Raft Foundation on Clay/Plastic silt
Chapter 18
Book: Foundation Engineering — Peck, Hanson, Thornburn, 2nd edn.



Footing and Raft Foundations

10.1. Types of Footings
A foming & an enlargement of the busc of *

a column or wall for the purposs of wrans-
mitting the lxad to the subsoil at a presure
-uited to the properties of the soil. A loating
that supports a single column is known as
an individual column_foeting, an iselated footing
or a_spread jooting. The footing beneath a
wiall is known as & wall fosling or & continmesr
focting, If a [coting supporis several columns,
it ia called a combined fooling. A particular
form of combined footing commenly used if
one of the columns supporis an exterior wall
is a canlever footing, The various types are
illustrated in Fig. 10.1, :

10.Z. Historical Development

Footings undoubtedly represent the old-
est form of foundation, Until the middle of
the ninsteenth century, mot footing: con.
sisted of masonry. Il they were constructed
of stone cut and dresed w0 apecific sizes,
they were kaown as dimension-siene footings.
In conirast, rubde-siore foctings were con-
structed of pieces of random size joined by
mortar, Maonry foolings were adequate
for most structures until the development
of tall buildings with heavr column loads
Such lcads required large and heavy foot-
ings that occupied valuable basement space.

In the barliest attempis to enlarge the
preas of foostings without incressing weight,
timber grillages were construcied and con-
ventional masonry footlngs bullt on them.

" In 18H a grillage consisting of steel railroad

rails embedded in eoncrete was devised as

~an improvement over the timler grillage

{Jehn Wellborn Root, Montauk Block,
Chicago). The rail gnilage waz an im-
portant forward step because it saved much
weight mnd ncreascd space in tie bescncnl.
Within the following decade, rallrasd rails
were superseded by stees [ beams that oe-
cupied slightly more space but that were
appreciably more economicsl of stedl. Typi-
cal grillage foundations of timber, railrcad
rails, and steel I beams are shown in Fig.

- 102

The steel | beam proved admirably
smited for the comstruction of cantilever

footirgs. These were introduced :n 1887
almost simultaneously in two buildings in
Chicage. One of thess eady rui:-t:'.nm iz illug-
wated in Fig. 10,5,

Wih the advent of reinforced concrewe
shortly afer 1900, grillage faotings were
almost entirely superscded by reinforesd-
concrete footings, which are siill the domi-
nant type.
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Fiovaz 10,1, Types of footings, (s) Individual column footing. (§) Wall foot-
ing. (¢} and () Combined footings. (¢} Cantilever footing.

10.3. General Considerntions

In temperate latitudes footings are com-
monly located at a depth not less than that
of normal frost penetration. In warmer
climates, and especially in samiarid regiohs,
the minimum depth of footings may be
gowvermed by the greatest depth at which
seasonal changes in moisture cause appre-
ciable shrinkage and swelling of the soll.

The elevatlon at which a fosting is es-
tablished depends on the character of the
subasoil, the load to be :uppmtnd, and the
cost of the foundation. Ordinarily the foot-
ing is located at the highest level where ade-

-quate supporting material may be found.
I some lhatances, if an especially fiem layer
is encountered at greater depth; it may be
more economical to establish the falging at

a Jower elevation because the area required
for the footing is smaller.

The excavation for a reinforced-conerete
footing should be kept dry so that the rein-
forrernent can be set and held in its proper
position while the concrete is being placed.
To do this in waterbearing soil it may be
necesgary to pump either from sumps or
from a previously installed system of drains.
Forma are usually required around the sides
of the footing. The necessity for pumping
and for supporting the sides of the excava-
tions in which the footings are placed may-
add appreciably to the cost of a footioyr
foundation.

1.4, Allowable Soil Pressures

In the carliest days of foundation ens
gincering the arca of a footing was sclected
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Fioune 102, Historical development of grillage
foundations of (a) timb-r, (§) railroad rails,
(¢} ateel [-beams,

according to the judgment of the engineer
on the basis of his experience. In most
localities simple rules of thumb developed.
For example, in some parts of the United
States the width of a continuous footing in
feet was made equal to the number of
stortes in the structure. No attempt was
made to provide larger footings for the
support of heavier loads.

