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Abstract: In the present paper, the estimation of limit unit bearing capagijtyf axially loaded circular footings on sands based on cone
penetration test cone resistarggas examined. There are significant uncertainties in the calculation of bearing capacity using the bearing
capacity equation. The selection of the value of the soil friction adglnd of the equation foN, accounts for much of the overall
uncertainty. The approach proposed in this study can reduce the uncertainties associated with the bearing capacity equation, as
estimation ofd or selection of an equation fot, is necessary. Instead, normalized limit unit bearing capacitig's|. are calculated from
non-linear finite element and cone penetration resistance analyses for various soil and footing conditions. Effects of the relative densit
Dg, the lateral earth pressure rakg, and the footing size are also addressed. It is observed that the normalized limit unit bearing capacity
Jo./ 0 decreases adg increases and that this rate of decreasgypfq, varies withK,. Values ofqg,, /q. are presented both in equation

form and in charts. The values of normalized allowable unit Iggag/q. at a settlement of 25 mm for various soil and stress states are
also provided.
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Introduction for N; andN, are exact, there is no exact equation fgr Addi-
tional uncertainty results from the expressions for the shape,

The bearing capacity problem of footings has been extensively depth, load inclination, and base and ground inclination factors,

studied for many decades. The bearing capacity equation ex-Which are also approximate.

presses the unit load that would cause a footing to plunge into the  In addition to the uncertainty when estimatidgfrom a given

ground as a function of the cohesive intercepthe surcharge input, say relative densitg, the mobilized friction angle along
at the level of the footing base, and the unit weigh® variety of the slip surface is not the same due to different dilatancy rates.
factors, all functions ofp, appear in each term; in particular, This increases the uncertainty in the valuedofto use in the
factorsN,, Ny, and N, appear multiplyinge, g, andvy, respec- bearing capacity equation, although the literature contains proce-

tively. The pioneering work by Prandi|1921) and Reissner dures for selection of values of the friction anglé¢hat attempt to
(1924 established the values of the bearing capacity fadigrs ~ account for such effecte.g., Perkins and Madson 2000
andN,, and most efforts since have focused on the evaluation of ~ According to Griffith (1982, the factorN, represents the ef-
the bearing capacity factdy, and correction factors associated ~fect of the effective stress field below the footing basejgnand
with footing embedment, footing shape, and other complications the initial value of the coefficient of lateral earth pressiigeas a
(Terzaghi 1943; Brinch Hansen 1970; Vesic 1973; Kumbhojkar result, should affect the bearing capacity. However, using the two
1993:; Michalowski 1997; Zhu et al. 20D1 theorems of limit analysi¢Drucker et al. 195Rto guide us, a
For the limit unit bearing capacity,, of footings, important different conclusion may be reached. From an upper bound point
issues to be addressed include conservatism and uncertainty. Thef view, the body forces are strictly vertic@ravity) forces; thus,
bearing capacity equation is based on the assumption of superpoi a cohesionless soil, gravity is the only source of resistance to
sition of thec, g, andy terms. This assumption leads to conser- collapse, and the values of the lateral stresses should not matter.
vative values ofg,, (Griffiths 1982; Bolton and Lau 1993The From a lower bound point of view, the stress field that matters is
uncertainty results in large part from the uncertainties in the esti- one that is very close to collapse. So, ag#ip,does not matter.
mation of$ and in the expression fax,. While the expressions ~ So it seems that the only influence & would be through the
value of the resultingp value, which would be slightly less for a
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Fig. 1. Typical failure mechanism of axially loaded footing

for estimatingq,, directly from cone penetration teEPT) cone

tions for N, developed for rough and smooth footings, respec-
tively, based on upper bound solutions assuming multiblock fail-
ure mechanisms

N'y - e0.66+5.ll tanb tancb

(6)

N, =e>!tan¢ (7)

The finite element and finite difference methods have been the
most common numerical methods for analysis of the loading re-
sponse and bearing capacity of footin@iffths 1982; Frydman
and Burd 1997; Erickson and Drescher 200@riffiths (1982
used the finite element analysis for the determination of the bear-
ing capacity factors and assessment of the Terzaghi bearing ca-

resistancey; is proposed. The analysis focuses on axially loaded pacity equation. Values of the bearing capacity factors evaluated
circular footings bearing on sand. The loading response of theby Griffiths (1982 are in good agreement with those obtained by

footings in sand is simulated using the finite element method.

Various soil conditions, with differerDg andK, values, are con-
sidered.

