!!<.'tlllll.'t ll .l pt tl (<.:lad:J. 4ll.l lllln 'c :d 
I<' I :ull a-.. ,·nndll,. ,·,c:, dt• 1.'\ 1.'1.'Ul'a11 d.1 c:'tJI.',t' 

C'olld iÇÚI.''> rdat i\'a' a11 ,ofo: 
I . I Perfi I do 'u b-,olo 
I . ~ . Propricd:u.k~ d11' hm11ontl.' ' 
1.3. 1-\ radtl d~.· le l>,llc' inil'lal 
l .-1. l'rt:,l.' ll(,'a tk :ígua 

~ Ct•ndt,·o~,·, rl'ial' llltt<HI<I' co1n a 1.'\C:tuc·, .. tb 
e'lal'a: 
2 I Prtll'l.'"" de 1.'\l' il\'iH;;"Io . 

~ - I I Pc:rcu"~l" 
2. 1 2. Rotação · tipo de: krraml.'ttta 

~ ~ Suponc utilitad11: 
2. 2. I . E '>l':l\ aç:i11 n;'1o 'li portada 
~ 1 ~ Rt:'C' ttntcnto 
2.2 .J. Lallw hcntonltll':l 
2.2.4 . ll~ l it:c l't llltinua 

~. \ Limpoa d11 fundo . 
2 . .1 . 1 Mcc:'tnka 
2 . .\ .2. Manual 

2 ·L C'nn..: r~.· t ;t g.: nt : 
2.4. 1. Dcmma 
2.4 . 2, r ator aguait' llllCil tll 
2.4 .. \ . Propri c:dade~ do nHKITtt1 l' i nt ~.·gn-
da de 
2.4.4 . T.:mpcratura 

2.5. Gcomc: tria: 
2.5. 1. Comprimcnll> 
2.5.2 . SI.'I.'Ç:io do lu:-. 11: 
2.5 . .\ . C1111diç:io da ha-..c: -1.·om ou 'em alar
gaml.'ntll 

.\ Condiçúc-.. de: ~.·a rrc:gamcttto . 
.\. I . Idade da c~taca (tempo dct:orrido dc-..dc: a 

cxcl·uçüo da c:-taca até 1.1 carregamento ) 
_, _2_ Prova de l·arga - tipo de programa de carre

gamento 
J .. \ . Sob ê'>trutura real : ..:rc,cimento da carga 

~rmancnte 

tipo de t:arga a..:idc:ntal 

Tahel:1 I - Fa tores Reinantes ao C omporta
mento de Estaca Escavada Isolada Q uando Sub
metida a Carregamento Vertical de Compressão 
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\ r:td1ochcmical mcthcxl l)r ... tud ~ ing thc moJ~t ure moH~ment 
be t ween fresh 1..'lH1Crcte a nd cla y 

\11 1 11 I I ~ 1-- ~ • • I I~ .I() '- I -; • .t 11d < R I C L.-\\ H)'\ • 

1"-liH>I>l~ 110"-

B.td .tn,tl~'..:' ,,f li.:ld l••.tdlll!! 1..:'" <111 h<~r..:d p1k' 
111 ,,,,r l' b h ha' L' r..: p..:. t tcdl~ , Jl\H\ 11 1ha1 che 
111.1\llllUill ,1\crag..: '"·•~'~ .td ht:'lt'll 1' llt•rmall~ 
mudt h:" lhan Ih.: .neLI!,!e tlllt.h,IIJJ hcd ,h..-ar 
'II'L'Il!!lh '' ' lhe '' '" .tl,•ng Ih..: p1k ,hall. S..:,eral 
mc.:ha 1 11~11h 111 \t>h tng 'li c" n:hcl .tnd r..: nw ulding 
h,I\L' hl'L'Il pthlui;IIL'd "' L'\pl.unlh" ,hcar 'lrl'nglh 
r..:du,·u••ll. fh.: f.tcl 111.11 .1 bnr..:d ca-1 1n ,Jiu ptlc '' 
L"•'IIL'rl' IL'd \\'llh ,1 h1gh ' lump 1111\ con1a111 111g mor.: 
''.li ..:r chan '' 11e.:L'''·'n l••r h~dr.llt••n ,,f c h.: t.:.:ment 
m.:.tn~ thacchac " .1 n:.1J~ , ,,ur.:c t.>f \\,llt:r lor da~ 
' \\ .:lltng. 

·\ numh..: r nf rc,..:ardt..:r' h;J\c lrh::d cu a"L''' ch..: 
.:JI'.:t:l' tlf 1\ CI ltlllt:rClt! pi.l.:ement t.lll l hc i!ÚJitCCIII 
"'11. t'~<•th 111 1h.: II..:IJ .1nd 111 thc lahora c nr~ 
J \l t: ~ ahof ,\: \l u rd 1lC~. 1'!5.;. S~cmptnn. 195'): 
\l ohan & Ch.mdr.1. 1961. Hurland. 1963: T:t~l.>r. 
1'.166: Chuall\! ó.: Ree,c. llJó<J 0''-.:tll 6.: R.:c,e. 
J'.liiJ: h ::a ren-,t<k é • .: (\•••1-e. 197~ . \ ''ng. 1'.179: 
'vl liilin.k~ & Cla , wn. ll.Jl'il: Cl:!) lon & 'vl i h tn ,k ~ . 
I IJ, ~l. In che JidJ. the m.lJLlr prohlt.:m 111 
.mcmpung h• .1''c" ch.: m.tgnllut.k t.>f k•cal 
m<lh lure conl..:nt nlLTea'e' adpt:cnc co ptJ.:, '' chc 
'anahilic' ,,r c h.: nacuralmohtur..: c••mcnccc.!!. sce 
l·c.tr..:tNdc & Cool.e. Jl.J"\ t. -\ llhough- 1h1, 
\a rtab tll t\ ma\ hc r..:du..:o:d \\ hC il u,i lll.! rcmt.wlded 
-.otl -. in ih~: l~t ho r;t l\>r~ . och.:r probl ~ rns rcmai n. 
The mohtur.: cont.:nl c..:,t mn,c ..:nmmonl~ u,.:d 
tt:'l ltaJ of H 13'7 - IBnthh Scandards ln,llllllll'l1. 
ll.J75) h;" lirniccd accurac) c•Hn pared \\ llh lht: 
mol,lurc contenl 1ncrea'e t)b~cned . Also a 
r.:l:lll\.:1) l.trge ,peCJmcn mu,c he remmed and 
tn..:n-dned. c.:' ' ' ma) hc di~turh.:d and ch.: samc 
, oi I cannoc bc .. a rnpkd a c diiTcrcnt l ime~ during an 
.:\pcrimcn c 

