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SUMMARY. e results of pile Load tests are presented from various sites in sBifl Ulssured clays, with o

statistical mdel of soil respense Lo Teundatdon load.

The significance of gome deviations in observed

pile performance from conditions commonly assumed in design is tested by means of this model. It iw
shown that the model allows the cvaluation of a material response factor for ultimate lcoad design of

foundations, and a design example is given.
1 INTRODUCTION

the uncertainties in the bearing capacity perfor-
mance of foundations lie in the loads which they

must carxy, the strength response of the founding
stratum and the adequacy of the design modelling

and analysis.

For foundation loads, the uncertainties in extreme
values are the same as those for the design of the
supported structure.

There will be uncertainty with respect te the mean
value and variability of the strength of a founding
stratum, arising from limited sampling in a var-
iable material.. There will also be uncertainty
with respect te the magnitude of any poss: ble bias
between the strength response of the scil at the
test specimen and prototype scales. In clays, for
example, such bias is often attributed to sampling
disturbance or the presence of fissures or other
macro-structuxe.

Estimates of the bearing capacity response of a
seil stratum are generally based on an approximate
analysis of the performance of a simplified model
{eg. a homogeneous, isotropic, semi-infinite med-
ium) and the resulis of these estimates may be
biased with respect to the actual mean response of
the stratum.

The uncertainties in bearing capacity are convent-
ionally allowed for in foundation design by divid-
ing the estimated nett ultimate soil resistance by
a safety factor to give the maximum safe soil re-
sistance, and hence the maximum safe working load.
This procedure lumps all formal uncertainty allow-
ance into the loading. A more rational approach
would be provided by ultimate load design, in
which uncertainty in loads is allowed for by a load
factor and uneerlainty in strength properties and
dur to bins bn o allowed for by a malarial response
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The following are the main symbols used.

¢y ultimate shaft adhesion
u undrained cohesion
base diametex of pile
shaft diameter of pile
length of pile

HeTn
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N bearing capacity factoxr
n,p number of test results

2 load

R soil resistance force
variance of log property values from test
results

Student's t value

log value of soil response
value of scil response
kias factor

material response factor
load factor

degrees of freedom

< S RN X

Subscript notation is defined as it is used ir th
text.

3 THE STATISTICAL MOUE:

The Author has described a statistical model for
the undrained strength behaviour of soils which
allows the evaluation of a material response factor
on the basis of the probability of satisfactory
scil behaviour {(McAnally, 1977). An outline of

the principles of this model are given here.

- The soil zones influenced by individual found-
ations (referred to as significant units of
influence, or sui's) are considered to be com—
posed of a number of smailer units, within each
of which strength can be considered to be homo-
genecus {referred to as equivalent homegeneous
units, or ehu's).

~ The strength properties of the ehu's are consid-
ered to have a log-normal distribution and to
vary randomly spatially.

« The strength response of an sui is considered to
be related to the strengths of the ehu's within
it by

Ysﬂd§e V1

where y; = sul strength responie

H

geometric mean of the strength valucs
of the ehu's in the sui

Yo
Conventional strength tests {(eg. unconfined or
triaxial compression tests) may be considered to
be samples from the ehu population, and observat-
ions of the bearing capacity response of prototype

foundations may be considered as samples from the
sul population.



If a set of n1 conventional strength test results,
(log property walues having mean %e1 ard variance,
521)" and a set of p, prototype test results, {log
property values having mean Rg) and variance sgl)
are available, then confident limits for prototype
response, ¥gj, can be found.

afg exp (~t@) < ¥g) < t¥erexpith) 2

where #2 = s2; + sgl/nl

Yo = geometric mean of the conventional
(ehu) test results
t = Student's t value for the confidence

coefficient chosen and degrees of free-
dom, Vg, given by

+ The variances are computed as the unbiased estim-
ates of the gopulation variances, ie,
s2= Ii{x - %)

n-1
PR CONE (s251/n1)°
£ - +
vg pp - 1 ny -1 &)
If a set of ny conventional strength test results
(log property values having mean iez and variance

