Chapter 9

Settlement of Shallow Foundations

Omitted parts:
Section 9.8,9.9,9.15,9.16



CAUSES OF SETTLEMENT

Settlement of a structure resting on soil may be caused by two distinct
kinds of action within the foundation soils:-

l. Settlement Due to Shear Stress (Distortion Settlement)
In the case the applied load caused shearing stresses to develop within
the soil mass which are greater than the shear strength of the material,
then the soil fails by sliding downward and laterally, and the structure
settle and may tip of vertical alignment. This is what we referred to as
BEARING CAPACITY.

ll. Settlement Due to Compressive Stress (Volumetric Settlement)

As a result of the applied load a compressive stress is transmitted to the
soil leading to compressive strain. Due to the compressive strain the
structure settles. This is important only if the settlement is excessive

otherwise it is not dangerous.




ALLOWABLE BEARING CAPACITY
L

The allowable bearing capacity is the smaller of the following
two conditions:

du (to control shear failure )
FS
q. = smallest of

JalLsettlement (t0 control settlement)



CAUSES OF SETTLEMENT

Causes of Settlement

Alien
Causes

=» Subsidence
=» Cavities

= Excavation
- etc..




Mechanisms of Compression

Compression of soil is due to a number of mechanisms:

Deformation of soil particles or grains
Relocations of soil particles

Expulsion of water or air from the void spaces




Components of Settlement

Settlement of a soil layer under applied load is the sum of two broad
components or categories:

1. Elastic settlement (or immediate) settlements

2. Consolidation settlement

1. Elastic settlement (or immediate) settlements

Elastic or immediate settlement takes place instantly at the moment of the
application of load due to the distortion (but no bearing failure) and
bending of soil particles (mainly clay). It is not generally elastic although
theory of elasticity is applied for its evaluation. It is predominant in

coarse-grained soils.



Consolidation settlement

2. Consolidation settlement is the sum of two parts or types:

A. Primary consolidation settlement

In this the compression of clay is due to expulsion of water from pores. The
process is referred to as primary consolidation and the associated
settlement is termed primary consolidation settlement. Commonly they are
referred to simply as consolidation or consolidation settlement (CE 481)

B. Secondary consolidation settlement

The compression of clay soil due to plastic readjustment of soil grains
and progressive breaking of clayey particles and their inter-particles
bonds is known as secondary consolidation or secondary compression,
and the associated settlement is called secondary consolidation
settlement or secondary compression.



Components of Settlement

The total settlement of a foundation can be expressed as:
S;=S_,+S_+S,
S; = Total settlement
S, = Elastic or immediate settlement

S. = Primary consolidation settlement
S.= Secondary consolidation settlement

Total settlement 5, ‘

- Primary Secondary
Isrgmgﬂ:g:ﬁ consolidation consolidation
S, . settlement S. or creep

d It should be mentioned that S, and S, overlap each other and impossible to
detect which certainly when one type ends and the other begins. However,
for simplicity they are treated separately and secondary consolidation is
usually assumed to begin at the end of primary consolidation.



Components of settlement

The total soil settlement .5, may contain one or more of these types:

Immediate Primary consolidation Secondary consolidation
S settlement S settlement or creep
£ c 55
Due to distortion or Decrease in voids
elastic deformation volume due to squeeze Due to gradual

changes in the

with no change in of pore-wate_rI out of the varticulate structure of
water content Sol the soil
_ Occurs in saturated Oceurs verv slowl
Occurs rapidly fine grained soils (low | ft thy WY,
during the coefficient of o e lidmtion oY
application of load permeability) consoildation 1S

completed

Time dependent Time dependent

Quite small quantity
in dense sands, Only significant in Most significant in

gravels and stiff clays clays and silts saturated soft clayey and
organic soils and peats



Elastic Settlement of Shallow Foundation on
Saturated Clay (. = 0.5)
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Elastic Settlement of Shallow Foundation on
Saturated Clay (. = 0.5)

E, = Bc,

where ¢, = undrained shear strength.

TABLE 9.1 Range of g for Saturated Clay [Eq. (9.2)F

[
Masticity
index OCR =1 M'R=1 OCR=3 (MR =4 M'R=5
<3 1500600 1350500 1200-580 450380 T30
30 1o 50 GO0 300 550-2T0 5SRO0 I80-1BO A00-150
=50 30150 70170 Z20- 104 180-50 15075

"Hased on Duncan and Bochignani (1574)



EXAMPLE 9.1

Consider a shallow foundation 2 m = 1 m in pdan in 3 satwrated clay laver A rigid
rock layer is located 8 m below the botiom of the foendabion. Given:

Foundation: ~ Dy= 1 m, g, = 120 kN'm’
Clay: €, = 150 kN/m®, OCR = 2, and plasticity index, PI = 33
Estimate the elastic sstilement of the foundation.

SOLUTION
From Eq. (9.1,
g=B
Si' = li1""':! E.
(iven:
L 2
—===73
B 1
B_1_,
g 1
H &
o178
E, - pc,

For (CR = 2 and Pl = 33, the valoe of g = 480 (Table 9.1). Hence,
E, = (430)(150) = 72,000 kN/m*
Also, from Figore 9.1, A, = 0.9 and A, = 0.92. Hence,

s.-.tm%-mmﬂi}%-mmm - 138 mm



Elastic Settlement in Granular Soil

Settlement Based on the Theory of Elasticity

1. Flexible surface foundation (D:= 0) resting on an elastic - I
half-space, as shown in Figure (a) [k g O
2. The presence of a rigid layer at a finite depth H as J'
shown in Figure (b) TN, .~
3. Embedment depth Dras shown in Figure (c). “-'"(I'
z  [Rigid Texible
foundation foundation
settlement setilement  #

i, = Poisson’s ratio
g B E, = Modulus of dasticity
I I Sl
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Elastic Settlement in Granular Soil

1. Surface Foundations on Elastic Half-Space

_ G.H
(1 — 2}
E- B 5

where i ii }Iila

I=the influence factor that depends on the location of the point

of interest on the foundation.

q,= the net pressure applied by the foundation to the underlying
soil

B = the width of the foundation

E_ = the modulus of elasticity of the soil

U, = Poisson’s ratio of the soil.



Elastic Settlement in Granular Soil

1. Surface Foundations on Elastic Half-Space

Schleicher (1926) expressed the influence factor for

the corner of a flexible foundation as i A
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where n7 = L/B g ! 1L
B

The influence factors for the other locations on
the foundation can be determined by dividing
the foundation into four rectangles and using

the principle of superposition " n e o




Elastic Settlement in Granular Soil

1. Surface Foundations on Elastic Half-Space

Giroud (1968) and Poulos and Davis (1974)

Corner: [ = 07283 log m' + 0.5460
Center: J= 14566 log m" + 1.0030
Midpoint short side: J=0.7318 logm" + 0.7617
Midpoint long side: I = 14357 log m' + 06894

The settlements under the center and the perimeter of a uniformly loaded Jexible
circular fowadation of diameter B are given by:

Center: 5,-%|—p}} 1=1.0

Pers . 3{_%“_#3]% |=2/n



Elastic Settlement in Granular Soil

1. Surface Foundations on Elastic Half-Space

O Flexible foundations apply uniform pressure and settle non-
uniformly.
TABLE 9.2 Influence Factors tn Compute Aver-

U Rigid foundations apply non-uniform pressure and settle mamauuﬂt@
uniformly. -
m' = L Flexible Rigid
U Some influence factors for estimating the average values of the e s o
settlements of flexible and rigid foundations, are given in Table 9.2. : 053 052
1.5 120 1.07
O Bowles (1987) suggested that the settlement of the rigid foundation 2 130 11
can be estimated as 93% of the settlement computed for a flexible 3 152 142
foundation under the center. 5 151 1.60
10 224 200
U The average values of 7 reported by Giroud (1968) and Poulos and 100 795 3.40

Davis (1974) suggest that the average value of the settlement of a
flexible foundation can be computed using 84-88% of the Fvalue
for the center.



Elastic Settlement in Granular Soil

2. Effects of a Rigid Layer on the Settlements of Surface Foundations

When the soil is underlain by a rigid layer, the settlement has to be reduced

The influence factor for the corner of a uniformly loaded
flexible rectangular surface foundation is:

i
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H
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Ag. A, and A; are given by
A, = m'In
m’[l-l— m"‘+r|'1+1}

{m'+\.-"m"‘+lj\..-"l+n"
~ln mFEYmEr+at+ |

A+ VT et 0
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Elastic Settlement in Granular Soil

2. Effects of a Rigid Layer on the Settlements of Surface Foundations

Fo=—lAg+A) .

a
F‘-Eu_lt“ H

TABLE 9.3  Variation of Fy with m' and n' TABLE 9.4  Varintion of F; with m’ and n'
m’ m'
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Elastic Settlement in Granular Soil

2. Effects of a Rigid Layer on the Settlements of Surface Foundations

For H = w, q" = o e

vme+ [
m H
A - ]n{m' +*|..-"EWI]

A, =0

I
F, —:Dl,+.ll,}

Aﬂ—m'hl-l-

F: —iﬂ"ﬁ:

F, -Hn'h[:l +\f¢r}+h{n‘ +"-..#".-T+1ﬂ

Fyo= 1




Elastic Settlement in Granular Soil

3. Effect of Embedment

When the foundation base is located at some depth beneath the
ground level, the embedment reduces the settlement.

B b Vv
5. = II;'rflfl — p)ll;  embedment I

1-2
I,=F1+( ‘”“")FE
1_#':

I next page

5 _E.“ — pI Surface

E,



Elastic Settlement in Granular Soil

3. Effect of Embedment
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Elastic Settlement in Granular Soil

3. Effect of Embedment

E

S

Due to the nonhomogensous nature of soil deposzils, the magnitude of E, may
vary with depth. For that reason, Bowles ( [9E7T) recommendad using a weighted
average of E,

SE, A7
.

L
whera

Eyy = soil modulus of elasticity within a depth Az
Z = H or 5B, whichever is smaller



EXAMPLE 9.2

EXAMPLE 9.2

A flexible shallow foundation 1 m > 2 m is shown in Figure Calculate the elastic
settlement at the center of the foundation.

I g, = 150 kN/m*
I m
_LH | | Imx<2m E, {kNm)
i ; =
|
I
l—nl—ll],[I]]—Hl
py =03 I
J = I—-'
- B0 ]
|
31 E—
|
|
4 —e— 1 2 0600 —
|
[
5 I
Rock

£ {m)



EXAMPLE 9.2

5.= 220 - iy

SOLUTION r
Wi are given that B = | mand L = 2 m. Note that 7 = 5 m = 58. From Eg. (9.23), I
EE nAz gp= 150 kN/m*
- - Im
I 1 1 1 1
I + Ii + (12 _l_ Im=2m E,kNm
_ (10,0004 ﬁmj'-"'.'l(:l {w_mﬂm,ma 0 : -
|
qumnfﬂ}afnnrqnarhnnfliﬂlmuﬂahmﬂ = {5mand L. = 1.0m. Also, H = ]—+10.M—h1:
I 5 4 | | o = HIE | 5 J “‘=“-3 I
= -,i—-'
ek
m =L =20andn" = HE = |20 34 L__|
From Table 9.3, F, = (1653, and from Table 9.4, F, = 0.028. i
12
From Eq. 9.11), with gz, = 0.3, B "m_"l
1- -2%03 Bl '
J',-F|+[ h’)F—;-ﬂ.Eﬂ ( )(Dﬂlﬂl-ﬂ.ﬁﬁ';l
| — Rock
Zim}
FHH—B.IHB—E:MEJJB— | {using B = | m for the entire foundation); from
Figare 9.5b, f; = 0.71.
From Eq. (922 and considering the four quarters,
B=0.5m
Se= g0 - wlly L=1.0m

(1500(0.3)
=400 — DFN0660 * 4)(0.71) = 0.0124 m = 124 mm



Improved Equation for Elastic Settlement

The improved formula takes into account
1. The rigidity of the foundation

B o
il

T 11

The depth of embedment of the foundation

2
3. The increase in the modulus of elasticity of the soil with depth
4

The location of rigid layers at a limited depth

_q, Bl il
e E [ o }-'4,-_.}
(i)
B, — | HBL
where w
I; = influence factor for the variation of E, with depth B = width of foundation
I = length of foundati
g H .
- tﬂf HE
I = foundation rigidity correction factor For circular ’
I = foundation embedment comrection factor B =0

B,F the equivalent diameter

: B = digmeter of foundation.



Improved Equation for Elastic Settlement

_ QBHEIEIFI [ - }
& Eﬂ F
I; = influence factor for the variation of £, with depth
E, H
=f (.3 “ BB )

I = foundation rigidity correction factor

I = foundation embedment correction factor

ar 1
fp=—+
F 4
3
4.6+ 10 ETB (%]
E,,+—'.t
2
1
fE=l_

B
3.5 expl(l. — 04— + 16
120,00 + 1)



Improved Equation for Elastic Settlement
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EXAMPLE 9.3

EXAMPLE 9.3

For a shallow foundation supported by a silty sand, as shown in Figure
Length =L =3m
Width=B=15m
Depth of foundation = Dy = 1.5m
Thickness of foundation =r=03m
Load per unit area = g, = 240 kN/m?
E;= 16 3 10° kN/m*
The silty sand soil has the following properties:

Rigid layer
H=3Tm '

r,=03

E_ = 9700 kN/m*
k = 575 kN/m*/m
Estimate the elastic settlement of the foundation.



Example 9.3

SOLUTIOMN
From Eq. (9.24), the eguivalent diameter is

b \[EE_ [@050)_, .,

=D
E, QT
= = = T.06
B =%8.~ 5751239
and
H .7
— =——=1.55
B, 2.39
From Figure 9.8, for 2 = 7.06 and H/B., = 1.55, the value of [, == (0.7. From
Eq. (9.28),
T 1
f.=—++
F 4
3
4.6 + 10 J’ﬂ (;’)
E, =k “
_m ' = 0.780
— = {}i,
4.6 + 10 16 = 10° (2)(0.3)

+(2;9){5ﬁ} [ 239



Example 9.3

FE == 1 - B
3.5 expi1.22p, — ll-'-ﬂ(—: + l.ﬁ)
Dy
=1 - : R = (.007
35 exp[(1.22)(03) — ﬂ'_ll](ﬁ + l_ﬁ)
From Eq. (9.27),
5= By

s0, with g, = 240 kN/m?, it follows that

_ (240)(2.39)(0.7){0.789){0.907)

L)
‘ 700

(1 — 0.3%) = 0.02606 m = 27 mm



Settlement of Sandy Soil: Use of Strain Influence Factor

Strain Influence Factor

l. Solution of Schmertmann et al. (1978)

Il. Solution of Terzaghi et al. (1996)



Settlement of Sandy Soil: Use of Strain Influence Factor

l. Solution of Schmertmann et al. (1978)

&2 1
Se = CiCla — @) 24

I, = sirain influence factor

'y = a correction factor for the depth of foundation embedment
=1—-05[g/(7 — g

{’; = a correction factor to account for creep in soil
= 1 + 0.2 log (time in years /0.1)
g = stress at the level of the foundation
g = yD)y = effective stress at the base of the foundation
E, = modulus of elasticity of soil

! q=+yD
J.Ld* R

—— B ——|

o




l. Solution of Schmertmann et al. (1978)

Square (L /B = 1) or circular foundations

D ! q="D,
I =Yhr
z /, I CE R L
L
0 0.1 B e
Z,=0.5B Iz(m)
Z,=2B 0
=?ﬂ
N L/B=1
— Tz {Square)
qg—4q LI
[..=05+0.1
il 'i'f:m

q;,,_-.:, = gffective stress at a depth of z; before construction of the foundation



l. Solution of Schmertmann et al. (1978)

Foundation with L /B >=10

z /,
0 0.2
Z,=B Loy
Z,=4B 0
a—q
[..=05+10.1
e 'i'f:m

'ﬁm = gffective stress at a depth of 7, before construction of the foundation



l. Solution of Schmertmann et al. (1978)

Rectangular foundations

The following relations are suggested by Salgado (2008) for interpolation
of /,at z= 0, z,/B, and z,/B for rectangular foundations.

. Latz=0
L

I.=0.1 +ﬂ.l]]ll(E— ])Eﬂ...?.
- /B

Z L

— =05+ 00555|——-1)|=1

; F)
™ Eulrﬂ

o= |5

L
=240224=—1]|=4
=(-1)



l. Solution of Schmertmann et al. (1978)

E, Modulus of Elasticity of Soil

Schmertmann et al. (1978) suggested that
E, = 2.5¢_ (for square foundation)

E, = 3.5q,_(for L/B = 10)

where g. is the cone penetration resistance.
It appears reasonable to write (Terzaghi et al., 1996)

.E',w].=(1 +ﬂ-.4ln-g-§)£’m



Procedure for calculation of S, using
the strain influence factor

Step 1. Plot the foundation and the variation of I, with depth to scale

Step 2. Using the correlation from standard penetration resistance (N,) or
cone penetration resistance (g_), plot the actual variation of E, with
depth

Step 3. Approximate the actual variation of E, into a number of layers of
soil having a constant E, suchas E, ., E 5, ..., Ej, ... Ey

Step 4. Divide the soil layer from 7 = 0 to 7 = 7, into a number of layers by

drawing horizontal lines. The number of layers will depend on the }
break in continuity in the I, and E, diagrams. Depth




Procedure for calculation of S, using
the strain influence factor

!
Step 5. Prepare a table (such as Table 9.3) to obtain EEE Az
Step 6. Calculate C, and C.. '

Step 7. Calculate §, S.=f:1ﬂ1{g*—q}ﬁféﬁz

I.
TABLE 9.5 «Calculation of — Az

E,
Laver I, at the middle f_xm:
no. Az E, of the layer E,
1 Az E iy Lo Ly
E ]
*1)
2 Az, Em Ly
i Az E.ia I L
E
" Azy E i Ly Lo
B fm)
I.I' Az
E,




EXAMPLE 9.4

_

] : . _ T g= 145 KN/m?
Consider a rectangular foundation 2 m * 4 m in plan at a depth of 1.2 m in a sand T9'm + +
deposit, as shown in Figure 9.13a. Given: y = 17.5 kN/m’, § = 145 kN/m’, and the [ ¥= 175 kN/m?

following approximated variation of g, with = —_—

e T = 2 11—
z(m) g (kNfm?)
0-0.5 2250 L=4dm
0.5-2.5 3430
15-6.0 2950 -

Estimate the elastic settlement of the foundation using the strain influence factor method.



EXAMPLE 9.4

Step I. Plot the foundation and the variation of I with depth to scale  Rectangular Foundation

. Latz=0

£
1;=n.1+nmu(%—1)sn.z “_11\\-. uﬁ'_‘:"j -
= n/B !
5 L 112 =
= /B
& L
E=2+ﬂ_12{3—1)54
atz = 0,
L 4
Izzﬂ.l+ﬂ.ﬂlllﬁ—l =0.1 +0.0111 E_l = (.11 444
a £ _ i
H_D'5+ﬂ‘ﬂ'555(3 1)—(].5+|t]'.{15!':r5(2 1) 0.56
z;=10(056)2)=112m Vzim)

145 — (12 x 17.5) 3

qg—4q
Limy =05+0.1 =05+0.1 = 0.675
qiny [ (1.2 + 1.12)(17.5)



EXAMPLE 9.4

Step 2.  Using the correlation from standard penetration resistance (Ng) or
cone penetration resistance (g.), plot the actual vanation of E, with
depth

L 4
E poectumgie) = (I + 04102 |E ) = [I + 0.4 mg{i]]{zj % q,) = 2.8q,

the approximated variation of E, with z is as follows:

z(m) q. (KN/m?) E, (kN/m%)

0-0.5 2250 6300
0.5-2.5 3430 9604
2.5-6.0 2950 8260




EXAMPLE 9.4

Step 3.  Approximate the actual variation of E_ into a number of layers of
soil hﬂ\"iﬂgﬂl‘:ﬂﬂﬁtﬂﬂl E’,El“:h EEE_“:]}, E_“:} ""Eﬂ:j}' “‘ES{H}

E, (kN'm®)

A300
03 T g rim?
10+

21+
kN#m®
Ej -T- , =

Kl
H260)

KMNim?

F 2 {m)



EXAMPLE 9.4

Step 4. Divide the soil layer from z = () to z = z; into a number of layers by
drawing horizontal lines. The number of layers will depend on the
break in continuity in the [, and E, diagrams.

5 ] 7= 145 KN/m?
JEE “ t b +|-,|-=I'|'th."m3

=2 i —]

03 T knrm?
L=4m (RS = S 17 -
960
204
L= kMNfm’®
254
an+
#2640
KM/m?
404
504

¥ 2 (m) Yz m)



EXAMPLE 9.4

1
Step 5. Prepare a table to obtain — Az

E,
Layer no. Az (m) E_(kN/m?) k :-: l';‘;‘:fle %‘h (mA&N)
1 0.50 6300 0.236 1.87 = 107
2 0.62 0604 0.519 3.35 % 1077
3 1.38 0604 0.535 7.68 x 1077
4 1.94 8260 0.197 4.62 x 10—
x17.52 = 10~°




EXAMPLE 9.4

Step 6. Calculate C, and C,.
Step 7. Calculate S,

I
S, = Elczﬁ - 'E"]EE_I&E

q 21
C=1-05——I|=1-05————]=0015
! (E—q) (145—21) 4

Assume the time for creep is 10 years. So,

10
C,=1+02 ]ng(ﬁ) =14

Hence,

S, = (0.915)(1.4)(145 — 21)(17.52 x 1077) = 2783 x 107" m = 27.83 mm



Il. Solution of Terzaghi et al. (1996)

S = Cyfg— )if—‘aﬁﬂm_ 0.1 | (tdﬂys)
=Ca-a2y 02 5 g 2 Taay

—~ 42

Postconstruction settlement

g, is in MN/m?2,

Cais the depth factor



Il. Solution of Terzaghi et al. (1996)

.I': () = 0.6

Terzaghi et al. (1996) proposed a slightly different form of the strain influence factor
diagram 2 = 03B

Atz=0,1. =02 (for all L/B values)

Atz =1z, =035B,1 = 06 (for all L/B values)
Atz=7=2B1=0(for L/B=1)
Atz=17=4B,1.=0(for L/B = 10)

z; =058

Z;{=2~B

For /B between 1 and 10 (or > 10), =48

i _ E
221+ o) | |




Il. Solution of Terzaghi et al. (1996)

E, = 3.5g_ (for square and circular foundations)

E-’[mﬂﬂﬂlﬂlﬂﬂ = [1 + 04 lﬂg(%):lE,{m] = 1.4E_,[W]
TABLE 9.6 Variation of C, with D,/B*

D,/B C,
0.1 1

0.2 0.96

Ci1s the depth factor , 0.3 0.92
0.5 0.86

0.7 0.82

1.0 0.77

2.0 0.68

3.0 0.65

*Based on data from Terzaghi et al. (1996)



Example 9.5

Solve Example 9.4 using the method of Terzaghi et al. (1996).

_
Consider a rectangular foundation 2 m X 4 m in plan at a depth of 1.2 m in a sand 4 |q=| 143 H""*“E‘ n
deposit, as shown in Figure 9.13a. Given: y = 17.5kN/m’, § = 145 kN/m’, and the 1.2m bk ¥= 175 kN/m®

following approximated variation of g, with ———L
e =2 —a]
z(m) g (kN/m?)
0-0.5 2250 L=4dm
0525 3430
1.5-60 2950 )

Estimate the elastic settlement of the foundation using the strain influence factor method.



Example 9.5

=
[
=

¥

0.5

Given: L/B = 4/2 = 2. L0
Figure shows the plot of [, with depth below the foundation. Note that

_ L\l _ _
5 _2[1 + ]Dg(E)]—Z[l + log(2)]=26

o 2.5
= (2.6)(B) =(2.6)(2) =52 m

5.2

wzlim)



Example 9.5

E, (kN/m?)
BEZ0
E,=11+041 L (3.5g.)=|1+041 ad (3.5¢g.) = 3.92q
L . UEB =es T ¢ "}gz ) = 2. C 14,445 6
The following table can be prepared and shows the vanation of E, with depth
z (m) q. (kN/m’) E, (kN/m’)
0-0.5 2250 B320
0.5-2.5 3430 14,445.6
2.5-6 2950 11,564 11.564
¥z (m)




Example 9.5

: £, ()
o 1 &820
The following table is used to calculate gE—‘az. ““““““ A
PR R S D
i 14,445.6
Layerno. Azm) E,(kNm?) Iz:;g‘: ;‘:;h %“’- el 3
1 0.5 8820 03 1.7 x 10*
2 0.5 14,445.6 05 x| 0
3 1.5 14,445.6 0.493 512 % 1075
4 2.7 11,564 0.193 45107
¥ 13.06 x 107° mYkN 4 11,564
vz i{m) ¥zim)




Example 9.5

D; /B = 1.2/2 = 0.6. From Table 9.6, C, =~ 0.85.

In f
CJlg — q}EE“az = (0.85)(145 — 21){13.06 x 107%) = 1376.5 x 10 ° m
(]

[2{ ]""2 o Tom )

¥ily]

Postconstruction creep is

>(g.Az) (2250 x 0.5) + (3430 x 2) + (2950 x 2.7)
n 52
= 3067.3 kN/m* = 3.07 MN/m’

10 x 365 da
S, = 1376.5 x 1075 + 0. uz[ f 1 ][5 2) lug( "5)

1 day
=25833x 107 m
== 2583 mm



Examples 9.4 & 9.5

Example Method S.(mm)
Example 9.4 Schmertmann et al. (1978) 27.83
Example 9.5 Terzaghi et al. (1996) 25.83

Notes:

» The magnitude of S.in Example 9.5 is about 93% of that found in Example 9.4.

» In Example 9.4, the elastic settlement was about 19.88 mm, and settlement due to creep
was about 7.95 mm.

» In Example 9.5, elastic settlement is about 13.77 mm, and the settlement due to creep is
about 12.07 mm.

» The magnitude of creep settlement is about 50% more in Example 9.5.

» The magnitude of elastic settlement in Example 9.4 is about 30% more compared to that in

Example 9.5. This is because of the assumption of the £— g.relationship.



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

l. Terzaghi and Peck’s Method ) m

100 200 300 400 500 600 700 B0O 900 1000

=

where Bis in meters

! \

i
1
Ngy =10

LN
=

1 -

D_FH.-.I:_-I_LLJ__LI‘I__IIIIIIIII TTT T[T TT T TI T T [ TTT T[T 11T
E\\:-‘-"“'--..__H"'“"----_ ______ Very|dense
10 LTS
= P s = Ngl=750
: .\. -\‘N\‘ "‘q.ﬂ__--n
EE 2 ] D = 20 : '\\ H-\\.
g _ i ¥ ENT .
e, foundation — “e, plate m - E E z - \.\ Medium Dense
- o 3'] g
E C \
-E - Loose )
vy 40 — ;

Settlement of 300 mm > 300 mm plate
* Leonards (1986) suggested replacing 4 by 1/3, based on additional load test data.

= The values of S, .. can be obtained from Figure

= These load tests were carried out on thick deposits of normally consolidated drained sand.

= This method was originally proposed for square foundations but can be applied to rectangular and
strip foundations with caution.

* The deeper influence zone and increase in the stresses within the underlying soil mass in the case of

rectangular or strip foundations are compensated by the increase in the soil stiffness.



EXAMPLE 9.6
L

EXAMPLE 9.6

A 2.5 m square foundation placed at a depth of 1.5 m within a sandy soil applies a net

pressure of 120 kN/m” to the underlying ground. The sand has ¥ = 18.5 kN/m’ and
Nep = 25. What would be the settlement?

SOLUTION

For net applied pressure = 120 kN/m” and Ny = 25; from Figure » 8¢ plae = 4 mm.

2B 2 1 Dy
Se, foundation = Je, plate (E n ﬂ.S) (] E) F)

2% 25V, 1_15
= @) === ) (1 - —x 2| =102
( }(15 +n.3) ( 3 1.5) i




Settlement of Foundation on Sand Based on
Standard Penetration Resistance

ll. Meyerhof’s Method

Meyerhof (1956) proposed a correlation for the net bearing pressure for foundations
with the standard penetration resistance, Ng,. The net pressure has been defined as

G = g — YD

where g is the stress at the level of the foundation.

For 25 mm of estimated maximum settlement

N
et KN/M®) = ﬁ (for B=1.22m)

Goet(KN/m?) =

Neo (E+ﬂ.3

2
0125 B ) (for B =122 m)

Meyerhof (1965) suggested that the net allowable bearing pressure should be increased
by about 50%.



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

ll. Meyerhof’s Method

Bowles (1977) proposed modified form of the bearing equations

N, S,
2 e 0 -E.'_'
G KN/mM”) 0.05 F, (25) (for B=1.22 m)

N (B+03 S,
Goe KN/mM?) = 03;( B ) F"(Z_‘j) (for B = 1.22 m)

F, = depth factor = 1 + 0.33(D ,."E}
B = foundation width, in meters

5, = settlement, in mm



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

ll. Meyerhof’s Method

1.254,..(KN/m?)
NgoF 4

S.(mm) = (for B = 1.22 m)

_ 2g,(kN/m°)
NgoF 4

S, (mm) ( 5 )E (for B> 1.22 m)

B+ 03

The N, is the standard penetration resistance between the bottom of the
foundation and 25 below the bottom.



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

lll. Burland and Burbidge’s Method

1. Variation of Standard Penetration Number with Depth:

Obtain the field penetration numbers A, with depth at the location of the foundation
The following adjustments of Aj;; may be necessary:
For gravel or sandy gravel

Noo@) = 1.25 Ny

For fine sand or silty sand below the groundwater table and N, >15,
N60(a) - 15+05(N60 '1 5)

where Ny, = adjusted A, value.




Settlement of Foundation on Sand Based on
Standard Penetration Resistance

lll. Burland and Burbidge’s Method

2. Determination of Depth of Stress Influence (Z):
In determining the depth of stress influence, the following three cases may arise:

Case I If Ny [or Ngy(a ] is approximately constant with depth, calculate Z from
J?;.r 3 £ 075
z - 1.4(BE)

By = reference width = 0.3 m (if B is in m)

B = width of the actual foundation

where

Case Il. If Ny [or Ngo(,) ] is increasing with depth, use the above Equation.
Case lll. If Ny, [or Nio(o) 1 is decreasing with depth, Z= 28 or to the bottom of soft soil

layer measured from the bottom of the foundation (whichever is smaller).



Settlement of Foundation on Sand Based on

Standard Penetration Resistance

lll. Burland and Burbidge’s Method

3. Calculation of Elastic Settlement S,

The elastic settlement of the foundation, §,, can be calculated from

B i

L
125(—
; 5

‘E —_—
T Dty

B, L
025+ (=

B
By

where
¢¢; = a constant
&, = compressibility index
a; = correction for the depth of influence
p, = atmospheric pressure = 100 kN/m’
L. = length of the foundation

I

g
Ps

)

TABLE 9.7 Summary of ¢', o, o, and a,

Soil type q @, a, a
Normally consolidated et 0.14 1.71
Sﬂ.l}d [ﬁﬁn or ﬁﬁnt.ﬂlA
_H 5 H

Overconsolidated o 0.047 0.57 BT
sand (g, = o) [Nep 01 N (fH=z)

ora;=1(ifH=1)
where
o, = preconsolidation where H = depth of

pressure compressible layer

Overconsolidated o — 0670, 014 0.57
sand (g, = o) [Nm o Nﬁmﬂu

Table 9.7 summarizes the values of ¢, 4, a,, and a3 to be used in Equation
for various types of soils. Note that, in this table, N or Ny, = average value of
Nso Or Nio(a) in the depth of stress influence.



EXAMPLE 9.7
L

A shallow foundation measuring 1.75 m X 1.75 m is to be constructed over a layer
of sand. Given D; = 1 m; N, is generally increasing with depth; N in the depth of
stress influence = 10, g, = 120 kN/m’. The sand is normally consolidated. Estimate
the elastic settlement of the foundation. Use the Burland and Burbidee method.

SOLUTION
For normally consolidated sand (Table 9.7),
E_F_Hrﬁmj a, =0.14
B, T\B L7l _ 1T
= 4= qope
Depth of stress influence, (Neo) (10)
a, =1
B \07s 1.75\075 .
= 1.4(—) By = (1.4]{[].3](—) = [.58 m q' = o = 120 kN/m’
B, 0.3
So,
7\ |
EAN S, . 25](1 T5) 1.75\07/120
25— — = (0.14)(0.068)(1 -
; 255 [ o5 = 1900610 — ) ) ()
B, 1 L E_ﬂ) E) 175
025+ |—
o B/ | S, = 0.0118 m = 11.8 mm




EXAMPLE 9.8

EXAMPLE 9.8

Solve Example 9.6 using Meyerhof’s method.

SOLUTION A shallow foundation measuring 1.75 m X 1.75 m is to be constructed over a layer
of sand. Given D, = 1 m; N, is generally increasing with depth; Ny, in the depth of
stress influence = 10, g,,, = 120 kN/m’. The sand is normally cunsulldnled Estimate
the elastic settlement of the foundation.

2. [ B )1

S = (Nep)(F)\B + 0.3

F;=1+0.33(D/B) =1+ 033(1/1.75) = 1.19

B (1}(12{1}( 1.75
© 7 (10)(1.19)11.75 + 0.3

2
) = 14.7T mm



Settlement Estimation Using the [1 - [2 Method

Akbas and Kulhawy (2009) evaluated 167 load—displacement relationships
obtained from field tests.

o
o~
S
0 B 0, is the ultimate load
= 1,18 the ultimate Q)
Qf-z SE
0.69| | + 1.68 o,
Final linear
:§,/B 1s in percent. region
Akbas and Kulhawy (2009) recommended that
* For B = 1 m [from Eq. (6.42) with ¢" = 0]
1 QL] -
where
A = area of the foundation >
» ForB=1m Seiey) = 0238 (%) Seiry = 3-39B (%) 5,

1
Qr, = I:EYNTFT"FT-';F‘F + qN'?Fﬂ‘fFl?dFﬂ'ﬂ':lA



EXAMPLE 9.11

For a square foundation supported by a sand layer, the following are given:
Foundation: B=15m;D;=1m
Sand: y = 16.5 kN/m’; ¢'= 35° G, = 280 kN/m*
Load on foundation: @ = 800 kN

Estimate:

. SE‘[L”
b. S,y

¢. Settlement S, with application of load O = 800 kN

SOLUTION

Part a

S, = 0238 (%) = (0.23)(1.5 x 1000) — 345
elL,) — Y- - 100 = I

Partb

Sty = 5.39B (%) = {5'39}“1'3: 1009) _ g9.85 mm




EXAMPLE 9.11
L

Part c
B is greater than 1 m.

1
0, = [ BN, F, FF, + quFq,FMFw] A

= 16.5 kN/m’; B = 1.5m; g = yD; = (16.5)(1) = 16.5 kN/m’

From Table 6.2, for ¢'= 35°, N, = 48.03 and N, = 33.3. From Table 6.3,

B\ o (15). s
F$—1+(L)tand,r —1+(1-5)tan35—].?'

B 1.5
Fe.=1 —D.4(L)— 1 —({]4)( ) 0.6

D 1
Fu=1+2tand'(1 — sin ¢.']2(Ef) =1+ 2tan35(1 — sin 35)2(ﬁ) =~ 1.17

In order to calculate ;. and Voo refer to Eq. (6.43) (with ¢’ = 0):
G,
I.= = 280 = 24723

" gtand’  (16.5)( tan 35)

T )
o[-l 3] o



EXAMPLE 9.11

B (3.07 sin ¢')(log 21,)
Fo=Fp= Exp{[—d-.ﬂ- + {l.ﬁ(z)] tan &' + 151: — ;g }

15 (3.07 sin 35)(log 2 X 24.23)
= 44+ 06[—2])|tan 35 +
ﬂp{[ (1.5)] [+ sin35

Thus,

1

[(E)[lﬁ.ﬁ}[l.5}(43.{13]{ﬂ.6][1]{ﬂ.4ﬁl}

+ (16.5)(33.3)(1.7)(1.7)(0.461)

L= ]{1.5 X 1.5) = 14674 kN

Substituting the values of Q and @, in Eq. (9.76),

w __ (5)

14674 S,
0.69 (F) +1.68

S’—]dfﬁ'.-'%
* B_ g

1.5 % 1000

S£={1.46T]( - )mzzinmm



Effect of the Rise of Water Table on Elastic Settlement

Terzaghi (1943) suggested that the submergence of soil mass reduces the soil
stiffness by about half, which in turn doubles the settlement. In most cases of
foundation design, it is considered that, if the ground water table is located
1.5B to 2B below the bottom of the foundation, it will not have any effect on
the settlement.

The total elastic settlement (S_) due to the rise of the ground water table can

be given as:

S..S.C

e~ w

where
S.=elastic settlement before the rise of ground water table

C, = water correction factor



Effect of the Rise of Water Table on Elastic Settlement

» Peck, Hansen, and Thornburn (1974):

C, = ] =1

0.5+ 0.5 D,
' “\D;+B

+ Teng (1982):

c = 1 = for water table below the
e D, — D) base of the foundation
0.54+05
B
« Bowles (1977):
C,=2 D
v D;+B -




Effect of the Rise of Water Table on Elastic Settlement

Method of Shahriar et al. (2014)

* When the water table is present in the vicinity of the foundation, the unit weight of
the soil has to be reduced for calculation of bearing capacity.

= Any future rise in the water table can reduce the ultimate bearing capacity. A
future water table rise in the vicinity of the foundation in granular soil can
reduce the soil stiffness and, hence, produce additional settlement.

= Terzaghi (1943) concluded that when the water table rises from very deep to

the foundation level, the settlement will be doubled in granular soil.



Effect of the Rise of Water Table on Elastic Settlement

Method of Shahriar et al. (2014)

Provided that the settlement is doubled when the entire sand layer beneath
the foundation is submerged, laboratory model test results and numerical
modeling work by Shahriar et al. (2014) show that the additional settlement

produced by the rise of water table to any height can be expressed as

A,

5.-.'. additional — A_'Sr.s'

[

where S, is the elastic settlement computed in dry soil, A, is the area of the
strain influence diagram submerged due to water table rise, and A, is the total

area of the strain influence diagram under the foundation.



EXAMPLE 9.12
L

Consider the shallow foundation given in Example 9.7. Due to flooding, the ground-

water table rose from D, =4 mto2m\ . Estimate the total elastic settle-
ment S, after the rise of the water table.

A shallow foundation measuring 1.75 m % 1.75 m is to be constructed over a layer
of sand. Given Dy = 1 m; N, 1s generally increasing with depth; Ny, in the depth of
stress influence = 10, g,,, = 120 kN/m’. The sand is normally consolidated. Estimate
the elastic settlement of the foundation. '

SOLUTION

C, = ] =S : = 1.158

D, 2
0.5+ 0.5 0.5+ 0.5 ———
(DI+H) (1 + 1.75)

Hence,

S¢ = (11.8 mm)(1.158) = 13.66 mm



EXAMPLE 9.13

A pad foundation 2.5 m ¢ 2.5 m in plan, when placed at a depth of 1.5 m in sand, ap-
plies 175 kN/m® pressure to the underlying ground. Given: y = 18.0 kN/m’. Currently
the water table 1s at 6.5 m below the foundation, and the expected settlement is
15.0 mm. In the future, as the worst-case scenario, it 1s expected that the water table

could nse by 4.0 m, as shown in Figure What would be the total settlement of
the foundation if this occurs?

175 kN/m?
1.5m

||
25 m
- Future W.T.
; ______ ____-_____ ______
4.0 m




EXAMPLE 9.13
L

SOLUTION
The influence factor diagram needs to be drawn first.

L =05+ 0.1y [—L =05+ 0.1 ‘”5_“8“}[21:} = 0.67
7w \’(13{1}[15 ( )]

2

The I, versus z diagram is shown in Figure Currently, the water table 1s
below the influence zone. §, = 15.0 mm. The total area of the influence diagram
A, 1s given by

¥ o

(” 10+ “m) X 1.25 + ]Ex{l.ﬁ?' X375 =1.738m

A, =—-x235x045=0563m

1
2

A, 0563
S, sitional = —8, = ——— % 150 = 4.9 mm
. ATC 1738 )

The total settlement would be 15.0 + 4.9 = 19.9 mm.




Stresses Distribution in Soils

By: Kamal Tawfig, Ph.D., P.E

Stress Distribution in Soils

Geostatic Stresses Added Stresses (Point, line, strip, triangular, circular, rectangular)
Total Stress Westergaard's Method
Effective Siress {For Paverment)
Pore Water Pressure Bossinisque E ions
1.Point Load .
! ot o o Approximate Method
Total Stress= Effective Stress+ Pore Water Pressure 3 _Strip Load < 122 Method
4 Triangular Load Oy
= 5.Circular Load T
Ciotal 7 +u 6 .Rectangular Load —2L 2
- /m
Influence _Charis T MNewmark Charts
..I' - '-_ = ] . . § . S
H ﬂ.ﬁy = Tg L :;_..-15, I '-;




Calculation of Primary Consolidation Settlement

a) Normally Consolidated Clay (o ’y=oc.’)

g = 8¢ o |
C 1+e
O

o +Ac e
Ae=C_ logl —©

C.H o, + Ao’
S, = log
1 + e,

log o’



Calculation of Primary Consolidation Settlement

b) Overconsolidated Clays ;

g - 8¢ o
C 1+e
(@)

Casel: o tAc’<co.’

Ae = Clog(o, + Ac'") — log o]

C.H o, + Ao’ R
S, = log ;
|l +e, o

o

Casell:o tAoc '> 0.’

CH o, CH o, + Ao’
S, = log— + log
e g 11




Calculation of Primary Consolidation Settlement

g = C.H, log o, + Aay, (for normally consolidated
S a clays)
g = C.H. | a, + Ao, for overconsolidated clays
W]y T o with ¢, + Ao, < o,
g = C.H, Io o N CH, o o, + Aoy, for overconsolidated clays
A gﬂ{, 1 +e, = o with o, < o, < o, + Aoy,
where

a, = average effective pressure on the clay layer before the construction of
the foundation

Ao}, = average increase in effective pressure on the clay layer caused by the
construction of the foundation

o, = preconsolidation pressure

¢, — initial void ratio of the clay layer
C. = compression index

C, = swelling index

H. = thickness of the clay layer



o &~ 0 b =

Summary of calculation procedure

Calculate o’ at the middle of the clay layer
Determine o’ from the e-log o’ plot (if not given)
Determine whether the clay is N.C. or O.C.
Calculate Ac

Use the appropriate equation
o If N.C. S — C.H mg(iﬂ'; + ‘iﬂ"')

_l+£'£. o,

CH '+ Ao’ ' ,
Olf O_C_ Sc: ] —T_E ]Dg(gﬂ ‘ o ) ]jf O'0+A(7 SGC
0 a.

a

S_

Cc

C.H T, C.H (a; a5 Aa')
log— + log

= If o.+Ac > o'
l+e, "o, 1+e, ° /oo C

!
C




Nonlinear pressure increase

Approach 1: Middle of layer (midpoint rule)

q
bodbd b

 For settlement calculation, the He e ;
pressure increase Ac, can be B .

. . Compressible
approximated as : Layer

Ao, = Ao,

where Ao, represent the
increase in the effective

pressure in the middle of the

Ac, under the center
Iayer- of foundation

ZV



Nonlinear pressure increase

Approach 2: Average pressure increase 11 i_jl

® For settlement calculation we
will use the average pressure

increase AGav , using Weighted Compressible

) Layer
average method (Simpson’s
rule):
Ay — Ao; + 4A0,;, + Aoy,
av 6 y A
Ac, under the center

of foundation

where Ac, , Ac,, and Ac, represent the increase in the pressure
at the top, middle, and bottom of the clay, respectively, under
the center of the footing.



Stress from Approximate Method

2:1 Method N
T
_ - 9 4 l - 4 |Foundation B = L
Ay G XBXL /T
(B+ (L +2) z
Ao

)
=
<+
£

X



Stress below a Rectangular Area

/l |
fF 3q(ddy)? b !
A= L=uL=u 2m(® + 32 + 292 ol / l g | l /T

1 2maVm? + n2 T+t +2
I = influence factor = ( Viml+nl+1 m +n

|

dr\m*+ R+ w1 mt 4t + 1 :

_y 2maVr + 0 + 1 i
me+nt+ 1 —mn’

T :
. o7 ©
2

+ tan

m:

=
Il

#a |
e




Stress below a Rectangular Area

TABLE 8.5 Variation of Influence Value ! [Eq. (8.11)]*

L 1 0.2 03 i s 6 07 08 0.9 1.0
0l QLOMT0 Qoe17 01323 00eTs 001978 002223 (02420 0576 0.02698 2 734
0z 000917 0.01790 002585 003280 003866 004348 004735 0.0504 2 005283 0.05471
03 001323 002585 003735 004742 005593 (06294 (L0G858 007308 (.07 661 007938
04 001678 0.03280 004742 006024 [IRIEN Y 008009 008734 009314 009770 01o1z9
0s 001978 (05866 005593 007 008403 009473 0, 10340 0.11035 011584 012018
0.6 002223 004348 0.06294 0. 05009 0.09473 0,1 0688 011679 012474 013105 0.1 3605
o7 (02420 004735 06858 008734 0. 10340 011679 012772 0.13653 014356 014914
0.5 002576 005042 0.07308 0.09314 011035 012474 0.13653 014607 015371 0.1 5978
nge (0208 0.05283 007661 Q08770 0.11584 (13105 (14356 015371 16185 (16835
1.0 0.02794 0.05471 0.07938 010129 012018 01.13605 01491 4 015978 016835 017522
1.2 002926 005733 (08323 010631 012626 014309 015703 0. 16843 0] 7766 (18508
14 0.03007 0.05894 008561 010941 013003 014749 0.16199 0.17 389 0.1 8357 0.19139
1.6 005058 0.05994 008708 011135 0.13241 015028 (165135 017739 018737 019546
1.8 0.03090 006058 0, 05804 011260 013395 0.15207 016720 017967 0.1 5986 0. 19814
20 0Eln 0,06 100 008367 011342 (113496 (15326 (16856 18119 019152 019994
25 003138 006135 0, 08945 011450 013628 0, 15483 017036 018321 019375 0,20236
3.0 0E150 006178 008982 011495 13684 015550 o173 (18407 019470 020341
4.0 003158 0.06194 0.00007 011527 013724 015598 017168 0.1 8469 0.19540 0.20417
50 QG160 006199 0.0e014 011537 013737 015612 017185 (115488 019561 020440
6.0 003161 0.06201 000017 011541 013741 015617 017191 0.1 5496 0.19569 0. 20449
8.0 sl 62 (06202 009018 011543 013744 015621 017195 (L1 8500 019574 0. 20655

1.0 0.031 62 0.06202 0.09019 011544 0.1 3745 015622 0.171 96 0.1 5502 019576 0.20457
5 0Ele2 006202 0.0eme 011544 013745 015623 017197 018502 019577 020458




Three-Dimensional Effect on
Primary Consolidation Settlement

Skempton—Bjerrum Modification (1957) for a consolidation settlement calculation

Ae
Selp)—omt = [1 + e,

dz = fmu&UElde

Se(p)—oea = one-dimensional consolidation settlement calculated by using

oedometer data
Acyy, = effective vertical stress increase

m, = volume coefficient of compressibility

Au = Aoy + A[Aoy) — Ao

where A = pore water pressure parameter

Sl.'l:p}

Kl:i -
Se(p)—ced

where K. = settlement ratio for circular foundations.

Clr

Settlement ratio

T T
0 0.2 04 0.6 0.8 1.0
Pore water pressure parameter, A



Three-Dimensional Effect on
Primary Consolidation Settlement

Leonards (1976) examined the correction factor K. for a three-dimensional consolidation effect
in the field for a circular foundation located over overconsolidated clay.

TABLE 9.9 Variation of K. oc) with OCR and B/H,

Er.ir{DC]
OCR B/H.=40 B/H.=10 B/H. =02

Scip) = Kooy Scip)—oed

1 1 1 1
2 0.986 0.957 0.929

Koo = f(ﬂCR, £ ) 3 0972 0.914 0.842

H. 4 0.964 0.871 0771

5 0.950 0.829 0.707

6 0.943 0.800 0.643

o 7 0.929 0.757 0.586

OCR = overconsolidation ratio = —: 8 0914 0.729 0.529
Ty 9 0.900 0.700 0.493

10 0.886 0.671 0.457

11 0.871 0.643 0.429

12 0.864 0.629 0.414

13 0.857 0.614 0.400

14 0.850 0.607 0.386

15 0.843 0.600 0371

16 0.843 0.600 0.357




EXAMPLE 9.14
L

A plan of a foundation 1 m x 2 m is shown in Figure Estimate the consolida-
tion settlement of the foundation, taking into account the three-dimensional effect.
Given: A = (.6.

5 —>
=
I
5
3,

=)
x 1
M~ e
]
i
® [T
I
2

I

¥y=16kN/m ¢, =08
E, = 6000 kN/m* €, =0.32
p, =05 C, = 0.09

[
=]

1.5m v = 16.5 kN/m®
41 éIt']null[ll:l1|«||r.|11|ﬂr table
i Lo Yo = 17.5 kN/m?
T Normally consolidated clay
5




EXAMPLE 9.14
s

The clay is normally consolidated. Thus,

CH. o+ Ad,
s

50

o, = (2.5)(16.5) + (0.5)(17.5 — 9.81) + (1.25)(16 — 9.81)
= 41.25 + 3.85 + 7.74 = 52.84 kN/m’

Adl, = HAo] + 4Ac), + Ad})

We divide the foundation into four quarters, compute the stress increase under a cor-

ner of each quarter and multiply by four. For each quarter, B = 0.5m
and L = 1.0 m.

Location z (m) m= Bz n=L" i Ao’ =dg

Top 20 0.25 0.50 0.0475 285 = Ao’

Middle 325 0.154 0.308 == 0.0213 12,75 = Ao,

Bottom 45 0.111 0.222 =0.0113 6.75 = Ag,,
MNow,

Acl, = L(28.5 + 4 X 12.75 + 6.75) = 14.38 kN/m’

50

_ (032)(2.5) o 52.84 + 14.38
dpl-ed T 4 0.8 52.84

)=l'.].{)465m

= 46.5 mm



EXAMPLE 9.14
L

Now assuming that the 2:1 method of stress increase holds, the area
of distribution of stress at the top of the clay layer will have dimensions

B =width=B+z=1+(1.5+05=3m
and
L'=width=L+z=2+(15+05=4m

The diameter of an equivalent circular area, B, can be given as

™ rFEr
s0 that
[ME’L' [(4)(3)(4
B, = = —{ JBX }=3.91m
T T
Also,
H. 25
—=——=0.64
B, 391
From Figure 9.32, for A = 0.6 and H,./B,, = 0.64, the magnitude of K, = 0.78.
Hence,

Sﬂp} = Kﬁlsew}_m = (ﬂ.?E}(‘q‘ﬁ'.j) = 36.3 mm



Secondary Consolidation Settlement

®* The magnitude of the secondary consolidation can be calculated

as:
A
T Q
S. = Ae o
S 1+e, *cj_;’
O
e,. void ratio at the end of S

p
primary consolidation,

H thickness of clay layer.

Ae = C log (t,/t4)

C, = coefficient of secondary
compression

C,H t,
S, = log|—=
S 14 e, °9 (tl)

Time. t (log scale)




Secondary Consolidation Settlement

“ logt,—logt, log(t,/1))

where
C, = secondary compression index
Ae = change of void ratio
ty, t, = time
The magnitude of the secondary consolidation can be calculated as

Sn(r} = C:!Hr lﬂg(fy"'f]}

where
Co=0C/(1 +¢)
€, = void ratio at the end of primary consolidation
H_. = thickness of clay layer

Mesri (1973) correlated C, with the natural moisture content (w) of several soil,
from which it appears that

C! = 0.0001w

where w = natural moisture content, in percent. For most overconsolidated soil, C),
varies between 0.00035 to 0.001.



Secondary Consolidation Settlement

Mesri and Godlewski (1977) compiled the magnitude of C,/C, (C, = compression
index) for a number of soil. Based on their compilation, it can be summarized that

* For inorganic clays and silts:
C,/C.=0.04 £0.01

* For organic clays and silts:
C,/C.= 0,05 %001

* For peats:
C,/C.=0.075 £ 0.0l



EXAMPLE 9.15
L

Refer to Example 9.14. Given for the clay layer: C, = 0.02. Estimate the total consoli-
dation settlement five years after the completion of the primary consolidation settle-
ment. (Note: Time for completion of primary consolidation settlement is 1.3 years.)

o

;—1-
=
l
>
3

e . |

¢ —

Mol

Il

—f—
1__

(S S
L

1.5 m v = 16.5 kN/m’
i én‘.']['nl:llm:m:l1|l||r.|1t|E.':r table
I L Yo = 17.5 kN/m?
T Normally consolidated clay
y=16kN/m® ¢e,=08
Zam E, = 6000 kN/m? C, =032
l pu, = 0.5 C,=0.09




EXAMPLE 9.15
L

SOLUTION

€] — &

i
log (az)

For this problem, e, — e, = Ae. Referring to Example 9.14, we have

C.=

oy = o, + Ao’ = 52.84 + 14.38 = 67.22 kN/m’
o) = o, = 52.84 kN/m*
C. =032

Hence,

'+ Ao
Ae = C.log ("—) = 0.32log (%) = 0.0335

a

Given: e, = 0.8. Hence,

e, = e, — e = 0.8 —0.0335 = 0.7665

P

C. 002
1+e, 1+0.7665

C,= = 0.0113



EXAMPLE 9.15
L

f
Sy = CH, log (ﬁ)

Note: t; = 1.3 years: t, = 1.3 + 5 = 6.3 years.
Thus,

Sen = (0.0113)(2.5 m) ]ng(%) = 00194 m = 194 mm

Total consolidation settlement 1s

36.3 mm + 194 = 55.7m
[t t—

T

Example 9.14

(primary
consolidation

settlement)



Field Load Test

The Plate Load Test (PLT)

Anchor
pile

+ Load/unit area

Plate load test in the field Settlement



Field Load Test

For tests in clay,

QuiFy = Guir)
where
quiry = ultimate bearing capacity of the proposed foundation
quip = ultimate bearing capacity of the test plate

the ultimate bearing capacity in clay 1s virtually inde-
pendent of the size of the plate.

For tests in sandy soil,

By
Quir — Quip
Bp

where
By = width of the foundation
By = width of the test plate



Field Load Test

The allowable bearing capacity of a foundation, based on settlement consider-
ations and for a given intensity of load, g, 1s

B
Sy = Sp E_: (for clayey soil)

2B, :
5 = 5 B, 1 B, (for sandy soil)



THE END
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