,\n allern.tll\t: mcthod. ba,cd on lhe usc of 
radinisocopc,. oO'cr' con~tdcrab l e potcnl ia I. 
Tran~fc r of 1\a l.::r from onc en,ironmcnt lo 
.ulnlher can hc monliMed b~ mcans of a labelling 
pwccd urc. I ,,r lht' rurplhC. both ~ lablc anti 
ra dioacti\t.~ 1\0lop..:~ ca n hc u,cd . and in lhe case of 

Dt-, lt-,h>n ••11 th t- T .:t.hnlc.tl ' "'"' do><'' I D.:•cmh.:r 
I 'i~~ I nr funh..-r J.:t.lll' ,..,.; tn,Hk b:u.:" 0.:\1\l:f 

.. l lll'<'r'll' ,,f ~urr.:~ 

Cell oressure / Top cap 

I I / /O rong 

concrete ~v 2 2 2 2 2 o~-r~EE .v1th 1aoe11eo : ," ;·: .. ~ -··:;·:-::·!: ' 
.va·f•' • .. ' ' •· J ,:,. ·• ' 

Ovubtc 
mf'mbrane _ 

tonoon 
ctay 

Fi~:. I. l.aborator~ 1e-1 a rran~:emem 

\\a ter chere aro: three po,, ibilicics 

tal dcutcrium t.l \ tdc (hc:t"Y " a ter) D~O 
1/Jl trt lla ted watcr T HO 
trl 1 .. O o r 1 ~o lab.:llcd watcr H ~o· 

Of l h c~C ISOtõpt:S. onJ} lri tium IS radioaCIJ\C. 
fh c ,uccess or failurc of chi' type of approach 

depo:nds on chc sens11h ny of thc analyueal method 
ust:d co measurc thc t~o topc conccntrauon. In lhh 
rcspccl. trilium ~~ to lx: prefcrrcd. lt also ha, o thcr 
athanlal!es: 11 ts a \ en \\cal- ~ cmincr 
tE""'- l8k·· ' ). il has a con~cnicn c half-l ife 11 2·.1 
\'ea rsJ. 11 1s o f low toxici ty and i c can be 'upplicd a c 
high ~pec i fic acll\ it) (Ci mmol). Funhcrmore. the 
liqui<.l scint illation mcthod of <.l ctcction tc.g. s..:c 
0\ cr. 197-t J j, e.xt remclv scnsit ive and k nd, 
ll;clf to high samplc .throughput. ben 111 
expcriments wht:re che conccntracion of tn ltum 
dccrcascs by a fac cor of 10 10

• thcre is no dinicull ) 
in mca~urinc " ' conccntra tion. Consequcnll) che 
u~e nf tri t iu;l "'a traccr 111 stll d te~ of concrctc ~oi I 
1ntcr:u.: 11on j, atlracll\ ..:. Thi~ Nu te pn.:scnb J.: ca1b 
nf 111Hia l linding, . 
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l i I 11 '-IC.l l I 
J ' .. ;,,~. I' ·,,r ·11 

I l!!lll.' I ' lh Hh tlll' o,d'•>r.llt>l\ ,,.,, ,l(l ,ill\.!l:llh.'lll 
oJ-,,l h• oll'"' ,l.n 1·• '".:11 111 '''ill.ld ·.\lti1 lil''il 
-••11-rt'l,· \ ,,!Jndn,.d 'Pc,·un.:n ''' unth'turh.:d 
I ••:td••n d.t~ th..:1gh1 ~ ()(1mmt ·•ht.ttllnl .,, 11h .tn 
•'i''" dr 1..: ,,,mpk1 1111h I!Mimm tlu,,.. ,,,,Jl, "·'' 
pl.t~:n! •'11 thl' p..:d..:,t,ll ••I ,, 111.t\lal c..:ll. -..:.tl..:d \\111. 

·' J,•uhk mt•mbr.mt· ,,nd <.:••1h• •litl.th:d tli1J<.'r ,, 
Jc,lr<.'J dlt:<.'fllt' l'fl',,ltr<.' \\ h..:n th<.' 'i'l'i..lllll'O \\ ,1, 
iulh '''1hlllldat..:J. th ..: Jr.t111.H!t: "·I' .: l'''t:d . .:dl 
rr..:"llf<.' rdc.t,..:d. lhe hlp :.lp '<.'Oh'\ .:d •• nd 
l'Ll lh:rt:l t: rPur<.:d 11llol .1 (,lrlll<.:r t \11 \llp 111 lhl' '''li 
-pc.:1mcn 

fhc ..:••ncr..:t.: uwd 111 th.: .:\p.:nm<.:nt- h,._, " 
,,,na c.:m..:nt ra ta1 '' ' IH• anJ thc 1111\ ,, .. , 
I~ -+ 1'1 h~ 11<.:1ght Tr11 1.11C:d \\.th.:1 1!llul. 
:'C1 mil""' .tddcdtt• (} :' ml ,,( 1\,tt<.:r ,1nJ tl11' " ·' ' 
t:ljUihhrat<.:J 1\llh th<.: iOml ••I 1\,tlcr u,c:J 1n tht· 
pn:p.tr.tlltiTl ,,, th<.: cnncr<.:lt'. rhc •'"t:mhl~ ''·'' 
'cakd .1ga1n 111 thc doubk m..:mhr.lllt' .tnd 
,UhJ<.:Cl<.'U il' Ih.: prc1 lllthl~ .1pphc.:J tdl prc.:"Urt' 