5%2) and a set of py prototype response results
(log properiy values having mean *gn and variance

sZ3) are available, then confidence limits for a
can be Found.
a,exp{-td] < @ < ajexp (ty) (43
2 = el 2
where ¢ = 552/92 + sez/nz
§52 = geometric mean of prototype response
(sui) results
a; = Yga/¥e2
t = Student's t value for the confidence
coefficient chosen and degrees of
£reedom, v, , given by
y (sgz/pz)2 (s2_/n,)?
v, + a2’ 72 (5)
v¢ py -1 ny -1

LE Lthe hias factor, @, is the dome for both pairs
of samples, then{2) and {4} may be combined to yive
confidence limits for ygy. independant of u,

a¥e1exp(~tw} < yg) < azfejexp(tw)  (6)

where w? = ¢2 + p2

o
It

Student's t wvalue for the confidence
coefficient chosen and degrees of free-
dom, v, given by

ﬁ = ih_. + iu_ {7
Vm \J¢. \)“p

If the geometric mean of the results of a set of
conventiconal strength measurements, §e1' is chosen
as the shear strength design parameter, then a mat-
erial response factor, B, can be estimated from {6}
to cover uncertainties in soil properties and bias
in prototype response.

B = apexp(~tw) {8)
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Comparison of design on this basis with ¢onvention-
al design on the basis of a safety factor indicates
that a confidence coefficient of 0.99 on the lower
confidence limit will give a similar propability of
failure as a safety factor of 3. (The probability
of failure will be much less than 0.0l, as both the
material response factor and the load factor must
be concurrently axhausted for failure tec occur).

4 PILE LOAD TEST RESULTS

The results of lead tests on a number of cast-in-
situ piers and piles in fissured clays have been
collected to illustrate the use of this model and
provide data for design. The results of: site in-
vestigation work on these sites ars summarised in
Table 1. Sites A to F were located in sputh-
eastern Queensland. Sites G and H are the results
of deep plate load tests and cast-in-sity pier per-
formance in London Clays reported by Marsiand
(1973) and Whitaker and Cooke (1965) respectively,
which have been included for comparison purposes.

values of ultimate shaft resistance, Rugw and nett
ultimate base resistance, Rpup, were determined
from the load-deflection plots for the piles from
sites A to F, by the method outlined by Whitaker

(1970) . An example of this determinatign is shown
in Fig. 1.
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Fig, 1. Typical Pile Load-Deflection
Flot Showing Estimation of Ru and R
nu
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The soil response values for ultimaie shaft re-
sistance and npett ultimate base resistance were
estimated, for sites A to P, from the common design
expressions

gy = RusfﬁﬂdL) (9)
_ gnn?
¢, = Rnub/( 2 ) (10}

petails of the pile gimensions, and the estimated
values of soil response are given in Table 2, for
sites A to F. The estimated values of soil res-

b



TABLE 1

SUMMARY OF SITE INVESTIGATION RESULTS

SITE S0IL DESCRIPTION CLASSIFICATION STRENGTH
w L.L. P.T. Type of Shear
Test Strength
3 ¢
N % {kPFa)
A Stiff mottled grey & brown
fissured CLAY (Shaft Zone) 29 ~ 81 - - u48) 34 ~ 99"
Stiff mottled grey & brown |
fissured CEAY (Base Zone) 43 - 57 - - 0 (48) 46 -~ 125
B Stiff to very stiff mottled .
red, grey & brown fissured ’
CLAY 28 - 49 ag - 921 47 - 48 uc(48) 29 - 99
o] Stiff to very stiff mottled
red grey & brown fissured
CLAY (Shaft Zone) 21 « 34 80 - 96 59 - 72 uc{48) 35 - 265
Stiff to very stiff mottled
red groy & brown fissured
CLAY (Base Zone) uc{48) 45 - 195
D Stiff mottled grey & browa
fissured CLAY 32 - 43 - - uc(48) 25 - 103
E Stiff mottled grey & brown
fissured CLAY 15 - 31 - - U (48) 34 ~ 105
F Very stiff to hard grey brown )
fissured CLAY 14 - 27 42 - 80 26 - B3 U(48) 150 - 335
G Very stiff grey fissured CLAY - - - u{3s) 104 - 240
&
4 stiff £q wery stiff grey to brown
fiegured CLRY (Shaft Zone) - - - 0{38) 58 - 149
Stiff to very stiff grey
fissured CLAY {Base Zone) - - - 1(38) 75 - 150
¥ U ) denotes undrained triaxial test on () mm dia. spociuwen
UC( ) denotes unconfined compression test on { ) mm dig,. specimen s
i i Sites Considered P " F
+ Residual strengths in sensitive clay Trial - 0.05
Piles Piers
: - als lcolelelw
ponse, determined by the methods of 9 and 10, were

