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Seitlement of a ring foundation using cone data

K.Bhushan & FBoniadi
Fluor Technology, Inc., Irvine, Cellf., USA

AMSTRACT: Thin paper prosents & comparison betwsen predicted and

irad oaettl t

forr & 12-.f% (3.7 m) wide, 4-ft {1.2 m) thiok, end 80-ft (24.4 m) ovtaido diamaeter ring

foundation. Soil conditions

£t the mite were inveatigated by five cone ponatration taste.

Tas collo conoisl of ellernating layers of hard cley end denses to vary denoe oando and

silte.

A ressonablz ectimatz of gottlemant wao mads using oniy cons deta end avallanble

corralations betwean cons resistance and sofl comprasoibility.

1 INTRODUCTION

Settlemonta of shellow foundationn on denas
sands and herd clays may ba sstlmated by
ugo of empirical methoda or olastic theory.
In smpirical metkods, ths asttlsmant {e
ralated directly to a parameter such == the
N-value of the Standard Penatrstion Teoat
combined with the load intensity and fecoting
sise. [n methode bossd on olastic theory, it
is nacassary to ceiculate the incroase in
atrees duas to the spplied loading and to
ontimate ecll compreseibility., The increaso
in oiress is calculnted by formulse or
charta, The soil compreaalbiity is baassd on
laboralory dete auch ma iriaxisl and comeoli-
detion taots or on correslatiors with in aitu
Ltests such za blow count, prassursoater
testa, cone panatration tanis, snd ssiamic
velocity mssgursments.

For large and critical projects such ma
powar planis, high-riee bulldings, and off-
shore platforme, exteneive eoil investiyation
and anmiyosc W sassasm petilement behavior
can uauaily ba justifiad. For mora routins
projecis, the engineer ila forced to baos hia
sapesgment on either laboratory dala from
borings or In situ tsots ouoh ee cons pena—
traticn tsata or blow counta. Exianaive
tesilng and crossohecking by different
mathode ls generally not posalbls due to
budgetary conetraints, Dus to the in-
oviishls sanple disturbance {n very etiff
soils, aoil compressibility based on labore-
tory testa yields mattlomonts which may be
ssveral timoz the moopured valuss (Peok,
197¢ and Honstantinidia ot al. 1286). Conse-
quently, srestor rpliance ahould be placed
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on eatimating compresosibilily from in situ
toats or other indirsct methods. The ouc-
coes of thie mpprosch depends on the datz
bgss aupporting the correleilons between
soll conmpreaeibility and in aftu teats. This
pointa out the nead to perform settiement
mezauremenie on full-acale otructures and
1o compare pradicled snd mesaurad settle—
mente for improving the correlationo be—
twesn {n eitu tapta And #oil compresalbility.

Thia paper »reagenta ths rasulta of msetile-
ment measurementes for a 12-ft {3.7 m} wide,
4-ft {1.2 m} thick, end B0-ft (24.4 m) ouvtaide
dilamater ring foundation. Ths ring sup-
porta a 69-5t (21.1 m) diametsr butane ator—
age aphers on 11 aqually apaced loge.
Grosz loadlng balow tha 12-ft (3.7 m) wide
ring during thae hydrotest. waa 5.20 hof
{252.8 xPs&). Settlamenta wera calculated
during design using cons perotration tests
snd published correlations between cons re-—
eistance and sicatic modulus. By comparing
measured smettlaments during the hydrotest
with ihe calculatsd vajusa, it is shown that
£ reasopable seotimste of oettlamant was made
uring only cone data and available corrsla-
tiono.

2 SPHERE FOUNDATION

The ephara support loaga esch carry about
1076 kip {4784 %N} maximum load. The 11
size: legn are supportad on 6 ft by € 2t by
3¢t (1,8 m by 1.A o by 0.8 m) algh conc-
rete plsra equally opoaced on a 12-fi (3.7 m)
wide, 4-ft (1.2 m) thick reinforced conarats
ring foundatlon. The bottom of the founda-



tinn bm & fr 418 =Y koizee (Lo Siguod. Tie
foundation plan and locationa of tha cone
and soll borings are shown in Pig. 1.
Foundation loada nf the vericus compononts
are provided in Table 1.