Stllllfl/1111/ /ur rctdtollt 111 11 \ 

In o rdo.: r to tal...: a l.~rgc numho.:r ,,, \l'rl ,null 
,amplc:, from th.: ,am<.: tc' l 'PC.:l'tnlt.:n .• 1 nll nt.tlu r,· 
,ampla ""' do.:,lgno.:J lllg _:, rh..: , ,unpkr \\,1, 
<lllachcJ tn thc ..:nd t>f a pla,llc '~nn~c "'' c.l't: ,,1 
hand!Jng ,llld 111 .tO ,tllelllpl ltl pr1>JUCt: .I \ oldllllll 
b..:hu1d lhe ,,1111plt.: dun ng \llthJr.l\\,tl ,,, thc 
,ct mplcr lnitial c\po.:rtmcnl' 1\.:fl' nuJ,· ''H h .1 
,amplcr 1111h ,111 111,1d..: J1amett:r "' .th••ut I 'mm 
and no 111~1d~ ~:lt.:a ranc..: . 

lt pro,.:u d1flicult tu ,,h1.1111 mor.: th.tn .1 lo:\\ 

mtll tm..:trc, of the \t:r~ , tdT J.,,n,h•n ..:la~ "nh th" 
,arnplcr. a nd ' o modilicallo tb llt.:rt: r.:4 u1ro.:d 
lrhiU <:: d..:a ram:..: ""' pr<H1deJ h~ rnllrng tho.: 
cu tllng cdgc inwanh " ' g11 .: th.:: 'ampkr .111 ar<.:a 
r;l\10 of ~4!)''., .• 111 111'1d.: dcaram:c nf W" .. . tn 111,1dc 
dtametcr nf 1 :'O mm .tnd a 24 mm k ngth ''' dr11c 
Tlwrc wa' 111' dtnio.:ult~ 111 ohta1n1ng ,,unplt:' ,,,- Ih•· 
..:la~ "llh tht.: mn,t.lietl ,,unplo.:r <;.unpJo.:, 1' pK;dh 

c' • 

I 

. ~ ...... -.o-
B 

101 o C) 

~ Íi! . .'. ll l• laif, ur: (a) ll.._l laHHJI: (b) Oll'tnbratll' n •pair: (C) 

':omplinl! lol'a l ion' 

haJ .1 111IU111t.: 11f :tbOUl J0mm ·'. anJ 1\t.:rt.: tal..cn 
lrom the 'Pet'1men h~ rollmg bacl.. lhe ,,ull:r 
mc.;mbranc anJ dm1 ng th..: ~ampla thmugh thl' 
moer m..:mbrane for .tbout 20mm 1n thc: rcqu1r<.:J 
P•"ll1t' ll' I h g )(ali 

-\ftcr 'ampling. tho.: holl' 111 thl' 1nn.:r mcmhr.tne 
",1, rcp.urcd h~ appl~ mg .1 'ma li patch ,,f late\ 
rubb.::r til th..: mcmbran<:: "H h .1dh.:-;i'o.: 1 hg. ~~ bll 

I h.: 'co.:ond memhran..: ""' then r..:pla.:..:J 111 ll • 

nng1nal pO,Illo n .tnd the cdl pro.:"ur..: ro.:
.;,tahli~hcd until more 'a mplo.:' 11cr..: rcljtnr.:d 
'i.1mpk' 1\t.:rC: t.tl..cn .11 • ar~rng d1,t.lnl'<.:' fr,,m thc 
,,,11 1:011crctc llllcrfac.:. anJ .11 dlfTercnt ro~t(h\0, 
.lr<•und th~ pcnmctcr o f the <pt:t:lmcn l'f.1blt: 11 

Radrottc 11 1 111 detl'rllllllllllllll 

Thc: raJt<'-tCII\ 11~ o f c:a..:h "1mpk ";1' 

d..:tc:rm1n..:d 111 the foJI,HIIOI! mann..:r 
Fn~tthc 1\t.:lghi<'f tht.: 'a~tplt: """ Jctc.:rm1nc:d t•' 

thc ne.trc't O 000~ g li ""' u,u,tll~ 111 th..: r.tngc 
tl·lll> li I g I ,, 111du.:.: thc .,ntop<.: ..:xcha11gc 
rc.ll'lll>n 
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ThL' labdlcd ' 'ater 11as thcn rem01ctl from the 
.:1.1~ "'lutio11 1-l~ frc..:7c-dryil1g u~i11g th..: a pparatu~ 
'h'' '' n 111 hg J Thh prm:cdurc t!lll:llkd frcC1111g 
the ''a ter 111 thc ela~ ,oluuon 1111 tlash. AI b~ 
rotaung thc lla · h. 111 a Dcwar \CS~cl cont:umng 
hqllld 1111rogcn. Thc .1pparatu' wa~ ,,,,<!mbkJ a~ 
, h,l \\ 11. co11ncctcd to a 'a cu um pump ;tnd 
c1;.u:ua tcd 1111h thc llash. 1mma"xl in hqtud 
nnrogcn. \\'hcn thc .tpparatu, 11a:. full~ Cl:t.:u.llcd 
(to abt•ut O 05torrl th.: -;top.:ock B 11as .:Jo,cd. 
1solating thc ... ys tcm. Tho: .:ondcnso.:r tubc C: 11a~ 

thcn lmmcr,.;d 111 hqu1tl nurogen. Tho.: tias!.. ""~ 
rcmtncd from thc hqtud nitrog.:n and allowo.:tl w 
atta1n room lcmpo:ratun:. Subl imat ic>n nf thc ice 
from th~ tl;hl.. t•' thc condcn~~r thcn pro.:~~d~d . 