taken directly from the references for sites G and
H.

The statistics for the ehu and sui sample sets for
each site are given in Table 3.

5 ANALYSIS OF VARIANCE

Valid use of data from more than one site, in (6},
depends upon the condition that the same bias
factor applies for all the sites from which the
data is drawn. BAan apalysis of vaxiance expression
may be developed, as described in Appendix I, to
test this hypothesis.

Analysis of variance was made on the ehu and sui
statistics fxom various combinations of sites. The
results of this analysis is given in Fig., 2 for
shaft adhesion, and in Fig. 3 for nett end bear-
ing resistance.

TTTIITITTTI TG 3 | 2.2

1
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0.2 z2.8

3.2 4.3
5 i 0.2 4.2

Shaded trials indicate estimated probability of
less than .05 that ¢ is the same for all sites
considered.

Results of Analysis of Variance for
shaft Adhesion Bias.

Fig. 2.

Trial lSites Considered F FO.D)
Piles Piers
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1. T aa | s
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Results of Analysis of Variance
for Nett Base Resistance Bias.

Fig. 3.
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TABLE 2

DETATLS OF PILES AND LOAD TEST RESULTS

1
Site Pile Length sShaft  Base S0i.). Response

No. (m) Diam. Diam.* | ¢ cu

{m} (m)

{kPa} (kPa}

cast-in-situ Piles (Haumered base and shaft)

A 1 9.0 0.55 0.75 431.5 108.6
2 9.0 0.40 0.75 49.4 108.3
3 7.3 0.40 0.75 53.4 147.9
4 9.0 G.40 0.86 52.9 110.6
5 7.C 0.40 0.75 40.0 i60.2
B 1 10.0 0.50 .64 62.4 -
2 8.7 0.50 0.64 71.7 -
3 7.0 0.40 6.75 85,3 192.4

Cast~in-situ Piers

[ 1 4.0 .75 1.0 B89.3 123.4
2 4.0 0.75 1.0 112.3 92.9

D 1 9.0 0.50 G.50 46.1 -
2 9.0 0.50 0,50 41.6 -

E 1 10.0 0.60 0.60 39.0 115.5
2 8.4 G.40 0.47 65.0 -

¥ 1 5.0 0.64 0.64 66.7 114.0
2 3.0 0.64 0.64 65.7 152.0
3 5.0 0.64 0.64 60.4 -

* pase diameter of cast-in-situ piles estimated
from volume of concrete displaced and assumed
spherical shape.

- tndicates ultimate end bearing resistance not
fully developed.

In the design of cast-in-situ piers or piles, the
design value of <, is generally obtained by muiti-
plying the average measured value of undrained
shear strength by a factor (less than or equal to
one) according to the magnitude of that average
value (SAA Piling Code - 1978). The values of

Ye (=) for shaft adhesion were obtained by re-
ducing the mean of the measured values of ¢y by
the recommended factors from the SAR Piling Code
{Frig. 4). Hence, the bias factor, a, for shaft
adhesion will represent bias with respect to the
design value of cy which would be chosen on the
basis of this code recommendation. The values of
Ye (= o) for end bearing have been sbtained from
the actuai measured values of undrained cchesion,
and hence the bias factor, a, for base resistance
will represent bias with respect to the bearing
capacity factor of 9 from (10}.