In the early 1B70s the proportioning of
[ootings was placed on a more rational basis.
Progressive enginzers of that day recom-
mended that the arcas of footings on a given
site he made proportional to the loads on
the footings and that the center of gravity
of the load om each footing be made to co-
incide with the centroid of the footing. It
was believed that the sewtlements of all
footings beneath a structure would be equal

Rubbly
HHH

Figuee 10.3, Cantilever footing mppmﬁﬁ; ex.
terior column of Auditorium Ballding, Chicago,
1887,

and that no footing would tilt if these recom-
mendations were conscientiously followed.
Furthermore, it was believed that for each
soil there existed a specific pressure under
which the settlements of the various footings
would not exceed reasonable walues. This
pressure, knewn a3 the allowable soil pressure,
was generally specified in the building code
or ordinances of the city in which the con-
struction was to be located. !

With the development of soil mechanics,
it became evident that the salety or the
settlement of a footing depended on many
factors besides the pressure exerted on the
subsoil, Mevertheless, the concept of am
allowable soil pressure is so convenient that
it has been retained in modern foundation
engineering, but with modifications "and
limitations dictated by the improwed state-
of our knowledge. These modifications and
limitations conatitute a large part of the in-
formation contained in Part C.

10.5. Combined Footinga

If the loads fromi several eolumns are
transmitted to the same footing, the footing
should be proportioned so that its centroid
coincides with the center of grivity of the
column loads under normal itiors and
30 that the maximum pressure benecath the
footing does not exceed the safe soil pressure
under the most severe loading. Combined
footings are customarily used along the walls
of buildings at_ property lines where the
footing for a wall column cannot extend
outside the limits of the structure, Figs.
10.1e, 10.14, and 10.le. Under these cir-
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cumstances, the wall footing is usually com-
hined with an interiar footing by one of the
three methods shown,

10.6. Raft Foundations

A raft or mat foundation is a combined
footing that covers the entire area beneath a
structure and supports all the walls and
eolumns. Wherever the building loads are
en heavy nr the allowahle woil pressure so
small that individual footings would cover
more than about half the building area, a
raft foundation is likely to be more economi-
cal than footings.

Ordinarily, rafts are designed as rein-
forced-concrete flat slabs. The downward
loads on the raft are the loads from the in-
dividual columns or walls, If the center of
gravity of the loads coincides with -the
centroid of the faft, the upward load is re-

garded as a uniform pressure equal to the

sum of the fownward loads divided by the
arca of the raft. The weight of the raft isnot
considered in the structural design because
it is assumed to be carried directly by the
subsoil, Since his method of analysis does
not take into account the moments and
shears caused by differemtial setlement, it is

custemary to reinforee the raft more heavily

Reinforced-concrefe columns

TR T T i}.

than required according to the analysis.

Ralt foundations are also wsed to reduce
the settlement of structures located above
highly compressible deposits,. Under these
conditions, the depth at which the ralt is
stablished is sometimes made so great that
the weight of the structure plus that of the
raft is wholly compensated by the weight of
the excavated soil. The settlement of the
strueture is then likely to be insignificant.
Where complete compensation Is imprac
ticable, a shallower raft may be acceptable
if the net increase in load is small enough to
lead to tolerable settlements.

If the column loads are not more or bess
uniformly distributed or if the subsoil is
such that large differential settlements

i tend to develop, large rafts must be
o to prevent excessive deformations.
This stiffening has beea accomplished by
using partitions as the stems of T beams con-
necied to the raft (Fig. 10.4a}, by construct-
ing a cellular or rigid-frame foundation
{(Fig. 10.45), or in spme instances by uti-
lizing the stiffness of a reinforced-concrete
superstructure, The larger the foundation,

. the more expensive these procedures be-

come; often pile or pier foundations are

.preferable.
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Fiourg 10:4. Metl.ods of stifening Jarge ralt foundations. () Use of ribs or
walls as T beams. () Rigid-frame construction.
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Ficure 18.1. (a) Cross section through long footing on clay, showing basis for
computation of ultimate bearing capacity. (b) Section showing Dy for footing
with surcharge of different depth on each side.