Bearing Capacity Solutions for Footings

The bearing capacity equation for footings bearing on sand is

bt = ANgSe el adbq + 2YBN,S, i, 9,b, (1)
where g, =limit unit bearing capacityg=surcharge at footing
base level;y=unit weight of foundation soilB=footing size;N,
and N, =bearing capacity factors; argl d, i, g, and b=shape,
depth, load inclination, ground inclination, and base inclination
factors, respectively. A wide range b, values exists from solu-
tions based on limit equilibrium, limit analysis, and other numeri-
cal methods. The expression fdy, which is exact for weightless
solil, is

_1+sind

- g tand
9 1-sind

2

The limit equilibrium method has been the most commonly

Prandtl(1921) and Terzagh{1943 using limit equilibrium meth-
ods. Frydman and Burd.997 and Erickson and Dresch&002
performed finite difference analyses. Results of the analyses
showed that the bearing capacity factors increase as the soil dila-
tancy angleys increases. This also indicates that the dilatancy
angley should be considered in the estimation of bearing capac-
ity when high accuracy is needed.

Numerical Simulation of Footing Load Tests

A modern design concept in geotechnical engineering is to treat
serviceability and ultimate limit states within the same frame-
work. In this integrated framework, the stability and functionality

of foundations are not independent, and both strength and stiff-
ness are properly taken into account. In this study, therefore, the
numerical simulation of footing load response and bearing capac-
ity is based on a stress—strain model that represents the pre- and
postfailure behavior of soils realistically, considering the nonlin-
earity of soil stiffness and strength.

Nonlinear Stiffness and Strength Model

used method to evaluate the bearing capacity of footings due to itSg35ed on the observed degradation of elastic modulus in sands,

simplicity (Terzaghi 1943; Vesic 1973; Kumbhojkar 1993; Zhu et
al. 2001. According to typical slip patterns for limit equilibrium

approaches shown in Fig. 1, a failure zone can be divided into

active, radial shear, and passive zones. Zhu et24l01) per-
formed limit equilibrium analyses using slip patterns with the
anglea of the active zone equal td, 45° +¢$/2, and an angle
giving the minimumN, value. The resulting equations fot,,
corresponding tee=d, 45° +¢/2, and the angle minimizindl,,
are given by

N, = (2N, + 1)(tand) % ©)
N, = (2Ny + 1)(tan 1.0%) (4)
N, = (2Ng+ 1)(tand)**° (5

The limit equilibrium approach does not produce mechanically
rigorous solutions. Limit analysis solutions, on the other hand, are
rigorous in the sense that the stress field of a lower bound solution

is in equilibrium with imposed loads at the boundaries of the saill

mass, while the velocity field of an upper bound solution is com-

Lee and Salgad®@000 suggested the following modulus degra-
dation relationship for a general stress state:

o )

V35 max— V20 l10
where G, and G=initial and secant shear modulu; J,, and
Jomax=current, initial, and maximum second invariants of the de-
viatoric stress tensot; andlo=first invariants of the stress ten-
sor at the current and initial statelsand g=material parameters
that vary as a function dDg; andng=material parameters repre-
senting effect of confining stress. There are several ways to obtain
values ofG, at small strain including empirical equations, labo-
ratory tests and in situ tests. In this study, the following empirical
equation, based on the work of Hardin and Bldd966, was
used to estimat&, for various soil states

(% _ee;)) pg—ng)(arln)ng

G, ®

Go=C (9)

91+

whereCy, ny, ande;=intrinsic material variablesg,=initial void

patible with imposed velocities. The upper bound approach hasratio; py=reference pressure=100 kPa; arjg=initial mean ef-
frequently been used in the solution of footing bearing capacity fective stress in the same unit pg

problems(Chen 1975; Sloan and Yu 1996; Michalowski 1997;
Soubra 1999; Zhu 2000 Michalowski (1997 presented equa-

In order to describe failure and post-failure soil responses, the
Drucker—Prager failure criterion was adopted. It has been well
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known that the peak friction anglé,, defined in terms of the = 2.5X 2.5, and 3<3 m footings. The test site consists predomi-

critical state friction angleb, and the peak dilatancy angle, is nantly of sands down to a depth of 11 m. Beneath this sand layer,

a stress- and density-dependent varidBlelton 1986. While ¢, there is a very stiff clay deposit extending down to a depth of

is an intrinsic soil variable, independent of stress state, history, approximately 33 m. The water table was found at a depth equal

and densityys, varies with both relative density and confinement. to around 4.9 m.