SECTIQN

Flg. | Foundation snd site inveatigation pian
{1 L = 0,305 m)

Table 1. Foundstion loading

Load Pregeure

Component kipa Usf
foundation and plara 1,720 0,67
aleal tank 1,080 0.42
water during hydrotest 10,730 4.19
total during hydrotast 13,530 5.28

1 kip = 4.45 KN, 1 xof = 47.8 kPa.

3 SUBSURFACE CONDITIONS

Soll conditions wers inveetigmtad by per-
forming five cone panotration teele lo
depths of 20 1o 41 £t (6.1 to 12.5 m} below
the existing ground surfeca. Thres previ-
cualy performsd eoil borings 1o deptha of
30 £t ({15.2 m) were also reviswed.

A iypical cone panetration test and soil
boring log ia shown in Flg. 2. A summary
of ail fiva cone panalrstion tesle is pre-
scnted i Fige 3.
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Pig. 2 Typical subaurface exploration log
{1 ft = 0,305 m; 1 tsf = 95.8 kPa)

GenL C P ATHINTSEE, TEN
) -

LG g oT-1
PR T - ﬁ T ABEEE
- 4 {
. NS T -
L E N
] = L™ i
B = |
3 5] 3
3
; |

z
e ! Il 1 Il H

Fig, 3 Summary of cone paneiration taat
coeulte .
{1 £t = 0,305 m; 1 taf = 95.8 kPa)

The upper § ft {1.B8 m) of soila conalat of
varlable flll with wome ecft clay in localized
araas. This fill was excavatad and the
foundation was placed at g depth of 6 feat
{I.8 m}. Therefore, the fill is not ralevant
to the analywis. The fill ecila aro undariain
by hard clays 2nd denas o very dense
ganda to Lhe 50-f1 {15.2 m} depth sxplored.
Four of the five cooce psnetration tesis
resched refuaal at depnths of 20 to 29 feet
(6.1 to 4.8 m), Only ons cons paneiralion
test in the south end of the tsnk could be
cemplstad 1o a depth of €1 feetl ({12.5 m).

Primarily clayey soila are preasnt bhelween
deptha of 6 snd 20 #t (2.1 and 8.) m) and
beiwesan 33 and 37 feet {10.1 and 11.0 m).
The clays ara of medium plaatichy with Lig-
uid Jimits hetwean 30 end 50 and plasticity
indlces batwesn 10 and 2§5. The nptural

682

watar contents ot tne clays range batween
15 and 25 percenl. The undrained shear
alrcngih of the clays was estimsted Irom
tne cuiw dats by using che relationship:

qt = Se Nz 4+ po

whare qc in the cons penstration raalatance,
5. im the eoil undrained shear atrength, Na
ia the cone [sctor, and po ia the total over-
burdan pressure.

%o selecled Na as 15 and estimated Lha
undrained shsar strangth of the clays as
ranging beiween 5 end 10 kaf [239.4 end
478.8 kPa) with an average value of 8 kaf
(123.0 kPa).

Primarily sanda and ailty sanda ara pre-
gsnt batween deptha of 20 and 33 ft (6.1
and 10.1 m}, and belween 37 and 50 fget
(i1.3 and 16.2 m). The sands have cona
penatration resiatanca of 00 to 800 kef
(14.4 to 38.3 mPa). No fres groundwater
waa encountered in any of the borings in
the area within the upper 50 feet (15.2 m).

Selamic downhole ahasr wave velocity
measuraments in similar soil conditicne et &
nearby project provided shear wave veloci-
tiss of BY0 fps {25) m/s) to depthe of 30 ft
(9.1 m} and 1300 fpe {396.2 m/a) betwoen 30
and 66 fest {9.1 and 19.8 m}. .

4 S0IL COMPRESSIBILITY

Soil compreaslbility during Lhe design atage
waa satimated by published correlationa
between conetrained modulus and cone
regiatance {Mitchall and Gardper, 1975,
Rebsrtison and Campanells, 1984).