A number of observations may be made, in passing,
on the results of these analyses.

- The uitimate shaft adhesion developed on bhored
piers can be significantly higher than the
design values which would be chosen from the
SAA Piling Code (Fig, 2; Tials 2 and 3, and
Fig, 4, with respect to 8Site C). This is of
particular significance in the design of piers
in expansive soil, where the development of
high values of shaft adhesion can result in
high tension stresses in the pier shafts.

~ The ultimate shaft adhesion developed on cast-—
in-situ piles, in which the shaf% concrete is
compacted by hammering, <an bhe significantly
gqreater than that pradicted by the SAA Diling
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Fig. 4. Adhesion Reduction Factor for Piles
in Clays
Code and developed on bored pier shafis in many
instances (Fig. 2; Triasis 1 and 3, and Fig. 4:
Site B).

- The estimated nett ultimate bearing pressure for
enlarged base cast-in-situ piles. for which the
bases have been formed by hammering the concreus
to displace the soil, can be sigaificantly
higher than the neti ultimzie Y aTing pressure
for bored piers (Fig. 3; Trials 1 and 2, and
Fig. 4: Site A).

TARLE 3
STATISTICS FROM PILE LOAD TEST SITES
Site Investigation {(ehu} Load Test (sui)
Statistics Statistics
n ¥ (kPa) S ’ p  Yglkpa) Sg

Shaft Adhesion \
a |13 e5.7" o.368" 5 47.1  0.136
B 17 117.9 0.341 3 72.5 G.157
c 21 104.1 0.549%9 2 100,11 0.162
D 5 47.2 0.605 2 43.8 0.073
B 18 70.9 0.339 2 50,3 0.361
F 7 219.1 0.307 3 64.2 0.053
H |18 148.2 0.278 10 47.7 0.202

Base Resistance
A 13 95,3 0.224 5 125.3 0,191
C ] 99.2 0.621 2 107.1  0.201
G 18 148.3 0.290 6 98.6  0.0€3
H 18 138.7 0.356 10 110.4 0.186
F 7 219.1 0.307 2 131.6 0.203

Residual strengths in sensitive clay

6 EXAMPLE OF ULTIMATE LOAD DESIGN

The form of the ultimate load design equaticn fox
cast-in-situ piers or piles in clays will be




Y0 + Qp = NaBaVaaha + (MpBbYap + Polin (11)

where Q working load

¥ = load factor
O = gravity load of the foundation
Ny = adhesion factor (ca/e,__ Erem SAR
Piling Code in this instance)
Bax = matexrial response factor for shaft
adhesicn
Yaa = design value of shear strength of soil
around shaft (ya: geometric mean of
sheax strength measurements in this
instance}
A, = area of seil contact on shaft
Ny, = Dbearing capacity factor (9 in tids
instance)
B = material response factor for end bear-
ing capacity
Yap = design value of shear strength for soil
at base (P,: geometric mean of shear
strength measurements in this instance)
Ay, = area of base

A method for the estimation of material response
factors for shaft adhesion and end bearing, where
the two act concurrently, is developed in Appendix
II.

Suppose that' the following shear strength measure-
ments have been obtained by triaxial testing from a
Site, J, in the same soil type as Site F,

shaft Zone:220 kPa, 110 kPa, 145 kPa, 180 kPa,
130 kPa
Basne Sone: Lih kba, 155 K, D30 kita, B0k

This data, together with the sul data from Site 1,
can be used to estimate the effect of soil varia-
bility on foundation performance. If the ehu and
sui data from Site H is available, this can be used
to estimate the effect of bias on foundation per-
formance. (The prokability that the bias factors
for these two soils are different has been shown

to be very low). The statistics for these tests
are summarised in Table 4.