As a result, the envelope of the peak failure surface is nonlinear.  As the test footings were square, both footings and soils were
In this study, the following relationship proposed by Bolton modeled with 20-noded three-dimensior{@D) solid elements

(1986 was used to estimate the peak friction andy|gin sand: instead of axisymmetric elements. Interface elements were used
between footings and the surrounding soil. As the test footings
Gp=dc+0.8)5, (10 were embedded 0.76 m into the soil, the same embedment was

modeled in the finite element analyses for all the footings. This

embedment corresponds to a soil overburden pressure equal to
approximately 11.6 kPa. The initial stress states for the analyses
were set as geostatic, based on unit weights estimated from the

where ¢,=peak friction anglei.=critical state friction angle;
and ys,=peak dilatancy angle=6.26y and 3.75}g for plane-
strain and triaxial conditions, respectively. The dilatancy ingex

Is given by information obtained from the site characterization. All the soil
1000, properties used in the finite element analysis were those obtained
Ig= |D|:Q_ In(—‘?)] -R (11) from the site characterization and laboratory tests performed be-
Pa fore the conference and provided in Briaud and Jean{&864).

Fig. 2 shows the measured and predicted footing load responses,
whereq, represents the footing unit load. For comparison, load—
settlement results using Schmertmann’s mett®hmertmann et

al. 1978 are also plotted. As can be seen in the figure, predictions
using the nonlinear FE analyses show reasonably good agreement
with measured results.

where I =relative density(as a number between 0 andl, b,
=reference pressure=100 kR#;=mean effective stress at peak
strength in the same units gg; and Q and R=intrinsic soil
variables. Eqs(10) and (11) were used to define the nonlinear
Drucker—Prager failure surface in the numerical simulation of
footing load responses.

Numerical Modeling of Footing Load Tests Footing Bearing Capacity for Various Soil States

The finite elementFE) method was used to model axially loaded
circular footings on sands. The commercial FE proglBAQUS
was used to model the footing load tests, with a subroutine spe-
cifically written for the nonlinear stiffness and strength model In order to obtain footing bearing capacities for a variety of soil
described previously. Eight-noded axisymmetric elements were states and footing sizes, a series of FE analyses were performed.
used in the finite element meshes to model both soils and theFootings of different diameter8=1, 2, and 3 mwith stiffness
footings. For realistic numerical simulation of footing load re- much greater than that of the soil were modeled as resting on the
sponse, the variation ab,, of the foundation soil with confining  soil surface with no surcharge. The soil was assumed to be Ot-
stress must be considered. Even for a homogeneous deposit ofawa sand, whose properties have been widely studied. Four dif-
constanDg, the peak friction anglé>, would vary with depth due  ferent relative densitie€Dz=30, 50, 70, and 90%@nd three lat-

to different confining stresses. At the same degihwould also eral earth pressure ratiok;=0.45, 0.70, and 1.00vere used in

vary with footing size as a result of the different stress states the analyses. The construction of the finite element models was

Development of Footing Load—Settlement Curves

generated by the footing. The friction anglg in our finite ele- done in a manner similar to that described in the previous section.
ment analyses is therefore a variable, reflecting depth, stress statdhe lateral and bottom boundaries of the finite element meshes
and footing size, rather than a constant value. were located at 12 m horizontally and 15 m vertically from the

The degree of roughness between the footing base and soil iscenter of the footing base, respectively. Based on analyses with
another factor to be addressed in the analysis. It is reasonable taneshes of various sizes, it was found that the mesh size used in
expect that values o, increase as the footing roughness in- this study, extending laterally to more than four times the footing
creases. While many authors proposed valued,dbr rough and diameter and vertically to more than five times the footing diam-
smooth conditions separately, the actual footing condition would eter, is large enough to eliminate boundary effects. Interface ele-
be neither perfectly rough nor perfectly smooth. Accordingly, in ments were also used between the footing base and the soil, with
order to realistically model footing roughness, interface elements a Coulomb friction coefficient of 0.7, corresponding to a friction
were used between the footing base and soil with a Coulombangle equal to about 35°. Fig. 3 shows a typical finite element
friction coefficient of 0.7, corresponding to an interface friction mesh used in this study.
angle equal to about 35°. This interface allows sliding between  Fig. 4 shows load-settlement curves from the finite element
the footing and the soil whenever the interface shear strength isfooting load analyses for different footing sizé8=1, 2, and
exceeded. 3 m) and relative densitie€Dg=30, 50, 70, and 90%aunderK,
=0.45. All the load—settlement curves were developed up to a
settlement level equal to 20% of the footing diamdies., s/B
=0.2), corresponding to 20, 40, and 60 cm for the 1, 2, and 3 m
In order to validate the finite element analysis, field test results on footings, respectively. The footing unit loag, at s/B=0.2 is
axially loaded footings in sands were selected from the literature taken here, for simplicity, as the limit unit bearing capaciy of
for comparison with finite element predictions. Footing load tests the footing. Note that this is not strictly the limit unit bearing
were performed at Texas A&M Univ. for the Settlement '94 capacityq,, of the footing, particularly in dense sands, for which
ASCE Special ConferencéBriaud and Jeanjean 19p4Square a considerable increase in bearing capacity is still possible after
footings with four different sizes were testedx1, 1.5X 1.5, 20% settlement; however, this larger bearing capacity is ulti-