Whcn wblim.tllon "·'' compk1c thc l,t..:uum wa, 
rcka,cd b~ opcn1ng the SIOJKOck. Thc mcltcd i..:c 
111 (.' 11a' thc11 remo1cd .111d a~,aycd for tnllum 

To do 1 h i, ~ ~~~ of th~ radiO.tcti,·e ltnllated 1 ''ater 
tlbtail1cd from the ..:o11dcns~r was addcd to 5 ml vf 
a .:tlmmcrclall~ :I\ ;ulabk liqllld '..:mtlllator 
( ~F ~50) aml thc r.10 1oactl\ 111 "a' dctcrmm~d 
using a lkck man LS I 00 Jiquid ... ci nullali0 11 
countcr. E11<lugh coul1t'i "er..: obwmcd to gi1..: ,111 

.t..:curacy bctt~r than -0· 1" ... 
f t' <.'011\ Crl thc Cl.lll lll ' per 11lllllltC lO 

dhmt..:gratitlll\ p..:r mmut..: ti .c ab,olute 
radttlil<.'ll\ll\ umblthc cffic1cnn of countinu was 
tle1cnmncd · bY addinl! a l..11o'~·n amPunt ~~r an 
1111l'rnal ,tand:1rd 1311 -hcxadccane) to a mi.xturc \,f 

Condenser / 
tube 

I ÍJ!. -'· I· rcete-dr~Ín!! appar:uu.. 

c 

~ p l oi ''aler and Smlof :--iE~50 ltt.juld ".:lllllllalnr 

< \L( LI .. ·\TION~ 

\ s lhe procc:'~ lll\Ohes c.:on lw lkd lahdlt ng. 
'ampling and lc~ttng. it i-. rclati1d~ ... 1mpk t1• 
conven thc dlstntegrations per minu1c tdpmt 
obtaincd from lhe sci nlillation coun1cr to an 
tnc.:rea~c in triuatcd watcr contcnt. lniuall~. whcn 
tri tiatcd watcr j, added w thc concrelc rlll\. thro!<! 
mcthod' prcsc111 lhcm~c.:l v.:s a, possibili1ic~ for 
d.:tcrmm111g th..: dismtcgrauon' per unit time per 
uni t 'olumc of thi-; watcr 

tal use of lhe spccilic acii\IIY of thc lritia tcd 11atcr 
and the 'anou, diluuon factor 

thl sarnpling of lhe complctcd mi~ 
lei <;ampling of thc di lutcd bu1 labelled watcr. 

bcforc addi11011 to thc cement and aggrcgatc 

:VIethod (ai is pv~sibk only i f lhe radioac1i1 11 ~ ,,f 
the tritiated watcr. :h 'iupplicd. ts accuratcl~ 
J...nown: normall}'. the rad10acti1 11~ of thc lrlllatcd 
watcr will uni~ bc corrcct to ± lO 20" ... :VIcth,H! 
tbl requircs a large c11ough sampl..: to he takcn lo 
b<! reprcsenta tÍIC of allthe paruclc SI7C' prcsent 111 
th.: concretc. Thc labellcd water ~ ~ rcmoved b~ 1hc 
addition of unlabe lled water. a' beforc: -\s Ih 
radioact11 it~ ~~ h1ghcr than <.'an bc h.tndlcd 
cOniCllicntly. 11 must bc dilutcd. 

As soon as 1hc labcllcd watcr I\ addcd t,, thc: 
<.'oncrch.:. 11 1s to bc cxpcctcd that rcac:uon' 
involving thc labclled water will b.:gin. rhu~ the 
cquilibration proc.:css mighl not rt:mOII! ali of thc 
tritium from thc concrctc samplc. rcsult mg 111 aJo,, 
radioacti vi!y and an ovcrestimalc or labclkd watcr 
contcnl in thc day samplcs. Thu'i thc h..:'l m.:tllllO 
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D•slancc from concre1c em 

Fi~. 5. ( la~ f~ olllCr~ll· l'Onlaminatiun (nn .. da~ ) 
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,,f J.:t.:rm llll ll!! thc , ,,,lt nactl\ll~ ,,f th.: l.tb.:lkd 
' ' <lla '' <luld .tpp.:.tr t,, he m.:thod (< 1 ·\ ftcr 
-.tmphn!! .111d -cmull.tll<'ll ll'unung. thc r:tdto· 
ill'tt\ll~ oi thc tntt.tto:d ''·•t.:r <:<tn bo: o:\pn:"cd tn 
dpm pt"r gramm.: .,r,,.tt.:r A ligun: uf about 10 1

' 

lO'' dprn g 11 , ()• '' ''trld !:>c C: \pcctcd m thc 
prc>cnl .:a ,..: 

In Md.:r li' nbta1n th.: la bcllcJ \\at.:r cont..:nt ,,f 
th..: da~ H '' nccc".tr~ l<' ha'..: an apprll\ llnatc 
l..111ll\ lcdg..: r li 11~ 0\ ..:rall nwi,tur.: cnntcnt bd'ur.: 
the [ <!~[. CO!h llh:r .I ~ ~ ptcal ~ctof data r,,r a 'ampk 
nr e l a~ c\1 rat:tcd and r..:,t..:d "' d.:~c ribcd 

radlll.tCtt\ 11~ of th..: 
tnttatcd \\,tlt:r .1ddcd 

\\l'l \\..:tghl<lfd.t~ 
,ampk 

radtnactl\ 11~ ''' 
C\ tractcd \\:tto:r ll·l , IO'' Jpm 

Durtng thc prcpa rat1on ,,f thc t:la~ ,amplc. 111 

ohtam matcna l for ,cinulla tion counung thc ''ater 
\\ ·" remo' ..:d fn1 111 tho: da) b~ dilu tion and frcc;c
dr~ mg Thc '''lume nf labelled watcr prc>ent 111 thc 
cht~ had pro:' "'u'l~ hccn cqu1hbrat.:d h~ thc 
.tddition ''' I ml ,,, unlabclled \\ater ·\ ftcr 
'ubhm.tttnn '' ~ 1tl 'ampk w ;h \\ Hhdnl\\ n 
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Dos lance from concre1e em 

Fi I!. 6. Oa~ fcnncn.•le contaminalinn: 'ample I 
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·\~>umi ng thc incrcaS<' 111 wat..:r t:llntcnt ti' b.: 
,mall. this represents a rcdut:tion 1n ~ampk ~11.: ,,t 
O· :-~ lO'. Thus the radioactivll~ of thc full ~ampk 
"<>uld be 50 x 10n dpm. and lhe weight of labclled 
''a ter transferred from thc concrctc to th.: sarnplc 
\\Ould be0·50rng. tha 0·0Sg~;unpleofcla~ \\llh a 
motsturc contem of 30" 11 will ha\c a dr~ "eight of 
.~1<·46 mg. th1s rcprcscnts an 1ncrea~e 1n mo1stur.: 
Cll lllCill of J·JQ",. ·\n Crror Of 5'" 111 thc 0\'t:rall 
tmllal watcr con tem \\Ould lead to an error of 
,tbout 0·05" .. in this calculatc.:d 11101 ~1ure conlent 
1ncrcasc. 