TABLE 4

SUMMARY OF STATISTICS FOR EXAMPLE

SITE INPUT| Investigation (ehu)
Statisties

Load Test {sui)
Statistices

n  yg(kPa) Se p ;s(kpa) Sg

shaft Adhesion

F & J Variability

5 152.4 0,272 3 4.2 0.053
H Bias

18 148.2 0.278 (10 47.7 0.202

Bage Resistance

F & J Variability

4 173.9 0.233 2 131.6 0,203
H Bias

18 138.7 0.356 [0 1ll0.4 0,188

This data will be used to estimate the acceptable
working load on a 500mm diameter bored pier, with
6m shaft length and base enlargement to 850mm dia-
meter (founding depth 6.3m), for a load factor of
1.6 and a material response factor calculated for a
lower confidence iimit with confidence coefficient
of 0.99, The average bulk density of the soil is
2.0 t/m3.
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Ay = 9.42 m? By, = 0.567 m?

2
]

a = 0-38 for ygq, = 152.4 kPa (SAA Piling Code}
Nh=g

833 = Ygpa/Yeza = 47.7/10.38 x 148.2) = 0.847
{Egn. I1I.2)

It

Aoy = ysz/ye2b = 110.4/138.7 0.796(Egn. IIL,2}
w? + wf = 0.0532 + 0.2722/5 + 0.2022/10 + 0.278%/18

+0.2032 ¢ 0.233%/4 + 0.186%/10 +

0.3564/18 = 0.0914 (Egn. 11.2)
2 242
Wy *9p)” 0.053%2 | 0.272%/5)2
v - 2 4
(0.202%/10)2 | (6.278°%/18)2
3 17
(0.203%)2  (0.233%/4)% | (0.186%/100°
+ + +
1 3 3
(0.356%/18) 2
17
giving v = 4.6 {Egn. II.3)
From Lables of Stwdent 't for P 0.01; 1 LR
Bo= 0,847 x 0,796 exp (-1.52/0.0914) = 0,233

(Egn. 1I.4)

}9 x 173.9 x 0.567
Ba = % 0.233 = 0.616
0,38 x 152.4 » 8.42 (Eqn. I1.7

By = 8/B; = 0.233/0.62 = 0.378 (Ban. 1I.7)
Op = 9.8 % 2.4 x 3 x 0.52 x 6.3 = 29.1 kN
1.60 + 29,1 = (0.38 x 0.616 x 152.4 x 9.42)

+ {9 x 0.378 x 173.9 + 9.8 x 2.0 x

6.3) 0.567 (Eqn. 11}

giving Q0 = 445 kN

7 CONCLUSTIONS

Foundation design is carried out using limited
information and inexact methods. A bias will often
axist between the predicted and the actual found-
ation performance. The designer must steer a
course between undue and costly conservatism and an
unacceptabiy high probability of failure.

Conventional design requires judgement to be o ~r-—
cised in the sensitive and subjective area of
chaoice of design strength and safety facto:,
select this course. In the proposed method, lne
designer's judgement decisions are removed from
this area to the less sensitive and moxe objective
decision on the compatibility of his concept of
the soil properties on the site with his experience
of similar soils. In addition, he is able to make
quantitative use of data from previous experience
in his judgement decisions and design. !

The collection, correlation and dissemination of
data from engineering experience {eg. the results



of investigation and prototype tests) is of advant-
age to the profession, whatever design method is
used. The prototype tests which yield information
on the ultimate soil resistance are often those
which have failed to meet the designer's expectat-—
ions, and there is an understandable reluctance to
publiish this information. However, the value of
such information lies in the comparison of actual
and predicted performance, and provided that this
is presented in a manner similar to the sites in
this paper, sensitive information, such as the
actual site location and the design loads, would
not be relevant. Therefore, it would seem both
feasible and advantageous to the profession to have
such information processed by reliable, independant
bodies on this basis.

8 ACKNOWLEDGEMENTS

The assistance of the Queensland Department of
Works, Frankipile Aust, Pty. Ltd., Ground Test Pty.
Ltd. and Soil Surveys Pty. Ltd. is gratefully
acknowledged, in making available the investigation
and pile load test results used.

9 REFERENCES

AS2159 (1978) "SAA Piling Code”, Standards Assoc-~
iation of Australia.