18.2. Footings on Clay

The gross ultimate bearing capacity, ¢/, of a long

footing of width B can be obtained by considering
the equilibrium of the soil wedge oc’a’b’ as shown in
Fig.18.1. From this analysis it is found that

i"’ -¢N1+.Tﬂf . 18.1

The net ultimate bearing capacily g4 is defined

as the pressure that can be supported at the
base of the footing in excess of that at the

same level due to the surrounding sur-
charge; hencs

ga= g4 — vy

and
ga = ¢N, 18.2

Safe Soil Pressure. Under dead load plus the
maximum live loads that can normally be
expected, the factor of safety against a
bearing-capacity failure should be on the
order of 3. The allowable soil pressure ¢a
(Art. 10.4) may, therefore, be taken as one
third the net ultimate soil pressure (eq.

18.2)
N
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or gowils 18.4
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For a given footing we can determine g, and then
find the factor of safety, F
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Ficure 18.3. Net allowable soll prease for
footings on clay and plastic silt, determined for
a factor of safety of ¥ against bearing capacity
failure (¢ = 0 conditions), Chart values are for
cantinuous foutings (B/L = {); for rectangular
footings, multiply values by 1| 4 0.2 8/L: lor
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1.2,
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18.3 Rafts on Clay

Ultimate Bearing Capacity. The net ultimate
prasfite that can be sustainec by the soil at
the base of a raft on a deep deposit of clay
" or plastic silt may be obtained in the same
mavmer as for footings on clay (Art, 18.2).
The quantity g4 in eq. 18.2 is the pressure at
the elevation of the base of the ralt in excess
of that exerted by the surrounding sur-
charge. Likewise, in eq. 18.4 and in Fig.
18.3, ¢a is & net soil pressure, By increasing
the depth Of excavation; the pressuic that
can safely be exerted by the building is cor-
respandingly increased. This can be accom-
plished by increating the number or depth
of basements. On the other hand, the aca -
of a raft cannot usually be enlarged ap-
preciably in an attempt to reduce the soil
' pressure because it is not feasible to extend
a raft more than afew fect beyond the build-
ing proper. Therefore, if a raft founaation is
to be constructed at a site underlain by clay
too suit to provide support at the normal
basement level, the only practical meth.d
tu provide the required factor of safety is to
lower the elevation of the raft. - .

Safe Soil Pressure for Rafts on Clay. In propor

tioning footings on clay (Art. 18.2), the not

ultimate bearing capacity is divided by the
factor of safety to obtain a net allowabie
soil pressure. For a factor of safety equal 10
3, this procedure results in eqs. 18.3 and
18.4 and in Fig. 18.3. The same principles
are applicabic to rafis on clay. Accordingly,
the factor of safety, in terms of net soil pres-
sures, may be expressed as '

R, 18.5

gv — 1Dy

where g¢s is the gross soil pressure or comlact
pressure produced at the base of the raft by
the weight of the building and live load, and
which in the denominator of eq. 18.5 is re-
duced to a net pressure by subtracting the
weight of the surrounding surcharge, yD.

A_cmrdma to eq. 18.5, the factor of safety
is very large for rafts established 2t such

‘depths that 4Dy is nearly equal to ¢s. When

these terms are equal the raft is said tobe a
fully compensated foundation. The theoretical

factor of safety against [ailure of the subsoil
under these ciccumstances is infinite, pro-
vided no uncertainty is involved in the esti-
mate of i ads or in the action of ¥D;. How-
ever, even if yD; is fully effective, an in-
crease in the gross soil pressure gs, possibly
caused by unanticipated addiyonal loads
on the raft, reduces the degree of compensa-
tion; the decrease in the factor of safety,
moreover, is out of proportion to the in-
crease in loads. Equation 18.5 also shows
that an error in estimating the weight of
the structure or the live load has a greater
influence on the factor of safety for a weak
clay than for a strong one.

As for footings on clay (Art. 18.2), the
factor of safety against failure of the soil
beneath a raft on clay should not be less
than 3 under normal loads, or less than 2
under the most extreme loads. Therefore,
Fig. 18.3 may be used to obtain the allow-
able net soil pressure for rafts on clay. The
values from Fig. 18.3 may be multiplied by
appropriate ratios to convert the pressures
{0 those corresponding to factors of safety

. other than 3. Since N. and, consequently,

the allowable soil pressure are somewhat in-
fluenced by the depth of surcharge, the de-
termination of 2y for the partial compensa-
tion required to attain a desired factor of
safety is, strictly speaking, a trial procedure.
However, the first trial based on an assuined
Dy /B is ordinarily sufficiently accurate.
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ILLUSTRATIVE DESIGN. DP 18-2.
RAFT ON_CLAY

Varigus prineciples regarding full and
partial compensation and the relationships
to the factor of safety of rafts on clay are il-
lustrated in DP 18-2. The combination of
loads chosen for désign is the weight of the
buitding plus normal live load. For this
combination, a depth [y of 20.5 ft 1s re-
quired for full compensation, whereas a
depth of 15,5 ft provides a factor of safety

.