RI·SI: L TS 

Fi!!tHcs 5 and 6 show rcsults for incrcascs in 
mois~ure content in undis tur bc.:d London ela~ 
whcn .;ubjected to contamination from fresh 
t:oncrete for onc week. Fig. S ~how:, thc increase of 
mo1sturc content of the ela' aftcr one dav. ~' 
o: \po:cted. the mois ture cont~nt mcrcasc faÚ~ oiT 
rap1dl~ as the sampling p01111 1s moved away from 
thc tritiatcd concrctc. AI a d1stancc of 5 em thc 
rad10activi ty is only I S" .. o f lb 'alue at a distance 
of I em. 

Figure 6 show:-. th.: e \olution ur moisturc 
content with ti me on th ..: ~ame 'iamplc.:. and 
pres..:nts the samc trcnd obscrvcd b~ oth.:r 
researchcrs IChuang & Rccst:. 1969: O'Nc.:tl l and 
Rcesc. 1970: Yong. 19791 in l aborator~ \\nrh.. 
u~ing COil \Cntional tcchniqucs. 

CO:-:CLCSIO, S 

Thc mcthod de~crtbcd unohc, thc u,c of .1 

rad1oacll\ e labc.:lhng proccdure ll\ ,,bscn.: t hc 
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'• ."nc:•t·'''.l,!l<:: ;n,,,l i \.:1 1 -m,tll •,im pk, , ,tn 
·, • ·:Ih!:"'' .111h t lic· . il!..:nda nl :tJ\,tlltag..:' ,,, 

.t... ...J~" ... ·· 'P·k lll ~ ,t nd gr~atcr pu -.,:"'lbk· 
·q"' ··•.· ""' · .:du,·..:d ' 'p..:run..:nt,d ,IJ,ru[HI,'Il. 

\ I .;~ :.:r.:.u.: ·· 1,.-ur.1..:~ .-: tn tha..: l·.,rc hc· •'P l. tlll<'<i. 

;c• .:•l.lh1Jil\ •.lll , IIIJ Í"lt' .1"-:"..:d. 
<!·,· .'\J'<:r1!11c'lll.d t..:dl ll1lj th: lht:d 111 1h1• m<:llh•d 
• :!.. : :·.,·:1 • mpk· l • p.;rf,,rm. r;;qtnnng , ,nJ :, Ih.: 

· :n:;:~,. .:yll iJllll<'ll ! nt•rm.dll ~"••u nd :n .t radtP-
.. ·~ .. ··nb!! ~ ... l'"'t'Lt l•'f'', \ , ,, 1 n1plin~ I' '"·arnt:d ''tU 

• ·, ot. 1• '!11 •li ;, ·IJ'p:tr.tl th . th .: m..:lht•d ... . tn r.,· 
..• ,,; ·'" l~!ol-., ,, , ,. ,- ,p..:n nwn t- 111 tlw lidd. 

\ ith•' ll)!h thc· 111c'l ih >d ,' lll,ttl, Ih..: lhO.: · •I radtCl
,tllll' m:u ..:n.tl. th.:r.: 1• lntk ••r m• ha;:trd a-: th..: 
lc1.:1 ••I r .tdl<~.têll\111 "ltlll IJtCIJ :wd th.: a1crac..: 
::lll'rt:l "' lhe· lrt li lllll 11 r: ldiaill>n 1' 10.:1'1 11..:a'i. . 

<. ,, n:~qucn1 !1 th..: •<.:,tk <' i" th..: <.: \p.:nm~nl ê.l n 

,·a,i ll bc· lllC:It:: l,<.:d .1nd lra '"l'''rl ,,f 'a1npk, I •' a 

r .id h lc' h<:l111,! 1 \ I.Jh•>f;tloll') h>r \:olU ill lllg P'''<:' Ih\ 

pr.•hknh . 
In .... rr..:lu ll~ ,_..,ndu.:1..:d <:\p..:rrm..:nh Ih.: .tr.:..: ur; H.; ~ 

••I Ih.: ll.:dllll lJll<' 'h<'uld h..: :lh(l tll 111 ,, o rd..:r' <'I 
ntagn tlll tk h.:ll..:l th.lll 1.\111 h.: oi hl:tlnt:J h) 
,,,n,cmH•n.d d..:t..: rmlnat l<•n ,,r nhlhturc ..:ont..::H 
ll\ t•I O.:tH.II"I IIl)! . 

\( 1-.. 'c()\\ I I D<d· \11 'c I 

\1 r \1 tilti~>J.. :, gratt:full~ adllhlll J.:dg.: ' Ih.: 
'li PP<lrt l' i' t h..: :'\ atilmal R..:s..:ard1l'nu nc:l ni' Hra11 l 
tC•>lhl' lll •' '- ac'il> na l de· 1\:,quha• l 

Bn lhh -.; l,llld.trd- h'lllullo>n •!•1-51 \ll'til"d' "I tt'•lillc, 

''''' ' • ,,,. ! ii l'llo,(llfu.'fl ilcl JIW'{)d , , '· B'\ J ~--

l_,•ndo>ll lln t:.h '>t.JIHJ.JrJ , l:hl!tllll•'ll 

H•111 .10d I [j 1!'~1'~• J)hd tv•!t •:t IP(udfi, .. ,Jil./«lr•,'w..,, 

"'lu/ .. , •J , ''-fllh'l ·· ~ ... ~ "I •.• · ,·,. Pl' ~~ \ ~2' L~'lh.!nn 
llu1 1~r" ••n h· 

l !'u.tn~. I \\ ~,.\: R l..'t.:\\.' l ( : !llh\1 1 \!utl:t .. oi/ ,J':. tii'PI;., 

