Resistance of Foundation Ground against
Overturning Forces,
Shunta Shiraishi*

Synopsis: This is a summary of experimental studies on stability of structur-
al foundations against eccentric, inclined loads and on stresses induced .
thereby in the foundation bodies.

Prototype bridge piers, caissons and numerous model foundations were
tested under eccentric, inclined loads statically spplied, and experimental
formulas for computing soil reaction, stresses in the foundation bodies, and
limit resistance of the ground were established on the basis of the measurse-
ments made during the tests. As a result of those static tests, some foun-
dmentaldfallacies in conventional stability computations were revealed and
corrected.

Several bridge piers and caissons were tested dinamically, and it is
noticed that the damping factor of vibration is remarkably high due to friction
and/or adhesion of soil acting at the wall and the base of the foundation body.

‘ I. Foundamental Studies
1.1, Requirements for stability of foundations

For safety and stability of structural foundations, the following two
conditions are required to be satisfied:

(1) There is no failure of the foundation bodies,

(ii) There is neither failure nor excessive yielding of the foundation
gro\md.

Excessive deformation of foundations is also umfavorable, but the problem
of deformation may be considered in connection with the condition (i) or (ii)
above., The deformation will bs tolerably small where the stresses in the
foundation body or in the ground is not excessively high, sxcept in some ex-
traordinary cases.

There were many cases where the foundation bodies failed under earth-
quake forces, Similar failure' were often observed by lateral loading tests
on cylindrical foundations or on piles where the foundation body is not strong
enough againgt bending., Therefore, it is very much important to examine the
condition (1) above,

There were relatively few cases where the foundation ground failed or
yielded excessively under earthquake forces, But, failure of the foundation
ground is possible when the dimension of the foundation body, especially the
burried depth, is too small and the soil is weak, Therefore, it is also
jmportant to examine the condition (ii) above.

- (;hiaf ResearcherSoil Mechanics Lab., Techmical Research Inst. of Japanese
National Railways.
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In commection with this point, it must be noticed that the paximum bend-
ing moment of the fomydation body increases as its burried depth increase.

Ir other words, ovsr-jize design require over-strong foundation body and it

makes the design doubly uneconomical.

On the other hand, conventional methods of stability computations call
for over-size designs mainly because of the theorstical assumption that the
latersl resistance of the ground could not exceed Rankines passive pressure
acting normal to & vertical wall face. Actual lateral resistance of the
fomndatior ground is much more larger than the assumed value as the mechanics
of the ground yesistemce is much more complicate than that of Rankin's
hypothesis and it involves additional important factors of resistance that

had not been considered in his theory.

1,2. Soil reactions mud stresses in the foundation bodies

S0il reactions are not usually nomal to the surface of the foundation
bodies under the loads Vi , A, and M, =h/, (Ses Fig, 1), In the case
of a cylindrical foundation, their tangential components act in the direction
opposit to the rotatioenmsl displacement of the foundation body, Those tangential
components vill teks their meximm value of friction and/or adhesion # at very
amall displacememt,

At the wertical face ﬁ or -3—4,

fc—aﬁfdné-i‘c“ Eetmé + c o000 s0c0000e (l)

where P, d and Cq are the hort i

. a : zontal reaction, the angle of wall friction and
it:::a wall adhesion respectively, Usually, J is ,nearly equal to the angle of
murga.l friction of the soil ¢ and Cy is nearly equal to the cohesion of the

At the base 2,
fu=Bland, + G ceverenceses (2)

where 22 , cﬁ and Cp are the vertical re

action, the angle of base fri
and th:rhmhuﬁesﬁcreswc:ivtgy. Here again,’d'y is nearly equal 1':; ::20 B
angle e .mnl tdon o soil under the base ¢, , and C, to the

or mﬁ?fi:ij,:m g: r?& horiaonta.!. reaction f,? changes as the distribution
ey sontal reaction M, varies, The value of K, and % at
ars generally sxpressed in the following forms "

kh= Fﬁ” z" ®eseccvescas (3)

where Kyis the value of t
TEtL the e mk;a unit xz.a%thsm;d ; 17 & pover index which changes

*
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P=&k =(1=7)ds Ru 2 revecesesese (B)

where £, is the depth of the center of rotation, 4 the horizontal displace-
ment &t the depth X , and o, the value of 4, &t the ground eurface, In the
above equation, the foundation body is assumed to be perfectly rigid.

Distribution of the vertical pressure £ at the base ngy be assumed to
be linier as the error in this assumption has minor influence.

P = Jyky’? ko, = Kvk,,,l" “{r”’bj‘%&
— b K Iat
or ﬁ-'m—(ZI“E) evoosccos0de (5)

From the conditions of equilibrium of the loads V., Ho and M, to those
reactions £ 6 f,f,and £ , the following equations are obtained;

7
£, _renkreMes(r+ 20H,-LF -(rea)2cdl +re3)2HA B tan & 40T +2)57_7;H_
1 e dMr I OgH I (T el T+ L (ot )G S{i-# E)H

W;‘.’ecti@" mod ulus cocevev00n00e (6)

wﬁare d is the width of foudation perpendicular to the direction of % and
FE is the resultant of f; which is equal to the smaller value of the following

twos

M _b
E!g + Hy—Zcd H, -d

2ec000000008 (7)

x
b {r+i )£r+ 2)b W
Té} +zgtan s+ 2 o= coefficient of deformation

= V:' ’Hoa” é - cd(zl,"’f)" Cbbdcaréb 200000000800 7 '
u = = Tan S + cot O ™

' Then, the horizontal reaction;

= fr"‘.')(r"‘Z)(Ha;f‘ﬁl?;:_ ... 2 | coes0c000e®e (8)
* {I"—f-ﬁ—(f’f!)f}diﬂl ( .2:)

" The bending moment of the foundation body at the depth £ ; ,
reO(HSE)EM [ B (re3 2\ bfrez _ t—ué}__,_tdz
My= et Ko e S EACTE YA G DA™

And, the vertical stress at the depth = ;

| (r DO(HAB)E™ (a2 2 - vevnscsesses (10)
X'V"-—{EI’Z -(r-ﬂ)%}lm 1 4 )‘&"J «dz

When < T andthesuppartingstratuniastiffenoughuoaﬁgred
to the over: b“soil,thehori_taldisplacemenbotthabaseoft
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foomigt:on hedv i3 neglegitly small. Then, £, & A

SaF -;-f‘*- Ha—-—gcd

p = rr D(r+2)b W, -
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The condition{,2Lis satiafied often at the foundations of heavy
structures resting on hard strata, In this case, the center of rotation
comes down to the level of the foundation base.

1.3, Limit ancunt cf eccentricity of an eccentrie, vertical load.

The limit amount of eccentricity of an eccentric, vertical load A\
may be expressed by the following ecuations,

sant ..-;,_g{z,(/-%pgﬁ-%ﬁﬂ%a}}......<n>

, v T Xl .
clay; €.=£~{K,(l-z§?;;;)—§)+(1;+x,)(—%‘-l)} ceeeea(12)

where the foundation bedy is a parallelepiped which is placed on, oOr
burried into, the uniform ground with a horizontal surface, And,

P

W.= the 1imit value of centric, vertical load,

b ,
x.“'m Xls(l...%)

bNe
i TP L0
Y | ::_%_” -
X,zaxot'?—;:(l—;:%-) X;-)—(—,:(u—l-r . T‘—"I)__g_‘

N;= coefficient of bearing capacity of the foundation in comsideration.
N, =coefficient of bearing capacity of a strip foundationd in widith.

The valuea of n are as follows:

Shape

loose sand dense sand clay
Strip or wall-like 2.0 2.45 1.0
% 2 1.6 2.0 1.0
o 2.0 2.45 1.0
& 2.45 3.0 1.0
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The terms containing Vou
~lac

while the other terms rep:
reactions,

represent the factor of lateral resistance,
ent the factor of resistance by vertical

The skeltons of the above equations are formed by qualitative con-
siderations on the mechaniecs of ground resistance, But, coefficient X X'
etc. are determined on ®he basis of experimental results!’ ® g

The computed values off—c,,are shown in Fig, 2,

The limit values of eccentric loads may be analized by a failure-surface
method in a way similar to the one used in the bearing-capacity theories.
However, the problems here are non-symetric, three-dimensional ones , and the
shape of the failure-surface changes remarkably with loading conditioms,
shape of the foundation body, condition of the ground, etc. Therefore, the
fallure~surface method may give very complicate solutions inadequate for
practical application, except in such a simple case as the one of a strip
foundation on the uniform ground with a horizontal surface.

The failure-surface methods as applied to the strip foundations mention-
ed above, irregpective of the shape of the failure-surface, gives answers
identical to the ones obtained from the equation (11) or (12% above, if M is
assumed to be 2.0 for sand or 1,0 for clay.

Values of V. obtained by losding tests on sand are usually larger than
theoretical values published by Terzaghi3’ or by Meyerhof?%’ Cause of the
difference may possibly be an influence of the compaction of sand during the
loading tests. The experimental values on dense send are nearly twice as
much as the theoretical values.

Op the other hand, observed values of Y of foundations burried into
cohesive soil are smaller than theoretical values., Cause of the deficency
is considered to be two fold, Except the case of clay without internal
friction, the theoretical values of bearing capacity of the foundation base
are too high as the spread of failure-surfaces assumed in the theories is
too large. The wall adhesionCa is evaluated also too high in the theories,
C. takes its maximum valuel only where the lateral pressure acting to the
wall is sufficiently large and is much smaller than C at shallow depth,
Under a limit eccentric load, however, Cacan take its maximum value at the
wall on compression side. As the compression takes place on one side only,
the maximum adhesion may be assumed to be effective on one-half of the entire
area of the walls., And, for computing the equation (12),V..may be assumed
to include that much adhesion, although actual values of Vawould be smaller
than the values assumed above,

1.4. Limit inclination of a centric load

The limit angle of inclination of a centric load e« on a surface
foundation (¢=0)is expressed by the following equations:

sand; Opu = I,3¢(I- ;/-—1-7..-—'“ ) when O K Ol £ @
cerrenacses (13)

clay; ol = %(,.-.Z’L) when 05dp¢<y
o
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NI

, -
Aou= (ot Z wien Y <o, <

cescecesces (14)

*xcept the case of a strip foundation on sand where ¢ < opee 5%5* , and

@,
Rur g (i-F )y R e £ L

iz the above équations, @ is the angle of internal friction s & the
cobesion, A the ares of the foundation base, and ¥ = 33',//4?’(strip
fomdation) or 28%(square foundation), ¢ 7

75 squations (13) and (14) above were obtained by analysing experi-
setal remlte ® (S Fig. 3 mma pop O3 %7 enelysing exp

—_— A I
1217 oty f+&cot{(1+é)aéu} vhen (/. 2 )otouo < 3 |

0ccccccoge (15)

&” dq. ‘}e"’ vhen ([‘f"'é'()dcuo 2%

1.5, Limit inelination o & eccentric, inclined 10ag

The limit inclination ' ' ? :
Pressed approximate]y by m&'&%um“ ;n B;:aut?ot:} ¢ faslined load " be ex-

&nd“a’ (,n—é)ta”% ®tecs0s0 000 (17)

©L & verticy load whigh o o thee. is the Limit amount of eccentricty

trle s vertical component Yo of the ec.
wentric, inelined load in consideration, 4nd, 15, Oouls the limit inc]e.jc.nation
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of

7‘5,7 centric inclined load the wertical component of which is alsec equal
The equation (17) above may be obtained by a way similar to the one
used in inducing equation (15) and (16) where fs»»¢ and V, <€ Trn. It has

not been proved theoretically, but the equation (17) seems to hold where £=¢
and/or V, < 1.

If the equation (17) holds at any values of £ and ¥, , the ratio of the
horizontal component of an eccentric, inclined load Huto the vertical Va
componentV,; may be expressed in the following simple form irrespective of
the value of £ or 7, .

Hu S . wh _’_.z -c

Vi TR L+ 6 cot [(1+ L oty ] ere (1+Z )dmo < F-
g & ' £ -

.—%: p +'1 .where (I+"E)°(o«p 23

In the case when the resistance of the foundation ground against earth-
quake forces is examined statically, it may be taken to be regarded as a
necessary condition of stability that-% as given by the equation (18) or (19)
is not less than design earthquake coefficient % , and there should be a
sufficient margin of safety between _% and 2 .
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II, Experiments

<.l, «utline of experimerts

L]

i i1 reactions,
byt perimerts shown in Teble 1 were made to observe so
st.maaa: ;;z:‘r the fourdation bodies or limit values of eccentric loads and

eccentric, inclined loads,

pull i ing ballance,
The applied was measured with a proving ring or a spr
and the *ﬁ.ﬁn with a loed cell in which electric-resistance type strain

gages had been attached,

The messurement of displacement was made by reading milimeter scales
with transits, or by reading dialgages, Other ‘types of preceise instru-
ments such as microscopic comparators, solenoid-type displacement gages,
electrc-magretic vibration meters »oscillographe etc, were also used where

they were required,
The normal component of soil reactions was measured by soil pressure
cells,

<.2. 30il resctions and stresseg in foundation bodies

4 typical example of the observed soil pressure is shown in Fig, 5
wherein the horizontal reaction is assumed to be the sum of pressure
increase on the compression side and pressuredecrease on the tension side,
friction on the side wall not being added to it, ’

The observed reactions seems to approximate the values computed by the
sqations (8) or (8)' wherein the values of I are taken as followss

Value of +

Caissons in very soft soils 0.5
Caissons in soft soil overlaid
with denser soil; 0
Pole foundations in brittle 0
Eanto logm -5

(in very loose sands 1.0
Model foundation (medimm sand: 0.7

(dense sang: - 0,25

Fig, 6 i 5 Presentation of the friction (adhesion of
soil may be
:!nclud;d;) and the nommal forees on the wall on the compression sidz and the
Fhase o Pernd with a get of special arrangements, The observed value of
e ;;'on: g}gh:m{ﬁ: Fig, 6 ig Toughly equal to the value computed by the
equs s T \1), provided the experimental error in Reasuring £, is

Those frictiong % ang Ruhave a .
remarkable infiuen to red th
huri?t?:uwactio& g ax{zd)to increase the bending momentc:n th:e r:gdat:on
rwrrh : {ose bqﬂace Ié;e 8) and (9) ), Furthermore, the Influence of those

vertical st ;
®quation (10) ) orten results in g vr:fi; h’i‘g;h:e feundation body Vz (see
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side, Those high tensile stresses were recorded elsewhere at several steel
models of caissons,

2.3, Limit velues of eccentric, inclined loads

The values of limit horizontal pull MH.observed during the tests on
railway bridge piers which does not fail by tension of pier bodies coincide
well with the computed values of equations (10) ard (125’ as shown in Table 1,
The foundation ground of the site is bouldery sand, The value of Y, as shown
in Table 1 are computed by the following equation.

Vo= Nr(l-—a,s-g)gﬁdb B = emaller ome of d or b

where Nyis the coefficient of bearing capacity (estimated to be 500 on the
basis of plate-loading tests),d the unit weight of the sand (1.8 t/m3).

The limit value of overturning moment M,.as observed during the tests
on twenty four experimental pole foundations in the natural ground with a
horizontal surface show close approximation to the values computed by the
equation (11) and the modified form of equation (13).

- 2
Moe= =g |
Those values of M,are shoun in Table 2., The difference between /the
averags observed values and the computed values is less than 10%, except where
the foundation body failed first (*), Considering the dilicate nature and
nommiformity of the soils, the error of 10% may well be said small, .

The values of Wuin Table 2 was computed by the following equation.

Veu=chd Ne + TbdB ({zﬁ+ zv,§

where N , Ny and Ny are the coefficients of bearing capacity (assumed
Ne= 30~31 N,= 1.95 and Ny= 6,5 on the basls of soil test data; ¢ = 230),

The measured values of ooﬁesion scatter in a wide range from 2,6 Yma to 6.7
%/m* . Considering the disturbance of soil due to the deformation during the
tests, the value of 3.0 V{n which is close to the lower limit is chysen to be
used in the computations. The value of limit overturning moment M,pof the
foundation near the top of the slope (111.5) may be expressed approximately
by the following equation.

Mo = (0.70+ 0,15 £) Mas éﬁ <2

where M, is the value on horizontal ground, L, the distance between the center
of the foundation and the top of the slope.

The values of M. observed at twelve foundations placed in the filled
goil decrease approximately in linier proportion with the decrease of pene-
trating resistance of WES-type cone-penetrometers. They are less than 25%
of the ones observed on the natural ground at a compacted fill, and less than

19% at a loose fill,

2.4, Tests on models
The values of M or H,.‘ obgerved during the model tests made on Kanto
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lcam scatter wid in 8 wey similar to the scattering of the values of
cohegion C . Buhe:iythey ae:ia to approximate to the computed values if the
scattering of soil stremgths were eliminated. Cause of the scattering is
congidered to be in non-uniformity of the soll, although it did not affect
the prototype tests where the scatisred weak spots were much smaller than
the sisze of the foundation. ,

The limit values of eccentric, vertical loads observed during the model
tests on dry sand and on soft clay show a good approximation to the computed
values of the equation (10) and (11) as shown on Fig. 1. The scattering of
the values observed on clay is due to the dmperfect loading arrangements and
to the local variety of soil strengths.

2.5. Dynamic tests

Fig. 7 is an example of records taken during the dynamic tests on a
caisson which wes made by cutting the horizontal pull or thrust suddenly.
Similar records were obtained on bridge piers where the burried depth of
foundation [/ and the displacement of the foundation before cutting was
relatively large. As shown in Fig. 7 damping of the free oscillation was
8o remarkable that it is close to the state of eritical damping.

On the records of vibration produced by vibration generators, similar
tendency are observed. The pesks of resonance on the resonance curves ars
g0 low that it is difficult to identify those peeks from forced oscillatiocms.

The large damping is considered to be due to the friction om the vertical
wall on the compression side and on the base. The friction changes its di-
rection as soom as the return displacement begins.

Another interesting phenomena was observed by the sudden increasse of
lateral pull on pole foundations, The displacement of the foundation is
identical to the ome observed during slow tests only when the pull is gmall
(H€&« ), and the difference bstween the dynamic displacement and the
static ore growgover four times as large as the former. There is little
ﬁm of a:il during the dynamic tests even when the pull reaches its
8 1imi

Conclusion

Of the important facts revealed by the foundamental studies and ex=
periments as have been mentioned in the preceeding articles, the most im-
portant one is that the weak points of the foundatioms lay ususlly in the
foundation body except extraordinary cases. The lateral resistance of the
groand is much larger than the values computed by the conventional formlas
except the case of surface foundation (/= 0 ). And, the friction between
the foundation body and the soil has a remarkable influence upon stress dis-
tribution and vibration characteristics of the foundations.

Although foundamental points of those problems were believed to be
clarified, many things about those problems are left for studies in the

®
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Table 1., Outline of experiment

' Loading Number Values
Classification condition tegis observed
Plain concrets,
railway bridge eccentric, Limit value of
piers (overturned inclind; 4 H, horizontal
by failure of soil) H by pull displacements,
X=a0 ‘ ’ deformation of
Railway bridge pier bodies,
piers (overturned eccentric, damping factor
by failure of brick inclined; 8 of wvibration
seans., ) H by pull (2) (soil reactions)
(]
B 0L <L3.0m.
pc -
3 Caissong(not tested centric Horizontal dis-
£ | wntil failure took inclined; placements,
place) H by thrust 5 deformation of
of 200 t. caisson bodies,
22.6§m. 5L £33./m| in maximm soil reactions,
‘ {damping factor
| (2) of vibrations)
Reinforced concrete eccentrie, Limit values of
foundation of inclined H, rotation and
electrification H by pull 77 horizontal dis-
poles (2) placements,
(s0il reactions)
Steel models on eccentric Limit velues of
Kanto loam inclined; 51 :
‘ centric in- rotation of models,
. clined horizc(mtal displaces
- : ment (stresses in
o | Steel models on eccentric,
3 dry sand vertical; 125 foundation bodies)
= centric, (8)
' inclined;
Steel models on eccentric’:, 150
soft clay inclined, (2)

Notes ‘(lalues in (

) were observed in & number of tests shown in
- H = horizontal pull.

0 = burried depth,
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Table 2. Values of Hy {(Tests on bridge piers)

Number 1w * 4F £1F
Vatarial Stone and concrete concrete
Shape of bearing
aresa.

Dimension of d =261 3.10 3.20 4.2
‘bmiBg aresa b = 2.85 2052 2.50 4.2
Vertical load V], 85.0 89.1 101.8 193.2
Value of Viu 7862 6730 6350 27538
Height of pull h 5,25 3.80 5,95 6.90
Cbhserved velus
of Ha 34 23 18 51
Computed value
of Hyu 36.1 2.3 19.5 48.9
Hote: Unit of force = metric ton, unit of length = meter.
Table 3. Values of (Tests on pole fomdations)
g 3
k-] 2 Observed value
L N N R D
513 « % LR L E
g g ° g 2 g 55 v §~=’ average| max. | min.
I &z |2 |2 38
1] 0.7%¢dx20 2,63 [63.2 | 31.9 {24.8| 25.7 27.4 24.0
2| 06¢ x20 1.90 |43.7 | 26.3 |20.3 | 22.0 23.7 20,2
3] 0.5¢ x2.0 1.50 | 3.4 | 22.1 |17.2 ]| 15.6 16,8 14.3
4| 04¢d x2.0 1,35 | 22,1 ] 18,3 {14.2 | 14.0 15,0 | 13.0
51 03¢ x2.0 1.02 {14.1 | 13.7 {10.7 | 12.3 12,5 12.0
6| 0.2¢ x20 0.79 | 7.7} 9.7 | 7.5 7.1 7.7 6.4
7] 0.6x0.6x20| 2,26 |52.7| 29.4 |22.9| 2.8 2.8 -
8| 0.6x0.8x2.0| 2.81 (68,3 36,2 |28.1| 26.8 28,5 25.3
9| 0.6x1.0x20| 3.3 | 87,7 | 42.0 | 32.7 3.7 32.5 30.8
10| 0.6¢ x1.6 1.64 | 39.3| 16,4 [13.4] 10.5 - 10,.5%
n 0.6 x2.4 216 | 46,6 39.5 | 29.4 | 30.0 30.0 | 30.0
12} 0.3¢ x1.6 0.97 12,51 85 | 6.9 7.1 7.7 6.6
13 03¢ x 2.4 1.08 | 15.6 | 20.4 |15.2| 14.0 U4 | 14.0

Notes Unit of force = metric ton,

ton-meter,
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