For sands ths conetrainad modutua is
dafined aa;

D=1/mv = @qe

where D iz the conatrained modulua, m« {8
Lha cosfficient of volume compreasibility,
and & i@ Lho factor raleting cone resiotances
qr to tha constirainad modulua,

The valuea of ¢ vary widely and depend
on the denaity, dsgres of overconeolidation,
slrass and strain level, end differences in
theoratical methada used for obuaining the
corroletions, For vary dense and appar-
ently overconsolidated azands, we consecva-
tivaly selected ang velue of 4.

Tho velus of preccnsolidation load for the
on-sita clays wss conservalively sslecled ss
40 ksf {1215.2 kPa). Thia preconsclidetion
load was estimated on the besis of an aver-
sge undreined shear astrength of 8 kaf
{383.0 kPe) and plasticity indem.of 18 by
meane of the following correlation
{Skempton, 1957}

Se/Pa = 0.11 + 0.0037(PI)

whara Su ie the undrainsd shear alremgih
and pe im Lhe arfective ovarburdsn prea—
sura, and PI ia the plasticily indax.

Tbe behavior of averconeolidatad clays
undar load is largsly dotarminod by the
ratio:

dp / (Fe-Pol

whare dp is Lhe increass in etrese end
(F—Pe} i3 the differance betweon Lhe pro—
coneolidaticn prassura and present overbur-
den praassura.

Thle ratio, for en applied maxdmum surfsca
lond of §5.28 kef (252.8 kPa), in leaas than 0.1
at tha center of the clay layers. This indi-
catas thai the applied alreea [a lesa than 10
percant of the diffarancs belween the pre-
agnt ovarburdan and the preconeolidation
presgurs, Undsr auch conditiona, tha clay
would behave almost alastically and il ie
appropriala to cajculate the pattiament uming
an elasiic modulue, Sinca Lhe thicknces of
the clay layera is small with respect to ike
mize of tha foundalion, mettlement would be
primarily one dimensionsl and constirained
modulue should ba used in eeitlement cal-
culstiens. The constrained modulua can be
dotarmined from the expreasicn:

D = E (1-p} / {1+¥} (1-28)

whare D g tha constrained modulus, E ia
the alaslic modulus and L is tha Poisson’s
ratio.

Asgpuming & Poiason’s ratio, ¥, of 0.35, the
constrained madulue D is 1.6 timas the
elaglic modulus E. For heavily cverconeoli-
deted cleys of medium plasticity, we selected
a conservativs velue of E/S. of 100 (Ladd
el al, 1977 and Robartson and Campanells,
1984), which leada to a conatrained modulus
of 160 Su.

These correlutione yield constrained mod-
ulua values in the renge of B0 to 1600 kel
{38.3 o 76.8 mPa) for claye and 1200 to’ 2400
Itaf {57.4 to 114.9 nPa} for asnda. For
nandy silt layers, modulus valuea uging
aand correlations are about 400 kaf {19.1
mPa) while using the clay correlatione are
about 1000 kaf (47.9 mPa). We uaed en
intermediats valua of 700 kaf [33.5 mPa) for
auch goile.

We comparad thesa vealues with the valuce
of modulus obtainad from eclamic ehear wave
velocily messuremanta. Aseuming a shear
wave velocity of 830 fpe (253 m/a) for soils
to & depth of 30 ft {3,1 m), and 1300 fpe
{396.2 m/8) between' 30 and 65 fi (9.1 snd
19.8 m), iow etrain Young’s modulua values
of 7000 kaf end 17000 kof (335.2 end 813.9
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mPe) are obteinad. Tha elerbis modulog ooz
converlad to s constrained modulus by mul-
tiplying with = faclor of 1.6 sa ohlainod
pravioualy., The low atrain moduiue must
also be correcled far straln lavel. Antici-
palad axial strain is sboul 0.1 perceni
(shear straln of 0.135 percani). To correci
for sirain leval, we uaed Lba ralationship
betwaen shear etrsin and shear modulus
abown in Pig. 4 (Seed and Idrisa, 1970).
Using these relstionships we mullipliad the
low sirasin modulus with an average 0.15
reduclion factor. Thie yleldad a valus of
1680 kaf (80.4 mPa) for Lthe upper 30 fi
{9.14 m) and aboul 4080 kef {1954 mPa)
below iLhei depth. These values ars asignifi-
cantly higher ithan the values selectad from
the cone dala.

sy wiu mipdiin siross diatriculion theo-
rias. The setllement balow the anlsclad
poinie was calculated by:

=rB,dH = i(dpt H)/ D
[} (O] ]

where § ia Lhe seitlement, 4, = verlical
alrain, n la ithe number of soil layers, H is
total sail thicknees, dgv is the chenge in
streme al the canler of layar i, i la ihick-
ness of layer i, and Dy is ithe constrainad
modulus of layer i.