,·,~,·,t~lHt( 1\e-''.t tl'' J.t Hhl.'/ JIU•ilt/1' ·l.'fl"''' l fli\~I ' Jt', 

' ' J c\.t' Kc.·, ._· .tr~..·n :~pPrt '4 · 
t l.t ·. ~o•n . ( R I ,\: \lll l tlt-~ .. r '"2• ilht .tii.HI"'I 

...:11'~..·\..·h .utd l ih.·pt:tlnrm.trh.'t' P! h\'r: ... i t'l !l'' ,•l ... uf) .:l.n. 
\ 1 1'•Ht1t,/ / ,11./ll, i r\l b\.• puhihh .. ·J 

J>: ~r \ t 1'-t-.,t , , ,. mtr"dtHll'''' t,f'l .tl • . ··~ .... · ,,,, 

,:u:llníl L<'lh.Ít'll Ht"~d,Hl 
I .;arl·n,tJt:. (j R .. '\:. C P\'~l.'. R \\ , ,; -':\ , i ,h ·h • 

.Tr'tt IrtJII oi hor ... . J r lli'' /PfOU'•' .'11 I I li. !Orclt'r nc'lll• •111 ' 

L••ndc>rr C•llh tru..:llv11 l11du,tn R~<c;m:h .tnJ l n f,•r· 
Jllath'n :\ '\:o,l><.:l:t lh'n. R~pc•n -; ~ 

l· ln,dorf. I·. \\ 11 '1·1'11 1- n·c:t•-.Jn 111</. '-<'" ) 11rk 
Rhclnh,>lú 

\l e~crhor. (J 1· & :\l urJocl. . L. J ii<J5.1 1. ·\ n :n

' c•llgallon ,,f "'m~ ho rcd a nd drncn pile' 111 LonJ on 
da~ ( ; ,;,,1<'<'111111(1«' J. :-.:o. 7. 267 2lC. 

\lilll1 h l-1 . J & Cl:tlt.>n. C R I ii<Ji!l l. Th.: dTccb vf 
h•>rcj fllk l lht:tll:nlllll 111 da~' on thc propt:rllc' of lhe 
p1k·"l 'l ,~ ,1<:111 1111 l'onuguc,cl Solo.> Rocha, .t. 'cu 
I. 15 2X 

\f,>h.ln . D & ChanJr,t. S. 1I <J6I I I ncllt> n.il r.:,t-tanrc oi 
ht>rcd [llk' 1n clp:tn>llc da~ ' ("·or.-.h""l'"' 11. -.:,1 
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INSTALLATION EFFECTS ANO THE PERFORMANCE 

OF BORED PILES IN STIFF CLAY 

Introduction 

by C.R. I . Clayton and J . Milititsky 

University of Surrey 

For most bored piles shaft friction is the important component 

of bea ri ng capacity . In t he United Ki ngdom the conventional empirica l 

desi gn approach has been to evaluate the available si de shear by 

applying a reducti on factor to an average undrained shear strength 
. . 

profil e obtained from laboratory tests on 38mm diameter specimens 

(Skempton (1959), Whitaker and Cooke (1966) , Bu rland 

and Cooke (1974 )) . In the Uni t ed States of .Aroeri ca a similar a_pproach 

has been used usua11y taking account of the method of construction , 

but oft en the shear strength has been based on correlations wi th in 

situ test results (O'Neill and Reese (1970), Reese and O'Neil1 (1971 ), 

Enge1ing and Reese (1974) , Reese and Wright (1977) , Wright and Reese 

(1979)) . The fact that undrained shear strength i s affected by test 

method i s one of the major shortcomings of this approach . 
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The possibility of us ing effective stress analysis for t he fri ctional 

component of pile bearing capacity has been appreciated for over 20 years 

(Eide, Hutchinson and Landva (1961)) , but this method has not been 

widely used for design . More recent1y work by Burland (1973) and 

Parry and Swai n (1976 , 1977a, 1977b) has reawakened interest in the 

effective stress method proposed by Chand1 er (1966, 1968) , but in 

rea1ity there are many insta1lation effects that must be understood 

before this type of analysis can be regarded as 1ess empirical than 

the tota1 stress approach. An advantage of the method i s that the 
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effective stress strength is relatively unaffected by test method 

but the actual practice of performing Constant Rate of Penetra t ion 

pile tests presents a further problem: the drainage conditions 
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around t he pile are not known and the technique was initially introduced 

as an undrained procedure (Whitaker (1957 , 1963), Whitaker and Cooke (1961) 

All pile design methods are justi fied on the basis of experimental 

data obtained from loáding full-scale piles in the field . The variability 

of pile test resui ts is a significant problem; data presented by 

Fearenside and Cooke (1978) illustrate the degree to which test 

results on piles formed by the same technique and placed in close 

proximity in the field can vary (Figure 1) . The ultimate load bearing 

capacity varied commonly by 20%, with a maximum vari ation of about 60% . 

Stress Relief and the Use of Bentonite 

The action of boring a hole in clay leads to a reduction of total 

stresses in the surrounding soil . Shear stresses are applied to the 

soi 1 and porewater pressures are depressed in the area inrnediately 

surrounding the hole. When the soi l is soft or the groundwater table 

is high then collapse of the hole may occur before concrete is placed. 

To overcome the problem of collapse the hole may be cased, but the 

need to insert and extract cas ing cal ls for expensive additional 

plant such as casing vibrators and additional cranage. A more economical 

approach uses a bentonite slurry in the hole. 

The tendency of a hole to collapse is a function of the shear 

stresses applied to the soil forming the walls and of the seepage forces 

applied, for example, to blocks of soil bounded by fissures. Bentonite 

helps in both respects; it applies a total stress to the walls of the hole 
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which normally (because its density is higher than that of water ) 

more than compensates for the static groundwater component of total 

stress in the soil. In addition it balances the head of water in 

the soil and eliminates seepage. Because bentonite reapplies some of 

the total stresses lost during boring the rate of swelli ng of the clay 

is reduced and the soil consequently loses less strength than under 

11 dry" condi ti ons. 

