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Preface

Various problems in geotechnical Engineering can be investigated by the program GEO
Tools. The original version of the program GEO Tools GEOTEC Office was developed by
Prof. M. Kany, Prof. M. El Gendy and Dr. A. El Gendy. After the death of Prof. Kany, Prof.
M. El Gendy and Dr. A. El Gendy further developed the program to meet the needs of
practice.

The consolidation problems outlined in this book can be also analyzed by the program ELPLA
and the same results can be obtained. GEO Tools is a simple user interface program and needs
little information to define a problem. It is prefer to use it for a simple foundation geometry.
Furthermore, ELPLA can also read data files of a consolidation problem defined by GEO
Tools. With some modifications for these data user can analyze the problem again by ELPLA.
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4  Consolidation Settlement

4.1 Introduction

This chapter describes the essential equations to obtain the nonlinear stress distribution in the
soil. Consequently, the consolidation settlement of different shapes of loadings on
consolidated clay deposits can be estimated. The solution depends on closed-form equations
for determining the stress and consolidation settlement in the soil.

4.2  Average vertical stress in a soil layer

The average vertical increase of stress in a layer is defined as the equivalent uniform vertical
stress acting in that layer due to the applied pressure at the surface. This stress is required to
carry out the procedure of consolidation settlement calculation. The essential equations of the
average increase of stress in a soil layer can be derived by using the integration as described
in the following paragraphs.

4.2.1 Average vertical stress due to a concentrated load

Figure 4.1 shows a concentrated load Q [kN] acting on the surface at a point j. According to
Boussinesq (1885) the vertical stress o; [kN/m?] on a soil element dz located at a depth z [m]
under the point i due to the concentrated load is given by:

02221 @.1)

2n \ 722+7r?

where r is the radial distance between points i and j, [m].

The average vertical stress in a soil layer of thickness h [m] due to a concentrated load at the
surface can be obtained from:

1¢n,
Ac,, :Ejm s, 0z (4.2)

Substituting Eq. (4.1) in Eq. (4.2) and carrying out the integration:

) 512
‘ dz
Ova 2nh'|. (z +rj

(4.3)
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Figure 4.1 Average vertical stresses Aova in a soil layer h due to a concentrated load Q

4.2.2 Average vertical stress due to a circular loaded area

Figure 4.2 shows a circular loaded area of intensity g [KN/m?] and a radius a [m] acting on the
surface. The vertical stress o, [KN/m?] on a soil element dz located at a depth z [m] under the

center of the area is given by:
3
c:=0q (1— ﬁ] (4.4)
(2 +a?)

The average vertical stress in a soil layer of thickness h [m] due to a circular loaded area at the
surface can be obtained from:

1on
Ao, =+ j 0,z (4.5)

Substituting Eq. (4.4) in Eq. (4.5) and carrying out the integration:

(4.6)

Ac, =9 hohit2a®  hi+2a°
h Jhi+a?  Jhi+a’
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Figure 4.2 Average vertical stress Aova in a soil layer h due to a circular loaded area

4.2.3 Average vertical stress due to a triangular loaded area

Figure 4.3 shows a right triangular loaded area of intensity g [kN/m?] with sides a [m] and b
[m] acting on the surface. According to Steinbrenner (1934) the vertical stress o, [kKN/m?] on a
soil element dz located at a depth z [m] under the corner i of the triangular can be expressed
as:

q b bz abz

1 1
6, = | tan"——tan +
’ 2n a a1la2+b2+22 (a2+22)1/a2+b2+22

The average vertical stress in a soil layer of thickness h [m] due to a right triangular loaded
area at the surface can be obtained from:

4.7)

1cn
Ao, =+ j 0,0z (4.8)

Substituting Eq. (4.7) in Eq. (4.8) and carrying out the integration:
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b bz abz
h, | tan——tan™ + dz
A(Yv‘»ﬁzinhj‘h1 l: a ayaZ+b?+ 72 (a2+2)Val+bi+ 22 }

q (c.—b) (m+b) 4 b L bh;
A =——<aln + - — — 49
Gya 2nh{( (C2+b) (m—b) h2 tan a h2 tan aC2 ( )
(ci—b) (m+D) ,b L, bh
—lan>—>——"2>__~ —— -1
( (.+b) (m—b) + hi tan 3 h; tan ac,

where m=+/a’+b’,c;=+a’+b’+hf and c,=ya’ + b’ + h}
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Figure 4.3 Average vertical stress Acova in a soil layer h due to a triangular loaded area

4.2.4 Average vertical stress due to a rectangular loaded area

Now, it is easy to create the average vertical stress due to a rectangular loaded area of
intensity g [KN/m?] with sides a [m] and b [m] acting on the surface. Thus can be done by
superposing two triangular loads as shown in Figure 4.4. The average vertical stress Acva
[KN/m?] in the soil layer under the corner i of the rectangular can be expressed in two parts as:

Ac,,=Ac,, +Ac,,, (4.10)

where Aova1 in the average vertical stress Aova IS due to triangle 1:
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q (cz—b) (m+b) 4D 1D,
A =——2<1]aln + - 2
Oy 2nh{( (,+b) (m—b) h. tan 3 h: tan ac,
(4.11)
(c.—b) (m+b) 4b 42 bh
—-laln>=>——"—— "2+ —— L
( (. +b) (m—b) h; tan 3 h; tan ac,
where Acva2 in the average vertical stress Aova is due to triangle 2:
q (cc—a)(m+a) 48 L ah,
A = blin + Z_ an
% = onh {( (ra)y(ma) M@yl
(4.12)
(c.i—a)(m+a) 4@ sah
—|bln + —— —
( (. +a)(m—a) h; tan b h; tan be:

It can be seen that Aovar and Acva2 have the roles of a and b reversed to account for the
position of the corner i relative to the two sides of the appropriate triangle.

Ground surface [T § §§ § ] 9[KN/m’]
i

SRS SRS, ST SR ST, Jh
1
I/ Z
7 h2
o, dztes Soil layer h
(D -

Y T ¥ ¥ v Y L] Y Y T Y L V ¥ Y |

Rigid base

Figure 4.4 Average vertical stress Acva in a soil layer h due to a rectangular loaded area

Substituting Eqgns. (4.11) and (4.12) in Eq. (4.10) yields:
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A _g{(Mn@raﬂm+m+am@fmum+m+hﬂm4abj

=" 2nh (co+a)(m—a)  (c,+b)(m—b) o) o
_{bmkrﬁﬂm+®+am®rbﬂm+m+hﬂmljﬁj} |
(c+a)(m-a)  (c,+b)(m—h) i

4.3 Consolidation settlement when soil properties of the clay layer is defined by Cc

The consolidation settlement calculated by C. is more realistic. Because this calculation takes
into account the nonlinear soil stresses in the soil layers due to the applied pressure at the
surface. In this chapter a procedure using integration is developed to determine the
consolidation settlement under arbitrary shapes of loading such as concentrated load, circular
loaded area, triangular loaded area and rectangular loaded area.

4.3.1 Consolidation for a thin clay layer

Sometimes the clay layer is thin relative to the raft dimensions. In this case it will be
sufficiently accurate to consider the increase of vertical stress at mid-depth of the layer or the
average vertical stress in the entire layer. The consolidation settlement S¢ [m] in a layer of a
thickness h [m], Figure 4.5, can be obtained from the following equations whichever is
applicable:

For a normally consolidated clay, if oo 3 o¢ (loading case), Figure 4.6:

A
5, = Cel Iog( %o D j (4.14)
1+ € Oo

For a preconsolidated clay, if of < o¢ (reloading case), Figure 4.7:

A
g = Ceh Iog( Oo ¥ A0 J (4.15)
:|.—+-e0 Oo

For a preconsolidated clay, if of > oc > oo (loading and reloading case), Figure 4.8:

A
S, = C.h log| = |+ Cch log| G20 (4.16)
1+ € Oo 1+ € Oc
where:
Go Initial overburden pressure at the middle of the layer, 6, = yz, [KN/m?].

Acay  Average increase of stress in the layer due to the applied load, [kN/m?].
Gc Preconsolidation pressure of the layer, [KN/m?].

Cec Compression index for loading, [-].

Cr Compression index for reloading, [-].

€o Initial void ratio, [-].

er Final void ratio, [-].
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Figure 4.5 Calculation of consolidation settlement
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Figure 4.7 Relationship between void ratio e and stress ¢ (of < oc) (reloading case)
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Figure 4.8 Relationship between void ratio e and stress o (of > oc > 60) (loading and
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4.3.2 Consolidation for a thick clay layer

When a load is applied over a limited area, the increase of pressure in the soil due to the
applied load will decrease with the depth as shown in Figure 4.9. For more realistic
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consolidation settlement predication, the calculation of consolidation settlement of a thick
layer can be carried out by dividing the given layer into n sub-layers as shown in Figure 4.9.
Then, determining the average increase of stress Acav in each sub-layer due to the applied
load. Consequently, the consolidation settlement can be determined due to this increase of
stress in each sub-layer. ElI Gendy (2003) had presented a guideline for the thickness of the
sub-layer depending on the foundation dimension and load. The total consolidation settlement
for the entire clay layer will be the summation of the consolidation settlements for all
individual sub-layers.

Ground surface q [kN/m?]
77 ER w 77T
i Layer (1) | h
5 h,
Initial vertical stress : Stress due to
! contact pressure h,
:Acva
H 7 == ]
/ ==
[ oK 5 inyier (k)
f -z
II | i — 4
| Layer (n)
V | \ V V V V v V \ V V |
Rigid base
Figure 4.9 Variation of vertical stress o; with depth
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4.3.3 Over consolidated ratio OCR

The nonlinear analysis use the preconsolidation pressure of the layer o to determine if the soil
is over consolidated or normally consolidated. Instead of specifying o for the entire layer, it
may instead specify the over consolidation ratio OCR, where:

OCR= %= (4.17)

Go

Two cases concerning OCR are considered as follows:

OCR=1: The clay is normally consolidated and the settlement is determined from Eq.
(4.14).
OCR > 1: The clay is over consolidated and the settlement is determined from Eqg. (4.16).

4.4 Consolidation settlement when soil properties of the clay layer is defined by m,

Clay properties may be represented by either the coefficient of volume change my (volume
change is the inverse of modulus of compressibility, my = 1/Es) or compression index Cc. The
calculation procedures of consolidation settlement which its soil properties are represented by
Es may be considered also as an alternative simple solution to estimate the consolidation
settlement.

The consolidation settlement S¢ [m] in a layer of thickness h [m] is given by:

1

S.=mAc,, h= E—Acva h (4.18)
where:
AGay Average increase of stress in the layer due to the applied load, [kN/m?]
my =1/ Es Coefficient of volume change of the layer, [m?/ kN]
Es Modulus of compressibility of the layer, [KN/m?]
h Layer thickness, [m]

4.4.1 Consolidation settlement due to a concentrated load

The consolidation settlement Sc [m] in a soil layer of a thickness h [m] due to a concentrated
load at the surface can be given by substituting Eq. (4.3) in Eq. (4.17):

Q r’ 3 r?

3
c = - - +
21 ES (h%—k rzﬁ \Y h§+ rZ (hf =+ rzﬁ \Y hf+ r2

The consolidation settlement at the surface S¢(0) in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting h1 =0 and ho =4 in Eq. (4.18):

S (4.19)

SJ®=ngr (4.20)
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The consolidation settlement Sc(z) at any depth z in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting hy =z and h2 = 4 in Eq. (4.18):

5.(2) =2 s __ ¢ (4.21)

2nE, | 72 +r?2 (22+r2ﬁ

4.4.2 Consolidation settlement due to a circular loaded area

The consolidation settlement Sc [m] in a soil layer of a thickness h [m] due to a circular loaded
area at the surface can be given by substituting Eq. (4.6) in Eq. (4.17):

2 2 2 2
s =3 [p_he*2a  hi*2a (4.22)
E, Ji+a®  Jhi+a?

The consolidation settlement at the surface Sc(0) in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting hy = 0 and h2 = 4 in Eq. (4.21):
a

s, (0) :2% (4.23)

S

The consolidation settlement S¢(z) at any depth z in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting hy =z and h2 = 4 in Eq. (4.21):

q | z°+2a’
S.(2)=2 | L Fea (4.24)

4.4.3 Consolidation settlement due to a triangular loaded area

The consolidation settlement S¢ [m] in a soil layer of a thickness h [m] due to a right
triangular loaded area at the surface can be given by substituting Eq. (4.9) in Eq. (4.17):

SZL{(a,n(cfb)(mb)

b b
+hytant——h,tan™ ﬂ}

© 2nE (c,+b) (m=b) a ac,
(4.25)
(c;—b) (m+Db) ) L,bh
—lalin2—— 4 —— —
( (. +b) (m—b) h; tan . h; tan ac

The consolidation settlement at the surface Sc¢(0) in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting hy = 0 and h, = 4 in Eq. (4.24):

o q (m+b)
S.(0)= 2nE, [aln (m_b) J (4.26)

The consolidation settlement S¢(z) at any depth z in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting h1 =z and h2 = 4 in Eq. (4.24):

-4.16 -
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S,(2)= — {a|n(c‘b)(m+b)+
2nE, " (c+b)(m—b)

where c=+/a%+p%+ z°

4.4.4 Consolidation settlement due to a rectangular loaded area

The consolidation settlement S¢ [m] in a soil layer of a thickness h [m] due to a rectangular
loaded area at the surface can be given by substituting Eq. (4.13) in Eq. (4.17):

b
Ztan ' ——Ztan —j (4.27)
a C

s _ @ {(mn@raﬂm+w+ammfmﬂm+m+hﬂm4ab]

" 2E |l (@ra)m-a) O (c+b)(m-b) s
(4.28)
_(bm(m—aﬂm+a)+am(m—bﬂm+b)+hqukEEJ}
(cra)(m-a) " (c+b)(m-b) .

The consolidation settlement at the surface S¢(0) in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting hy = 0 and h. = 4 in Eq. (4.27):

S, (0)= —J (bln (M+2) 4 4 (m+b)J (4.29)
2nE, (m-a) (m—b)

The consolidation settlement S¢(z) at any depth z in an infinite soil layer for isotropic elastic
half-space medium is obtained by putting h1 =z and h2 = 4 in Eq. (4.27):

(c—a)(m+a)+aln (c—b)(m+b)+

sc(z)zi[bm
(c+a)(m-a) (c+b)(m-b)

L, ab
— 4.30
2nE, M 7e ] (4.30)

4.5 Settlement at any corner of a non-right-triangular loaded area

In the finite element method, the foundation is represented by a series of either rectangular or
triangular elements. In such a case influence factors for settlements under the nodes are
required. So far it has considered the settlement under a corner of loaded area either a right
triangle or a rectangle. The settlement of a right triangle can be generalized to find the
settlement at any other point of any triangular-shaped loaded area using the principle of
superposition. The settlement at any corner of any triangular-shaped loaded area is given by
the settlements associated with two right triangles. For a corner i of a general triangle A ijk of
sides Ti, Tj and Tk, Figure 4.10, the consolidation settlement S¢ can be obtained using the
principle of superposition by the following general Eqg. (4.30):

S. =S (Cm+S.(C.9) (4.31)

where =T, cos (j),E=T,cos (k),{=4TZ-n*and

It can be noticed that adding or subtracting the associated settlements Sc(¢, n) and Sc(C, &)
depends on the singe of n and &, where the values of n and & may be either positive or
-4.17-
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negative with regard to the sign of cos (j) and cos (k). It can be seen from settlement Eqgns
(4.24) to (4.26) that a negative value of n or & leads to a negative contribution of the
associated settlement, while n=0 or &=0 eliminate the contribution of the associated
settlement.

a) angle k <90 [°] and angle j <90 [°] T;
Sei = Se(G, M) + Se(C, &)

Tk |

b) angle k=90 [°], (=0
SCi = SC(Cv n) + S C’ 2;)
Paialc

c) angle k > 90 [°] and & is -ve
Sci = SC(C) ﬂ) + SC(C) é)

d)anglej=90[°],n=0
Sei = Se(6, M) + 346, §)
n %: s

e) angle j > 90 [°] and 1 is —ve
SCi = SC(C) 11) + SC(C) &)

Figure 4.10  Superposition principle to find the settlement at any corner i of any triangular-

shaped loaded area
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4.6 Settlement at a point outside the corners of a non-right-triangular loaded area

Adding and subtracting corner settlements for three triangular loaded areas can obtain the
settlement of any point outside the corners of any triangular-shaped loaded area as shown in
Figure 4.11. For a point o outside the corners of a general triangle Aijk, Figure 4.11, the
consolidation settlement S¢ can be obtained using the principle of superposition by the
following general Eq. (4.31):

S., =S, (Aoij) + S, (AojK) + S, (Aoki) (4.32)
where:
Sc(Aoij) Settlement at point o due to the triangular loaded area Aoij, [m]
Sc(Aojk) Settlement at point o due to the triangular loaded area Aojk, [m]
Sc(Aoki) Settlement at point o due to the triangular loaded area Aoki, [m]

To apply Eq. (4.31) for any triangular-shaped loaded area the numbering of the triangle Aijk
must be counterclockwise. It can be noticed that the sign of the associated settlement Sc(Aoij),
Sc(Aojk) or Sc(Aoki) depends on the counter of the triangle where the sign is positive when the
triangle is counterclockwise and vice verse. As example, in Figure 4.11b the triangles Aoij
and Aojk give a positive contribution to the settlement S¢ at point o while the triangle Aoki
contributes negatively. The sign of the associated settlements may be determined from the
following Eq. (4.32):

0=X Yisa = Xt Y1 t Xt Y = Xie2 Yir T Xie2 Yy = X1 Vis (4.33)
where x; and y; are the corner coordinates of the examined triangle, | corner numbering and g

is a parameter indicates the sign of the associated settlements. The sign of the parameter value
is the same as that of the associated settlement.
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a) Point o lies inside the triangle
Sco = Sc(Ao0ij) + Sc(Aojk) + Sc(Aoki)

b) Point o lies outside the triangle
Sco = Sc(A0ij) + Sc(A0jK) + Sc(Aoki)

c) Point o lies outside the triangle j= C
Sco = Sc(A0ij) + Sc(A0jK) + Sc(Aoki) CRN N
~~_\\ \\\ \\‘
~~\:::\‘
_ ‘o
J
d) Point o lies at a side of the triangle N\
S0 = S(A0i]) + So(A0jK) +84(Agk]) 9 NS
k o [
j — i
e) Point o lies at a coincident line with a side ;
of the triangle I/
Seo = Se(A0i]) + Sc(A0jK) + gé%ki) i C
0"

Figure 4.11  Superposition principle to find the settlement at any point o outside the corners

of any triangular-shaped loaded area
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4.7 Settlement at a point inside or outside any polygon loaded area

Considering the above rules described in cases (a) to (e) in Figure 4.10 and Figure 4.11, the
settlement for any polygon loaded are may be obtained as indicated in Figure 4.12 according
to Damy/ Casales (1981).

a) Settlement for interior node
Sco = Sc(012)+Sc(023)+Sc(034)+8c(045)+8c(053)

b) Settlement for exterior node
Sco = Sc(012)+Sc(023)+Sc(034)+5c(054)+8c(015) i - _\_ﬁ‘ 0

______

Figure 4.12  Stress coefficient for polygonal loaded area
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4.8 Soil properties and parameters

4.8.1 Poisson’s ratio vs

Poisson’s ratio vs for a soil is defined as the ratio of lateral strain to longitudinal strain. It can
be evaluated from the Triaxial test. Poisson’s ratio vs can be determined from at-rest earth
pressure coefficient Ko as follows

. (8.34)

Some typical values for Poisson’s ratio are shown in Table 4.1 according to Bowles (1977).
Poisson’s ratio in general ranges between 0 and 0.5.

Table 4.1 Typical range of values for Poisson’s ratio vs according to Bowles (1977)

. Poisson’s ratio

Type of soil v []
Clay, saturated 04-05
Clay, unsaturated 0.1-0.3
Sandy clay 0.2-0.3
Silt 0.3-0.35
Sand, dense 02-04
Sand, coarse (void ratio =0.4 - 0.7) 0.15
Sand, fine grained (void ratio = 0.4 - 0.7) 0.25
Rock 0.1-04

4.8.2 Moduli of compressibility Es and Ws and unit weight of the soil ys

The equations derived in the previous section for calculation of flexibility coefficients require
either the moduli of compressibility for loading Es and reloading Ws or moduli of elasticity for
loading E and reloading W for the soil. The yielding of the soil is described by these elastic
moduli. The moduli of compressibility Es and Ws can be determined from the stress-strain
curve through a confined compression test (for example Odometer test) as shown in Figure
4.13. In this case, the deformation will occur in the vertical direction only. Therefore, if the
moduli of compressibility Es and Ws are determined from a confined compression test,
Poisson’s ratio will be taken vs = 0.0. If the other moduli of elasticity E and W are used in the
equations derived in the previous section, Poisson’s ratio will be taken to be vs= 0. In general,
Poisson’s ratio ranges in the limits 0 < vs <0.5.
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Stress o [kN/m?]
Ov Gom

Strain € = Ah / h [%)]

Y Loading

Reloading

Figure 4.13  Stress-strain diagram from confined compression test (Oedometer test)

The modulus of compressibility Es [kKN/m?] (or Ws [KN/m?]) is defined as the ratio of the
increase in stress Ac to decrease in strain Ag as (Figure 4.13)

_Ad" o0,
*OAE AE
xe" s, (4.35)
*Ae" A
where:

Ac”  Increase in stress from oy t0 Gom [KN/m?]
Ov Stress equal to overburden pressure [KN/m?]
com  Stress equal to expected average stress on the soil [KN/m?]
Ag”  Decrease in strain due to stress from oy t0 Gom [-]
Ac”” Increase in stress due to reloading [KN/m?]
Ag””  Decrease in strain due to reloading [-]

The moduli of compressibility may be expressed in terms of either void ratio or specimen
thickness. For an increase in effective stress Ac to decrease in void ratio Ae, the moduli of
compressibility Es [KN/m?] and Ws [kN/m?] are then expressed as

e _ 1 _Ad(i+e)
ml Al

w1 _Ao"(L+e) (4.36)
S mrr Aeu

where:
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m’y  Coefficient of volume change for loading [M?/KN]
m~’y  Coefficient of volume change for reloading [M?/kN]
e’o Initial void ratio for loading [-]
e”’o Initial void ratio for reloading [-]
Ae”  Decrease in void ratio due to loading [-]
Ae””  Decrease in void ratio due to reloading [-]

The values of Es and Ws for a particular soil are not constant but depend on the stress range
over which they are calculated. Therefore, for linear analysis it is recommended to determine
the modulus of compressibility for loading Es at the stress range from oy to oom, While that for
reloading Ws for a stress increment equal to the overburden pressure oy. On the other hand,
since the modulus of compressibility increases with the depth of the soil, for more accurate
analysis the modulus of compressibility may be taken increasing linearly with depth. Also,
according to Kany (1976) the moduli of compressibility Es and Ws may be taken depending on
the stress on soil. In these two cases, the moduli of compressibility Es and Ws can be defined
in the analysis for several sub-layers instead of one layer of constants Es and W.

As a rule, before the analysis the soil properties are defined through the tests of soil
mechanics, particularly the moduli of compressibility Es and Ws. For precalculations Table 8.2
for specification of the modulus of compressibility Es can also be used.

According to Kany (1974), the values of Ws range between 3 to 10 times of Es. From
experience, the modulus of compressibility W;s for reloading can be taken 1.5 to 5 times as the
modulus of compressibility Es for loading.

For geologically strongly preloaded soil, the calculation is often carried out only with the
modulus of compressibility for reloading Ws. In this case, the same values are defined for Es
and Ws.

Matching with the reality, satisfactory calculations of the settlements are to be expected only
if the soil properties are determined exactly from the soil mechanical laboratory, field tests or
back calculation of settlement measurements.

Table 4.2 shows mean moduli of compressibility Es and the unit weight of the soil ys for
various types of soil according to EAU (1990).

-4.24 -



Consolidation Settlement

Table 4.2 Mean moduli of compressibility Es and the unit weight of the soil ys for various

types of soil
Unit weight
vs [KN/m?] Modulus of
Type of soil compressibility
above under Es [kN/m?]
water water

Non-cohesive soil
Sand, loose, round 18 10 20000 - 50000
Sand, loose, angular 18 10 40000 - 80000
Sand, medium dense, round 19 11 50000 - 100000
Sand, medium dense, angular 19 11 80000 - 150000
Gravel without sand 16 10 100000 - 200000
Coarse gravel, sharp edge 18 11 150000 - 300000
Cohesive soil
Clay, semi-firm 19 9 5000 - 10000
Clay, stiff 18 8 2500 - 5000
Clay, soft 17 7 1000 - 2500
Boulder clay, solid 22 12 30000 - 100000
Loam, semi-firm 21 11 5000 - 20000
Loam, soft 19 9 4000 - 8000
Silt 18 8 3000 - 10000

4.8.3 Moduli of elasticity E and W

The equations derived in the previous section to determine the flexibility coefficients are used
with moduli of elasticity E and W for unconfined lateral strain with Poisson’s ratio vs = 0. It
must be pointed out that, when defining Poisson’s ratio by vs = 0 (limit case), the moduli of
compressibility Es and Ws for confined lateral strain (for example from Odometer test) also
can be used.

The modulus of elasticity is often determined from an unconfined Triaxial compression test,

Figure 4.14. Plate loading tests may also be used to determine the in situ modulus of elasticity
of the soil as elastic and isotropic.
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Stress ¢ [kN/m?]

€ Axial strain € = Ah/h [%]

Figure 4.14  Modulus of elasticity E from Triaxial test

It is possible to obtain an expression for the moduli of elasticity E and W in terms of moduli
of compressibility Es, Ws and Poisson’s ratio vs for the soil as

2
E:Esl—\lfs—sz
~v
1 52 5 (4.37)
w=w, =Y
ol

The above equation shows that:

- In the limit case vs = 0 (deformation without lateral strain), the values of E and Es (also
W and Ws) are equal

- In the other limit case vs = 0.5 (deformation with constant volume), the moduli of
elasticity will be E = 0 x Es and W = 0 x Ws. In this case, only the immediate
settlement (lateral deformation with constant volume) can be determined.

Table 4.3 shows some typical values of modulus of elasticity according to Bowles (1977).
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Table 4.3 Typical range of moduli of elasticity E for selected soils

Type of soil Moduéu[sk(l)\ll‘/?rllg]stlmty
Very soft clay 3000 - 3000
Soft clay 2000 - 4000
Medium clay 4500 - 9000
Hard clay 7000 - 20000
Sandy clay 30000 - 42500
Silt 2000 - 20000
Silty sand 5000 - 20000
Loose sand 10000 - 25000
Dense sand 50000 - 100000
Dense sand and gravel 80000 - 200000
Loose sand and gravel 50000 - 140000
Shale 140000 - 1400000

4.8.4 Compression index Cr und initial void ratio e,

In case of clayey soil it is recommended to use the settlement parameters Cc, Cr and Cs to
represent the elastic properties of the soil in the computation of consolidation settlements.
These parameters or indices can be obtained directly from the consolidation test or indirect
using some empirical equations such as Equations 4.40 and 4.41.

4.8.5 Compression index Cc from consolidation test

The typical relationship between the void ratio e and effective stress o obtained from the
consolidation test is shown in Figure 4.15. The slope of the end part of the e versus log o
curve is denoted as the Compression index Cc and computed as

c -_2¢ (4.38)
(0}
log -2

G,

By analogy, the other indices Cr and Cs can be obtained as shown in Figure 4.15 and Equation
4.38

C. orc, ——2¢ (4.39)
G,
log —=
Oj
where:
Cr Recompression index [-]
Cs Swell index [-]
Ae  Change in void ratio between ci and o2 [-]
Oi Any pressure along the appropriate curve  [KN/m?]
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void ratio e [-
— 4 }

¢
+

Effective stress o [KN/m?]

Figure 4.15 Relationship between void ratio and effective stress obtained from

consolidation test

4.8.6 Compression index C. from empirical equations

Because of the number of consolidation tests to obtain the compression indices for a given
project is limited, it is often desirable to obtain approximate values by using other soil
parameters which are more easily determined. Approximate values may be used for
preliminary calculations or to check the laboratory data.

For normally consolidated clays Terzaghi/ Peck (1967), on the basis of research on
undisturbed clays, proposed the following equation to obtain the Compression index C¢ [-]
from the liquid limit of the soil LL [%]

C. =0.009 (LL —10) (4.40)

Azzouz (1976) lists several equations to obtain the compression index, one of them is given
below to obtain the Compression index Cc [-] from the initial void ratio e, [-] of the soil

C.=115(e, —0.35) (4.41)
Typical values of compression and swell indices as well as the corresponding void ratio at

stress 6o = 10 [KN/m?] are presented in the following table according to Gudehus (1981). The
compression index Cc is valid for loading while Cs is valid for both heaving and reloading.
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Recompression index is calculated from the plasticity index using the following correlations
(Kullhawy and Mayne (1990)):

_P
" 370

where Pl is the plasticity index in percent.

(4.42)

F.H. Kullhawy, P.H. Mayne: Manual on Estimating Soil Properties for Foundation Design,
Electric Power Research Institute, EPRI, 1990.

Table 4.4 Compression and swell indices depending on the initial void ratio
Soil type Compression index Swell index Initial void ratio
Ce [] Cs [-] €o [-]
Gravely sand 0.001 0.0001 0.3
Fine sand, dense 0.005 0.0005 0.5
Fine sand, loose 0.01 0.001 0.7
Coarse silt 0.02 0.002 0.8
Clayey silt 0.03-0.6 0.01-0.02 09-1.2
Kaolin-Silt 0.1 0.03 15
Silt 0.1-0.3 0.03-0.1 1.2-25
Clay 0.5 0.4 5
Peat 1 0.3 10
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4.9 Defining the project data

4.9.1 Firm Header

When printing the results, the main data (firm name) are displayed on each page at the top in
two lines or in graphic presentation at the identification box. Firm name can be defined,
modified and saved using the "Firm Header" Option from the setting Tab (see Figure 4.16).

Firm Header:

1. Header GEQTEC Software Inc., Calgary AR, Canada T3E 7¥7

2.Header  pg Box 14001 Richmond Road PO, Tele.: +1 (537) 332-3323

Figure 4.16  Firm Header

4.9.2 Task of the program GEO Tools (Analysis Type)

The program GEO Tools can be used to analyze various problems in Geotechnical
Engineering for shallow foundations and deep foundations, Figure 4.17.

S

Problem type

Analysis Type:

Deep foundations

Figure 4.17  Problem type
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According to the main menu in Figure 4.18 the following geotechnical problems can be
calculated for shallow foundations:

Stresses in soil

Strains in solil

Displacements in soil
Consolidation settlement
Degree of consolidation
Time-settlement curve
Displacements of rigid raft
Consolidation of rigid raft
Settlements of footing groups

T

Select option to calculate:

oSN~ E

(1 01-Stresses in soil

(™1 02- Strains in soil

(71 03-Displacementsin soil
@ 04-Consolidation settlement
™) 05-Degree of consolidation
™1 06- Time-settlement curve
™1 07F-Displacementof rigid raft
(™1 08- Consolidation of rigid aft

(71 09-Settlements of footing groups

Figure 4.18  Problem type for shallow foundation

In menu of Figure 4.18 select the option:
04- Consolidation settlement

The following paragraph describes how to determine the consolidation settlement of a loaded
area by the program GEO Tools. The input data are the geometry of the loaded area, load
intensity and the properties of the soil layers.
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4.9.3 Project Identification
In the program, it must be distinguished between the following two data groups:

1 System data (For identification of the project that is created and information to
the output for the printer).

2 Soil data (Soil properties and so on).
The defining input data for these data groups is carried out as follows:

After clicking on the "Project Identification” Option, the following general project data are
defined (Figure 4.19):

Title: Title label
Date: Date
Project: Project label

Project Identification:

Title Consolidation setlement under a rectangular raft

Date 01-05-2017 -

Project  Graig (1978) (Example 7.2, page 186)

T = | I

Figure 4.19  Project Identification

4.9.4 System data of the loaded area

After clicking on the "Consolidation settlement™ Option, the following system data of the
loaded area are defined (Figure 4.20):

Type of load:

Point load
Rectangular load
Circular load
Polygon load

Load intensity and geometry:

q Distributed load [KN/m?]
a Length [m]
b Width [m]

-4.32 -



Consolidation Settlement

Coordinates of point A(x, y), under which the consolidation settlement is required to calculate
and the thickness z of undesired layers to be neglected in the calculation:

X X-Coordinate [m]
Y Y-Coordinate [m]
VA Z-Coordinate [m]

Dimensions of the element mesh:

Dx Element length in x-direction [m]
Dy Element length in y-direction [m]
e ==
[bata | SoiData |
Data: Polygon load:
Foint load Q kN (7354 5 ' 4 segmer ——
Distributed load g [kN/m2] 135 Seg it —
Length/ Radius a [m] 45.00 Start poistion x1 [m] |g.00 e
Width b [m] 20,00 vyi  [m] (g0
End position x2 [m] |i0.00
Point coordinates:
y2  [m] |0.00 il
¥-coordinate X [ml 23,50 T
Y-coordinate ¥ [m] 1500 i
Z-coordinate z [m] 2150
Select option to calculate:
() Pointload
@ Rectangularload
() Circularload +A{x,y)
) Palygon load
Element:
Element length in x-direction Dx [m] 430
e
Element width in y-direction py [ml 340 ="
No. of circular divisions nd [ (g
Results ] ’ Save ] [ Load... ] [ ok ] [ Save As... l [ Help ] [ << Less
SRS 0 A = AT

Data of the loaded area

Figure 4.20

4.9.5 Data of soil layers

Soil properties of a layer maybe defined by either Modulus of Compressibility Es (1/my) or
Compression Index (Figure 4.21):
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In case of defining the soil properties by only the Modulus of compressibility Es, unit weight
of the soil and overburden pressure are not required to define. Only the layer thickness is
defined.

,
R

Data |

Soil Data:
Layer Mo. 1from 1layers:
@ Soil properties aredefined by Modulus of Compressibility Es (1fmv) -

() Soil properties are defined by Compression Indec Cc

Modulus of compressibility Es [kN/m2] 2857

Over consolidated ratio OCR [-] 1.000 =

Compression index Cc [-1 0.160

Recompression Index Cr [-] 0.180 £opy
Initial voidratio =] [-] 0.850

Unit weight Gamma_c [kN/m3] q

Layerthickness h [m] 4.00 < Delete

Overburden pressure:

Owerburden pressure Gamma*z [kN/m2] 0
Results ] ’ Save ] [ Load... ] [ ok ] [ Save As... l [ Help ] [ << Less
o 7 /-/\)y ; AR N = AT
1

Figure 4.21  Soil data
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4.10 Examples to verify consolidation settlement

4.10.1 Introduction

The application possibilities of the program GEO Tools to evaluate the consolidation
settlement are presented below in some numerical examples. The examples were carried out
to verify and test the application of the proposed numerical procedures outlined in this book.

The examples outlined in this section can be also analyzed by the program ELPLA and the
same results can be obtained. GEO Tools is a simple user interface program and needs little
information to define a problem. It is prefer to use it for a simple foundation geometry.
Furthermore, ELPLA can also read data files of a consolidation problem defined by GEO
Tools.

The two first examples 1 and 2 can be read and analyzed by ELPLA without modifications

and the same results can be obtained. The other two examples 3 and 4, those having OCR >1,
need to be modified after reading their data files to get the same results.
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4.10.2 Example 1: Consolidation settlement under a rectangular raft
4.10.2.1 Description of the problem

To verify the consolidation settlement calculated by GEO Tools, the final consolidation
settlement of a clay layer under a rectangular raft calculated by Graig (1978), Example 7.2,
page 186, is compared with that obtained by GEO Tools.

A building supported on a raft 45 [m] x 30 [m] is considered. The contact pressure is assumed
to be uniformly distributed and equal to q = 125 [kN/m?]. The soil profile is shown in Figure
4.22. The coefficient of volume change for the clay is my = 0.35 [m?MN] (Es = 1/ m, = 2857
[MN/ m?]). It is required to determine the final settlement under the center of the raft due to
consolidation of the clay.

. m; = 22.5 [m] I 45
! —
E
: _
<l J . 4+ | |&
c 3
|
|
o] |
5
a) ; 45 [m]
q = 125 [KN/m?]
IS L LT Ty g
: _____ S GW
25ml L I )
g . Sand | 7=23.5[m]
H=4[m_—Clay — - +C-— — - — L~

b)
Figure 4.22  a) Plan of the raft with dimensions and FE-Net

b) Cross section through the soil under the raft
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4.10.2.2 Hand calculation of consolidation

According to Graig (1978), the consolidation of the clay layer can be obtained by the hand
calculation as follows:

The clay layer is thin relative to the dimensions of the raft. Therefore, it can be assumed that
the consolidation is approximately one-dimensional. In this case, it will be sufficiently
accurate to consider the clay layer as a whole. The consolidation settlement is to be calculated
in terms of my. Therefore, only the effective stress increment at mid-depth of the layer is
required. The increment is assumed constant over the depth of the layer. Also, Ac' = Ac for
one-dimensional consolidation and can be evaluated from Fadum’s charts (1948), Figure
4.23.

The effective stress increment Ac' at mid-depth z = 23.5 [m] of the layer below the center of
the raft is obtained as follows

m="e 2223 _ 961
z 235
n="e o 15 _g6ar
z 235
From Fadum'’s charts (1948)
lr=0.14 [-]

The effective stress Ac' is given by
Ac' =4 1rq = 4x0.14x125 = 70 [KN/m?]
The final consolidation settlement s¢ is given by

Sc = Ac' my H = 0.35%70%4 = 98 [mm] = 9.8 [cm]
4.10.2.3 Consolidation by GEO Tools

The modulus of compressibility of the clay Es» is obtained from the modulus of volume
change my as

E, = =1 _2g857[MN/m?]= 2857 [kKN/m’]
m, 035

v

A coarse FE-Net may be chosen, where more details about the results are not required, only
the settlement under the center of the raft due to consolidation of the clay. A net of equal
elements is chosen. Each element has dimensions of 3 [m] x 4.5 [m] as shown in Figure
4.22a. The final consolidation settlement of the clay under the center of the raft obtained by
the program GEO Tools is sc = 9.8 [cm] and quite equal to that obtained by the hand
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calculation.

Figure 4.23

{1} T
0.74 =i |
nnL___ 'Hgl =
01 mul# al
021 | =] ]
20— — tq_'g N
[~ | mr el
018 |—.é’
o8 Mofe:m 8w oare f_m |
o7 .-.-r-‘.rm-‘mw:llgmé-? |
— | T
015 m
ICLAT
5 043 Fadum diagram ’"!'”
for T a
= o
(31 e
0u0a =7 JJ-I
o0
007 |
=12
ans —
0.05
0.
a0d] | . met
o0 J'ﬁ’ ¥ [
- "
0.0 :""‘? b ,_%”:f 2t ll
S=nns | -0
& fﬂiiiium 1 3 45%TE W 1 4 5 TE WA
Values of n= Lz
Graph for determining influence value for vertical normal stress As, aé
point N located beneath one corner of a uniformly loaded rectangular ares.
Fadum diagram after Terzaghi (1970)

The input data and results of GEO Tools are presented on the next pages. By comparison, one
can see a good agreement with the hand calculation.
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R R R d b e a4 S IR i S SR B S R i S R S S S S 2 R S I R S e R S b e S SR A S SR B S SR S b R S S SR S 2 R S S R S g R 4

GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy

R R R d b e a4 S R S SR S S R S S R S S R S S R S I R S e R S dh e S IR e S R B S SR S b R S S SR S I R S S R S dh R g

Title: Consolidation settlement under a rectangular raft
Date: 01-09-2017

Project: Graig (1978) (Example 7.2, page 186 (

File: 4Con_ Ex1

Data

Rectangular load q [kN/m2] = 125.0
Length a [m] = 45.00
Width b [m] = 30.00
Soil Data

Layer No.: 1

Modulus of compressibility Es [kKN/m2] = 2857
Unit weight Gamma c [kN/m3] = 9
Layer thickness h [m] = 4.00
Point coordinates

X-coord. X [m] = 22.50
Y-coord. % [m] = 15.00
Y-coord. 4 [m] = 21.50
Results

Settlement

Layer No.: 1 S1 [cm] = 9.76
Total St [cm] = 9.76

No. Coord. Coord. Settlement Contact Modulus of
pressure subgrade

reaction

I b v S q ks
[-] [m] [m] [cm] [kN/m2] [kN/m3]
6l 22.50 15.00 9.76 125 1281
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Method (9) (Layered soilmodel)
Flexible Foundation
X
. 9,53 [em] 30.000
. 9.07 [em] 27.000
. 8.61 [cm]
24.000
|:| 8.15 [cm]
21.000
. 7.69 [cm]
. 18.000
7.22 [cm]
. 6.76 [cm] 15.000
. 6.30 [cm] 12.000
. 5.84 [cm] 9.000
. 5.38 [cm]
6.000
. 4.92 [cm]
3.000
. 4.46 [cm]
. 4.00 [cm] 0.000
0.000 4500 9.000 13.500 18.000 22500 27.000 31.500 36.000 40.500
Settlements s [cm]
Max.s=9.76 atnode 61, Min.s=3.76 atnode 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 311 Project: Graig (1978) (Example 7.2, page 186)
File: 4Con_Ex1 Date: 01-09-2017
Page No.: Title: Consolidation settlementunder a rectangular raft

45.000
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4.10.3 Example 2: Consolidation settlement under a circular footing
4.10.3.1 Description of the problem

To verify the consolidation settlement calculated by GEO Tools, the final consolidation
settlement of a clay layer under a circular footing calculated by Das (1983), Example 6.3,
page 371, is compared with that obtained by GEO Tools.

A circular footing 2 [m] in diameter at a depth of 1.0 [m] below the ground surface is
considered as shown in Figure 4.24. Water table is located at 1.5 [m] below the ground
surface. The contact pressure under the footing is assumed to be uniformly distributed and
equal to g = 150 [KN/m?]. A normally consolidated clay layer 5 [m] thick is located at a depth
of 2.0 [m] below the ground surface. The soil profile is shown in Figure 4.24, while the soil
properties are shown in Table 4.5. It is required to determine the final settlement under the
center of the footing due to consolidation of the clay.

Table 4.5 Soil properties

Depth of the layer | Unit weight | Compression | Void ratio
Layer Type of under the ground of the soil index
No. Soil surface
z[m] v [kN/m’] Ce[] € [-]
1 Sand 1.5 17.00 - -
2 Sand 2.0 9.19 - -
3 Clay 7.0 8.69 0.16 0.85
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1.0 [m]

0.5 [m]

0.5 [m]

H; = 5.0 [m]

2b-2.0 [m]

5000 50 )8 52 59 SRS ST

Sand" .

3 =150 [kN/m7]

y=17 v’ (LTI 0]

Normally consolidated clay —~ — -~ == = - =~

b)

Figure 4.24
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.................... :_ ;_._.I_.__.:_.j____._j____.__ —
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T-oSeEIz *c -l TT s :_‘__'_ AH3 =1.0 [m]

= ' = 8.69[KN/m? e
- ’YCC — 016[ [_] ] e - - T - T _ AH4 =1.0 [m]
—e=085[] - oot o]

i, : " _-_:—‘: ‘_5 = _:-_:I_—‘-_‘ = _:_‘_:‘: AHs = 1.0 [m]

a) Plan of the footing with dimensions and FE-Net
b) Cross section through the soil under the footing
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4.10.3.2 Hand calculation of consolidation

According to Das (1983), the consolidation of the clay layer can be obtained by the hand
calculation as follows:

The clay layer is thick relative to the dimensions of the footing. Therefore, the clay layer is
divided into five layers each 1.0 [m] thick.

4.10.3.2.1 Calculation of the effective stress &'o)
The effective stress ¢'o on the top of the clay layer is

Co =Y1 21 t7V, 2y
6! =17x15+9.19x0.5 = 30.1[KN/m?]
The effective stress o'o(1) at the middle of the first layer is

. AH,;
Coy =Y1 417> 22+Y3T

S :17x1.5+9.19x0.5+8.69x% — 3444 [kN/m’]

The effective stress c'o(2) at the middle of the second layer is

AH, +A_sz

’ !
Go2) = %o V3 ( 2 5

G;(Z) =34.44+8.69 (% + %) =43.13[kN/m?]

Similarly
6'o3) = 43.13 + 8.69 = 51.82 [kKN/m?]
6'o) = 51.82 + 8.69 = 60.51 [kN/m?]
6'o5) = 60.51 + 8.69 = 69.20 [kKN/m?]

4.10.3.2.2 Calculation of the increase of effective stress Ao';

For a circular loaded area of radius b and load g, the increase of effective stress Ac'i below the
center at depth z is given by (Das (1983))
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Hence

-4.44 -

Ac, =150

Ac), =150

A, =150

Ac', =150

Acl, =150| 1—

1-—

= 63.59 [kN/m’]

= 29.93[kN/m’]

=16.66 [KN/m?]

=10.46 [KN/m?]

= 7.14[kN/m?]
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4.10.3.2.3 Calculation of consolidation settlement sc
The steps of the calculation of consolidation settlement sc are given in Table 4.6 and Figure

4.24.

Table 4.6 Steps of calculation of consolidation settlement s¢

Layer Effective Increase of Decrease of | Consolidation
Layer thickness stress effective void ratio settlement
No. stress

AH; [m] c'ot) [KN/M?] | Ac'i [KN/m?] Aeqy [-] Sc(i) [M]

1 1.0 34.44 63.59 0.07270 0.0393

2 1.0 43.13 29.93 0.03660 0.0198

3 1.0 51.82 16.66 0.01940 0.0105

4 1.0 60.51 10.46 0.01110 0.0060

5 1.0 69.20 7.14 0.00682 0.0037
Total consolidation settlement X 0.0793

In Table 4.6 the decrease of void ratio Aeg and the consolidation settlement s are given by

Ag;, =C, Iog(

’ ’
Ooiy T Aco(i)J

The total consolidation settlement obtained by the hand calculation is

S¢c =0.0793 [m] = 7.93 [cm]
4.10.3.3 Consolidation by GEO Tools

GEO Tools can consider the clay layer as a whole and calculate the consolidation settlement
directly in terms of Compression index C. and Void ratio e,. The final consolidation
settlement of the clay under the center of the footing obtained by the program GEO Tools is Sc
= 8.01 [cm] and nearly equal to that obtained by the hand calculation. The input data and
results of GEO Tools are presented on the next pages.
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R I b b b b b (dh 4 g b b b b Sh S dh g 2 b b b b b Sh dh 2 g b b b b b Sh S g g b b b b b dh g 2 b b b b b b dh dh g b b o 4
GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy

R R R d b e a4 S R S SR S S R S S R S S R S S R S I R S e R S dh e S IR e S R B S SR S b R S S SR S I R S S R S dh R g

Title: Consolidation settlement under a circular footing
Date: 02.01.2005

Project: Das (1983) (Example 6.3, page 371 (

File: 4Con_ Ex2

Data

Circular load P [kN/m2] = 150.0
Radius a [m] = 1.00
Soil Data

Layer No.: 1

Compression index Cc [-] = 0.160
Recompression Index Cr [-] = 0.160
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.850
Unit weight Gamma c [kN/m3] = 9
Layer thickness h [m] = 5.00
Overburden pressure Gamma*z [kN/m2] = 30.10
Depth increment in z-direction Dz [m] = 0.00
Point coordinates

X-coord. X [m] = 1.00
Y-coord. % [m] = 1.00
Y-coord. z [m] = 1.00
Results

Settlement

Layer No.: 1 S1 [cm] = 8.01
Total St [cm] = 8.01

No. Coord. Coord. Settlement Contact Modulus of
pressure subgrade

reaction

I b v S ks
[-] [m] [m] [cm] [kN/m2] [kN/m3]
1 1.00 1.00 8.02 150 1870
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Method (9) (Layered soilmodel)
Flexible Foundation
X
. 7.92 [cm]
. 7.76 [cm]
. 7.59 [cm]
|:| 7.41 [cm]
. 7.24 [em]
. 7.07 [em]
. 6.90 [cm]
. 6.73 [cm]
. 6.56 [cm]
. 6.39 [cm]
. 6.22 [cm]
. 6.05 [cm]
. 5.88 [cm]
Settlements s [cm]
Max.s=8.01 atnode 1, Min.s=5.79 atnode 41
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 13 Project: Das (1983) (Example 6.3, page 371)
File: 4Con_Ex2 Date: 02.01.2005
Page No.: Title: Consolidation settlementunder a circular footing
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4.10.4 Example 3: Loading and reloading settlement under a square raft
4.10.4.1 Description of the problem

To verify the consolidation settlement calculated by the program GEO Tools in the cases of
loading and reloading pressures, a hand calculation of a consolidation settlement for a clay
layer under a square raft is compared with that obtained by GEO Tools.

A square raft of B = 20 [m] side located at a depth of df =5 [m] below the ground surface is
considered as shown in Figure 4.25. Ground water table lies at a depth z = 5 [m] under the
ground surface. The contact pressure under the raft is assumed to be uniformly distributed and
equal to g = 200 [KN/m?]. A clay layer of H = 10 [m] thick is located directly under the raft.
Figure 4.25 shows raft with dimensions and soil profile, while the soil data are shown Table
4.7. It is required to determine the final settlement under the center of the raft due to
consolidation of the clay taking into account the reloading pressure due to the excavation
weight.

L =20 [m]
[ B =20[m] '

d=5 [m] 1 éénd S qEOO [kN/m/ ; :_ /\ //
(_:_2_9_[‘5_'\'_/!113_]__I ] v W iy ww AT I A

_Clay - = — [

S (=10 [kN/mY e

H=10[m] - Cc=03 [-] T . - - _—_ - -_

-Cr=0.03 [] e

1 ~e =10 [-] T e -

Figure 4.25  Raft with dimensions and soil profile
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Table 4.7 Soil data of the clay layer

Unit weight of the soil above the water level y =20 [KN/m?]
Unit weight of the soil under the water level vE =10 [KN/m’]
Recompression index Cr =0.03 [-]
Compression index Cec =0.3 [-]
Initial void ratio €o =10 []

4.10.4.2 Hand calculation

4.10.4.2.1 Loading and reloading pressure

The reloading pressure due to the soil excavation is gy = y. dr = 20 x 5 = 100 [KN/m?].
The total applied pressure on the soil due to the raft is g = 200 [KN/m?].

4.10.4.2.2 Overburden pressure
The overburden pressure on the top of the clay layer is given by:

6,=7vd, =20x5=100[KN/m?]
The overburden pressure in the middle of the clay layer is given by:

c,=vd; +m=20x5+10><10
2

=150 [kN/m*]

0

4.10.4.2.3 Increment of vertical stress

For a rectangular loaded area of intensity g [kN/m?] with sides a [m] and b [m] acting on the
surface, the increment of vertical stress Ac [KN/m?] in the soil layer of thickness h under the
corner of the rectangular can be expressed as:

U {(bm(m—aﬂm+a)+am(ar-m(m+b)+h“,flab]

22h G ra)(m-a) - (c+by(m—b) R
_{Mn@—mm+m+Mnm—mmwm+mmwab}
(Cl+a) (m_a) (C1+b)(m_b) hict

where:m = /a2 +b?, ¢, = a2+ b’ +hiand ¢, =+/a’ + b+ h?

h Thickness of the soil layer, [m].
h1 Depth of the layer top from the surface, [m].
h2 Depth of the layer bottom from the surface, [m].

when h; = 0, the above equation becomes:

— 9 (c.—a)(m+a) 1. ab
Ac—ﬁ{(Zb In () (m—a) *+h;tan hch}
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The stress under the corner of the quarter of the raft is:

U 22101 (+/300 —10) (/200 +10) +10tan_1&j 1g
2110 (/300 +10) (+/200 —10) 10x+/300
Ac=0.225q

.".The increment of vertical stress in the soil layer due to the reloading pressure qv is given
by:
Ac,,=41_q, =4x0.225x100 = 90 [kN/m 2]

.. Increment of vertical stress in the soil layer due to the total applied pressure q is given by:
Ac,, =41 _q=4x0.225x 200 =180 [kN/m 2]

4.10.4.2.4 Over consolidated ratio OCR

Preconsolidation pressure of the layer ocis given by:
e = 6o + A, =150 +90 = 240 [KN/m?]

Over consolidation ratio OCR is given by:

ocr= % -2480_, ¢
co 150
OCR>1: The clay is over consolidated.

4.10.4.2.5 Consolidation settlement:

The total settlement of the raft occurred due to two parts. Reloading part due to the reloading
pressure of gy = 100 [KN/m?], while loading part due to the pressure from g, = 100 [kN/m?] to
the total pressure g = 200 [kN/m?]. This settlement can be obtained from the following
equation:

Sc— Crh |Og (50+A0va1 N Cch |Og (50+A(5va
l+e, Go 1+g, GotAC,y

where:

Sc Consolidation settlement, [m].

h Layer thickness, [m].

Cr Recompression index, [-].

Cec Compression index, [-].

€o Initial void ratio, [-].

o Overburden pressure in the middle of the layer, [kN/m?].
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Aova Increment of vertical stress in the soil layer due to the total applied pressure q,
[KN/m?].
Acvar Increment of vertical stress in the soil layer due to the reloading pressure gy, [KN/m?].

The consolidation settlement is given by:

S

~ 0.03x10 log 150+90 +O.3><10 o 150+180
‘ 1+1 150 1+1 150+90

S, =0.0306 +0.2075 [m]

S, =3.06+20.75 = 23.81 [cm]

where:
Reloading settlement is Su=3.06 [cm]
Loading settlement is Se =20.75 [cm]

Total consolidation settlementis S = 23.81 [cm]

4.10.4.3 Consolidation settlement by GEO Tools

The consolidation settlement obtained from GEO Tools at the center of the raft is 23.84 [cm]
nearly the same as that of the hand calculation with a difference 0.03 [cm]. The input data and
results of GEO Tools are presented on the next pages.
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R e I b b b b b b b b b b b b b b b b b b b b b b I b b b b b b I b I b b b b b b S b b b b b b b b b b b Y
GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy

R R R b e a4 S b i S SR S S R i S R S S R S 2 R S I R S dh R S b e S SR A dh R S S SR S b R S S R S I R S A R S i R 4

Title: Consolidation settlement under a square raft
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex3

Data

Rectangular load q [kN/m2] = 200.0
Length a [m] = 20.00
Width b [m] = 20.00
Soil Data

Layer No.: 1

Compression index Cc [-] = 0.300
Recompression Index Cr [-] = 0.030
Over consolidated ratio OCR [-] = 1.600
Initial void ratio eo [-] = 1.000
Unit weight Gamma c [kN/m3] = 10
Layer thickness h [m] = 10.00
Overburden pressure Gamma*z [kN/m2] = 100.00
Depth increment in z-direction Dz [m] = 0.00
Point coordinates

X-coord. X [m] = 10.00
Y-coord. % [m] = 10.00
Y-coord. z [m] = 0.00
Results

Settlement

Layer No.: 1 S1 [cm] = 23.84
Total St [cm] = 23.84

No. Coord. Coord. Settlement Contact Modulus of
pressure subgrade

reaction

I X y S q ks
[-] [m] [m] [cm] [kN/m2] [kN/m3]
60l 10.00 10.00 23.84 200 839
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Method (9) (Layered soilmodel)
Flexible Foundation
X
20.00
18.00
. 23.00 [em]
16.00
. 21.31 [em]
. 19.62 [cm]
14.00
|:| 17.92 [cm]
. 16.23 [cm] 12.00
. 14.54 [cm]
. 12.85 [cm] 10.00
. 11.15 [cm]
8.00
. 9.46 [cm]
. 7.77 [em]
6.00
. 6.08 [cm]
. 4.39 [cm] 400
. 2.69 [cm]
2.00
0.00
0.00 2.00 4.00 6.00 8.00 1000 1200 1400  16.00 1800  20.00
Settlements s [cm]
Max.s=23.84 atnode 61, Min.s=1.84 atnode 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 139 Project: User's Manual
File: 4Con_Ex3 Date: 01-09-2017
Page No.: Title: Consolidation settlement under a square raft
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4.10.5 Example 4: Preconsolidated settlement under a rectangular raft

4.10.5.1 Description of the problem

To verify the rigid settlement for a preconsolidated clay layer calculated by the program GEO
Tools, a hand calculation of a rigid settlement for two different layers under a rectangular raft
is compared with that obtained by GEO Tools.

A tower of 10 floors supported on a raft 32.5 [m] x 23.5 [m] located at a depth of df =1.5 [m]
below the ground surface is considered as shown in Figure 4.26. Ground water table lies
directly under the raft. The contact pressure is assumed to be uniformly distributed and equal
to g = 120 [KN/m?]. The soil profile consists of a sand layer having a thickness of 10.5 [m]
underlain by a clay layer of 14 [m] thickness as shown in Figure 4.26. The soil data of the two
layers are listed in Table 4.8 and Table 4.9. It is required to determine the expected rigid
settlement of the raft.

T
E
Te)
&
i
a) ; 32.5 [m]
2 N I T D77, 2 GW v (0.00)
S oo.o.uSand U T AR
E| [oiiaimeIioTaIiiIbETA
o| oS- IIio - I-oToo T
A - - I - T - I L. .- -zt
D B
| -Z---Clay — - o v (23.00)

Figure 4.26  a) Plan of the raft with dimensions and FE-Net

b) Cross section through the soil under the raft
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Table 4.8 Soil data of the sand layer

Unit weight of the soil above the water level Ys =16 [KN/m?]
Unit weight of the soil under the water level & = [KN/m®]
Modulus of Compressibility Es = 14000 [KN/m?]
Table 4.9 Soil data of the clay layer

Unit weight of the soil under the water level v = [KN/m?]
Recompression index Cr =0.15 [-]
Compression index Cec =0.75 [-]
Initial void ratio €& =15 [-]

4.10.5.2 Hand calculation

The definition of the characteristic point according to Gralhoff (1955) can be used to
determine the rigid settlement of the raft. The characteristic point o is defined as that point of
a surface area loaded by a uniformly distributed pressure, where the settlement s, due to that
pressure is identical with the displacement w, of rigid foundation of the same shape and
loading. For a rectangular foundation, the characteristic point takes the coordinates a. =0.87A
and b, = 0.87B, where A and B are the foundation dimensions.

The settlement is obtained for each layer at the characteristic point o by the hand calculation.
This point o takes the coordinates ac = 0.87 A and b = 0.87 B as shown in Figure 4.27. The

raft is divided into four rectangular areas I, Il, Il and IV as shown in Figure 4.27. The
settlement of point o is then the sum of settlements of areas I, II, 11l and IV.
A=325[m]
) , )
|
E i
o : —
S 1] Iy £
& ' 0
I Characteristic point I Q
[
|
[

-

m

'_|_. _________________________________ O_$_ ..... |
E [ (T
=y i I |
L0 --- -
S ' [ '
o [} . ]

. ' :

] | ]

ac = 28.275 [m] 4.225 [m]

Figure 4.27  Characteristic point o of the settlement on the raft
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4.10.5.2.1 Settlement of the sand layer

For a rectangular loaded area of intensity g [KN/m?] with sides a [m] and b [m] acting on the
surface, the settlement Sc under the corner for a soil layer defined by Es can be expressed as:

Sc= [bln—(C_a)(m+a)+aln—(C_b)(m+b)+htan1£j
2nE, (c+a)(m-a) (c+b)(m-b) hc

where:m =+/a?+p?,c=+/a’+b>+h? and h is the thickness of the soil layer, [m].

The settlement due to the loaded area | under the characteristic point o of the raft is:

m=/a?+b? = +/28.2752 +3.055° = 28.440
c=+/a?+b?+h? =+/28.2752 +3.055? + 9% = 29.830

s __ 120 [(4 cp ) (29.830-28.275) (28.440+28.275)
s~ 2714000 |\ (29.830+ 28.275) (28.440 — 28.275)

+ 28975, (29:830-3.055) (28.440+3.055) ., 28.275x3.055
(29.830+ 3.055) (28.440 — 3.055) | 9x 29 830

Sc, =0.0135[m]

The settlement due to the loaded area 11 under the characteristic point o of the raft is:

m=+/a?+b? =+/4.225? + 3.055% = 5.214
c=+Ja2+p2+h? =4.225? +3.0552 + 9% =10.401

sl —

120 3,055 | (10:401-4.225) (5.214+4.225)
2114000 || (10.401+ 4.255) (5.214 —4.225)

+4.225In (10.401-3.055) (5.214+3.055) +9tan- MJ}

(10.401+3.055) (5.214 —3.055) 9x10.401
Sc,, =0.0117 [m]

The settlement due to the loaded area 111 under the characteristic point o of the raft is:

m=/a?+b? = /28.275? + 20.445? = 34.892
c=+/a?+b?+h? =1/28.2752 + 20.445% + 92 = 36.034
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Se, =22 120,445
2114000

(36.034 - 20.445) (34.892+ 20.445) |
(36.034 + 20.445) (34.892 — 20.445)

sc,, =0.0191[m]

(36.034 - 28.275) (34.892+ 28.275) |
(36.034+ 28.275) (34.892 — 28.275)

4 28.275x% 20.445
9x36.034

+9tan

+28.275In

The settlement due to the loaded area 1V under the characteristic point o of the raft is:

m=/a?+b? =+/4.2252 + 20,4452 = 20.877
c=+Ja2+b2+h? =44.205% + 20,4452 + 9% = 22.734

Cqy =————— .
¥ 2714000 (22.734+ 4.255) (20.877 — 4.225)

(22.734-20.445) (20.877+20.445) . 4.225x20.445
(22.734+ 20.445) (20.877 — 20.445) 9% 22.734

sc,, = 0.0152[m]

120 {(20_ 445 |y (22734 4.225) (20.877+4.225)

+4.2251In

The steps of the calculation of the settlement Scs for the sand layer are summarized in Table
4.10.

Table 4.10 Steps of calculation of consolidation settlement Scs for the sand layer

Area Side Side = \/m c= \/m Settlement
No. a[m] b [m] [m] [m] Scsi [m]
I 28.275 3.055 28.440 29.830 0.0135
] 4.225 3.055 5.214 10.401 0.0117
Il 28.275 20.445 34.892 36.034 0.0191
\% 4.225 20.445 20.877 22.734 0.0152
Total settlement of the sand layer Scs =X 0.0595
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4.10.5.2.2 Settlement of the clay layer
4.10.5.2.3 Preconsolidation pressure o

In this example the over consolidated ratio is given OCR =1.5. Therefore, preconsolidation
pressure of the clay o is estimated from:

6. = OCRx g,

To determine the depth under the surface in which the clay is preconsolidation for reloading
case (of < oc¢) or loading and reloading case (of > oc > Go), @ comparison between
preconsolidation pressure oc and total vertical stress on the clay o=co+0;. is carried out as
shown in Table 4.11. To achieve that, the total clay layer is subdivided into sub-layers, each
of 1.0 [m] thickness. In the middle of each sub-layer, the overburden pressure oo, vertical
stress o, preconsolidation pressure oc and final stress on the sub-layer of are determined.
Because of the sub-layer thickness is very small, the increment of vertical stress in the sub-
layer Acav is considered equal to the vertical stress o; in the middle of the sub-layer.
Consequently, the consolidation settlement Sc. can be determined in the same time.

4.10.5.2.4 Vertical stress in sub layers

Stress o7 at a depth z in the soil under a corner of a rectangular loaded area g with sides a and
b at the surface is given by:

q((1 1 )abz 4 ab
o, =—|| =7 + - + tan
2n|\RZ RZ ) R, Z.R,

where R? =+va* +2?,R? =+/b* +z* and R, =+a’ +b* + z°

4.10.5.2.5 Overburden pressure
The overburden pressure at the surface of the clay layer is given by:

c,=7.d; +y.h, =16x1.5+7x9 =87 [kN/m=]
The overburden pressure at any depth z under the raft in the clay layer is given by:
c,=87+v,.(z-h,)=33+62

The steps of the calculation of the consolidation settlement Sc¢ for the clay layer are given in
Table 4.11.
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Table 4.11 Steps of calculation of consolidation settlement Sc. for the clay layer

Depth Gc Settlement
Sub layer o = OCRx of Scei [m]
. under _ (7 _
thickness the raft | = 33+6z o [KN/m?] =G0+07
hc [m] 2 [m] [KN/m?] 1.5 6o [KN/m?]
[KN/m?]
Sc:Crhlog(G_cJ+ Cchlog (50+Acav]
1+ € Co 1+ € Oc
where of > ¢ > 6o
hc1=3 [m] 9.5 90 135 61.61 151.61 0.0257
10.5 96 144 58.04 154.04 0.0193
11.5 102 153 54.91 156.91 0.0139
Total consolidation settlement Scc; =X 0.0589
Sccz — Lh |Og ( Cot AGva1 j
1+e, Go
where ot < 6¢
12.5 108 162 52.12 160.12 0.0103
13.5 114 171 49.61 163.61 0.0094
14.5 120 180 47.33 167.33 0.0087
hc2=11 [m] 15.5 126 189 45.22 171.22 0.0080
16.5 132 198 43.27 175.27 0.0074
17.5 138 207 41.45 179.45 0.0068
18.5 144 216 39.75 183.75 0.0064
19.5 150 225 38.14 188.14 0.0059
20.5 156 234 36.62 192.62 0.0055
21.5 162 243 35.18 197.18 0.0051
22.5 168 252 33.81 201.81 0.0048
Total consolidation settlement of the clay layer Scc; =X 0.0782

4.10.5.2.6 Preconsolidation settlement:

The total settlement of the raft occurred due to two parts. Preconsolidation part for of < o,
and preconsolidation part for ot > oc > 0. This settlement can be obtained from the following
equations:

For a preconsolidated clay, if of < oc (reloading case), Figure 4.7:

g = Ch Iog(—c"+A(Sav J

43
=lte, . (43)
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For a preconsolidated clay, if ot > 6c > o, (loading and reloading case), Figure 4.8:

S, = Cel jog| Ge |4 Celtog[ GotA%w
1+eo Oo 1+e0 Oc

where:

Go Initial overburden pressure at the middle of the layer, oo = yz, [KN/m?].
Acay  Average increase of stress in the layer due to the applied load, [KN/m?].
Gc Preconsolidation pressure of the layer, [KN/m?].

Ce Compression index for loading, [-].

Cr Compression index for reloading, [-].

€o Initial void ratio, [-].

The preconsolidation settlement is then:

For of > oc > oo (loading and reloading case)
For of < o¢ (reloading case)

Total preconsolidation settlement is

Sce1 = 0.0589 [m]
Sce2 = 0.0782 [m]
Scc =0.1371 [cm]

4.10.5.3 Settlement by GEO Tools

(44)

GEO Tools deals with the clay layer as one unit and considers the different stresses for the
whole layer. Therefore, to ensure the variable cases of preconsolidation of the clay, the clay
layer must be subdivided into sub-layers. In this example, the total clay layer is subdivided
into two layers. The settlement obtained from GEO Tools at the characteristic point o of the
raft is 19.59 [cm] nearly the same as that of the hand calculation with a difference 0.07 [cm].

Table 4.12 compares between settlement obtained from GEO Tools and that

of the hand

calculation at the characteristic point o of the raft. The input data and results of GEO Tools

are presented on the next pages.

Table 4.12 Settlement at the characteristic point o of the raft

Layer Consolidation settlement

Laver thickness [cm

y [m] Hand calculation GEO Tools Difference

Sc(i) Sc(i) [cm]

Sand 9 5.95 5.95
Clay 3 5.89 5.84
Clay 11 7.82 7.81

Total settlement Sc =X 19.66 19.59 0.07
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R I b b b b b (dh 4 g b b b b Sh S dh g 2 b b b b b Sh dh 2 g b b b b b Sh S g g b b b b b dh g 2 b b b b b b dh dh g b b o 4
GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy

R R R d b e a4 S R S SR S S R S S R S S R S S R S I R S e R S dh e S IR e S R B S SR S b R S S SR S I R S S R S dh R g

Title: A tower of 10 floors
Date: 02-09-2017

Project: Settlement calculation
File: 4Con Ex4

Data:

Rectangular load q [kKN/m2] = 120.0
Length a [m] = 32.50
Width b [m] = 23.50
Soil Data:

Layer No.: 1

Modulus of compressibility Es [kKN/m2] = 14000
Unit weight Gamma c [kN/m3] = 7
Layer thickness h [m] = 9.00
Layer No.: 2

Compression index Cc [-] = 0.750
Recompression Index Cr [-] = 0.150
Over consolidated ratio OCR [-] = 1.500
Initial void ratio eo [-] = 1.500
Unit weight Gamma c [kN/m3] = 6
Layer thickness h [m] = 3.00
Layer No.: 3

Compression index Cc [-] = 0.750
Recompression Index Cr [-] = 0.150
Over consolidated ratio OCR [-] = 1.500
Initial void ratio eo [-] = 1.500
Unit weight Gamma c [kN/m3] = 6
Layer thickness h [m] = 11.00
Overburden pressure Gamma*z [kN/m2] = 24.00
Depth increment in z-direction Dz [m] = 0.00
Point coordinates:

X-coord. X [m] = 4,22
Y-coord. % [m] = 3.05
Y-coord. z [m] = 0.00
Results:

Settlement

Layer No.: 1 S1 [cm] = 5.95
Layer No.: 2 S2 [cm] = 5.84
Layer No.: 3 S3 [cm] = 7.81
Total St [cm] = 19.59
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Method (9) (Layered soil model)
Flexible Foundation
A=32.500 [m]

. 38.31 [cm]
. 35.97 [em]
. 33.63 [cm]
|:| 31.28 [em]
. 28.94 [cm]
. 26.59 [em]
. 24.25 [cm]
. 21.91 [em]
. 19.56 [cm]
. 17.22 [cm]
. 14.88 [cm]
. 1253 [cm]
. 10.19 [cm]

Settlements s [cm]

Max.s=39.48 atnode 61, Min.s=9.01 atnode 1

GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 208 Project: Settlement calculation
File: 4Con_Ex4 Date: 02-09-2017
Page No.: Title: Atower of 10 floors

=4

[w] oogez:
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4.10.6 Example 5: Settlement of different soil layers
4.10.6.1 Description of the problem

To verify the settlement of different soil layers calculated by the program GEO Tools, a hand
calculation of a settlement for three different soil layers under three types of loading is
compared with that obtained by GEO Tools.

The soil profile consists of three different soil layers as shown in 0. Properties of the three soil
layers are shown in Table 4.13. For the three types of loading shown in Figure 4.29, find the

total settlement of the three layers at the:

a) center of a circular loaded area of g = 100 [kKN/m?] and a radius a = 5 [m].

b) center of a rectangular loaded area of q = 100 [kN/m?] and sides AxB=6 [m]x4 [m].

c) distance x=1 [m] from a point load of Q = 3000 [kN].

] T = 7S S S T
. Fine sand - e N T
ys=17.5 [kKN/m?] 2.0 [m]
~ Es=8000 [kN/m?]
i ' : 'GW _ 1
Softelay T - - T
Y =8 [kNm] - =~ - - - -7 - - 2.0 [m]
my=2x104[mZkN] - B
S T T aom
~ Normally consolidated clay - T - === -
_ Y2=869 [kNmMm] - -_- "~~~ - "=~ "_
= Cc=0.0425 [1] - e T T
S e=085  [] T T oo
— Vv ¥ ¥ v ¥ ¥ -
Rigid base (Rock)
Figure 4.28  Soil profile
Table 4.13 Properties of the soil layers
Layer | Layertype | Thickness Unite weight of the soil Soil properties
No. h [m] v [kKN/m?]
1 Sand 2 17.5 Es=8000 [KN/m?]
2 Clay 2 8.0 my=2x10" [m?/kN]
€0=0.85 [-]
3 Clay 4 8.69 Ce=0.0425 [-]
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a) Rectangular loaded area

Q=3000 [kN]

b) Circular loaded area

c) Point load

Figure 4.29  Loading types

4.10.6.2 Hand calculation

GEO Tools deals with the clay layer as one unit and considers the stress for the whole layer.
Here, for simplifying the solution by the hand calculation, the stress is calculated at the
middle of each layer in the cases of loaded areas. For the point load, the stress is calculated in
the entire layer.

4.10.6.2.1 Settlement under the center of the rectangular loaded area
Stress o, at a depth z in the soil under the center of a rectangular loaded area of sides 2a x2b

is given by:
o, _4q i2+i2 abz +tan™ ab
2n|\R° R, ) R, Z.R,

where:

R} =+a’+7?
R =+/b®+2°
R, =+va’+b®+7?
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Stress o at the middle of the first layer:

RZ=32+12 =10
R =2%+1> =5
R, =32 +2% +1% =3.74

:4><100K1 1)3><2><1+tan_1 3x2 }:95_15 (kN/m?]

o1 =— — 4=
T 10 5) 3.74 1x3.74

Stress o at the middle of the second layer:
R} =3*+3°=18
R} =2%+3% =13
R, =v3*+2%+3% =4.69

_ 001 113x2x3  oht 3X2 | 503 [kN/m?]
or (18 "13) 469 3x4.69

O,

Stress o at the middle of the third layer:
R =3%+6° =45
R} =2%+6°=40
R, =3 +2°+6% =7

_4x100[(1  133x2x6 0 3x2] o0 ]
2n |\45 40) 7 6x7

O,

Overburden stress o, at the middle of the third layer:
6, =2x17.5+2x8+2x8.69 = 68.38 [KN/m*]

Settlement s of the first layer:

5, =~ Ach = — x95.15x 2 = 0.0248 [m] = 2.48 [cm]
E 8000

S

Settlement s of the second layer:

s, =m,Ach =2x10™* x58.03x 2 = 0.0232 [m] = 2.32 [cm]

Settlement s of the third layer:
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_ Ch log Ac+o, _0.0425><4I 24.49 +68.38

= = og
1+e, c 1+0.85 68.38

0

=0.0122 [m] =1.22 [cm]

S3

Total settlement s of all layers:

S, =S +S,+S; =248+2.32+1.22=6.02 [cm]

4.10.6.2.2 Settlement under the center of the circular loaded area

Stress o, at a depth z in the soil under the center of a circular loaded area of radius a is given
by:

Z3

Stress o at the middle of the first layer (z=1 [m]):
13

6, =1001- ——
! { (25+12)%?

} =99.25 [kN/m?]

Stress o at the middle of the second layer (z=3 [m]):

33

6, =1001-—>
2 [ (25+9)%?

} =86.38 [KN/m’]
Stress o at the middle of the third layer (z=6 [m]):

3
6, =100 1—6—3,2 =54.66 [kN/m*]
(25+36)

Overburden stress o, at the middle of the third layer:

G, =2x17.5+2x8+2x8.69 = 68.38 [kN/m?]

Settlement s of the first layer:

5, = L Ach = —~_ x99.25x 2 = 0.0248 [m] = 2.48 [cm]
'E 00

S

Settlement s of the second layer:
s, =m,Ach =2x10™* x86.38 x 2 = 0.0346 [m] =3.46 [cm]

Settlement s of the third layer:
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o Ac+o, _O.O425><4I 54.66 +68.38

| 1+085 0 68.38

= =0.0234[m] = 2.34 [cm]
l+e, c

S3
0

Total settlement s of all layers:
S, =S, +S, +S; =2.48+3.46+2.34=8.28 [cm]

4.10.6.2.3 Settlement under the point load

The average stress Aova in a soil layer of thickness h from depth hs to hz under a point load Q
IS given by:

Q r’ 3 r?

3
va — - - +
21 h (h2+ rzﬁ Jhi+ 2 (h2+ rzﬁ Jh2+r?

Average stress Aova in the first soil layer:

Ac

2 2
3000 1 3 Y 3 | _17852[kN/m?]

© 2| (pagp V2T agp VO

Ac

Average stress Aova in the second soil layer:

3000 12 3 12 3 2
Ao, = - - + =128.64[kN/m-]
2 2 (42 +12T§ [ 42+72 (22 +12T2 [22479
Average stress Aova in the third soil layer:
2 2
A, =000 1 3 Y 3 |- 4096[KkN/m?]

va 27'[ 4 (82 +12)% [ 82 + 12 (42 +12)% 42 + 12
Overburden stress oo at the middle of the third layer:

6, =2x17.5+2x8+2x8.69 = 68.38 [KN/m?]

Settlement s of the first layer:

5, = = Ach = - x17852x 2 = 0.0446 [m] = 4.46 [cm]
= 00

S

Settlement s of the second layer:
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s, =m,Ach = 2x10~* x128.64 x 2 = 0.0515 [m]=5.15 [cm]

Settlement s of the third layer:

Ac+o, 0.0425><4IO 40.96 + 68.38

c.h
= log = g
1+e, o 1+0.85 68.38

=0.0187[m] =1.87[cm]

S3
0

Total settlement s of all layers:
S, =S,+S, +S; =4.46+5.15+1.87 =11.48 [cm]

4.10.6.3 Settlement by GEO Tools

The exact settlements obtained from GEO Tools for the three types of loading are compared
with those obtained by the hand calculation in Table 4.14 to 00. The settlements obtained
from GEO Tools at the center ¢ of the rectangular loaded area is 5.98 [cm], while that at the
center of the circular loaded area is 8.32 [cm]. The exact settlement obtained from GEO Tools
under the point load is 11.51 [cm]. They are nearly same as those of the hand calculations
with a difference between 0.03 to 0.04 [cm]. The input data and results of GEO Tools are

presented on the next pages.

Table 4.14 Settlement at the center of the rectangular loaded area

Layer Consolidation settlement
thickness [cm
Layer - .
[m] Hand calculation GEO Tools Difference
Sc(i) Sc(i) [cm]
Sand 2 2.48 2.32
Clay 2 2.32 2.35
Clay 4 1.22 1.31
Total settlement Sc =X 6.02 5.98 0.04
Table 4.15 Settlement at the center of the circular loaded area
Layer Consolidation settlement
thickness [cm
Layer - .
[m] Hand calculation GEO Tools Difference
Sc(i) Sci) [cm]
Sand 2 2.48 2.47
Clay 2 3.46 3.44
Clay 4 2.34 2.41
Total settlement Sc =X 8.28 8.32 0.04
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Table 4.16 Settlement under the point load (stress is calculated a in the entire layer)

Layer Consolidation settlement

Laver thickness [cm

y [m] Hand calculation GEO Tools Difference

Sc(i) Sc(i) [cm]

Sand 2 4.46 4.46
Clay 2 5.15 5.15
Clay 4 1.87 1.90

Total settlement Sc =X 11.48 11.51 0.03
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GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy
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Title: Settlement of different soil layers
Date: 01-09-2017

Project: User's Manual

File: 4Con_Ex5

Data:

Rectangular load q [kN/m2] = 100.0000
Length a [m] = 6

Width b [m] =4

Soil Data:

Layer No.: 1

Modulus of compressibility Es [kN/m2] = 8000.0000
Unit weight Gamma c [kN/m3] = 18.00000
Layer thickness h [m] = 2

Layer No.: 2

Modulus of compressibility Es [kN/m2] = 5000.0000
Unit weight Gamma_c [kN/m3] = 8.00000
Layer thickness h [m] = 2

Layer No.: 3

Compression index Cc [-] = 0.043
Recompression Index Cr [-] = 0.043
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.850
Unit weight Gamma c [kN/m3] 8.00000
Layer thickness h [m] =4
Overburden pressure Gamma*z [kN/m2] = 0.0000
Point coordinates:

X-coord. X [m] =3
Y-coord. y [m] = 2
Y-coord. z [m] =0
Results:

Settlement

Layer No.: 1 S1 [cm] = 2.32
Layer No.: 2 S2 [cm] = 2.35
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Layer No.: 3 S3 [cm] = 1.31
Total St [cm] =

|
&
O
@
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Method (9) (Layered soil model)
Flexible Foundation
X
. 5.83 [cm]
B s550em)
. 5.27 [cm]
D 4.98 [cm]
. 4.70 [cm]
. 4.41 [cm]
B 413m
. 3.84 [cm]
[ 356 [m]
. 3.28 [cm]
. 2.99 [cm]
W 27iem
. 2.42 [em] v
0 1 1 2 2 3 3 4 4 5 6
Settlements s [cm]
Max. s = 5.98 at node 59, Min. s = 2.28 at node 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 41 Project: User's Manual
File: 4Con_Ex5 Date: 01-09-2017
Page No.: Title: Settlement of different soil layers
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GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy
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Title: Settlement of different soil layers
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex5

Data:

Circular load o) [kN/m2] = 100.0000
Radius a [m] =5

Soil Data:

Layer No.: 1

Modulus of compressibility Es [kN/m2] = 8000.0000
Unit weight Gamma c [kN/m3] = 18.00000
Layer thickness h [m] =2

Layer No.: 2

Modulus of compressibility Es [kN/m2] = 5000.0000
Unit weight Gamma c [kN/m3] = 8.00000
Layer thickness h [m] = 2

Layer No.: 3

Compression index Cc [-] = 0.043
Recompression Index Cr [-] = 0.043
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.850
Unit weight Gamma_c [kN/m3] 8.00000
Layer thickness h [m] =4
Overburden pressure Gamma*z [kN/m2] = 0.0000
Point coordinates:

X-coord. X [m] =5
Y-coord. y [m] =5
Y-coord. z [m] =0
Results:

Settlement

Layer No.: 1 S1 [cm] = 2.47
Layer No.: 2 52 [cm] = 3.44
Layer No.: 3 53 [cm] = 2.41
Total St [cm] = 8.32
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Method (9) (Layered soil model)
Flexible Foundation
X
. 8.16 [cm]
B 7.6 [em)
. 7.55 [cm]
D 7.24 [cm]
O 693 om
. 6.62 [cm]
B 631 m
. 6.01 [cm]
& 5700m
. 5.39 [cm]
. 5.08 [cm]
W 477 em
. 4.46 [cm]
LI I LI I LI I LI |46|1 LI I LI I LI I LI Y
0 1 2 3 4 5 6 7 8 9 10
Settlements s [cm]
Max. s = 8.32 at node 1, Min. s =4.30 at node 493
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 64 Project: User's Manual
File: 4Con_Ex5 Date: 01-09-2017
Page No.: Title: Settlement of different soil layers

-4.74 -



Consolidation Settlement

R I b b b b b (dh 4 g b b b b Sh S dh g 2 b b b b b Sh dh 2 g b b b b b Sh S g g b b b b b dh g 2 b b b b b b dh dh g b b o 4
GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy
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Title: Settlement of different soil layers
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex5

Data:

Point load Q [kN] = 3000.00
Soil Data:

Layer No.: 1

Modulus of compressibility Es [kN/m2] = 8000.0000
Unit weight Gamma_c [kN/m3] = 18.00000
Layer thickness h [m] =2

Layer No.: 2

Modulus of compressibility Es [kN/m2] = 5000.0000
Unit weight Gamma_c [kN/m3] = 8.00000
Layer thickness h [m] = 2

Layer No.: 3

Compression index Cc [-] = 0.043
Recompression Index Cr [-] = 0.043
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.850
Unit weight Gamma_c [kN/m3] = 8.00000
Layer thickness h [m] = 4
Overburden pressure Gamma*z [kN/m2] = 0.0000
Point coordinates:

X-coord. X [m] =1
Y-coord. % [m] =0
Y-coord. Z [m] =0
Results:

Settlement

Layer No.: 1 S1 [cm] = 4.46
Layer No.: 2 S2 [cm] = 5.15
Layer No.: 3 S3 [cm] = 1.90
Total St [cm] = 11.51
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4.10.7 Example 6: Settlement of a circular loaded area resting on a thin clay layer

4.10.7.1 Description of the problem
To verify the settlement of a loaded area resting on a relative thin clay layer calculated by the

program GEO Tools, a hand calculation of a settlement for a relative thin soil layer under a
circular loaded area is compared with that obtained by GEO Tools.

A circular loaded area of a load g = 150 [kN/m?] and radius a = 4 [m] is acting on a relative

thin clay layer as shown in Figure 4.30. Find the settlement of the clay layer under the center
of the loaded area.

a=4 fm]

-

N S S -
o S o
- Clay: C¢=0.04[-] - - T -
z €=0.75 [-] P g
- y=9 [kN/m®] “Z 77 --=- - -

Figure 4.30  Soil profile under the circular loaded area

4.10.7.1 Hand calculation

If the clay layer is relatively thin and its thickness doesn't exceed on the footing length H<?2a,
GEO Tools deals with the clay layer as one unit and considers the stress for the whole layer.

The average stress Acva Iin a relative thin clay layer of thickness H under the center of a
circular loaded area q of a radius a is given by:

2 2
A%:i[ _HP+2g 2""}

H /H2+a2

The average stress Aova in the entire clay layer:
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2 2
Ao =150(4—4 *2x4 +2><4J

va 4 \/m

Ac,, =131.8[KN/m?]
Overburden stress oo at the middle of the clay layer (z=2 [m]):
6, =72, =9%2=18 [KN/m?]
Settlement S¢ of the clay layer:

C.H
= log
1l+e, c

Aoy 0, _004x4) 1818418 o 0r b g 1tom]

S =
1+0.75 18

c
(]

4.10.7.2 Settlement by GEO Tools

The settlement obtained from GEO Tools at the center ¢ of the circular loaded area is 8.41
[cm]. It is exactly same as that of the hand calculation. The input data and results of GEO
Tools are presented on the next pages.
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Version 10
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Title: Settlement of a circular loaded area resting on a thin clay layer
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex6

Data:

Circular load o) [kN/m2] = 150.0000
Radius a [m] = 4.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.040
Recompression Index Cr [-1] = 0.040
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.750
Unit weight Gamma_c [kN/m3] = 9.00000
Layer thickness h [m] = 4.00
Overburden pressure Gamma*z [kN/m2] 0.0000
Depth increment in z-direction Dz [m] = 0.50
Point coordinates:

X-coord. X [m] = 4.00
Y-coord. % [m] = 4.00
Y-coord. 4 [m] = 0.00
Results:

Settlement

Layer No.: 1 S1 [cm] = 8.41
Total St [cm] = 8.41
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Method (9) (Layered soil model)

Flexible Foundation
. 8.32 [cm]
B s14em
. 7.95 [cm]
D 7.77 [em]
. 7.58 [cm]
. 7.40 [cm]
B 7.210m
. 7.02 [cm]
[ 6.84[m]
. 6.65 [cm]
. 6.47 [cm]
W 6280m
. 6.10 [cm]

Settlements s [cm]

Max. s = 8.41 at node 1, Min. s =6.00 at node 25

GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 49 Project: User's Manual
File: 4Con_Ex6 Date: 01-09-2017
Page No.: Title: Settlement of a circular loaded area resting on a clay layer
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4.10.8 Example 7: Settlement of a circular loaded area resting on a thick clay layer

4.10.8.1 Description of the problem

To verify the settlement of a loaded area resting on a thick clay layer calculated by the
program GEO Tools, a hand calculation of a settlement for a thick soil layer under a circular
loaded area is compared with that obtained by GEO Tools.

A circular loaded area of a load g = 150 [kN/m?] and radius a = 4 [m] is acting on a thick

clay layer as shown in Figure 4.31. Find the settlement of the clay layer under the center of
the loaded area.

a=4 fm]
q=150 [KN/m?]
v v v v vV ¢ vyl -
:: e 777_7 e :7 //7,_ 7777*7: 77*7777/%
-- s - =Tz = - R E:: i;zf: i;z 2.0 [m]
e P Y 1
Z Clay: C.=0.04[] ST oo
- €=0.75 [-] TSI 2.0 [m]
- y=9 [KN/m? DT -TI= I

Figure 4.31  Soil profile under the circular loaded area

4.10.8.2 Hand calculation

GEO Tools subdivides the thick clay layer into sub-layers, then the average stress in each sub-

layer is determined. Here, for simplifying the solution by the hand calculation, the stress is
calculated at the middle of each sub-layer.

Stress 6, at a depth z in the soil under the center of a circular loaded area q of radius a is given

by:
Z3
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Stress o at the middle of the first sub layer (z=1 [m]):

13
(51 :150|:1—W:| = 14786 [kN/mz]

Stress o at the middle of the second sub layer (z=3 [m]):

33
0, =1501-—"
(16+9)

Stress o at the middle of the third sub layer (z=5 [m]):

53
6, =1501-— >
(16+25)

} =117.6 [kN/m?]

} = 78.58 [kN/m?]

Overburden stress oo at the middle of the first sub layer (z=1 [m]):

6, =v'2, =9%x1=9 [KN/m?]

Overburden stress oo at the middle of the second sub layer (z=3 [m]):

6, =v'2,=9%3=27 [KN/m?]

Overburden stress oo at the middle of the third sub layer (z=5 [m]):

6, =v'2, =9x5=45 [KN/m?]

Settlement S¢ of the first sub layer:

Ac+o, 0.04x2
0 = lo

147.86+9

S

_GCh,
T l+e, 9. T1+075

(0]
Settlement s of the second sub layer:

Ac+c, 0.04x2

117.6 + 27

C.h
= log

S; =
1+e, c

1+0.75

0

Settlement s of the third sub layer:

log

Ac+o, 0.04x2
= lo

27

78.58+45

C.h
= log

S; =
l1+e, c

1+0.75

0

Total settlement s of all layers:

45

=0.0567 [m] =5.67[cm]

= 0.0333 [m] = 3.33[cm]

=0.02 [m] =2.00[cm]
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S, =S, +S, +8, =5.67+3.33+2.00=11.01[cm]

4.10.8.3 Settlement by GEO Tools

The exact settlement obtained from GEO Tools at the center ¢ of the circular loaded area is
10.69 [cm]. It is nearly same as that of the hand calculation with a difference of 0.32 [cm].
The input data and results of GEO Tools are presented on the next pages.
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Version 10
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Title: Settlement of a circular loaded area resting on a thick clay layer
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex6

Data:

Circular load o) [kN/m2] = 150.0000
Radius a [m] = 4.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.040
Recompression Index Cr [-1] = 0.040
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.750
Unit weight Gamma_c [kN/m3] = 9.00000
Layer thickness h [m] = 6.00
Overburden pressure Gamma*z [kN/m2] 0.0000
Depth increment in z-direction Dz [m] = 0.50
Point coordinates:

X-coord. X [m] = 4.00
Y-coord. % [m] = 4.00
Y-coord. 4 [m] = 0.00
Results:

Settlement

Layer No.: 1 S1 [cm] = 10.69
Total St [cm] = 10.69
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Method (9) (Layered soil model)
Flexible Foundation
X
. 10.57 [em]
B 10.34 [em)
. 10.10 [cm]
D 9.86 [cm]
O o6 om
B 939pem
B 9.15m]
. 8.92 [cm]
[ s68Mm]
. 8.44 [cm]
. 8.21 [cm]
W 797 em
. 7.73 [em]
Y
Settlements s [cm]
Max. s = 10.69 at node 1, Min. s = 7.61 at node 109
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 52 Project: User's Manual
File: 4Con_Ex7 Date: 01-09-2017
Page No.: Title: Settlement of a circular loaded area resting on a thick clay layer
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4.10.9 Example 8: Loading and reloading settlement under a rectangular raft
4.10.9.1 Description of the problem

To verify the consolidation settlement calculated by the program GEO Tools in the cases of
loading and reloading pressures, a hand calculation of a consolidation settlement for a clay
layer under a rectangular raft is compared with that obtained by GEO Tools.

A rectangular raft of 6 [m] x 4 [m] located at a depth of di =2.5 [m] below the ground surface
is considered as shown in Figure 4.32. Ground water table lies at a depth z = 2.5 [m] under the
ground surface. The contact pressure under the raft is assumed to be uniformly distributed and
equal to g = 100 [KN/m?]. A clay layer of H = 3 [m] thick is located directly under the raft.
Figure 4.32 shows raft with dimensions and soil profile, while the soil data are shown Table
4.7Table 4.17.

It is required to determine the final settlement under the center of the raft due to consolidation
of the clay for the following three cases of reloading pressure:

a) The reloading pressure is due to the excavation weight, OCR=1.65.
Considering compression and recompression indices, C=0.02 [-], Cc=0.05 [-].

b) The reloading pressure is due to an old load in the past exceeds to the present
applied load, OCR=2.5.
Considering a recompression index only, C,=C¢=0.05 [-].

C) The clay is a virgin clay and the reloading pressure due to the excavation
weight is neglected, OCR=1.0.
Considering a compression index only, Cc=C=0.02 [-].
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di=2.5 [m]

H=3[m]

——

2 b=4[m]
} 2 a=6[m] }
=100 [KN/m?]

Sand .
(__‘__lf}_[‘S_N_/_fI‘f_]__l W W W 1y W ‘# iy M vy W W I _____

Clay* - - - D= -
“(E=9  [kNm] I -
- Ce=0.05 [ Tl = LT =
-Cr=0.02 [ e
e =08 [ - = T = -

Figure 4.32  Raft with dimensions and soil profile

Table 4.17 Soil data

Unit weight of the soil above the water level Y =18 [kN/m°]
Unit weight of the soil under the water level vé& =9  [KN/m?]
Recompression index Cr =0.02 []
Compression index Cec =0.05 [-]
Initial void ratio €o =0.8 [-]

4.10.9.2 Hand calculation

4.10.9.2.1 Calculation with Loading and reloading pressure

The reloading pressure due to the soil excavation is qy =y. df =

The total applied pressure on the soil due to the raft is g = 100 [kN/m?].

4.10.9.2.2 Overburden pressure
The overburden pressure on the top surface of the clay layer is given by:

6, =yd, =18x2.5=45[kKN/m*]

The overburden pressure in the middle of the layer is given by:

-4.86 -
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vH =18x2.5+9—;3=58.5[kN/m2]

c,=vd; +

4.10.9.2.3 Increment of vertical stress

For a rectangular loaded area of intensity g [KN/m?] with sides a [m] and b [m] acting on the
surface, the increment of vertical stress Ac [KN/m?] in the soil layer of thickness h under the
corner of the rectangular can be expressed as:

AG:L{[b,n (cma)(m+a) (e b)(m+b)+hztan-la—b]
2nh (c,+a)(m—a) (c,+b) (m- b) hz c2

_[b o C-amea) | (G-b)(m+b)

h nlab}
(G+ay(m-a)  (c+b)(m-b) " e

where:m = /a?+b% c,=+a2+b*+hiand ¢, = y/a>+ b’ + h?

h Thickness of the soil layer, [m].
h1 Depth of the layer top from the surface, [m].
h2 Depth of the layer bottom from the surface, [m].

when hy = 0, the above equation becomes:

AG:L{[am =) (+h) (@) (m+a) | ab j}
2rh (c,+b)(m—Db) (c,+a)(m-a) hz c2

and

m=+/a>+h? =3 + 2% =3.606
co=+/al +b?+hi =3 +22+37 = 4.69

The stress under the corner of the quarter of the raft is:

po= 0 [ [gn (469-2)(3606+2) . (469-3)(3606+3) . . 3x2 ) 1
213 (4.69 +2) (3.606 —2) (4.69 +3) (3.606 —3) 3% 4.69
Ac=0.2108q

.".The increment of vertical stress in the entire soil layer due to the pressure g is given by:
Ac,,=41_q=4x0.2108xq=0.8432q

.".The increment of vertical stress in the soil layer due to the reloading pressure gy is given
by:
Ac,,, =0.8432(, = 0.8432 x 45 = 37.94 [KN/m :]
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.. Increment of vertical stress in the soil layer due to the total applied pressure q is given by:
Ac,, =0.8432(, = 0.8432 x100 =84.32 [kN/m *]

4.10.9.2.4 Preconsolidation pressure of the layer oc
Preconsolidation pressure of the layer ocis given by:

O¢c— OCR X 0o
6. =1.65x58.5 = 96.44 [KN/m”]

4.10.9.2.5 Consolidation settlement:

The total settlement of the raft occurred due to two parts. Reloading part due to the reloading
pressure of qv = 45 [kN/m?], while loading part due to the pressure from qv = 45 [KN/m?] to
the total pressure g = 100 [KN/m?]. This settlement can be obtained from the following
equation:

sc=CrM jog| e | Lo jog [ T F A%
:|.-|-e0 Co 1+ Oc

where:

Sc Consolidation settlement, [m].

h Layer thickness, [m].

Cr Recompression index, [-].

Ce Compression index, [-].

€o Initial void ratio, [-].

o Overburden pressure in the middle of the layer, [KN/m?].

Acva Increment of vertical stress in the soil layer due to the total applied pressure g,
[KN/m?].

Acvar  Increment of vertical stress in the soil layer due to the reloading pressure qv, [KN/m?].

The consolidation settlement is given by:

_0.02><3Io 96.44 +O.05><3|0 58.5+84.32
° 1+0.8 58.5 1+0.8 96.44

S, =0.0072+0.0142 [m]

S, =0.72+1.42=2.14 [cm]

where:
Reloading settlement is Su=0.72 [cm]
Loading settlement is Se =1.42 [cm]

Total consolidation settlementis  S¢ = 2.14 [cm]
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4.10.9.2.6 Calculation with recompression index only (C.=C=0.02 [-])

The settlement of the raft is obtained from the compression index only, in which the
compression index is equal to the recompression index, Cc=C=0.02 [-]).

4.10.9.2.7 Preconsolidation pressure of the layer oc

Preconsolidation pressure of the layer o is given by:

Oc— OCR x Oo
0o =2.5x58.5 =146.25[KN/m?] > 142.82 [kN/m?]

O¢ > Oo +A6va

This settlement can be obtained from the following equation of < o¢:

sc= Cif Iog[ 0o + A0, ]
1+e, Go

The consolidation settlement is given by:

_0.02><3IO 58.5+84.32
° 1+08 58.5

S, =0.0129 [m] =1.29 [cm]

4.10.9.2.8 Calculation with compression index only (C,=C.=0.05 [-])

The settlement of the raft is obtained from the recompression index only, in which the
recompression index is equal to the compression index, Cr=C¢=0.05 [-]).

4.10.9.2.9 Preconsolidation pressure of the layer oc

Preconsolidation pressure of the layer ocis given by:

Oc = OCRx Go
6c=1.0x58.5=58.5[kN/m?] <142.82 [KN/m?]

oc. < 0o +A0va

This settlement can be obtained from the following equation of > oc:

Sc= Cch Iog( Co + Aua j
1+90 Oo

The consolidation settlement is given by:
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_0.05><3Io 58.5+84.32
° 1+08 58.5

S, =0.0323 [m] =3.23 [cm]

4.10.9.3 Consolidation settlement by GEO Tools

The consolidation settlements obtained from GEO Tools at the center of the raft are 2.14 [cm],
1.29 [cm] and 3.23 [cm] for the three cases, respectively. They are the same as those of the
hand calculations. The input data and results of GEO Tools are presented on the next pages.
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GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy
R i b b b dh b (dh 2 g b b b b Sh dh dh g 2 b b b b b Sh dh 2 g b b b b b Sh S 2 g b b b b b dh dh 2 b b b b b b Sh dh g b b o g
Title: Loading and reloading settlement under a rectangular raft
Date: 01-09-2017
Project: User's Manual
File: 4Con_ Ex8

Data:

Rectangular load q [kN/m2] = 100.0000
Length a [m] = 6.00
Width b [m] = 4.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.050
Recompression Index Cr [-1] = 0.020
Over consolidated ratio OCR [-] = 1.650
Initial void ratio eo [-] = 0.800
Unit weight Gamma_c [kN/m3] = 9.00000
Layer thickness h [m] = 3.00
Overburden pressure Gamma*z [kN/m2] = 45.0000
Depth increment in z-direction Dz [m] = 0.50
Point coordinates:

X-coord. X [m] = 3.00
Y-coord. % [m] = 2.00
Y-coord. 4 [m] = 0.00
Results:

Settlement

Layer No.: 1 S1 [cm] = 2.14
Total St [cm] = 2.14
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Method (9) (Layered soil model)
Flexible Foundation
X
. 2.08 [cm]
B 196[m
. 1.83 [cm]
D 1.70 [cm]
. 1.58 [cm]
. 1.45 [cm]
B 132pm
. 1.20 [cm]
& 107 em]
. 0.95 [cm]
. 0.82 [cm]
Bl o69[m]
B os57@em Y
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Settlements s [cm]
Max. s = 2.14 at node 18, Min. s=0.50 at node 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 41 Project: User's Manual
File: 4Con_Ex8 Date: 01-09-2017
Page No.: Title: Loading and reloading settlement under a rectangular raft
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GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy

R R R d b e a4 S R S SR S S R S S R S S R S S R S I R S e R S dh e S IR e S R B S SR S b R S S SR S I R S S R S dh R g

Title: Loading and reloading settlement under a rectangular raft
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex8

Data:

Rectangular load q [kN/m2] = 100.0000
Length a [m] = 6.00
Width b [m] = 4.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.020
Recompression Index Cr [-1] = 0.020
Over consolidated ratio OCR [-] = 2.500
Initial void ratio eo [-] = 0.800
Unit weight Gamma_c [kN/m3] = 9.00000
Layer thickness h [m] = 3.00
Overburden pressure Gamma*z [kN/m2] = 45.0000
Depth increment in z-direction Dz [m] = 0.50
Point coordinates:

X-coord. X [m] = 3.00
Y-coord. % [m] = 2.00
Y-coord. 4 [m] = 0.00
Results:

Settlement

Layer No.: 1 S1 [cm] =1.29
Total St [cm] =1.29
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Method (9) (Layered soil model)

Flexible Foundation

X
. 1.26 [cm]
B 120 [em
. 1.14 [cm]
D 1.08 [cm]
. 1.02 [cm]
. 0.96 [cm]
B 0.0 [em]
. 0.84 [cm]
& o077 m
. 0.71 [cm]
. 0.65 [cm]
W o059 0m]
. 0.53 [cm]

Y
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Settlements s [cm]
Max. s = 1.29 at node 18, Min. s =0.50 at node 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 38 Project: User's Manual
File: 4Con_Ex8 Date: 01-09-2017
Page No.: Title: Loading and reloading settlement under a rectangular raft
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GEO Tools
Version 10
Program authors Prof. M. El Gendy/ Dr. A. El Gendy
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Title: Loading and reloading settlement under a rectangular raft
Date: 01-09-2017

Project: User's Manual

File: 4Con_ Ex8

Data:

Rectangular load q [kN/m2] = 100.0000
Length a [m] = 6.00
Width b [m] = 4.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.050
Recompression Index Cr [-1] = 0.050
Over consolidated ratio OCR [-] = 1.000
Initial void ratio eo [-] = 0.800
Unit weight Gamma_c [kN/m3] = 9.00000
Layer thickness h [m] = 3.00
Overburden pressure Gamma*z [kN/m2] = 45.0000
Depth increment in z-direction Dz [m] = 0.50
Point coordinates:

X-coord. X [m] = 3.00
Y-coord. % [m] = 2.00
Y-coord. 4 [m] = 0.00
Results:

Settlement

Layer No.: 1 S1 [cm] = 3.23
Total St [cm] = 3.23
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Method (9) (Layered soil model)
Flexible Foundation
X
. 3.16 [cm]
B so1pem
. 2.85 [cm]
D 2.70 [cm]
. 2.55 [cm]
. 2.40 [cm]
B 224 m
. 2.09 [cm]
O 194[m
. 1.79 [cm]
. 1.63 [cm]
B 480m
. 1.33 [cm] v
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Settlements s [cm]
Max. s = 3.23 at node 18, Min. s=1.25 at node 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 41 Project: User's Manual
File: 4Con_Ex8 Date: 01-09-2017
Page No.: Title: Loading and reloading settlement under a rectangular raft

-4.96 -



Consolidation Settlement

4.10.10Example 9: Consolidation settlement under a rectangular footing

4.10.10.1 Description of the problem

To verify the consolidation settlement calculated by GEO Tools, the final consolidation
settlement of a clay layer under a rectangular footing calculated by Das (1999), Example 5.6,
page 236, is compared with that obtained by GEO Tools.

A rectangular footing 1.5 [m] x 3.0 [m] in plan at a depth of 1.0 [m] below the ground surface
is considered as shown in Figure 4.33. Water table is located at 2.5 [m] below the ground
surface. The contact pressure under the footing is assumed to be uniformly distributed and
equal to g = 170 [KN/m?]. A normally consolidated clay layer 3 [m] thick is located at a depth
of 4.0 [m] below the ground surface. The soil profile is shown in Figure 4.33, while the soil
properties are shown in Table 4.18. It is required to determine the final settlement under the
center of the footing due to consolidation of the clay.

Table 4.18 Soil properties

Depth of the layer | Unit weight | Compression | Void ratio
Layer Type of under the ground of the soil index
No. Soil surface
z [m] v [KN/m®] Ce [] € [-]
1 Sand 25 16.5 - -
2 Sand 4.0 17.8 - -
3 Clay 7.0 18.2 0.27 0.92
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Figure 4.33  Soil profile

4.10.10.2 Hand calculation of consolidation

According to Das (1999), the consolidation of the clay layer can be obtained by the hand
calculation as follows:

The clay layer is thick relative to the dimensions of the footing. Therefore, the clay layer is
divided into three layers each 1.0 [m] thick.

4.10.10.2.1  Calculation of the effective stress &'o
The effective stress c'o on the top of the clay layer is
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!
Gy =V14, 1Y, 2,

6! =16.5x2.5+ (17.8-9.81) x1.5 = 53.24 [KN/m °]

The effective stress c'o(j) at the middle of each sub layer is calculated in Table 4.19.

Table 4.19 Calculation of effective stress ¢'o)

Depth of the
Layer middle
Layer | thickness of the clav sub Unit weight of the soil
No. AHi Iayery 6'o() [KN/M?]
[m] 2 [m]

1 1 1+1.5+1.5+0.5=4.5 | (1+1.5)16.5+1.5(17.8-9.81)+0.5(18.2-9.81) =57.43

2 1 45+1=55 57.43+1(18.2-9.81)= 65.82

3 1 5.5+1=6.5 65.82+1(18.2-9.81)=74.21
4.10.10.2.2  Calculation of the increase of effective stress A¢’i

For a rectangular loaded area of dimension B=1.5 [m], L=3.0 [m] and g = 170 [KN/m?], the
increase of effective stress Ac'i below the center of the footing at the middle of each sub-layer
is calculated in Table 4.19Table 4.20 according to Table 5.3 in Das (1999).

Table 4.20 Steps of calculation of increase of effective stress Ac'i

Depth to the
middle
Layer of the clay Increase of
Layer thickness sub layer L/B z/B effective
No. AH; from bottom [-] [-] stress
[m] of the Ac'i [KN/m?
foundation
z[m]
1 1.0 35 2 2.33 27.2
2 1.0 4.5 2 3.0 16.15
3 1.0 55 2 3.67 11.9
4.10.10.2.3  Calculation of consolidation settlement s¢

The consolidation settlement S is given by:

1+ €, i

ZI

i +AGO(I)J

Goi)
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° 1409 57.43 65.82 74.21
S, = 0.142[0.168+ 0.096 + 0.065]

0.27x1 57.43+27.2 65.82+16.15 74.21+11.9
= lo +log) ————— |[+log| —————

The total consolidation settlement obtained by the hand calculation is:
Sc = 0.047 [m] = 4.7 [cm]
4.10.10.3 Consolidation by GEO Tools

The final consolidation settlement of the clay under the center of the footing obtained by the
program GEO Tools is sc = 4.4 [cm] and nearly equal to that obtained by the hand calculation.
The input data and results of GEO Tools are presented on the next pages.
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GEO Tools
Version 10
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Title: Consolidation settlement under a rectangular footing
Date: 01-09-2017

Project: Das (1999), Example 5.6, page 236

File: 4Con_ Ex9

Data:

Rectangular load q [kN/m2] = 170.00
Length a [m] = 3.00
Width b [m] = 1.50
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.27
Recompression Index Cr [-1] = 0.27
Over consolidated ratio OCR [-] = 1.00
Initial void ratio eo [-] = 0.92
Unit weight Gamma c [kN/m3] = 8.39
Layer thickness h [m] = 3.00
Overburden pressure Gamma*z [kN/m2] = 53.24
Depth increment in z-direction Dz [m] = 0.00
Point coordinates:

X-coord. X [m] = 1.50
Y-coord. % [m] = 0.75
Y-coord. 4 [m] = 3.00
Results:

Settlement

Layer No.: 1 S1 [cm] = 4.36
Total St [cm] = 4.36
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Method (9) (Layered soil model)

Flexible Foundation
. 4.32 [cm]

X
B 224 [em)
. 4.16 [cm]
D 4.08 [cm]
. 4.00 [cm]
. 3.92 [cm]
B 384 [m)
. 3.76 [cm]
[ 368[m]
. 3.59 [em]
. 3.51 [cm] v
W 340m 0.00 025 050 075 1.00 125 150 175 200 225 250 275  3.00
W 3s350m Settlements s [cm]

Max. s = 4.36 at node 46, Min. s = 3.31 at node 1

GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7

PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323
Scale: 22 Project: Das (1999), Example 5.6, page 236
File: 4Con_Ex9 Date: 01-09-2017
Page No.: Title: Consolidation settlement under a rectangular footing

-4.102 -



Consolidation Settlement

4.10.11Example 10: Consolidation settlement of normally consolidated clay
4.10.11.1 Description of the problem

To verify the consolidation settlement of normally consolidated clay calculated by program
GEO Tools, a hand calculation of a consolidation settlement for a clay layer under a square
footing is compared with that obtained by ELPLA.

A square footing of B = 6 [ft] side located at a depth of dr =5 [ft] below the ground surface is
considered as shown in Figure 4.34. Ground water table lies at a depth z = 10 [ft] under the
ground surface. The contact pressure under the footing is assumed to be uniformly distributed
and equal to g = 1.39 [kip/ft?]. Soil profile is consists of a sand layer of thickness hs =10 [ft]
above a normally consolidated clay layer of thickness h. = 8 [ft]. Figure 4.34 shows the
footing with dimensions and soil profile, while Table 4.21 shows the soil data. It is required
to determine the final settlement under the center of the footing due to consolidation of the
clay.

B=6 [f(]

B=6 [f(] B

Sand e

hs=10 [f(] e A 97 §[97L% [kib/fe’)
(s=0.1 [kip/ft®] ;' :'-: .';":_‘f: __' '_ GW

— Clay
hc=8 [ft] — (c£=0.07 [Kip/ft*] ST T o o
~ Ce=0.45 [-] -

~e0=0.6[-] o - - - = _ - _-_

Figure 4.34  Footing with dimensions and soil profile
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Table 4.21 Soil data

Unit weight of the sand above the water level Ys =0.1 [kip/ft®]
Unit weight of the clay under the water level ve&  =0.07 [Kip/ft®]
Compression index Cec =0.45 [-]
Initial void ratio €o =06 [-]

4.10.11.2 Hand calculation

4.10.11.2.1  Overburden pressure
The overburden pressure on the top surface of the clay layer is given by:

o,=v.h, =0.1x10 =1 [Kkip/ft?]
The overburden pressure in the middle of the clay layer is given by:

0.07x8

S, =¥;h, +%=o.1x10+ =1.28 [Kip/ft*]

4.10.11.2.2 Increment of vertical stress

The average stress in the clay layer is calculated numerically using Simpson's rule from the
vertical stresses at three levels in the clay layer.

Stress o at a depth z in the soil under the center of a rectangular loaded area of sides 2a x 2b

is given by:
.. _4q iﬁiz abz . ab
2n|{R? RZ) R, ZR,

where:

R? =+va*+1z°

R2 =b? + 27

R, =va’+b” +z?

Stress o at the surface of the clay layer:

Depth from bottom of footing to surface of clay layer = 10-5=5 [ft]

R =R, =3"+5=34
R, =/3? +3* +5 =6.56

_4><1.39K1 1j3><3><5 ot 3%3

9

34 34

z = +ta = 0.594 [Kip/ft’]
21 6.56 5x 6.56
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Stress o at the middle of the clay layer:
Depth from bottom of footing to middle of clay layer = 10-5+8/2= 9 [ft]
R =R =3"+97=90

R, =3?+3%+92 =9.95

_4><1.39K1 1j3><3><9 ot 3%3

9

Z i +ta = 0.249 [Kip/ft*]
2n [l90 90) 9.95 9x9.95

Stress o7 at the bottom of the clay layer:

Depth from bottom of footing to bottom of clay layer = 10-5+8= 13 [ft]
R? =R? =3%+13? =178
R, = 3% +3% +13? =13.67

4x1.39|( 1 1 \3x3x13 4 3x3
G, = e +tant ———
2n 178 178) 13.67 13x13.67

} =0.130 [Kip/ft’]

Average stress Ao; in the clay layer by numerical integration using Simpson's rule:

Ac, = h_c{“z (Top) + o, (bottom) - (midell)}
2 2
Ao, = %{Mmmg} - 0.306 [kip/ft’]

4.10.11.2.3  Consolidation settlement:
The consolidation settlement of normally consolidated clay layer is obtained from:

Sc= Cch Iog( Go + AGyy j
1+eo Oo

where:

Sc Consolidation settlement, [ft].

h Layer thickness, [ft].

Ce Compression index, [-].

€o Initial void ratio, [-].

o Overburden pressure in the middle of the layer, [Kib/ft?].

Acva  Increment of vertical stress in the soil layer due to the applied pressure g, [Kib/ft?].
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The consolidation settlement is given by:

o _045x8 (128+0306
T 1406 1.28

S, =0.209 [ft] =0.209x12 = 2.51in]

4.10.11.3 Consolidation settlement by ELPLA

The exact consolidation settlement obtained from GEO Tools at the center of the footing is
2.42 [in] nearly the same as that of the hand calculation with a difference of 0.09 [in]. The
input data and results of GEO Tools are presented on the next pages.
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Title: Consolidation settlement of normally consolidated clay
Date: 01-09-2017

Project: User's Manual

File: 4Con Ex10

Data:

Rectangular load q [kip/ft2] = 1.39
Length a [ft] = 6.00
Width b [ft] = 6.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.45
Recompression Index Cr [-1] = 0.45
Over consolidated ratio OCR [-] = 1.00
Initial void ratio eo [-] = 0.60
Unit weight Gamma c [kip/ft3] = 0.07
Layer thickness h [ft] 8.00
Overburden pressure Gamma*z [kip/ft2] 1.00
Depth increment in z-direction Dz [ft] = 0.00
Point coordinates:

X-coord. X [ft] = 3.00
Y-coord. % [ft] = 3.00
Y-coord. 4 [ft] = 5.00
Results:

Settlement

Layer No.: 1 S1 [in] = 2.42
Total St [in] = 2.42
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Method (9) (Layered soil model)

Flexible Foundation

X

6.00
W 25500 s O
B 2300
O 2uam P
O 2170 4.00
O 2110n
B 204 0
B wesiin 3.00
. 1.91 [in]
[ vssiin
. 1.78 [in] 2.00
. 1.71 [in]
Il iesin
[ L0 N .
0.00 ‘I'Tq Y
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Settlements s [in]
Max. s = 2.40 at node 37, Min. s = 1.55 at node 1
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 13 Project: User's Manual
File: 4Con_Ex10 Date: 01-09-2017
Page No.: Title: Consolidation settlement of normally consolidated clay
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4.10.12Example 11: Consolidation settlement of overly consolidated clay
4.10.12.1 Description of the problem

To verify the consolidation settlement of overly consolidated clay calculated by program
GEO Tools, a hand calculation of a consolidation settlements for a clay layer under a square
footing are compared with those obtained by ELPLA.

A square footing of B = 6 [ft] side located at a depth of df =3 [ft] below the ground surface is
considered as shown in Figure 4.35. Ground water table lies at a depth z = 8 [ft] under the
ground surface. The contact pressure under the footing is assumed to be uniformly distributed.
Soil profile is consists of a sand layer of thickness hs =8 [ft] above an overly consolidated clay
layer of thickness he = 8 [ft]. Figure 4.35 shows the footing with dimensions and soil profile,
while Table 4.22 shows the soil data.

It is required to determine the final settlement under the center of the footing due to
consolidation of the clay for the following two cases of loading:

a) Consolidation settlement of overly consolidated clay (o1<oc)
Column load P= 40 [kib]
Considering a compression index only, Cc=C,=0.1 [-].

b) Consolidation settlement of overly consolidated clay (ot >6c>00)

Column load P= 80 [kib]
Considering compression and recompression indices, Cr=0.1 [-], C¢=0.5 [-].

Table 4.22 Soil data

Unit weight of the sand above the water level Ys =0.12 [Kip/ft®]
Unit weight of the clay under the water level ve&  =0.08 [Kip/ft®]
Recompression index Cr =0.1 []
Compression index Cc =05 []
Initial void ratio €o =0.7 []
Preconsolidation pressure oc =1.6 [kip/ft?]

-4.109-




GEO Tools

B=6 [ft] |

——
——

B=6 [f(]

q [kib/ft?]
_n.d Iﬁ: S A S = /\}y /

f:3 -_‘,‘,'.-ﬂ. oL - D

B 1] | b e 111999 iivl

(=012 [Kip/ft] -~ . - et GW

“Clay -~ - — —— ~ .
= (:£=0.08 [Kip/ft®] - - -

he=8 [ft] - C=0.1[] -
- Ce=0.5[] _ B
:90:0.7[-] e

Figure 4.35  Footing with dimensions and soil profile

4.10.12.2 Hand calculation

4.10.12.2.1  Overburden pressure
The overburden pressure on the top surface of the clay layer is given by:

6,=7v.h, =0.12x8=0.96 [kip/ft?]
The overburden pressure in the middle of the clay layer is given by:

"h .
5, =0 +chc:0_96+008><8

0

~1.28 [kip/ft:]

4.10.12.2.2 Increment of vertical stress

The average stress in the clay layer is calculated numerically using Simpson's rule from the
vertical stresses at three levels in the clay layer.
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Stress o at a depth z in the soil under the center of a rectangular loaded area of sides 2a x 2b

is given by:
4 P 1 1 |ab.z 4 ab
Cc, =" — + — + tan
2n 2ax2b|\ R} R, ) R, Z.R,

where:

R} =+a’ +z?

R2 = b2 + 27

R, =va’+b’ +z?

Stress o at the surface of the clay layer:

Depth from bottom of footing to surface of clay layer = 8-3=5 [ft]
R =R} =3"+5°=34

R, =3? +3% +5% =6.56

4x P {(1 1j3><3><5 L, 3x3
+ tan

34 34

6, =" — =0.01186P [kip/ftz]
2nx6x6 6.56 5x6.56

Stress o at the middle of the clay layer:

Depth from bottom of footing to middle of clay layer = 8-3+8/2= 9 [ft]
R =Ry =3"+97 =90
R, =3%+3% +92 =9.95

4x P 1 1)3)3x3x9 4 3x3
G, =— — +tan
2nx6x6 9.95 9x9.95

= = 497x10°°P [Kip/ft?
90 ' 90 } <107P fkip/it']

Stress o at the bottom of the clay layer:

Depth from bottom of footing to bottom of clay layer = 8-3+8= 13 [ft]
R} =R; =3°+13* =178
R, = 3% +3% +13% =13.67

4xP 1 1 )3x3x13 4 3x3
G, = + +tant ————
2nx6x6|\178 178) 13.67 13x13.67

} = 261x10°P [Kip/ft?]
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Average stress Ac; in the clay layer by numerical integration using Simpson's rule:

Ao, 1 o, (Top) + o, (bottom) +o, (midell)
2 2
-5
Ao, = % {0.01186 +2261><10 + 297 10_5},

Ac, =610x107°P [Kip/ft?]
4.10.12.2.3  Over consolidated ratio of the clay layer OCR:

0, =1.28 [Kip/ft*]
o.=1.6 [Kip/ft’]
OcR=9 - 18 195
1.28

Go

4.10.12.2.4  Consolidation settlement of overly consolidated clay (ot<oc)

Column load P=40 [Kib]
Considering a recompression index only, C,=C¢=0.5 [-].

Average stress in the clay layer Ac, =610x10°P =611x10" x40 = 0.244 [Kip/ft*]

0o =1.28 [Kip/ft®]
6. =1.6 [Kip/ft?]
6, =co+Ac, =1.28+0.244 =1.52 [Kip/ft*]

6 <o¢

The consolidation settlement of overly consolidated clay layer (o1<oc) is obtained from:

Sc=—Crh Iog(c—fj
1+e, Co

where:

Sc Consolidation settlement, [ft].

h Layer thickness, [ft].

Cr Recompression index, [-].

€o Initial void ratio, [-].

Go Overburden pressure in the middle of the layer, [kib/ ft?].
of Final stress on the clay layer, [Kib/ ft?].
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The consolidation settlement is given by:

S, =
1+0.7

0.1x8 ( 1.52 ) —0.0351 [ft]
128

S, =0.0351x12 = 0.42[in]

4.10.12.2.5 Consolidation settlement of overly consolidated clay (ot >6c>060)
Column load P= 80 [kib]
Considering compression and recompression indices, Cr=0.1 [-], Cc=0.5 [-].
Average stress in the clay layer Ac, =610x10°P =611x10" x80 = 0.489 [Kip/ft*]

00 =1.28 [Kip/ft?]
0. =1.6 [Kip/ft?]
G, =c,+Ac, =1.28+0.489 =1.77 [Kip/ft’]

(o > 0c > 0o

The consolidation settlement of overly consolidated clay layer (of >cc>00) is obtained from:
se=Cel log| 2= |+ Ceh log| >*
1+ € Oo 1+ € Oc
where:

Sc Consolidation settlement, [ft].

h Layer thickness, [ft].

Cr Recompression index, [-].

Ce Compression index, [-].

€o Initial void ratio, [-].

o Overburden pressure in the middle of the layer, [kib/ ft?].
Gc Preconsolidation pressure of the layer, [kib/ ft2].

of Final stress on the clay layer, [Kib/ ft?].

The consolidation settlement is given by:

0.1x8 1.6 0.5x8 1.77
= lo + lo

. =0.0456 +0.1032 [ft]
1+07 (128 ) 1+07 1.6

S, =0.0456x12+0.1032x12 =0.55+1.24 =1.79[in]
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4.10.12.3 Consolidation settlement by ELPLA

The consolidation settlements obtained from GEO Tools at the center of the footing are nearly
the same as that of the hand calculation with a difference 0.04 [in]. Table 4.23 compares
between settlements obtained from GEO Tools and those of the hand calculation at the center
of the footing. The input data and results of GEO Tools are presented on the next pages.

Table 4.23 Settlement under the point load (stress is calculated a in the entire layer)

Consolidation settlement

_ [in Diff(_erence
Clay behavior Hand calculation | GEO Tools [in]
Sc SC
Overly consolidated clay layer (c1<cc) 0.42 0.42 0.00
Overly consolidated clay layer (o >6c>60) 1.79 1.83 0.04

Ak kA hkhkhkhkhkhkhhkhkhkhhkhkhhhkhkhhkhkhdhhkhkhhkkhkhkhhkhkhhkhkhdhhkhkhhkkhkrhkhkhkhhkkhkdrhkhkhkkx

-4.114 -




Consolidation Settlement

GEO Tools
Version 10
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Title: Consolidation settlement of overly consolidated clay (Sig f < Sig c)
Date: 01-09-2017

Project: User's Manual

File: 4Con_Exlla

Data:

Rectangular load q [kip/ft2] = 1.11
Length a [ft] = 6.00
Width b [ft] = 6.00
Soil Data:

Layer No.: 1

Compression index Cc [-] = 0.50
Recompression Index Cr [-1] = 0.10
Over consolidated ratio OCR [-] = 1.60
Initial void ratio eo [-] = 0.70
Unit weight Gamma c [kip/ft3] = 0.08
Layer thickness h [ft] 8.00
Overburden pressure Gamma*z [kip/ft2] 0.96
Depth increment in z-direction Dz [ft] = 0.00
Point coordinates:

X-coord. X [ft] = 3.00
Y-coord. % [ft] = 3.00
Y-coord. z [ft] = 5.00
Results:

Settlement

Layer No.: 1 S1 [in] = 0.42
Total St [in] = 0.42
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Method (9) (Layered soil model)

Flexible Foundation

X
B o
B o207
B o039in
O ossqn
O os75in
O osspn
B o340
[ ossfin
[ os20in
[ ostin
[ osofin
Bl o290n
W o270

Y
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Settlements s [in]
Max. s = 0.41 at node 28, Min. s = 0.26 at node 57
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 13 Project: User's Manual
File: 4Con_Ex1la Date: 01-09-2017
Page No.: Title: Consolidation settlement of overly consolidated clay (Sig_f < Sig_c)
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Title: Consolidation settlement of overly consolidated clay

>Sig c¢>Sig o)

Date: 01-09-2017
Project: User's Manual
File: 4Con Ex11b

Data:
Rectangular load
Length

Width

Soil Data:

Layer No.: 1
Compression index
Recompression Index
Over consolidated ratio
Initial void ratio

Unit weight

Layer thickness

Overburden pressure
Depth increment in z-direction

Point coordinates:
X-coord.
Y-coord.
Y-coord.

Results:
Settlement
Layer No.: 1
Total

Cc

Cr

OCR

eo
Gamma_c

Gamma* z

S1
St

[kip/ft2]
[ft]
[ft]

(@} 0 O Ok OO

w

(sig f

.22
.00
.00

.50
.10
.25
.70
.08
.00

.96
.00

.00
.00
.00

.83
.83
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Method (9) (Layered soil model)

Flexible Foundation

X
| RO
B 168
B 1601
O w1s2qm
O 1430
B 135qn
B w270n
. 1.19 [in]
[ v10n
. 1.02 [in]
. 0.94 [in]
Il ossin
W o7 in

Y
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Settlements s [in]
Max. s = 1.81 at node 28, Min. s = 0.73 at node 57
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 13 Project: User's Manual
File: 4Con_Ex11b Date: 01-09-2017
Page No.: Title: Consolidation settlement of overly consolidated clay (Sig_f >Sig_c>Sig_o)
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4.10.13Example 12: Consolidation settlement under an irregular loaded area

4.10.13.1 Description of the problem

To verify the consolidation settlement of an irregular loaded area calculated by the program
GEO Tools, a hand calculation of a settlement under an L-shaped loaded area is compared
with that obtained by GEO Tools.

An L-shaped loaded area of a load q = 150 [KN/m?] is acting on a clay layer as shown in

Figure 4.36. Find the settlement of the clay layer under the corner o of the L-shaped loaded
area.

b=2[m]  a=2[m]

T

Clay: 6c=0.04 [-] -~
£0=0.75 [-] —

v=9  [kN/m?] -

- h=4.0 [m]

-

Figure 4.36  Soil profile under an L-shaped loaded area
4.10.13.2 Hand calculation
For a square loaded area of intensity q [KN/m?] with side a [m] acting on the surface, the

increment of vertical stress Acay [KN/m?] in the soil layer of thickness h under the corner of
the square can be expressed as:

2
Acav:i 2a|nw +htan*1a_
2nh (c+a)(m-a) h.c
where:

m=+/2a% andc=+/23%+ h?

h Thickness of the soil layer, [m].
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The average stress Aova in the entire clay layer under the corner o of L-shaped loaded area is:

m=+/2a> =42x2* =2.83
C=+2a2+h? =2x22+h? =49

_ 2
po, =30 [ () o)y (49-2)(283+2) 1, 2
2m 4 (4.9 +2)(2.83 —-2) 4x 4.9

Ac,,=T78.44

Overburden stress oo at the middle of the clay layer (z=2 [m]):
G, =Y'Z, =9%x2=18 [KN/m?]

Settlement S¢ of the clay layer:

S

C.H
= log

Ac,,+o, 0.04x4 log 78.44+18
l+e, c

= =0.0667 [m]=6.67[cm]
1+0.75 18

c
0

4.10.13.3 Settlement by GEO Tools

The settlement obtained from GEO Tools at the center ¢ of the circular loaded area is 6.47
[cm]. It is nearly same as that of the hand calculation. The input data and results of GEO
Tools are presented on the next pages.
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Title: Settlement of a circular loaded area resting on a thin clay layer

Date: 01-09-2017
Project: User's Manual
File: 4Con Ex12

Data:
Rectangular load

Soil Data:

Layer No.: 1
Compression index
Recompression Index
Over consolidated ratio
Initial void ratio

Unit weight

Layer thickness

Overburden pressure
Depth increment in z-direction

Point coordinates:
X-coord.
Y-coord.
Y-coord.

Results:
Settlement
Layer No.: 1
Total

Coord. (Polygon load) :

No Coord. Coord
I X \
[-] [m] [m]
1 4.00 2.00
2 2.00 4.00
3 0.00 4.00
4 0.00 0.00
5 2.00 2.00
6 4.00 0.00

Cc

Cr

OCR

eo
Gamma_c

Gamma* z

S1
St

150.00

(@] SO O OO

\S)

.04
.04
.00
.75
.00
.00

.00
.00

.00
.00
.00

.47
.47
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Method (9) (Layered soil model)

Flexible Foundation

X
. 6.78 [cm]
B 639 [cm]
. 6.00 [cm]
D 5.61 [cm]
. 5.21 [cm]
. 4.82 [cm]
B 443m)
& 4o03fm]
[ 364[m]
. 3.25 [cm]
. 2.85 [cm]
Bl 240m]
. 2.07 [em]

Y
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
Settlements s [cm]
Max. s = 6.98 at node 49, Min. s = 1.87 at node 81
GEOTEC Software Inc., Calgary AB, Canada T3E 7Y7
PO Box 14001 Richmond Road PO, Tele.: +1 (587) 332-3323

Scale: 27 Project: User's Manual
File: 4Con_Ex12 Date: 01-09-2017
Page No.: Title: Settlement of a circular loaded area resting on a thin clay layer
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