The computstions in DP 18-2 show that,
for a depth of 15.5 ft, an unforeseen increase
in loads of only 25 pe1 cent would reduce
the factor of safety of the foundation ap-
proximately 50 per cent. At the same depth
of foundation, the factor of safety would be
further disproportionately reduced to
alightly less tham unity if the loads were in-
creaged 50 per cent. )

The importance of the surrounding sur-
charge D, is also illustrated in DP 18-2. It
ig seen that the factor of safety decreases to
unity when the surcharge is reduced from
15.5 to 5.4 ft. If D; were reduced t :
the factor of safety [ esign loads
would equal 0.74, and failure would occur.

For any change in the strength of the clay,
all values of the factor of safety computed
in DP 18-2 change proportionately. Such
changes are illustrated by the curves on Sh.
3 for different values of g..

FS =1740/2360 =0.74
Quit 3*580 =1740 psf
gp =2360 psf
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Raft foundation is also a shallow
foundation like a footing and let’s first
see the bearing capacity of a footing on

the gross ultimate bearing capacity may be
expressed as

gd = }ByN, + yD;N,  19.

and the net ultimate bearing cupacily as
ge = gd' — vDy

= §BYN, + DN, — 1) . 192

In these gquaﬁum, Ny and N, arc dimen-

siun_l;_bmringapm'{y factors depending pri-
marily on ¢. They may be evaluated by
mearu_,éf the chart; Fig. 19.5.
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Eqn 19.1 is obtained considering
equilibrium of soil zone beneath the
footing as shown in Fig.19.4
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Angle of /nternal friction, #, degrees

Ficupe 19.5. Curves shuwing the relationship
beiween bearing-capacity factors and ¢, as
detrrmined by theory, and rough empirical
relationship between bearing capacity factors or

¢ and values of standard penetration resistance
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Frune 10,4, Cross section throwgh long ioting on sand showing (left side)
pattern of displacements during bearing capacity failure, and (right side)
dealized corditions assumed 1or analysis.



Equation | 9.2 can
form

_ I:TN',
§a = "

be expressed in the

D
+ ¥(N, = 1) E’] B 193q

and, for a given factor of safety F against a
bearing-capacity failure,

: ud et ﬁr}_ﬂ
[2 + (N = 1) 5 | 1935

g4
= = 5

F

For a particular value of D;/B and a given
deposit of sand, the expression within the
brackets is a constant. Thus, the relation
between the width of footing and the net
soil pressure g, for a given factor of safety
can be expressed in a plot such as Fig. 19.3
as a family of straight lines radiating from

(a) O, /8%

(b) D, /80.5

the origin. Each line corresponds to a sand
having a different A-value. The initial
branches of the curves in Fig. 19.3 have
been drawn to provide a factor of safety of 2.
If the soil pressures indicated by these lines .
are not exceeded, runaway settlement of a
footing is precluded.

The horizontal lines on the right side
of the three parts of Fig.19.3 corresponds to
a particular ¥-value and indicates the soil
pressure corresponding to a settiement of |
in. The lines are drawn for the condition
that the water table is at great depth. The
necessary correction for other positions is
considered later.

The width 8 in Fig. 19.3 may be taken
as the side of a square footing, the smaller
dimension of a rectangular footing, the
width of a long continuous footing, or the
diameter of a circular footing.
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Figure 19.3. Design chart for proportioning shallow footings on sand.



Basis of the inclined and horizontal

part in the design chat (Fig.9.3)
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Figure [9.1. Relationships among sail pressure,
width of footing, and seitlements for footings of
constant D;/B ratio on sand of uniform refative
density. (¢) Load-settlement curves for footings
ol increasing widths B, By, and H,. (b) Variation
of soil pressure with width of focting for given
settlement 5.
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Froure 19.2. Acwal relation (solid line] between
soil pressure and width of footing on sand for
given settlement S, and substitute relation
(dashed lines) used as basis for design.