MARSTAND, A., (1971} "The Use of In-situ Tests in a
Study of the Effects of Fissures on the Pro-
perties of Stiff Clays™, Proc. First A.N.Z.
Geomech. Conf., Melbourne, Australia.

MCANALLY, P.A., (1977) "A Method for the Applic-
ation of Soil Mechanics to Nen-Homogeneous
Soils"™, M.BE. Thesis, University of Sydney.

WHITBRKER, T., (1970} "The Design of Pile Foundat-
ions", Pergamon Press.

WHITAKER, T., & COCKE, R.W., (1965) "Bored Piles
with Enlarged Bases in London Clay”, Proc.
Sixth Int. Conf. Soil Mech. & Found. BEng.,
Montreal Canada

i0 APPENDIX I - ANALYSIS OF VARIANCE FORMULAE

Equation 4 is derived from its logarithmic form

T ln.a ; ln.a 1.1

whore Inuis in o normal variable

T is an approximate Student's t variable with
degrees of freedom, given by (5}.

Equation I.1 is of the form

_Iln.a - 1ln.oa

T =T I.2

where s = the unbiased estimate of the variance,
02, of 1n.a

vs? /g2 will be xz variable with v degrees of free-
dom, and hence v{v + 1) ¢2/02 will be an approx-
imate xz variable with v degrees of freedom. Thus,
the sum of k such variables from independant sam-~
ples.

Iy vytug + 1) w%/cz will be a ¥ variable with

E% vy degrees of freedom.

Alse, ij 41 (ln.aj - 1ln.a)/oc will be a standarg
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normal variable, where ln.a = EE (Vj N l}ln.aj/

v, + 1.
1 1]

K 252

Therefore, Iy (vj + 1) (ln.aj - ln.a)</oc
= [z§ (v 1)(1n.aj)2—(1n.a)2
5 oy + v lse?

will be a ¥ variable with {k-1} degrees of freedom
if @ iz the same for all the populations f£rom which
the k sample sets have been selected.
Unger the hypothesis H, : ¢y =dp = . . . the
ratio of the two xz variables, divided by their

respective degrees of freedom

k k 2 24k
Ty vj{Ll (vj+l};1n.aj) (ln.:} El (vj+ 1}
x - 1)21 vj(uj + 1) ¢j

F =

will have an f distributicn and provides a foxm of
the conventional one way analysis of variance
expression.

il APPENDIX II -~ MATERIAL RESPONSE FACTORS FOR
JOINT ACTION OF BASE AND SHAFT RESISTANCE

The ultimate s0il resistance of a deep foundation
will be given by

(besb + po)Ab 11.1

It can be shown from the statistical model that

= +
Ru NaysaAa

agaazpexp (-t + o) < yoavepfVela¥erp - - 112

where ao., ag, are values of §32/§32 from {6} for

shaft and base respectively

m%, mg are values of w from (6) for shaft and
base respectively

Ygar Ysb are values of sui response fox
shaft and base respectively

§Ela' gelb are values of §el for shaft and
base respectively

t is the Student's t value for the confid-
ence level chosen and degrees of
freedom, v, given by

; Yo ) 0
(Wi ¢ ef? _owa o, e 1.3
Va Vb

If § = ap, 4ap, exp (“‘t"w% *+ ml%) = YSaYsh/;elaielb
I1.4

Also, the values of vy, and ygp giving the minimum
value of R, can be found from

anu/aysa ={ BRu/Bysb =0 II1.5

The values of yo, and ¥gr giving the minimum value

of Ry at the chosen lower confidence limit can be
found from II.l, II.4 and II.5

Nphy, _ . 2 “NaAa 6

va_ Yela¥els® Ysb TN A Yela'el” 11.6
aa b

2 .
Yga =

If the material response factors for shaft and
base response are defined in terms of the values
of ¥gga and ygn from 6 as Yga = BaYela a@nd ¥sp =
Bp¥alp respectively, then from EI.6 where f = .8,

iI1.7