Bentonite has the property of forming a filter cake on the surface 

of soil into which it tries to seep (Fleming and Sliwinski (1977)). 

It has been argued that this is a desirable property, because the 

swelling of stiff clays can be slowed or even prevented, but in reality 

when fissured soil is below the ground water table then free water 
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can readily travel from the surrounding soil mass to areas of relatively 

low pore pressure. Thus the filter cake .i s in reality a potential 

weakness in the soi l-pile system because: 

(a) it will have a relatively low undrained shear strength 

(b) it has undesirable effective stress strength parameters. 

The fact that concrete is tremied into the base of the pile means 

that there is at least the possibi1ity that the filter cake is removed 

by a scouring action. The efficiency of this action depends on the 

relative Bingham yield stresses of the bentonite and the concrete. 

Since the yield stress of bentonite is very much lower than that of 

concrete, Fleming and S1iwinski (1977) have suggested that only very 

thin bentonite layers will be left in surface irregularities. Measure

ments of the shear strength of the cake (Veder (1963) , Mesri and 01son 

(1970)) suggest that it will not be removed from the wa11s of the hole, 

and observati ons of the excavated faces of di~phragm wal1s in pervious 
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soils confirm the fact that part of the bentoni t e cake remains. In 

cl ays the filtering effect on the side of a hol e i s slight, and only 

a very thin coating can be expected to form. At ti mes a filter cake 

of a few mil limetres thickness has been found (Fleming and Sliwi nski 

(1977 )) , but because this is a relati vely small thickness compa red 

with the size of surface irregularities fo rmed during drilling there 

is ample evidence to suggest that the effects of bentonite on the load 

carrying capacity of ·bored piles in clays are neg1igible, (Chadeisson 

(1961), Bur1and (1963), Fernandez (1965), Komornik and Wiseman (1967), 

Farmer et al (1970) , O'Neill and Reese (1972), Corbetilet al (1974) , 

Fl emi ng and Sliwinski (1 977 ) and Fearenside and Cooke (1 978) ). 

Fresh Concrete and The Soil 

On the basis that smear and/or filter cakes hav~ a negligible 

effect in reducing water movement between the hole and the .soil a 

number of researchers have tried to assess the effects of wet concrete 

on the adjacent soi 1, (Meyerhof and ~1urdock ( 1953), 

Skempton (1959), Mohan and Chandra (1961 ), Burl and (1963), 

Taylor (1966), Chuang and Reese (1969), Chand1er (1977), Fearenside 

and Cooke (1978)). However rapidly a hole is bored it is ultimately 
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fi11ed with a high slump concrete with a relative1y high water/cement 

ratio (typica11y 0.6) and there must therefore be considerable opportunity 

for the soil adjacent to the shaft to swell. 

Wet high slump concrete must apply total stresses to the sides 

of the hole into which it is poured. At high water/cement ratios 

the B value of the concrete is very close to unity if measured shortly 

after water is added to the mi x, and its strength would be expected 

to be negligible. Unfortunately, at present, there is little way of 

knowing the magnitude of the tota l stresses applied to the edge of 

the hole. FonTMork codes (A.C.!. (1958), C.E.R.A. (1965 ), C. I.R.I.A. (unda t< 
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and other.forms of analysis (for example see LevitskY (1973, 1975 )) 

are inappropriate because t hey relate to very different geometries , 

much shorter lifts, and stiffer mixes . Relevant data can be found i n 

DiBiagio and Roti (1972 ) , Uriel and Otero (1977) and O'Neil l and Reese 

(1978). Work by Uriel and Otero, and DiBiagio and Roti relates to 

pressures measured during concreting of diaphragm wall panel s and is 

shown in Figure 2. At shallow depths t he lateral pressures appear 

approximately hydrostatic, but at larger depths pressures do not increase 

so fast. This may be due to arching, or more probably the fact that 

the concreting of diaphragm wall panels and large bored piles can take 

a considerable time and that the deepest material begins to stiffen 

before the upper part of the concrete is placed. 

There is a considerable amount of agreement between the observations 

of swelling made by different researchers . In both the laboratory and 

the field the results of simple tests such as the determination of 

moisture content indicate that there is significant swelling for 

between 2 and 7cm from the soil/concrete interface. Many test results 

show swelling zones about Sem thick. Reported moisture content increases 

vary from nil to 7-10%. An increase of up to 5-6% is not uncommon. 

Considering the variations in geomet~ and soil type amongst the reports 

of soi l softening, such agreement is surprisi ng. 

Figure 3 shows a simple laborato~ test arrangement which can be 

used to allow clay to swell in contact wi th fresh mortar or concrete. 

A cyl indri cal sample of clay is placed on the base pedestal of a 

triaxial cell and the mortar or concrete i s poured into a former above 

it. The assembly is seal ed in a membrane and subjected to a cell pressure. 
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Figure 4 shows some resu1ts of such tes ting using sand/cement mortar 

and remoulded London Clay. After a period of contact with the mortar 

the c1ay can be removed and cut up into s1ices for moisture content 

determination ; if samp1e preparation is not of the highest qua1i ty 

t hen prob1ems arise because of the relative inaccuracy of moisture 

content determination compared with the variability of the specimen . 

In an attempt to overcome this problem a penetrometer based on the 

liquid limit apparatus (B.S. 1377:1975 test 2 (a)) but with an 800g 

cone was also used, so that results before and after swe11ing could 

be compared. 
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Although such tests are simple in concept there are many comp1icating 

features. Figure 4(a) shows the effect of the mortar on moisture 

content in the clay. The resu1ts are typica1 of those quoted by other 

aothors, but note the effect of lack of saturation in the mortar on 

the results. As the cell pressure is raised the pore pressures in the 

mortar rise 1ess than those in the c1ay, and migration of water is 

reduced. These resu1ts are not re1evant to the fie1d situation , where 

a high water/cement ratio is necessary. Figure 4(b) shows cone penetration 

resistance against distance from the mortar/c1ay interface. It 

is c1ear that some considerable time is necessary for moisture migration , 

but it is also found that after a period of about 1 week further changes 

are sma11. In addition, however, it should be noted that the shear 

strength c1ose to the interface i s higher than might be expected from 

its moisture content. From the test results it seems that the contaminati on 

in the water leaving the mortar may penetrate and strengthen soil close 

by. This process has, perhaps, been observed by Chuang and Reese (1969) . 
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Water/cement ratio can be expected to have a significant effect 

on the amount of swelling occurri ng in soils adjacent to mortar or 

concrete, and Fi gure 4(c ) confirms that this is so . Concretes with 
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a low water/cement ratio can clearly be seen to be generating significant 

nega tive excess pore water pressures since decreases in soil moisture 

content occur, but as Figure 4(d) shows concretes and mortars at 

virtually all practical water cement ratios will allow an over

consolidated soil to extract water. 