Measured and Predicted Footing Loading Responses
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Fig. 2. Measured and predicted footing load—settlement curveqdpit m footing, (b) 1.5 m footing,(c) 2.5 m footing, andd) 3 m footing

mately irrelevant for practical purposes, given the large settle-
ments associated with it. Footing load responses for soil§,of
=0.70 and 1.00 were also developed using the same footing di-
ameters and relative densities as used<igr 0.45. Although not
shown here, the shapes of the load-settlement curveXfor
=0.70 and 1.00 are similar to those figg=0.45.

Fig. 5 shows values of limit unit bearing capaaity obtained
from the finite element analysis for different footing diameters
and soil states. It is observed that the effedDgfon the limit unit
bearing capacity,, is significant, while that oK, is relatively

Bearing Capacities from Finite Element Method and
Bearing Capacity Factors

The limit unit bearing capacity values obtained from the finite
element analysis in this study were compared with those calcu-
lated using the bearing capacity factdy. Selected\, values for

the comparison include those of Brinch Hansd®70, Vesic
(1973, Bolton and Lau(1993, and Michalowski(1997). TheN,
values of Michalowski(1997 are based on upper bound limit
analysis, while those by Brinch Hans€&t®70, Vesic(1973, and

small, which is as expected based on considerations made earliego|ton and Lau(1993 are based on limit equilibrium solutions.

in the paper. This result provides support for neglectiqgef-
fects, as most bearing capacity solutions do.

L

Fig. 3. Finite element mesh for axially loaded circular footing

Table 1 shows values oN, calculated following Brinch
Hansen(1970, Vesic(1973, Bolton and Lau1993, and Micha-
lowski (1997 as a function of the friction angké. TheN, values
by Bolton and Lau(1993 differ significantly depending on
whether smooth or rough conditions are assumed. As discussed
before, the actual footing base condition would be neither com-
pletely smooth nor rough. Hence, the average ofNjevalues
calculated by Bolton and La(1993 for smooth and rough con-
ditions is also given in the table.

Fig. 6 shows limit bearing capacitieg, of footings obtained
from the finite element analysis and the varidis values for
Ko=0.45. The friction angleé for the determination o, values
in Fig. 6 were obtained from Eg§10) and(11) for the soil states
considered. This requires the values of relative deri3jtywhich
are known, and peak mean effective strp§sSeveral different
expressions have been suggested for the estimatipy fofr use
in connection with the bearing capacity problékteyerhof 1950;

De Beer 1965; Perkins and Madson 2pd@ this study, the fol-
lowing relationship by Perkins and Mads@000 is used:
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wherep,=peak mean effective stresg; =limit unit bearing ca-
pacity; andL and B=length and width of footing, respectively.
The use of Eq(12) is primarily due to simplicity while producing
general agreement with previously published work and flexibility
for 3D stress conditions, as explained by Perkins and Madson
(2000. Values ofqy, in Eg. (12) for different methods were ob-
tained iteratively withN, values corresponding to each method
shown in Fig. 6. As shown in the figure, depending on the values
of N,, large variations ing,_are observed. It is seen that the
values ofq, calculated usindN, by Bolton and Lau(1993 for

the rough case are significantly greater than those from the finite
element analysis. Use &, values from Brinch Hanse(1970,
Vesic (1973, Michalowski(1997, and Bolton and La1993 for

the smooth case, on the other hand, produces sntglleralues
than the finite element results. Use§ values obtained by av-
eraging the smooth and rough base valuel.pfrom Bolton and

Lau (1993 results in reasonable agreement with the finite element
results. Similar results were observed Ky=0.70 and 1.00.