Corrections required for using
Charts in Fig.9.3

The chart applies to shallow footings
(Dy < B) resting on a uniform sand for
which v = 100 lb/eu ft, aru:l in which the
water table is at too great a depth to influ-
ence the behavior of the footings. In view
of the ogeer approximations in the proce-
dure, variations of 4 from the assumed
vilue of 100 Ib/cu ft are inconsequential
and may be neglected. On the other hand:
(1) the N-values must somctimes be ad-
justed for the influence of the overburden
pressure during the performance of the
standard penetration test; (2) the varia-
bility of the deposit, as reflected in varia-
tion in the N-values from boring to boring,
is usually appreciable and should be taken
into account; and finally, (3) the influence
of the water table, if shallow enough to
affect the behavior of the footings, must be
evaluated,

Dy :
« =0 —_— 194
c 05405 D, + B
The correction factor for the presence of the
water table is given by eq. 19.4.
Correction faclor Cy® ,::';;
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Figure 19.6, Chart for correction of vaalul..{l in
sand for influence of overburden pressure
(reference value of effective overburden pressure
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19.3. Rafts on Sand

Soil Pressure, Because of the large size of raflis
compared to that of footings, the lactor of
salety against a bearing-capacity failure of
the underlying sand is always very great.
This can be scen from eq. 19.2. If the width

of the raft is only 20 ft, the depth of foun-
dation only 10 ft, and the number of blows
equal to 10 or more, the ultimate bearing
capacity on submerged sand cxceeds 7
tons /sq ft. With increasing width of the
raft or increasing relative density of the
sand, the ultimate bearing capacity in-
creases rapidly. Hence, the danger that a
large raft may break into a sand foundation
is 100 remote to require consideration.

On account of the large size of rafts, the
stresses in the underlying sand are likely to
be relatively high to considerable depth,
Thereflore, ihe influence of local loose pock-
ets distributed at random throughout the
sand is likely to be about the same bencath
all parts of the raft, and the dilfzrential
settlement is likely to be smaller than that
of a footing foundation designed for the
same soil pressure. Although it is not im-
probable that a single footing ‘may rest
entircly above a pocket of loose sand and
experience large setilement, a loose pocket
beneath part of a raft has a much smaller
influence.

Because the differential settlements of a
ralu foundation are less than those of a
footing foundation designed for the same
soil pressure, it is reasonable 1o permit
larger allowable soil pressures on raft foun-

dations. Experience has shown that a pres-
sure approximately twice as great as that
allowed for Individual footings may be
used because it does not lead to detrimental
differential setilements. Fur a soil pressure
that produces a differential settlement of {
in., however, the maximum settlement of a
raft may be about 2 in. instead of 1 in. as
for a footing foundation.

The shape of the curve in Fig. 19.15 shows
that the net soil pressure corresponding toa
given settlement is practically independent
of the width of the footing or raft when the

width becomes large. The allowable net
soil pressure for design may with sufficient
accuracy be taken as twice the pressure indi-
cated by the horizontal lines in Fig. 19.3.
The corresponding relation between allow-
able net s0il pressure and N is

ga (tons/sqft) = 0.22¥ (52 N 2 50)19.5

The correction factor for the presence of the
water table is given by eq. 19.4. For values
of N > 50, the linear relation expressed by
cq. 19.5 becomes somewhat unconscrvative.
Morcover, N-values of this magnitude may
be associated with the presence of gravel or
boulders, or with cementation. Hence, they
should be scrutinized carefully to permit
judging whether the routine procedure de-
scribed in this paragraph is applicable 10

“the actual conditions.

The valucs of g, from eq. 19.5, with ap-
propriate correclions, seive as a rational
basis for the design of a raft foundation on
sand under most conditions encountered in
the field. They may be increased somewhat
il bedrock is encountered at a depth less
than about one half the width of the raft.

If the average value of N after correction
for the influence of overburden pressure is
less than about 5, the sand is generally
considered to be too loose for the successful
use of a raflt foundation. Either the sand
should be compacted or else the foundatiun
should be established on piles or piers.