The key to the similarity between the resul ts of moisture content 

increase produced by different workers probably lies with the idea 

that it i s the concrete which dominates the process. Fresh concrete 

has a high permeability when compared with most clay soils (Figures ) . 

When placed in contact with soil the effective stresses within a fresh 

high slump concrete almost certainly ~pproach zero, whilst. pore pressures 

in the surrounding soil have been depressed by stress relief. Swelling 

of the soil is initiated, but even as it starts the pore pressures in the 

concrete fa ll rapidly as hydration of the cement takes place, (Figure 6). 

Within a few hours pore pressures fall to such a level that swelli ng on the 

soi l /concrete interface i s prevented and may be partially reversed. 

After hydration and set has taken place any signi ficant flow of water 

into the concrete is likely to be small because of the relatively low 

compressibility (in effective stress terms) of the concrete. 

In some ways the similarity between fiel d and laboratóry observations 

of swelling is most unexpected. In the laboratory,soil is placed under 

controlled (i.e. isotropic) stress conditions against a sample of 

concrete or mortar, and pore pressures can be seen to equalise with 

time. How, then, do the- moisture contents along t he specimen vary 

once equa lisation is complete and effective stress levels are supposedly 
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uniform? ·The stress path fol lowed by each part of the clay specimen 

would be expected to be t he same, leading to identical moi sture 

contents along i t s length. Presumably swelli ng can occur adjacent 

to the mortar whi l e it is wet and pore pressures are rising, but once 

set takes place, shear stresses would be applied at t he mortar/c lay 

i nt erfa ce when pore pressures begin to fall. In t he f i eld such a 

mechanism seems extremely unlikely; all swelling strains woul d be 

expected to occur normal to the concrete/soil surface , and the amount 
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9f swelling might then be expected to be a function of the compressibil i ty 

of the wet concrete. 

Re- establishment of Stresses and the Mechanism of Load Transfer · 

Since soil is found adjacent to piles in the field at moisture 

contents in excess of their initial values (Figure 7), it is clear 

that the in situ undisturbed lateral effective stresses are not maintained 

during the insta l lation of bored pi l es . Even if they were maintained, 

one of the major problems in the application of~fectiye stress design 

methods would be the difficulty and expense of determining the in situ 

coefficient of earth pressure at rest . In reality the situation is 

more complicated because the softened zone around t he pile is partially 

reconsoli dated as soil creep leads to a re-establishment of horizontal 

effective stresses. There appear to be no direct f ield measurements 

of this effect in the li terature, although the writers are at present 

engaged in such a study . Reanalysis of some of the results presented 

by Whitaker and Cooke (1966 ) , Tayl or (1966) and Combarieu (1975 ) has 

demonstrated t hat the shaft friction component can increase over a 

period of many months (Figure 8), presumably as a result of increasing 

horizontal effective stresses. This has seri ous implications for back

analysi s, on which vi rtually all design methods are based, since load 
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tests are often carri ed out shortly af ter the piles are formed when 

strengths are rapidly changing . 

In the fi nal analysis , if horizonta l effective stresses are 

known t hen t he shear strength di stribution along the pile shaft 

shou ld be predictable . Whatever the coeffici ent of ear th pressure 

acting i n t he soi l around t he shaft , t he horizonta l effect i ve stresses 

and thus the available shear strength should increase with depth . In 

reality observations made on instrumented test piles do not show a 

mobilised shear strength which increases with depth . O'Neill and 

Reese (1972) carried out tests i n the stiff Beaumont Clay i n Texas, 

using piles instrumented for load measurement at various points along 

the reinforcing cage. As Figure 9 shows, the distribution of shear 

stress on the shaft is strongly dependent on load level, reaching a 

parabolic stage at high load level,ang bears no relation to either the 

undrained shear strength or the probable horizontal effective stress 

levels. 

Conclusions 
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In principle,effective stress analysis of bored pi l es seems attractive 

as it offers a chance of carrying out a design which at first sight comes 

nearer to the fundamental mechanisms at work in the soil/pile system. 

Close inspection of some of the available data, however, reveals that 

the real situation is dependent on methods of installation , on creep 

rates and on a number of other factors not readily calculable. 

At present a realisti c and simple effective stress analysis of the 

shaft friction of bored pi les in stiff clay seems unlikely; at best 

these methods are capable of yielding an upper bound solution . 

June, 1981 
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FIGURES 

Variability in C. R.P. pile load test results 
(data from Fearenside and Cooke (1978)) . 

Total str esses between fresh concrete and soil. 

Test arrangement for migration studies between mortar 
and soil . 

Laboratory test resul ts on remoulded London clay in 
contact ·with cement mortar 

(a) distribution of moisture content in 
samples tested at different cell pressures 

(b) effect of time on laboratory penetration 
resistance 

(c) effec t of water/cement ratio on moisture content 

(d) equalization of pore pressures with different 
water/cement ratios. 

Coefficient of permeability of cement paste (Q.7 
water/cement ratio) as a.fuçction of time (Powers, 
Copeland, Hayes and Mann (1954)) . 
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Pore pressures in fresh concrete as measured ~n cylindrical 
samples under isotropic confining pressur.e. 

Moisture content and penetration resistance adjacent 
to pile no.29, Monument Street, City of Londo~ (Milititsky, 198 

Evolution of shaft fr iction on bored cast in situ 
piles with time. 

Distribution of shear stress on the shaft of a bored 
pile (O'Neill and Reese (1972)). 
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