Cone Penetration Test-Based Footing Bearing
Capacity

Normalized Limit Unit Bearing Capacity q .14,

In order to obtain footing bearing capacity based on CPT cone
resistancey, the load—settlement curves obtained from the finite
element analysis were normalized in terms of the normalized
footing unit loadq,/q. and the relative settlemestB. Values of

g. used to normalize the load—settlement curves were obtained
from CONPOINT which is a cone resistance analysis program
(Salgado and Randolph 2001; Salgado 2003t can be used to
calculate the cone resistancg. The cone resistancg, from
CONPOINTis determined using cavity expansion theory. For un-
cemented granular soils, it is generally possible to write

Q¢ = do(Dgr,0,,07) (13)

where g.=function containing intrinsic variableDg=relative
density of sand before penetration; andandoy,=initial vertical

and lateral effective stresses. The details of the theoretical devel-
opment, evaluation, and validation of the function represented by
Eq. (13) are available in Salgado et 997, Salgado and Ran-
dolph (2001, and Salgad$2003. The values of the intrinsic and
state variables of the soil used in tA®ONPOINTanalysis were

the same as used in the finite element analysis.

The critical slip surface for footings is observed to extend to a
depth, measured from the footing base, approximately equal to
the footing diameteB. Accordingly, cone resistance values used
to normalize the load—settlement curves were average cone resis-
tancesq 5,4 from the footing base to a depBibelow the footing
base. The load-settlement curveskgr=0.70 and 1.00 were nor-
malized in the same way.

Fig. 7 shows normalized footing unit loag/ g, versus relative
settlements/B for K;=0.45 and different values dbg and B.
Normalized load-settlement curves fiip=0.70 and 1.00 were
also developed. From the normalized load—settlement curves, val-
ues of the normalized limit unit bearing capacty, /q. were
determined as/B=0.2.
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Table 1. Values ofN, Proposed by Different Authors

Bolton and Lau(1993

Brinch Hansen Vesic Michalowski
0y (1970 (1973 Smooth Rough Average (1997
20 2.95 5.39 1.30 6.04 3.67 4.52
25 6.76 10.8 3.00 13.5 8.25 9.77
30 15.1 22.4 7.10 31.9 19.5 21.3
32 20.8 30.2 10.3 46.1 28.2 29.4
34 28.8 41.0 15.2 67.6 41.4 40.9
36 40.1 56.3 22.0 101 61.5 57.5
38 56.2 78.0 33.0 153 93.0 81.9
40 79.5 109 51.0 238 144 118
42 113 155 78.0 379 228 173
44 165 224 125 619 372 259
46 244 330 210 1,052 631 398
48 368 496 353 1,847 1,100 626
50 568 762 621 3,403 2,012 1,017
Effects of K 4 and D g on Normalized Limit Unit Bearing
Capacity q ,, 19, 0.5 M ores0% '
. . . Lo . - 5o 1-m footi
As discussed earlier, the influencej on the limit unit bearing 04 Sl micoing
capacityq,, is significant while that oK, is small to negligible. | ——Dr=00% __—
For the normalized limit unit bearing capacity, /q., however, g 0.3 /// ’
effects of bothDg andK, are found to be significant. Fig. 8 shows & oo | A 4
values of normalized limit unit bearing capaciy /g, fora 1 m 5
footing as a function oDy andK,. From the figure, it is observed 01 F4 8
that values ofy, /g, decrease aBg increases and that the rate of . ' . .
decrease depends on the valuekgf At Dg=30%, values of 0
Oy /0. are equal to 0.36 and 0.25 fé,=0.45 and 1.00, while 0.00 0.05 0.10 0.15 0.20 0.25
those atDg=90% are 0.22 and 0.20, respectively. This indicates Relative settlement, s/B
that the effect oK, on g, /q. becomes smaller &3y increases. @
The dependence af, /g, on K, is mainly due to the dependence
. . . 05 T T T T
of the cone resistanag on the horizontal effective stresg (and Dr = 30% A
thus, onKy). It is known that the horizontal effective stres§ o4 b — g:gg:f -miooting |
rather than the vertical effective stres$is a key variable along — Dy = 00% —
with the Dy in the determination off, (Salgado et al. 1997As a §937 / i
result, the normalized Iimit_unit be_ar_ing _capach/qC shoyvs a & 02 b // 4
strong dependence &, while the limit unit bearing capacitg,_
is insensitive tK. 01 r .
O 1 1 1 1
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5.0 \ ] \ Relative settlement, s/B
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©