The loads that should be considered in
computing the gross soil pressure on the raft
are the dead load of the structure including

the raft, and the maximum live load that
is really likely to be active. The surcharge
due to the weight of the soil between the
surrounding ground surface and the base
level ot the foundation is subtracted fram
the gross preSsure to obtain the net soil
pressure for comparison with the allowable
soil pressure. That is, the net soil pressure
at the base of the raft is
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where () = total weight of structure plus
live load
A = base area of raft

o= -gross soil pressure or contact
pressurc at base of rafl

A raftgupported building with a base-
ment extending below water table is acted
on by hydrostatic uplift or buoyancy equal
w v.(D; — D.) per unit of arca, The
beneficial effect of the buoyancy is auto-
matically take. into account in calculating
the net pressure, provided the total weight
of the surcharge D, is used in eq. 19.6. In
mapy instances, however, the scttlement is
governed by conditions during construction
raither than by those prevailing alter
completion. _

During construction of the substructure
the water table is usually drawn down below
the base of the raft. Il it then rises to a higher

level, the gross soil pressure is reduced by
the wuplift of the full head of water on the
basc. Simultaneously, the effective weight
of the surcharge is reduced by the same
amount. Hence, the actval net pressure is
not influenced by the buoyancy. The allow-
able net pressure, however, is a function of
the water-table correction. -

If the soil pressure is.chosen in accordance
with the foregoiag procedures and il the
corrected valse of N is not less than about
5, the diffcrential settlements between adja-
cent columns on a raft foundation on sand
will not exceed about # in., provided the
base of the raft is located at least 8 {t below

the surrounding ground surface. Experience
has shown that, il the surcharge is less than
this amount, the edges of the raft settle ap-
preciably more than the interior because of
tht lack of confinement of the sand.



"ILLUSTRATIVE PROBLEM

A reinforced concrete structure 100 ft
square is to be supported by a raft with its
base 16 ft below the surrounding ground
surface. The subsoil consists of sand to great
depth. Five borings have been made at the
site; the average N-values, corrected for the
influence of the overburden pressure, are
respectively 36, 30, 32, 35, ¥nd 33. The
average unit weight of the sand is 114 Ib/

cu ft. While test-boring was in progress, the
water level was at a depth of 5 ft. During
construction the water level will be lowered
to 20 ft, but upon completion of the struc-
ture the level will return to ite original
position. What total load, including the
weight of raft, structure, and contents, may
be supported at a scttlement not to exceed
2 in.; that is, at a differential settlement not
to exceed # in.?

Sofution. According to eq. 19.5, the al-
lowable net soil pressure for a value of
N = 30 would be

gs = 0.22 X 30 = 6.6 tons/sq It

if the water table were at great depth. The
water table correction is

De
C'=D'5+U'ED;+E .
5
=054+05X m
= 0.5 4 0.02
= 0.52 L

Hence, the allowable net pressure is 6.6 X
0.52 = 3.4 tons fsq ft. The surcharge v, =
114 X 16,2000 = 0.91 ton /sq ft. The corre-

sponding gross pressurc or contact pressure
that would lead to a 2-in. settlement is,

therefore, 3.4 + 0.9 = 4.3 tons fsq ft, and

the total weight that can be supported is
4.3 X 100? = 43,000 tons.

The total weight that will produce a
settlement of 2 in. should, of course, be in-
dependent of whether the calculations are
based on total or effective stresses. In the
preceding paragraph a total-stress calcula-
tion is illustrated, in accordance with eq.
19.6. On the basis of effective stresses, the

surcharge is only

1
TD-+T'{HJ,—D-:'*M[”*:"‘5

+ (1i4 — 62.5)(16 — 5}]
= (.57 ton fsq ft

This value is 0.91 - 0.57 = 0.34 ton/sq ft
less than that calculated on the basis of the
total weight of the surcharge, and the net
capacity of the raft is decreased by the same
amount. At the same time, however, the
raft is buoyed up by the hydrestatic uplift
on ils basec equal to

1
w =g o N '5245 ]iﬁ == -5'
TulDf = D) m}{ ( )

= 0,34 ton f3q ft

and the dewnward load of the structure can
be increased by the amount of the buoyancy.
Ilence, the total weight that can be sup-
ported remains 4.3 tons /sq ft.