Tha coneirmined modulus for soils balow
41 ft (125 m) (maximum depth of cone pan-
elration tesl) wea vatively d to
te 2000 kaf (95.8 mPa). Settlemeni calcula-
tiona ware carrisd o a deplh of 100 fi {30.5
m) because etress increase balow this depth
im lase than 5 parcent of the ovearburden
pressure.

Table 2. Soll Profile

g T
g .- - \Y_m
04 =y Depih, fi Soil Lype D, kaf
§.,io . v \
g% o N - 6 Clay (Fil)  M.A.
L - 6 8 Clay 955
M TeTs 8- 10 Siity Sand 695
0.00m (X o.o [ X} 1.0 10-19 Clay/Sand 1270
SHEAR STRAIN, PERCIMT 1- 12 - Sand 1270
33- 35 Clay 1420
Fig. 4 Veriation of shear modulus with 36— 37 Eandy SN T00
ahparing sirain for aands and ssluralad I7- 41 Sand 1680
clsyn {from Sasd end Idrims, 1970} 41-100G Sand/Clay 2000

Por asitlemeni caiculations, wa used the
cone pensirslion tesi C-5 as the Lypical
profile reprageniing more compreasible soil
conditions and developed ihe genaralized
soll profile shown in Table 2.

5 SETTLEMENT CALCULATION PROCEDURE

To salimais seillamenis under the tank
foundstions, we used the compular program
SETTL/G which performe estilement and
atress distrihution calculatlons under uani-
formly loaded reclanguler srezs {Gecsofi,
1984]). The program incorperatss Lhe effecte
of all loaded aress under sll poinis. Loaded
aress can be el or helow Lhe ground sur—
face and Boueelnesq, Mindlin, mnd Weater—
guard theorime can be specified. Ths ring
foundstion was spproximaisd by 64 rectan-
guler arees and the sofl profile wae repre-
aented by nine layera shown in Table 2,
The increase in stress st Lhe cenier of each
layer was calculated  hy ualng both Bouawsi-

1 keof = 47.9 kPa; 1 ft = 0,305 m

6 MEASURRD SETTLEMENTS

Seitlemenl measuremenis were made st 11
points on the foundstion during the hy-
droiest, Setllemeni raadings include read-
ings during filling in aboul 24 houre, hold-
ing full Jomd for four daye, empilying in 24
hours and final reading after 18 days. The
seitlemeni readings for four diagonally op—
posila poinls are summarized in Fig. 5.
These date indicats an avarags setilemeni of
0.8 in. {152 mm) with maximum and minimum
values of 0.84 and 0.38, inch (21.3 and 9.1
mm), The maxmum messured differeotial
soltlement under full load was aboul 0.5
inoch (12,7 mm). The maximum differential
seltlement beiwesn any iwo adjacani lege
was about 0.12 inch {3 mm). The permansni
ostunment after unloading ranges between
0.24 and 0.8 in. (6.1 and 18.2 mm) with ap
avarage value of 045 Inch {11.4 mm).

TIHE, BaYE
¥ 01092 13 %4 13 58,12 18
T T ¥ T Tt

1.2 3 & 3 &
LB B B

# DISCUSSION AND CONCLUSIONS

" Two of tho methoda gensrally used to esu-

mala soil modulus for very silff soils in-
tlude corralationa wilh cone penetreiion re-
sistance and modulua sbtained from seiamic
shear wave velocily dete corrected for
straln levals. Availabie correlailone range
from @ veluea of 1.5 to 3.5 for normally
consolidated senda and from 4 to ovar 20
ror ovarconeolidated sands {Robarison and

Fig. 5 Summary of massured seillemenla
during Lhe hydrolasi
{1l in. = 26.4 mm; 1 kaf = 47.9 kPa)

