Chapter 7

Settlement of Shallow Foundations

Omitted parts:
Section 7.7



CAUSES OF SETTLEMENT

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

|. 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 aresult 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

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

du (to control shear failure )
FS
g, = 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

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 and 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,

Total settlement
Elastic or immediate settlement
Primary consolidation settlement
Secondary consolidation settlement

—

S S

&

Ss

O 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 . -may contain one or more of these types:

Due to distortion or

~ elastic deformation

with no change in
water content

Occurs rapidly
- during the
application of load

Quite small guantity
- In dense sands,
gravels and stiff clays

Decrease in voids
volume due to squeeze
of pore-water out of the

soil

Occurs in saturated
fine grained soils (low
~ coefficient of
permeability)

Time dependent

~ Only significant in
clays and silts

Due to gradual

B changes in the
particulate structure of

the soil

Occurs very slowly,
long after the primary
- consolidation is
completed

Time dependent

Most significant in
— saturated soft clayey and
organic soils and peats



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

Example 7.1

E =.E'5' Consider a shallow foundation 2 m % 1 m in plan in a saturated clay layer. A rigid rock
* 4 layer is located 8 m below the bottom of the foundation. Given:

where ¢, = undrained shear strength. Foundation: [y = 1 m, g, = 120 kN/m®

Clay: f.=l§DtN!mi,[IR=2,nMFhﬂiﬁtyindBI,Fl=35
Table 7.1 Range of @ for Saturated Clay [Eq, (T2 Estimate the elastic settlement of the foundation.
B Solution
Plasticity From Eq. (7.1
Indax OCR=1 OCR=2 OCR=3 OCR =24 OCR =5 EI]{T L
=30 1 500500 1380500 1200580 Q50380 T30-300 L=4 q"B
e IA!_
30 b S50 G0-300 550-270 S80-220 JEO-180 300-150 E,
=50 300150 270-120 220100 1 8090 150-75 ;
Given:
“Basad on Duncan and Buchignani (1976)
L 2
== 2
B 1
Dy
—'r == ]
B 1
H B
—e= = a
g 1
E, = fc,

For OCR = 2 and PI = 35, the value of B = 480 (Table 7.1). Hence,
E, = (480)(150) = 72,000 kN/m*
Also, from Figure 7.1, 4, = 0.9 and 4, = 0.92. Hence,

5 = Ala,g;f = {n.gj{n.m}% = 000138 m = 138 mm n




Elastic Settlement in Granular Soil

Settlement Based on the Theory of Elasticity

Foundation B ::{ L . T
T 'D;'r ] —_ ":
l Sr = QU{'"-E} “f
___=_-:'-_| k k F kL __'|r1l_,. 'E‘-
e P
[ T
I Rigid Flexible where
m E,"hm H i, = net applied pressure on the foundation
jt, = Poisson's mafio i, = Poizson’s ratio of soil
E Modulus uf-al.astn:ty E, = average modulus of elasticity of the soil under the foundation, measured from
CearlE N g z =0toabout z =58
ﬂ\\-};-.{j,;_n TRt ,rﬁm Foa Hq B' = B2 for center of foundation
LA NI 2 Reck, Ayt "* 'y = B for comer of foundation
I, = shape factor {Steinbrenner, 1934
Dy L
Iy = depth factor (Fox, 1948) = f E,p.nanii
o = a factor that depends on the location on the
foundaton where settlement = being calculated
The elastic settlement of a rigid foundation can be estimated as

Seingia) = 0935 eipouiie, conir)



Elastic Settlement in Granular Soil

To calculate settlement at the cenrer of the foundation, we use

L
o = *L Table 7.4 Variation of I, with Dy/B. B/L. and p,
m=— B/L
and . O,/8 0.2 0.5 1.0
n' = —-—:-
(g 0.3 0.2 0.95 0.93 0.90
2 0.4 090 0.86 0.81
To calculate settlement at a comer of the foundation, 0.5 0.85 0.50 0.74
— _ 1.0 (.78 071 0.65
=T 0.4 0.2 0.97 0.96 0.93
=L 0.4 0.93 0.89 0.85
B 0.6 0.89 034 0.78
and - 1.0 0.82 075 0.69
n=2 0.5 0.2 0.99 0.98 0.96
0.4 0.95 0.93 0.59
l 0.6 0.92 0.87 0.82
I—=F, + ZHy F, L0 0.85 07 072
I=n,
Table 7.2 Varation of F; with m' and 1"
m
" 1.0 1.2 1.4 1.8 1.8 2.0 25 3.0 3.5 40 E E [l]ﬁ :
025 ol4 0ol ooi2 001l 0.0l 0.0l 0010 0ol 0ol (L] .E.. ==
050 09 LG o4 -2 0041 L030 0038 038 a7 WET) I
075 0u0as 0090 UDET L0E4 0.082 QL0800 0077 0076 0074 74
1.00 0142 0138 0134 Nk 0127 0125 o121 ollg o116 0115 .']n:
Table 7.3 Variation of F with m” and n" —_ L e
- E = soil modulus of clasticity within a depth Az
m 1.0 12 1.5 1.6 1.8 2.0 2.5 3.0 3.5 &0 z = HEE'E' wh'nh':m“m'dh

0.25 0049 0.050 0.051 0.051 0.051 0.052 0.052 0.052 0.052 0.052
0.50 0.074 0077 008D 0.081 0.083 0.084 0.086 D086 0.0ETE 0.087
0.75 0.083 0.089 0.093 0.097 0.0 0.101 0.104 0106 0.107 0.108
1.00 0.083 0.091 0.098 0102 0.106 010 0.114 0117 0119 0.120



Example 7.2

Example 7.2

A rigid shallow foundation 1 m > 2 m iz shown in Figure 7.4. Calculate the elastic

settlement at the center of the foundation.

1” T |7 g -1506wm? =
Im

J_| Im*x2m E {kNm?
- R F u

=03

Solution
We are given that B = | m and I. = 2 m. Note that 7 = 5 m = 3B. From Eg. (7.13)
P
Z
_ (10.0000(2) + {Eﬂ:]]{]] + (12,0000(2) — 10400 kN/m?

=4

= =

m = 51 =12
and

H 5

From Tables 7.2 and 7.3, F, = 0.641 and F; = 0.031. From Eq. (7.5),

2—py
L=ﬂ+Tf;ﬂ

2—-03
Agli.ll,.ﬂjfﬂ'= 1/1 =1, B/L =05, and p, = 0.3. From Table T.4,f;= 0.71.
Hence,

1
Seipersie) = ol 1y

11— 03t
=1 i}](-i = EKW 0.71600.71) = 0.0133m = 13.3mm

Since the foundation is rigid, from Eq.(7.12) we obtain

Seingn) = (0.93)(133) = 12.4mm "



Improved Equation for Elastic Settlement

The improved formula takes into account ’ 5, .
« the rigidity of the foundation, T l q"l l lvp
» the depth of embedment of the foundation, ] E i E, .
» the increase in the modulus of elasticity of TT o
the soil with depth, and R E,-
. .. . E E.+kz
» the location of rigid layers at a limited depth . l
. anJr:fFfE(l ) Dopt.:
e E, — Hs
Equivalent diameter B, of
. 4B L
where Rectangular foundation 8. = 4 /—

I; = influence factor for the vanaton of E, with depth

fo-)

I+ = foundation ngidity comrection factor E,.=E,+ Kk:
I, = foundation embedment correction factor

Circular foundation g - g



Improved Equation for Elastic Settlement
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Example 7.3

Solution
Example 7.3 From Eq. (7.14), the oquivalent diameter is
For a shallow foundation supported by a silty sand. as shown in Figure 7.3,
Length= L= 3m . J4BL= J{ai}uj)m:mm
Width=B=15m ‘ ™ T '
Depth of foundation = Dy = 1.5m
S0
Thickness of foundation = { = 03 m
Load per unit area = g, = 240 kN/m’ pofo 90 o
E;= 16 3 10° kN/m? kB, (379)(239)
The silty sand soal has the following properties: nd
H=3Tm
E, = 0700 kN/m* B, 23
k = 575 KN/m*fm
Estimac the clastic sctflement of the foundsation. From Figure 7.6, for 8 = 7.06 and H/B, = 1.55, the value of Iz = 0.7. From Eq. (7.18),
m 1
f,—I'l‘
3
46+ 10 E’B‘ (%)
E+—kf" "
2
—_— 4 - s
3
46410 16 % 10° (2)(03)
230 239
Q700 + T (573}




Example 7.3

From Eq. (7.19),
IE = ] - 1 .ﬂ'
3.5 expl(1.22p, — u.-:}(i' + 1.&]
¥
—1- ! = 0.007
3.5 exp[1.22)(0.3) — 0.4 % + 1.5)
From Eq. (7.17).
s, =%{l —ud

so, with g, = 240 EN/m?, it follows that

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

Se
9700

(1 —0.3%) = 0.02696 m = 27 mm [ |




Settlement of Sandy Soil: Use of Strain Influence Factor

l. Solution of Schmertmann et al. (1978)

I
5, = :‘:ﬁ:ﬁ—g}?éﬁ:

where

I, = strain influence factor

(), = a correction factor for the depth of foundation embedment = 1 — 0.5 [g/{7 — g)]
C’; = a correction factor to account for creep in soil

= 1 + 0.2 log (time in vears/0.1)
g = stress at the level of the foundation

g = Dy = effective stress at the base of the foundation
E, = modulus of elasticity of ol



Settlement of Sandy Soil: Use of Strain Influence Factor

The recommended variation of the strain
influence factor /, for square (L/B=1) ; ,
or circular foundations and for foundations T 5'> = \ ’:
with L /B>= 10 is shown in Figure 7.9. / 1
The /, diagrams for 1 < L/B< 10 can be /
interpolated. e

LA =10

Note that the maximum value of /, [that is,
1, m) OCcurs at z= z and then reduces to
zero at z= z,. The maximum value of /,
can be calculated as:

Figure 7.9 Varation of strain influence factor with depth and L/B

q— g

lim =05 +01 -
RO

where
q 51 = effective stress at a depth of z before construction of the foundation



Settlement of Sandy Soil: Use of Strain Influence Factor

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

« Latz=10 Schmertmann et al. (1978) suggested that
E,= for foundation
:1=u.|+n.u1||(£—|)5u.z v = 290 (for aquers :
B and
*  Variation of 7/B for Ly, E =33g_(for L/B = 10)
%:ﬂ_5+ﬂ_ﬂ555{%— 1)51 where g_ = cone penetration resistance.

It appears reasonable to wnte {Terzaghi et al., 1996)

* Variation of /B E (1 + 04 logx
sireciangle) — ‘ "'-"EE Fisquanzh

o L
—=240222—-1]|=4
-2l



Procedure for calculation of S, using
the strain influence factor

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

scale (Figure 7.10a). I,

Step 2. Using the correlation from standard penetration Se= GG — q}l?E‘h

resistance (M) or cone penetration resistance (q,), plot the

actual variation of E;with depth (Figure 7.10b).

Step 3. Approximate the actual variation of £, into a number of

layers of soil having a constant £, such as Egy), Egp) - - - Egs -
. E4y (Figure 7.10Db).

Step 4. Divide the soil layer from z=0to 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 £, diagrams.

Step 5. Prepare a table (such as Table 7.5) to obtain Eiﬂz

Step 6. Calculate C, and C,. E,

Step 7. Calculate S, from Eq. (7.20).

I
Tabe 7.5 Calculation of EE‘M

Layer I, at the middle L.

no. Az E of the kayer E
1 Az Egn Ty %&z]
2 Azg Eqy I o

: B B ¥
. Iy Depth, 2 i
1 I'!*z-:!.'l E!O'.- -Fz\-ZJ.'I E_ﬁ-.’,j {I] DepILz
: 1]

n Az Eyn Ly L] Az, Figure 7.70 Procedure for calculation of §, using the strain influence factor




Example 7.4

L 4
Example 7.4 Emcamge) = (1 + u.41ug—)E_, = [l + ﬂ.4]£g(—)]{15 % g.) = 2.8,
Consider a sectatgular foundation 2 m X 4 m in plan at a depth of 1.2m in & amud B 2
deposit. as shown in Figore 7.11a. Given: y = 17.5 kMN/m® 7 = 145 kN/m’, and the

following approximated vanation of g, with = Hence, the approximated vanation of E, with 7 15 as follows:
z(mj) . (kN/m?)
0-0.5 2250 z([m] g. kN/m?)  E, (kN/m?)
0.5-23 3430 0-0.5 2350 6300
Ll 2950 0.5-25 3430 9604
2.5-6.0 2950 2260
Estimate the elastic settlement of the foundation using the strain influence factor method.
Solution The plot of E, versus 7 is shown in Figure 7.11b.
From Eq. (7.23),

1 L 4
— = 0.5 + .05 — —1|=05+005535|=——1| = 056
B ﬁ(ﬂ J (2 )

n =053} =1.12m

From Eq. (7.24),

T L
E"=1+uzzz{i—1)=2+u.222{1—1}=1u

2= (222)(2) = 444 m

From Eq. (7.22),atz =0,
444

L 4
I =01+ u_mu(i— 1) =01 +']'“1”(E_ l) = 0.11 504
From Eq. (7.21), Fz (m) 7 (mi) {ch
_ b)
Loi=054+014]3—9 54| U2XTIE_ s
s N g S22+ nars | Figure 7.11

The plot of {, versus z is shown in Figure 7.11c. Again, from Eq. (7.27)



Example 7.4

The soil layer 1s divided into four layers as shown in Figures 7.1 1band 7.1 1c. Now
the following table can be prepared.

Latmiddle %o, ranan

Layerno.  Az(m)  E (kN/m®) of layer E

E*m‘l'“'i? 11 n67s L
1 0.50 6300 0.236 1.87 = 10°*
2 0.62 a4 0.519 335x 1070 S
3 1.38 D3 0.535 768 x 1077 ’
4 194 8260 0.197 462 % 107
Y1752 x 1072
I, ¢
S: = Clﬂﬁ_q}EEﬂ'z R _____3;43___
504
c,=1-05=2-)=1-035—2—|=0ms
q—q 145 — 21
] ) F 2 (m) zim) i€}
Assume the ime for creep is 10 years. 5o, e
Fgure 7.71
G=1+02 E] =14
01
Hence,

5, =(0915K1.4)(145 - 2IN1752 %X 10 ) =2TB3 X 10" m=2783mm =



Settlement of Sandy Soil: Use of Strain Influence Factor

. . fgmy = 0.6 By = 0.6
ll. Solution of Terzaghi et al. (1996) g
7, =058 g, =058
01 t days
5.=Cjg—q —J!nz + 0.02 2 log ( J
4@ E [ E{ Az ] 1 day /
f
) iz S /
Post-construction settlement /
Ly
B /
Terzaghi, Peck, and Mesn (1996) proposed a slightly different form of the strain influence / H=n0
factor diagram. as shown in Figure 7.12. According to Terzaghi et al. (1996],
Atz = 0,1, = 0.2 (for all L/B values) u =48
Atz = 5 = 0.3B, I, = 0.6 (for all L/B values)
Atz =z, =28 I.= 0 (for L/B =
Atz =z, = 4B, I, = 0 (for L/B = 10} L |,
For L/R between | and 10 {or = 10), Figure 7.12 Strain influence factor diagram proposed by Terzaghi, Peck, and
Mesri (1996)
2oy oL
B B Table 7.6 Variation of C, with Dy B*
In Eq. (7.29). g, is in MN/m®. 0,8 €.
The relationships for E, are o] !
02 (.96
E, = 3.3g.(for square and circolar foundations) 03 082
0.5 (.G
and 0.7 0.82
N 1.0 0.77
200 (.68
E, =|1+04— for L/B = 10
= [ A(E)-‘E'r"““' (for L ‘ 10 0.65

=Rased on data from Terzaghi et al. {1996)



Example 7.5

Example 7.5

Solve Example 7.4 using the method of Terzaghi et al. (1996).

Solution
Given: L/B=4/2=12
Figure 7.13a shows the plot of I, with depth below the foundation. Note that

_ 2[1 + hg(%]] — 1 + log (D] = 26

=(26)(B) =(2602) =52 m
Also, from Eqs. (7.30) and (7.31),

E, = [1 + u.a{%ﬂ{squ = [l + ﬂ_d(;ﬂﬁjqc} = 6.3q.

02 I E, (kKN#m)
(1] - *
\ 1 14,175
0s
\ z
1.0 )
ll." 21,600
/ 3
f.f
15
/
{
f
/
/
/ 4 18,585
{
/
f
/
5.2
¥ zim} bz imi
ia} (k) Fgure 7.13

z(m) q. N/m®) E, (kN/m?)
0-05 2250 14,175

0.5-25 3430 21,600

25-6 2950 15,585

Again, Dy /B = 1.2/2 = 0.6. From Table 7.6, C; = 0.85.

I
The following is the table to calculate iE‘m
o

1, at the middle L N
LayerMo.  Az(m)  E, (kN/m?) of the layer E,
1 05 14,175 03 1058 3 1077
2 05 21,609 0.5 LI57 x 1073
i 15 21609 0.493 3422 % 1077
4 27 18,585 0.193 2804 % 1077

¥ 28441 x 107° miEN

Clg — q}?%&c = (DES)145 — 21HE.441 x 107%) = BRO.6E = 10 " m

0.1 t days
u.mI:—E {q;ﬂzl]z’ '4_1 dly)

2

Post-construction cresp Is

2 lgA2) (2250 x 0.5) + (3430 x 2) + (2950 x 2.7)
= 52
= 30673 kN/m®* = 3.07 MN/m®

Hence, the elastic settlement 1s

a . 10 % 365 d.a}'s)
5, = BRO.68 % 10 ]{5 2) Iag{ —

= 209668 x 10" m
= 20,97 mm



Example 7.5

Note: The magnitude of 5, 15 about 753% of that found in Example 7.4. In Example 7.4,
the clastc settlement was about 1988 mm and settlement due to creep was about

7.95 mm. However, in Example 7.5, clastic settlement 15 8.89 mm and the settlement due
to creep 15 about 12.07 mm. Thus the magmitude of creep settlement 15 about 3045 more
in Example 7.5. However, the magmitude of clastic settlement in Example 7.4 1s about
twice that compared to that in Example 7.5. This 15 because of the assumption of the
E, — g. relabonship. ]



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

|. Meyerhof’'s Method

_ 1.25g e (kN/m)

5 (mm} NeF s

(for B = 1.22 m)

S{mm) =

lliufkl‘lfm:'}( B

2
for B> 1.22
NeoFys ﬂ+l].3) ( m)

o (KN/m2) = Neo jﬁ] (for B = 1.22 m)

0.05

N [B+03VV (85,
q,t[mnuzj=ﬂm( 5 ]F‘,(E) (for B = 1.22 m)

The N, is the standard penetration resistance between the
bottom of the foundation and 2B below the bottom.



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

Il. 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 A, may be necessary:
For gravel or sandy gravel
Neo@) = 1.25 Ny
For fine sand or silty sand below the groundwater table and Aj, >15,
Neo@) = 15+0.5(Ngo -15)
where Ny, = adjusted Ng, value.
2. Determination of Depth of Stress Influence (2):
In determining the depth of stress influence, the following three cases may arise:
Case 1. If Nyg [or Nyo ] Is approximately constant with depth, calculate Z from

r g \07s
R .4 —
By 4(51!)

= 1 ft (if B is in ft)
= 0.3 m (if B is in m)
8 = width of the actual foundation
Case I If Ny, [or Nyo(» ] is increasing with depth, use the above Equation.
Case Il If Nggy [or Ngo( ] is decreasing with depth, Z= 2B or to the bottom of soft soil
layer measured from the bottom of the foundation (whichever is smaller).

where

By = reference widﬂll



Settlement of Foundation on Sand Based on
Standard Penetration Resistance

Il. Burland and Burbidge’s Method

3. Calculation of Elastic Settlement 5,

The elastic scttlement of the foundation, S, can be calculated from Table 7.7 Summary of ¢, o, 2y, and
N Soll type 7 e a a4
| 23{5] Normally consolidated s 0.14 171 _Hf, K
S _ B B\"[q' sand [ or N “’_z'( z'}
— = @, — = (ifH=1)
Eg L Eﬂ p.:l
0.25 + I (wverconsolidatad P 0.047 057 ora; = L{ifH =1
sand (g = o)) [ﬁwmﬁmm]u
where where H = depth of
where ! = preconsolidation compressible layer
pressure
@) = a4 constant (verconsolidated o — 067, 014 0.7
it, = compressibility index sand (g > 07 [V o g

it; = correction for the depth of influence
p, = atmospheric pressure = 100 kKN/m®
L = length of the foundation

Table 7.7 summarizes the values of ¢, o, a,, and a3 to be used in Equation
for various types of soils. Note that, in this table, Ny or Ny, = average value of
Neo [Or Ny In the depth of stress influence.



Example 7.6 & 7.7

Example 7.6

A shallow foundation measuring 1.75 m % 1.75 m is to be constructed over a layer of
uhl:l.ﬂnrchﬂ = | m; N, is generally increasing with depih; W, in the depth of stress
influcnce = lﬂrq-._ ]mkﬂfm11Bﬂuhdmm1mﬂymhdmiEmmdm

clastic settlement of the foundation. Use the Burland and Burbidge method. Example 7.7
Solution -
From Eq. (7.44), Solve Example 7.6 using Meyerhof”s method.

7 B \0Ts Solution

() o . 140

) P B\
Diepth of stress influence, L= N EJ\ B+ 03
= 14(—) By = (1403 ”5) =158 m Fy=1+033(Dy/B) = 1 + 033(1/1.75) = 1.19
L A W T

From Eq. (7.45). « TIONL19\ 1.75 +u.3) - 147 mm “

s | =

ool S

For normally consolidated sand (Table 7.6),
a = 0.14
I e O
S NGH o
oy =1
g = o = 120 kN/m?

= (L06E

1754 |
02(15) | /1 2sy
[-f_ (0.14)(0.068)1)| —— 2L (ﬂ) (@)

175 03/ \100
025 + ( ”5]

5. = 00118 m = 11.5 mm [ ]



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
1.5Bto 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..S8.C,
where

S.=elastic settlement before the rise of ground water table
C, = water correction factor . p..i Hansen. and|Thormburn (1974):

1

= =1
) n5+u5( Dy )
' ) Ds+ B
*  Teng ( 1982):
| for water table below the
C,= =2 ]
Dm—ﬂf baze of the foundation
05 + 0.5 7

*  Bowles (1977

e-=2~(573)
= Dy + B



Example 7.9

Example 7.9

Consider the shallow foundation given in Example 7.6. Due to flooding, the ground 1

water table rose from [}, = 4 m to 2 m (Figure 7.19). Estimate the total elastic settle- SN BEEREY TSrTaenr -

ment 5 after the rise of the water table. Use Eq. (7.60). [ S

Solution D,

From Eq. (7.59),
n-

Se = 8,Cy |
From Eq. (7.60), e B -
C, = ! T ! = 1.158 a2
- =
e Dj(ﬂ;-]—_ﬂ] L l}j(] + [_']I'_",.) Figure 7.18 Effect of rise of ground water table on elastic settlement in

granular soil

Hence,

§ = (11.8 mm}1.158) = 13.66 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 Stress {For Pavement)

Pore Water Pressure Bossinisque E ions
1_Point Load .
! S pomttoa o Approximate Method

Total Stress= Effective Stress+ Pore Water Pressure 3 Sirip Load - 122 Method

4 Triangular Load Oy
= 5_Circular Load T
Giotal — Oeff ¥ U 6.Rectangular Load L—2

_ M
Stress Bulbs
Influence Charts T Newmark Charts
i e
H Sk ﬁ.n), - 'I_U - :.—I.F ..;-_':--i.-- .-;'I,-' I';




Calculation of Primary Consolidation Settlement

a) Normally Consolidated Clay (o ’p=0.")

Ae 4

= 2%
C l+e,

S

0’

oy +AO'J e
0

Ae = Cclog(

C.H o, + Ao’
S, = log

| +e, o,

log o’



Calculation of Primary Consolidation Settlement

b) Overconsolidated Clays ;
Ae

C 14
o

Casel: oh+Aoc’'<o.’

S H

Ae = Clog(o, + Ac'") — log o]

C.H o, + Ao’ A
S, = log :
1 +e,

a, e

Case ll:o +tAo '> 0.’




a bk~ W D F

Summary of calculation procedure

Calculate ¢’ 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 Ao

Use the appropriate equation

If N.C.

*If O.C.

C.H

S, =
1 + e,

(cr; + Acr')
log ,
G-G

If c.+Ac <o’

el

l+e,,

Se =

! !
If ogt+Ac > op




Nonlinear pressure increase

Approach 1: Middle of layer (midpoint rule)

d
baliidibl
 For settlement calculation, the SRETn | \
pressure increase Ao, can be T .
. . Compressible
approximated as : L ayer
Ao, = Ao,
where Ag,,,represent the
increase in the effective 4

pressure in the middle of the

Ac, under the center
Iayer. of foundation



Approach 2: Average pressure increase 11}

Nonlinear pressure increase

For settlement calculation we
will use the average pressure
Increase Ao, , using weighted
average method (Simpson’s
rule):

Compressible
Layer

~ Aoy + 4A0), + Agy,
o 6 A

Ao, under the center
of foundation

, ’
Ao-a\r

where Ao, , Ao, and Ao, 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

go % B X L

B+ L+

3
2 verticalto /% B *1% 2 vertical to
1 horizontal 1 horizontal

e ——rE 41-{
E 3
F




Stress below a Rectangular Area

;j, ; J
LB 3, (drdy)? | l'd.l ) /_
ﬁn:L:uL:uﬂn{f+f+f}!‘"=!ﬂf | "o | /

l(hn"u"m’+n’+1 m+n+2

I'=mflucnce factor = ) T Wt 1]

L]

+ tan! nvmt +nf+ 1
m +nt+ 1 —mn’

&1 |I:|:|
e
T
S




Stress below a Rectangular Area

Table 6.4 Varation of Influence Yalue [ [Eq. (6. 105

] /R oz 03 0.4 05 e [ e e 1.0 12 1.4

0 QoM™ OEIT 001323 001eE 001s7s 002223 00420 008G naRess  Oo2Tod 00ee2a 0u0EoT
0.2 00097 001790 002585 0032E0  0.03866 004348 004735 005042 005283 005471 005733 0.05894
03 001323 002585 003735 004742 0.05593 006294 006855 007308 007661 007935 005323 005561
04 001E78 DR 00472 Ooemda 0T 0nuns 008734 00 0Ertn 000129 00631 010 |
05 00978 003866 0055093 007111 0,080 009473 olo3d4n 011038 001384 012018 002626 013003
06 002223 0.04%8 00629 008009 00947 000688 011679 012474 01305 03605 014300 0. 14749
0.7 002420 004735 006358 008734 010340 0eTe 042772 013653 014356 014914 0058705 016194
08 0mSTa 006502 00r3ns  00esd oS 012474 03653 04607 0537 15978 0683 0017389
09 002698 005253 007606 00970 o lls84 00131058 0143586 0.1537) 016185 0016835 0176 018357
[0 0027 005471 O0eas o229 002018 03E0E 04914 005978 0GRS 07522 OUAS0R 09139
12 Oe2edd  O08733 0 0032y 00063 D226 04308 015708 006843 09es 008508 0958 D224
l4 00207 005894 008561 010941 0.1 2003 WA749  Oalee  0l7ARS  0EAST O 0091 020278 021020
6 003058 005994 Q08709 001135 003241 015028 016515 017730 08737 019546 020731 021510
& Q0D 006058 008 0012600 003395 015 06720 0017eET DUA9AG DSR4 021032 021436
20 00 006ai00  DOSEGT 1342 00M9es 015326 OUL6ESG OUIELES od91rsz 01990 021235 022058
25 00MAR 006155 DO0R94E 0 0l450  0013G2E 0 01S4ED 0T0M 0U1EAZI 019375 02023 021512 022304
A0 00350 006178 008982 011495 003684 0015550 O0THIE 0 0018407 009470 0.20341 021633 022499
40 QISR 00aled 00T OuHIs2T 0 3T U1555R 01T e, OUl&8ee OU9san 020417 021722 0220600
00 00dan 006199 009014 0 LESAT O 01ATAT O DISAIZ DUTIES DUIR4EE 00 9E61 020440 021749 022632
6.0 0036l 0.06201 0o9ar?  milsdl 0.1 3741 mASaLT 07191 O 1EG  01956a0 020449 021760 022644
20 00362 006202 009015 011543 0013744 0015621 017195 018500 0.19574 020455 0.21767 022652
g eEie2 0oe2m 00e019 oS4 U3Tas 001E622 DU es 0U1Aas02 0L 1EETe 020MET 021768 022654
= 003162 006202 009019 0 01544 013745 0158623 017197 018502 019577 020458 020770 022656

1}

mn =

=

e | b=



Stress below a Rectangular Area

0 1111

0.24 3

!

2.0
1.E

1.4

022 F— 1

1.0

0.20 3
= 0.9

'J

) et

@ Cengage Listring 114

3 0.8
0.18 3

S IR

0.7

D.lﬁg 0.6

0.14 3

05

012 3
E 0.4

0.10 3
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0.08 3

006 2 02
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Vertical Stress below the Center of
a Uniformly Loaded Circular Area

Table 10.6 Variation of Acr /g with z/R [Eq. (10.26)]

Aor fig

z'R

Ao, /q

iR




Influence Chart for Vertical Pressure

The procedure for obtaining vertical pressure at any point below a loaded area is as
follows:

1. Determine the depth z below the uniformly loaded area at which the stress increase
is required.

2. Plot the plan of the loaded area with a scale of 7 equal to the unit length of
the chart (AB).

3. Place the plan (plotted in step 2) on the influence chart in such a way that the point
below which the stress is to be determined is located at the center of the chart.

4. Count the number of elements (M) of the chart enclosed by the plan of the loaded area.

The increase in the pressure at the point under consideration is given by
Ao, = (IV)gM

where IV = influence value
g = pressure on the loaded area




Three-Dimensional Effect on
Primary Consolidation Settlement

Sc[p} = Kﬂﬂ Sc{p}—u&d SI'-'{P} — KE-I‘{{JE] Sr:l[p}—n-ed

Tabfe 7.9 Variation of Ko with OCE and BIiH,
Kerioc)

OCR B/H.=-s0 B/H =10 B/H =02

1 1 1 1
2 0986 0.057 0.929
3 0972 0.914 0.842
2 4 0.964 0.871 0.771
E 5 0.950 0.829 0.707
g & 0.943 (800 (0643
g B 7 0979 0.757 0.586
504 8 0914 0.729 0.529
e _— 9 0.900 0.700 0.493
P 10 0886 0.671 0.457
0.2 1 071 0.643 0.429
----- Continuous 12 0864 0.629 0414
foundation 13 0857 0.614 0.400
0 , , , , , 14 0850 0.607 0.386
0 02 0.4 0.6 0.8 1.0 15 0543 0.600 0.371
Pore water pressure parameter, A 16 0_E43 O_G00 (k357

Figure 7.22 Settlement ratios for circular (K_,) and continuous (K,
foundations



Example 7.10

Solution
Example 7.10 The clay is normally consolidated. Thus,

A plan of a foundation | m % 2 m is shown in Figure 7.23. Estimate the consolidation C.H. o + Agl,
settlement of the foundation, taking into account the three-dimensional effect. Given: SEI:F]—M = 1 +e¢ log o
A=05. “ “

—TT I o = (23)16.35) + (0.5)(17.5 — 9.81) + (125)(16 — 0.81)
e P s ket sress ncrease) = 41.25 + 385 + 7.74 = 52.84 kN/m?
. _*_I Iy J, | RS From Eq. (6.29),

CF BRI N ImL gy

T R MR,
a0y = S kA
Monmeally consolidated clay m, = L/B z(m]) z/(B/2) = m, I A’ =g b
y= I6kNm® e, - 08 2 2 4 0.190 5= Aa!
g o 2 1+25/2=325 6.5 = 0085 1275 = Ad,

- 3 1+15=45 9 0.045 6.75 = Aay

FHgure 7.23 Calculation of primary consolidation setilement for a *Tahle 6.5
foundation *Eq. (6.14)

Al = Ao] + 440y, + Ady)
MNow the following table can be prepared (Note: L. = 2 m; B = | m):

IR EN

Now,
Ay = E{ZE.E + 42 1275 + 6.73) = 14.38 kWN/m?



Example 7.10

50

_ o3y E(szm +14.38

Ses = = 0.0465
oot = T 08 5284 ) .

= 46.5 mm

Now assuming that the 2] method of stress increase (see Figure 6.7) holds good, the
area of distribution of stress at the top of the clay layer will have dimensions

B=widh=B+z=1+(153+05)=3m
and

U'=width=L+z=2+({l5+035)=4m
The diameter of an equivalent circular area, B, can be given as

kil

Eﬂa=B'L'
50 that
L AN
By = .Jm: - .J{ Hﬂ}”=3.ﬁlm
Also,
H_25 _
B_q_E.?l_uM
From Figure 7.22, for A = 0.6 and H,/Byg = 064, the magnitude of K., = 0.78.
Hence,

Supr = KeSapyoa = (0T8)(46.5) = 36.3 mm 0



Secondary Consolidation Settlement

® The magnitude of the secondary consolidation can be calculated
as:

-

void ratio, e

e, void ratio at the end of

primary consolidation,
H thickness of clay layer.
Ae = C log (t,/tq)

C, = coefficient of secondary
compression

C H t,
Ss = 1+e, log (a)

Time, r(log scale)




Secondary Consolidation Settlement
S

Sesy = CaH loglta/n)

= C/(1 + &)
ep = void ratio at the end of pnmary consolidation
H. = thaickness of clay layer

Mesn (1973) correlated C, with the natural moisture content (30) of several soils,
from which 1t appears that

¢ = 0.0001w (1.72)

where W = natural moisture content, in percent. For most overconsolidated soils, O vanes
between 0.0005 to 0.001.

Mesn and Godlewski (19771 compiled the magnitude of C,/C, (C, = compression
index ) for a number of sols. Based on their compilaton, 1t can be summanzed that

*  For inorganic clayvs and silis:

C,/C. = 0.04 = 0.0]
* For organic clays and silts:

C,/C. = 0.05 = 0.01
*  For peats:

C./C. = 0.075 £ 0.01



Example 7.11

Example 7.11

Refer to Example 7.10. Given for the clay layer: C, = 0.02. Estimate the total consolida-
tion settlement five vears after the completion of the pimary consohdation settlement.

(Nete: Time for completion of primary consclidation settlement is 1.3 vears).

Solution
From Eq. (1.53),
L
C‘=—r
2
l”g(u;)
For this problem, &, — &; = Ae.
I .I..Tm. -.. : .'-E ' ...:- I-I_;:_. -:qﬂ;'iﬁmxjr.l{mtm:ucmagz]
Eb-‘tthf'mx'z‘m, _' mr_l
: 1l- Gtmndwamrt.ahl.e
- R . . I I. . _SB.I'II" -
L Y |'.L_a_k}um5.

s Numull}' nmsnlidatedcln}'
- I6kNm? e, - 0.8
= &.000 kN/m? C, = 0.32
C -0

Referning to Example 7.10, we have

o= o + Ac’ = 5284 + 14.38 = 67.22 kN/m®
& = o = 5284 kN/m®
C.=032

L+ A

67.22
Cn= Crlng(ae =
a

3184

-omm5) e

Given: e, = (.8, Henee,

ep = £, — ¢ = 0.8 — 0.0335 = 0.7663
From Eq. (7.711,
c, 002
Ca= 1 +g I =1L
From Eqg. (7.70),

i
S, = CLH, Ing( ‘)

f

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

S = (D.0113)2.5 m) 53) = 0.0194 m = 19.4 mm

Total consolidation settlement 15
353 mm + 194 = 55.Tm

T
Example 7.10
(Primary
conschidation
settlement)



The Plate Load Test

The ultimate bearing capacity of foundations, as well as the allowable bearing capacity based
on tolerable settlement considerations, can be effectively determined from the field load test,
generally referred as plate load test.

Plate Properties:

The plate used in this test is made of steel and have the following dimensions:

If the plate is circular, the diameter will be (150mm to 762mm) with 25mm thickness.
If the plate is square, the dimensions are (305mm x 305mm) with 25mm thickness.

Test Mechanism:

O To conduct a test, a hole is excavated with a minimum diameter of 4B (B is the diameter of
the test plate) to depth D; (depth of proposed foundation).

U

The plate is at the center of the hole, and the load is applied on the plate and increased
gradually.

As the load increase, the settlement of the plate is observed on dial gauge.
The test should be conducted until failure, or the settlement of the plate became 25mm.
The value of load at which the test is finished is the ultimate load can be resisted by the plate

(I W Iy

Divide the ultimate load on the plate area to get ultimate bearing capacity of the plate qg).-



The Plate Load Test

For tests in clay,

Guity = Juir
where

g = ulimate bearing capacity of the proposed foundation
{gim = ulimate bearing capacity of the test plate

For tests in sandy soils, R
By
Huil = JuiF B,

where

By = width of the foundation
B p = width of the test plate

Settlement (b

The allowable beanng capacity of a foundation, based on settlement considerations
and for a given intensity of load. ¢,,. 1= — |

Sy = Sp& (for clayey soil) (7.75) i J I_,mrm :

" S ]

5, = 5,( 28, )}' {for sandy soil) (7.76) sl \ E\ / |

' " - \ Jmmmmm :




Presumptive Bearing Capacity
Building Codes

Tolerable Settlement of Buildings
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