Fig. 6. Comparison ofg,, from finite element analyses and bearing Fig. 7. Normalized load—settlement curves in termsagf/q. and
s/B for: (@) 1 m footing, (b) 2 m footing, and(c) 3 m footing

capacity equation
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The issue of scale effects in the bearing capacity of footings,
particularly with respect to the factdt,, must also be addressed.
Several authors investigated scale effects in bearing cap&ety
kins and Madson 2000; Zhu et al. 2001t is observed that the
limit unit bearing capacityg,, does not increase linearly with
increasing footing siz®, as the bearing capacity equation would g function of soil densitfas reflected byDg and standard pen-
appear to suggest. This scale effect is primarily due to the mag-etration test(SPT) blow countsN] and footing size. The solid
nitude of the mobilized soil friction angle. As the footing size |ines are from our finite element analysis; the dashed lines are
increases, producing larger confining stresses in the soil, the mo+rom field test results by Terzaghi and P€die67.
bilized friction angle decreases, resulting in nonlinear increases of  As can be seen in the figure, . becomes more sensitive to
o With B. Similar trends are observed in the normalized limit footing size asDg increases. ADg=90%, values Ol a1 At S

Fig. 10. Allowable footing unit loadqy, 5 at 25 mm settlement
versus footing diameter from finite element analyses and field test
results

unit bearing capacity. Fig. 9 shows valuesggf/ g as a function =25 mm are 0.54, 0.47, and 0.44 MPa for the 1, 2, and 3 m
of the footing diameteB. As shown in the figure, the normalized  footings underk,=0.45, respectively, while @g=30% q, 5 iS
limit unit bearing capacityy, /q. increases nonlinearly with in-  insensitive to footing size. It is also shown that the effed{gbn

creasing footing diameteB. However, it should be noticed that  the value ofq, y is greater at higheDg, values. From the results
the scale effect fogy, /q. is not as significant as far,, since the  of Fig. 10, it is seen that results obtained in this study match well

normalization based ot 5,4 Within an influence depth equal & the results from the field tests of Terzaghi and P&367), both

already reflects, in part, the effects of the size of the footlng. of which show increasing dependence%’fa” on footing size as
the Dg increases.

Allowable Footing Unit Load at Common Design Normalized allowable unit loadp,/qc at 25 mm settlement

Settlements was also obtained. Fig. 11 shows values)gf,/ . at the 25 mm

settlement as a function &, Dg, andK,. As shown in the figure,
In design, settlement considerations often control. The tolerablegjyes ofgy 1/ 9. decrease with increasing footing diameter. The
settlementsy, for shallow foundations is commonly assumed as sjze effect observed in Fig. 11 is consistent with that for the
25 mm(or 1 in) with some variation depending on the importance jjowable footing unit loady, 5, Shown in Fig. 10. The influence
of the structurgTerzaghi and Peck 1967; Becker 199big. 10 of K, on values o, /0. was, however, different, depending on
shows values of allowable footing unit loggy ats, =25 mmas  the values 0Dg. At Dg=90%, values ofj, /g, Shown as thick
lines in Figs. 11a—0, are in nearly the same range of 0.05-0.08
for all the values ofK, considered. AtDr=30%, on the other

0.5 T T T hand, values of), 5,/ d, shown as thin lines in Figs. {d—9 de-
crease a¥, increases. Note that i§,=25 mm, serviceability
0.4 | L, . always controls forB=1-3 m, asqy /0. is always less than
./*-———-’4 C|bL/qc-
é’- 0.3 r .
a 09 205 Design Application
I~ —8— = > -
o U Br a 50°/° Estimation of the normalized limit unit bearing capaciy /.
01 F r= °° i for circular footings in sands can be made directly by applying the
: A— Dr =70% results of Figs. 8 and 9 for a given soil state and footing size. The
. | T Dr=90% CPT-based bearing capacity obtained in this study can be ex-
0.0 pressed as follows:
0 1 2 3 4

OpL = B ' qc,avg (14)

whereq,, =limit unit bearing capacityf =correlation factor; and
Oc.avg—average cone resistance from the footing base to a depth
measured from the footing base equal to the footing diantter
Based on the results of Figs. 8 and 9, valueg afre determined

Footing diameter B (m)

Fig. 9. Normalized limit unit bearing capacity, /q. versus footing
diameterB
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and summarized in Table 2. As shown in Fig. 9, the effect of
footing size appears to be more significant as Ehgincreases.
Although some increase @ with increasingB is observed for
looser soils(i.e., Dg=50%), this increase may be ignored for
practical purposes. Consequently, the value§ af Table 2 re-
flect size effects only for denser san@e., Dg=70%).

Tand et al (1995 and Eslaamizaad and Robertgd®96 also
proposed equations similar to Ed.4) (Lunne et al. 1997 Most
existing equations, however, do not include the effects of soail
state as expressed by the relative denBityand the lateral earth
pressure ratid, on the values of3. For instance, values d§
according to Tand et a(1995 vary from 0.14 to 0.2 in terms of
footing shape and depth. Briaud and Jeanjg£94) proposed a
value of 3 equal to 0.25 based on the Texas A&M footing load
test results previously described. It is noticeable that the value of
B equal to 0.25 proposed by Briaud and Jeanje€kd94 corre-
sponds to a value @8 from Table 2 corresponding to a lightly to
moderately overconsolidate@K,~0.45-0.7, medium dense
(Dr=70%) sand, which correspond to a soil state that is indeed
similar to the actual soil state at the Texas A&M site, where their
load tests were performed.

The results given in Table 2 are for circular footings on sands
without a surcharge. Application of the results to square footings
is possible with minimal error so long as an equivalent area is
considered. For footing shapes other than circular or square, in-
troduction of shape factors would be required.

Examples

In order to illustrate the use of the proposed method, a second site
was selected from the literatuteee et al. 2008and used for the
estimation of footing bearing capacity. The soil at the site is a
predominantly gravelly sand down to a depth of around 13—14 m.
Results from the site investigation indicate that the first 3 m of the
gravelly sand deposit are in a loose staf;~30-40%, -y
~16.5 kN/n?, andb.~33°), while the rest of the deposit down

to a depth of 13-14 m is in dense to very dense stéigs
~80%,vy~18.0 kN/n?, andd.~ 33°). Soils near the surface are
likely overconsolidated due to removal of a pavement and fill
materials that existed there previously before the cone penetration
tests and the rest of the ground characterization were conducted.
Three circular footings, with diameters equal to 1, 2, and 3 m, are
considered in this example.

The method proposed in this study can be used for estimating
the bearing capacity of these footings by following these steps:
1. estimation of representative values of relative deri3gyand

lateral earth pressure ratid, within the influence depth
below the footing baséequal to the footing diametds);

Table 2. Values of for Cone Penetration Test-Based Bearing Capacity Assessment

B
Dg K,=0.45 Ko=0.70 Ko=1.00
30% 0.36 0.29 0.25
50% 0.30 0.27 0.24
70% B=B,? 0.26 0.25 0.23
B>B,2 0.26(0.90+0.1®/B,) 0.25(0.92+0.08/B,) 0.23(0.94+0.0B/B,)
90% B=B,? 0.22 0.21 0.19
B>B,2 0.22(0.85+0.18/B,) 0.21(0.85+0.18/B,) 0.19(0.85+0.1B/B,)

*Reference footing diameter=1+3.28 ft.
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Fig. 12. Cone penetration test results usedyip calculation example shown in Fig. 13, in which the ratio af, . to g, alBC (calculated

by dividing g, by FS=3.0 is plotted as a function of footing size
B and relative densit{pg. Values ofg,_andq, 4 used in Fig. 13

2. determination ofs from Table 2 for the given values g are those from Figs. 5 and 10 f&,=0.45. In the figure, when
andKg; Ob,an/ do,anec>1.0 bearing capacity controls and when

3. estimation of average cone resistangg,, within the influ- Op,ai/ Ob,aigc < 1.0 settlement controls. This chart is not univer-
ence depthequal toB); and sally applicable; it would change as different valuesgfand FS

4. determination of limit unit bearing capacity, using Eq. are used, but it shows that settlement would tend to control design
(24). quite often.

Fig. 12 shows they. profile obtained from cone penetration
testing performed at the site. From Table 2, the valu@ afas
estimated as 0.3(corresponding tdg equal to 30—40% anH, Summary and Conclusions
value equal to around 0.6-0.7, with assumed overconsolidation
ratio equal to around 2—-3 to account for the surface overconsoli- In the present study, estimation of the bearing capacity of circular
dation condition. No size correction is necessary, as the relative footings on sands based on CPT cone resistapagas investi-

density is lower than 50%. As shown in Fig. 12, valuesyof,q gated. A conventional check of the bearing capacity limit state
within the influence depths are 2.52, 2.53, and 3.53 MPa for 1, 2, using the bearing capacity equation requires calculatidw, @&nd
and 3 m footings, respectively. From the valuesBo&nd g ayg thus an estimate af. Significant uncertainties exist in the values

the values of limit unit bearing capacity, were estimated as  of N, and the soil friction angleb. The CPT-based bearing ca-
0.78, 0.79, and 1.09 MPa for the 1, 2, and 3 m footings, respec- pacity analysis of this study does not require estimatels @fN.;

tively. bearing capacity is determined directly from the CPT cone resis-
For comparison purposesy, was also estimated using the tance.
bearing capacity factoN,. The values ofN, according to the In order to simulate the loading response of axially loaded

equation put forth by Vesi€1973 were 79.9, 71.3, and 66.7 for  circular footings in sands, the finite element method was used
the 1, 2, and 3 m footings, respectively. These values were ob-with a subroutine written for the non-linear elastic—plastic stress—
tained based on peak friction anglég equal to 38.2, 37.5, and  strain model of Lee and Salgad2000. Various soil states, in-
37.1° estimated from Eqs(10)—(12) with Dg=~30-40%, vy cluding four different relative densitié®z=30, 50, 70, and 90%o
~16.5 kN/n?, and ¢.~33°. Calculated values dfy, are then and three different lateral stress rati$§=0.45, 0.70, and 1.00

0.40, 0.71, and 0.99 MPa for the 1, 2, and 3 m footings, respec-were considered. The footings were modeled as elastic with three
tively. Compared with the values obtained using the proposed different diameterg§B=1, 2, and 3 m As the footing base is
method, these are conservative, particularly for the 1 m footing. If neither perfectly smooth nor perfectly rough, interface elements
a factor of safety(FS) equal to 3.0 is introduced, values of the between the footing and soil were used. Based on the finite ele-
allowable unit bearing capacityl, qjsc are 0.13, 0.24, and  ment results, load-settlement curves were developed and used to

0.33 MPa for the 1, 2, and 3 m footings, respectively. determine the limit unit bearing capacity, for various soil and
From Fig. 10, it can seen that the value of yjgc footing conditions.

=0.13 MPa for the 1 m footing is close to the value of the allow- In order to obtain the normalized limit unit bearing capacity

able footing unit load for a 25 mm settlement,,,~0.12 MPa, 0o/ 0e the load—settlement curves obtained from the finite ele-

corresponding td=1 m andDz=30%. For the larger footings  ment analysis were normalized with respect to cone resist@nce

(i.e.,B=2 and 3 m, on the other hand, the valuesaf.;gc equal The cone resistanag, used for the normalization was an average

to 0.24 and 0.33 MPa are greater than values|,qfi shown in value for the influence zone extending from the footing base to a
Fig. 10 by a large margin. This indicates that, as the footing size depth equal to the footing diamet& below the footing base.
and relative density decrease, the limit bearing capacity limit state Values ofq, /q. were found to be in a range of 0.20-0.36, de-
controls design, while the settlement-based allowable unit load pending on the values @g, K, andB. It was found that both the

Oy an CONtrols for larger footings in denser soils. This result is also relative densityDg and the lateral earth pressure rakg are
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important factors affecting the value of the normalized limit unit R = intrinsic soil variable in correlation for peak
bearing capacityy,, /q.. The normalized limit unit bearing capac- friction angle;
ity o, /0. decreases aBg increases, with the rate of decrease s = footing settlement;
depending on th&, values. The effect oK, was greater for Sw Sy» Sy = shape factors;
lower Dy values. So = tolerable footing settlement;

There is a size effect on the valuesf/q.. The size effect s/B relative settlementsettlement divided by
increases as the footing diameiincreases. FoDg lower than footing size;
about 50%, the size effect ap, /g, may be ignored for practical B correlation factor between cone resistance and
purposes. Design values of the normalized limit unit bearing ca- footing bearing capacity;
pacity were presented in equation, chart, and table formats. v = soil unit weight;

The normalized allowable unit loag}, ,;/d. at 25 mm settle- o}, horizontal effective stress;
ment was also studied. Results from the present analysis are in o), = mean effective stress;
close agreement with field measurements. The normalized allow- o, vertical effective stress;
able unit loads at other settlement levels can also be determined ¢ = friction angle;
based on the normalized load—settlement curves in terrgg/ qf b, = friction angle at critical state;
versuss/B. ¢, = peak friction angle; and

5, = peak dilatancy angle.
Notation
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