7 SETTLEMENT COMPARISONS

We performed seitlement calculsilona under
ihe waler load of 4.2 kaf (201.1 kPe) uaing
ihe soil compressibility values shown in
Table 2 and the calculsilon procedurs de-
scribed in ihs precading section, Results of
these calculsifoss indicale maximum ssitla-
wmeni under the cenlar of the 12-ft (3.7 m)
wids fooling sssuming = flexible loaded area
an L.02 inches (26.9 mm). Tha avarage sei-
tlement using a rigid foundstion {e 0.8 inch
(21.1 mm), These values ars obisined by
uming Bousasineaq airesa distribuiion. The
maximum saitements using Mindlin stress
disiribution to include embedmeni sffacla
are aboul 80 parceni of Lhe Bousaineag
values. Bsesd on analysss similar to Lhome
deacribed here, wa pradiciad lotal seitle—
menla in the range of 1 to 1.5 in. (26,4 to
38.1 mm) and selllements during hydrotast
in the range of 0.75 to 1,1 inchee {19.1-27.9
mm). The averags predicisd seillemani
during hydrotast of about 0,95 in. (24.1 mm)
Is eboul 60 parceni greater than ihe aver-
age obasrved value af 0.6 inch (15.2 mm).

We aleo performed mettlement calculations
uslng ithe constrained modulue of 1680 kaf
{80.4 mPa} in the upper 30 ft {9.1 m) &nd
4080 kaf (195.4 mPa) below Lhat depth.
These values wars ohtalned afier applylng
ths oirsln adjustment to the low strain
modulus values from Lhe selemic velociiy
data. These calculations indicate an average
seitlement of (.43 ip. (10.8 mm)} which ia
sbout 70 percent of ithe aversge measured
saitlement.

1im, 1984). Monl of the high valuee
ute appaar to he based on laboratory deta.
Dala from cne sila reporlad hy Eonelantini-
dim et al. {1986) indicsies thal high values
in the renge of 9 o 15 may be spplicable
for very danme senda with cone penetration
resistonce of 600 to 1200 kef {28.7 to E7.5
mPa).  Meapurad seillamenis for the tenk
foundation eppear Lo suppori @ valuea of
aboul 4 1o 6.

For ovarconeolidatad clays, proposed E/Se
values range baiween 100 mnd over 600 de-
panding on degres of overcocaclidation,
plasiirity index,.ratio of the applied stress
to the undrained shear sirength, mnd the
method used in obtaining the value of Ss
{Ladd st al., 1977}. For ahsar strength of
heavily cvarconsolidated clays of madium
plasticity, obtained by using Na of 15 from
the cone date, an E/Say of 100 to 200 ap~
panrs to be justified.

If eand and clay laysre contribute squally
to the seitlepanis, ths constraload modulus
D im 6 times q¢ for sande and 16 times ge
far claye {D=1.6 B).

A reduction facior of 25 Lo 50 percant is
generally rscommended to convert the low
strain seismic moduli for use in seitloment
calculaticns {Swiger, 1374). Based on the
hockcalculated modulus from the ssitlament
meaguremsnts, lowsr reduction factors of 10
to 20 parceni are aleo possible.
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“NOTATIONS
ap” =:increzes in-etreaso,
dp = incraase In zirzes st can{ar of
- layer i
D =:conetrainad modulum;
D = conatrelned modulue: for leysr i,
= = alastic “‘mEdulus;
E. = total mofl thicknaee,
E =. thickneoo: of-leyar i,
my = cosfficlent’ .of volume

comprescibility,
= number of soil layers,
= cone fmcior,
= in =iiu totsl ovarburden
Prapaued;
P = affsctive: overblrden prsscure,
(5~Pa) = diffarancs battwdsn the.affeciive
praconcolidetion znd- the present
cverburden prescurds,

¥Fe

» = plalti.cily indsd,

@h =<cons poinl remaiszics;

‘8 = saitlemont;

Se = undreined Bhsaz: stesngil;

& féobor. Eﬂahungﬂmﬂ realatence

1o, conatrzinad - modilu,
Gy -fvgﬁlicq,l etegin,
) % Polegon’s railo:



