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Table and Chart First

Procedures for Classification 1<Ce<8 Cu>4 GW Well-graded
Less than 5% fines Gravel
Passing #200 Gravel: Passing #200 < 5%
< 50% course e ° Not satisfying GW GP poorly graded
soil More than 50% coarse fraction Gravel
i 1 4 . .
retained on sieve # More than 12% fines Below Line A GM Silty Gravel
Passing #4 < 50% gravel
- - Passing #200 > 12% Above Line A GC clayey Gravel
Coarse-grained Sand: . 1<Ce<3 Cu>6 SW Well-graded
material Less than 5% tines Sand
Less than 50% coarse fraction |
0 . i 2 9 o
Grain size retained on sieve #4 Passing #200 = 5% Not satisfying SW SPp o?rly graded
distribution Sand
Passing #4 > 50% Sand ' o
More than 12% fines Below Line A SM Silty Sand
PaSSing #200 > 12% Above Line A SC Clayey Sand

Passing #200 >50% fine soil W Plasticity chart
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Table and Chart Second
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2/r, depth in radii

I, stress in percent of surface contact pressure
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|
(Bulk / Wet / Total / Moister) Soil : Dry Soil : Saturated Soil
1 |
v, (Y | 1
I . _ 1
vw/ : v, Air M,=0 : v, M,
N 1 |
\ oA - | L Solids
v : v Solids M, : v Mg
\V 1 y |
1 |
oy | |
% =v,+v, +v
total = Va T Vw T Vs : vy = v, Viotal = Va + Vs : v, =, Vtotal = Vw + Vs
Vyoide = Vg + 7, =
voide a w : vy = 0 Vyoide = Va : v, = Vyoide = Vw
Miotar = Ms + My, : Miota1 = Mg : Mot = Mg + M,
U e e e —
Volume -Volume Relation =R
v,
void ratio (e)for Bulk soil = v_v whenv, =0is (vy = ;,e =0)and whenv, = vis (v, =2v,,e=1)
S
. . . v‘l] va . .
void ratio (e)for Dry soil = b whenv, =0is (v = v,,e =0) and whenv, = v,is (v, = 2v,e=1)
S S
. . . v‘l] vW . .
void ratio (e)for sat soil = e whenv, =0is (vy = v,,e =0) and whenv,, = v, is (v, =2v,,e=1)
S S
emaybe >1 and enot maybe <0
v,
Porosity (n)for Bulk soil = v_v whenv, =0andv, =0is (v, =0,v, = v,,n =0)
t
%
Porosity (n)for Dry soil = v_v = v_a whenv, =0 is (v, =0,v, = v,,n=0)
t
. . v‘l? vW .
Porosity (n)for saturated soil = Pl when v, =0is (v, =0,v, = v,,n=0)
t t
o0o<n<1
,
Degree of saturation (s,)for Bulk soil = U—W whenv, =0andv, =0is (v, =0,v, = v,,S =0)
v
, o _tw_ O
Degree of saturation (s, . )for Dry soil = Pl 0 S not may be < 0
v a
o . UW UU
Degree of saturation (s,, . )for saturated soil = Pl 1 Snotmaybe>1 0<S<1
v w
o . va
The air content (A)for Bulk soil = o
t
o . va UU
The air content (A,,4,)for Dry soil = L=, =n atv, = v, Ape =N Anotmaybe>n
t t

v 0
The air content (A,,;,)for saturated soil = v—a == 0 atv,=0 A,,;, =0 Anotmaybe<0
t t

(Mass-Mass) Or (Weight - Weight) Relation

M w,
Water content (w,) = ﬁw Or = WW at Dry soil (wc) =0 at Sat soil (wc) = We,,q,
S S

|
=



(Mass Or Weight) -Volume Relation

M, Gsp,(1+w) p,(Gs+ se) W, Gsy,(1+w) ¥%,(Gs+ se)
Bulk d it =—= = 0 ist unit ight = — = =
ulk density (p) o, T+ e 7o r moist unit weight (y) v, Tt e e

S

M
Solid density (p;) =— Or solid unit weight Yy q = —

vS US
M Gs W, Gs
Dry density (pary) = v_s = ;1)W+ p Or dry unitweight yg,., = U—S = )1/W+ p
t t
M,  py(Gs+e) W, vw(Gs+e)

Saturated density (psq:) = o Or saturated unit weight yg, = P
t t

1+e 1+e

P (effective /Bount/Submerged) = Psat — Pw Or effeCtive unit Weight Y (effective/Bount/Submerged) = Vsat — Yw

Derived Relation:

e —wcGS or A 1 G Ps MS MS‘UW p _ Psat 0 y _ Vsat n= e
= —— = = = —= = D - D - -
1+e ’ n(1-s) s Py Vspy VM, V14w V1t wegy 1+e
__bp I 4 / _ Yw(Gs—1) _ ¥Ypry(Gs—1) n _ Psolid _ Ysolia
Pory =1+ w Orymy_1+w Voo T s ®“1-n Pory=71+e Orymy_1+e

Ypry = GSy,(1—n) ¥Ysat = Vbry +ny,, Y =vYwGs(1+w)(1-—n) w.Gs = se Number of layer:

Standard Test = 3 layers

Cmax —

Dr Or Ir =

€max — €min

is0<Dr<i1 :
Modified Test = 5 layers

Dr Or Ir for Dense Or Compact soil (e = e,;,)) =———=1  is D1,
max — €min

Weight of of hammer:

Standard Test = 2.5 Kg =5.5 Ib

g €max — €max g
Dr Or Ir for Loose soil (e = epp,) =——— =0 is Drin
€max — €min

I
I
I
I
I
I

€max — Emin 1
I
I
I
| Modified Test = 4.5 Kg =10 Ib
I

________________________________________ - Height of drop of hammer:

Compactive effort (energy E) Standard Test = 805 mm

_ Weight of hammer X Height of drop hammer X Number of blows per layer X Number of layers Modified Test = 450 mm

Volume of mold

Number of blows per layer =25

X S X S Gs _ o EModified
= Ps _ Pw _ Pw - zpw R.C =80+ 0.2 X Dr% E—= 44 yolume of mold = 0.944 x 10~% m3
1+e w +p—WXS w. +— 1+e Standard
<’ ps ¢ Gs e mm e e e e e e e e e e e e e e e e e e e =
| AlLinePI =0.73(LL —20) > PI Silt LL oven dry < 0.75 LL ajr ary Organic
_ Pd-field R.C > 95% accepted | ;
R.C = I AlLinePIl =0.73(LL — 20) <PI Clay LL ovendry 2 0.75 LL ajrary Not Organic
Pdry max—laboratory 1 .
o0.p.t £ 2% accepted )
1 U LinePI =0.9(LL — 20)
Cu = % 1<Cc<3 Cu> 4 Well graded for Gravel i w — PL LI < 0: brittle fracture if sheared
= D —
10 PI 0 < LI < 1: Plastic solid fracture if sheared
1<Cc<3 Cu= 6 Well graded for Sand
C u=> ell graded for San
D32 Pl =LL—PL LI < 0 : viscous liquid if sheared
Ce= Dy X Dgg Cu=1 uniform soil (one grain soil)
Pl Normal Clays: 0.75 < A <1.25
i tan $=0.121 A=
= S AN e ) _ N %clay fraction (Wt) < 0.002mm | Inactive Clays: A < 0.75
trength(ditubed) LL =wy |5z
streng itube 25 Aetive N
ctive Clays: A > 1.25
Me— M VeV 1. Large volume change when wetted. Hich activity:
SL = wi(%) — Aw(%) = (%) x 100 — ( s D) X py X 100 . 1gh activity:
D D 2. Large shrinkage when dried. 8. Very reactive (chemically).



The Geotechnical engineering 7/2
Assume the soil above the surface of the water

Dry Or Bulk Soil and below Saturated Soil.

Weight
Area

. KN
Stress = =y X h Unit—
m

U = Ywater X hwater- (Vwater = 9.81 KN/mZ)

Ocffective — z:(Veffective X hgs)
for — Saturated Soil Yerre = (Vsar — Yw)-

—Bulk Or Dry Soil Verre = Vouik OT Vpry-

Ocffective = 4 + Z(Veffective X hgs)
Ototat = 4 + 2 Veotar X he.s)

U = Vwater X Rwater

hG.Sii

1

hG.Si

hwatei

Ototal = Z(YVtotar X hg.s)

é__

l l q="1vq X h

G.S denote to Ground Surface

N

\

—_—

W.T denote to Water Surface

A 4

for — Saturated Soil Viptar = Vsat-

—Bulk Or Dry Soil Yiotar = YBuik OT Ypry-

q only added to 0 ffective AN Oro1q

—q = 0 (Immediately ).

—q = be considered (Many years after the fill ).

3Pz° _ 3P z’ P i I i for point load
Ao, = P 2m (2 + 22)52 = Z—le for point load. 1= Zn([r]z . 1)5/2 p :
z
2qz° 2q , -
Ao, = 2% 1 2272 = 22lOc/2) + 112 for Vertiacl stress by vertical line
2q  xz? : : -
Ao, = Aoz = ————— for Vertiacl stress by horizontail line
T [x? + z2]?
[ ]
I 1
Aoz =q | 1-—— | for Vertical Stress below the Center of a Uniformly Loaded Circular Area
R\ TP
| [(E) +1]J LorB LorB
m = 7 =
z
N B2 B
AGZ = %[(ﬁlﬁ BZ) (a, + a,) — % (az)] < >< > Aoz = ql; forVertical Stress Caused
: ’ @H by a Rectangular Loaded Area
B+ B2 1 (B 7T LA
— -1 — - — JES— =
a, = | tan ( 7 ) tan (z) X 180 @ % 12 Aoz = q Surcharge load
b T ’ Aoz x5 Strip load
— -1 ("2 _ =
0z = tan (z)X18O 5, (B+2)
P —> 2
_9n _, (B2 T = Z _ qXxB
Aoz = — a, = tan™? (7> X = /KﬂiH Aoz BIOXBE2) Square load
poz=—TP° Circle toad
q=YH o |z|*? " Drox0+2) ircle loa
y = unit weight of the embankment :
q(Bx1L)

H = height of the embankment

Aoz Rectangular load

" Brax(L+2)



0%h 0%h
ky=—+k

*ox2 ' %922

k, = k, (isotropic soil) x =kyi, =k ?
. Ah oh

L= vz—klz—ka
=y_/=y—yW=Gs—1ata =0

T e lte

v = ki at normal condtion Or Darcy velocity

. = ki at Critical condtion

v = ki (Discharge velocity Or Darcy velocity)

k = hydraulic

v ki .
vs == oy (Seepage velocity)

conductivity of
q = vA at normal condtion soil(cm/sec)
qcr = VoA at Critical condtion

q = vA by Area total

q = VsAyoiqe by Area Voide

k = 1072D,,* For Clean Uniform sands (Hazan)

Seepage discharge or Flow rate

N
f e

= kAH —
1= Nd In isotropic soil — /m
sec
AH =H, — H,
Ah = Nd (Head loss or Drop head m)

h; = AH — Nd;Ah — z ( Pressure head m)

u; = yywh; = yw[AH — Nd;Ah — z](Pour pressure m)

(w; +uy)
Pw = — X Lpam (pressure of water
or uplifit force KN/m)
_ The weight of the dam

(Factor of safety
pressure of water

against Uplift force) Wt.Dam = Y oncrete X Aconcrete

ior
F.s = (Factor of safety against piping force)
g
lexlt
L exit Or min
_ Ah
texit = T oxit Or min ! ’ | ! !E;
Nf Nf
q= kAH —= Nd k,xk AHN (Anisotropic soil)
K H1K1 + H,K, + H;K; —_
H, + H, + H;

28 N

ky,, =
@) -

= 0 (Laplace equation of continuity)

Att=0 Ao, =AuOru,| Att=o Au=u,=0
Symbolized u;
Ototalfinar = 9o + Ao, Ototalfinar = 9o + Ao,
Usinal = Uo + Aoy, Ufinal = Up
o-effefinal‘ = 0o ~Uo C’-effefinal\ = 0ot Ao, — Uo
4Tv 0<Tv<0.197
Uang = |5
Y
8 -m?Tv Tv > 0.197
Upg=1——e 4
Ty 2 U < 0.60
Tv = ZUavg S U.
v = —0.933Log(1 — U) — 0.085 U > 0.60

h: The distance from the surface of the

0.C.R = i soil in the middle of the clay layer.
O—O

Ho :Thick layer clay

-Normally Consolidation Clay (O.C.R) = 1 op = 0,
Under Consolidation Clay (O.C.R) < 1 op < 0,
Over Consolidation Clay (O.C.R) > 1 op > 0,

1
Aoz = 3 (Aazm7 + 40024 + AUZbottom)

0, =Yh af‘=ao‘+Acz
Ae Cc of
1.5 = Hy———— 2.8 =— _H,Log L
! % (1+e) F = (A+ey) © °g o,
Sy = myHplAoz op < 0, < af\ 0.C.CR<1
Cr O-f\
3.5y =———HyLog | =
T ey ""g(ao>
0, <of <op O.CR>1
4.5, =— oL (UP) L (Uf\>
. og T 1o Hobtog
T (L +ep) ° (1+ep) 277 \op

0, <op <of O0.CR>1

cr of . .
Sy =————HylLo = —ve 0, > O
T e g() 0T
Sc
Uavg = 5 ou, d2ue € =5
ot V22 c.=0.009(LL - 10)
Ue
UZ_l_AO'Z—ul- cvt _ €17 €
Ty = Cr—L 1 S
dr? 0go; —Log oy
t=0 U,= _—
K =c,m €= o —
t=o00 U,= vMyYw Log o, — Log o,



W, = Water content measured at end of test

eo = Void ratio at start of test/ A :Area under stress
el = Void ratio at end of test /&, = Strain volumetric
Ho = Thickness of specimen at start of test

AH = Change in thickness during test

¢. = The Compression index

¢, = The Recompression Or Swelling index

mv =The coefficient of volume compressibility

v

&V AH ¢c. = 5¢,

MV =ae ~ Hoho
Ae =
mv=————MN/m? € = ey +Ahe
(1 + ey)Ao o = w.Gs
1 = 1
c. = 0.009(LL — 10) M
5 AwGs
€1— €
¢, = : -
" Logo, —Log o uo_n
1 S
e, =
1 HS
_ €1— €
€= logo, —Log o,
_ AV _ AH _ Ae
TV T H, 1+te
Op
c, Oo
Cc O'f

\Z

Log o

Log o
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7r = C + o7 X tan(@)

MR

Normal Consolidated Clay

T: shear strength of soil

Sandy Soil Or T

—_ 1)

C:0tr=f X tan(®) >
C: cohesion intercept o
@: angle of friction Clayey Soil T
\_f‘>
o: total normal stress :0 t=C c
on the failure plane C and @ shear parameter | a>

o,0r o1

Failure plane
J

Minor principle plane

Major principle stress

1
T = 2—(01 — 03)sin(26)
1
2 (01— 0}

sin(@) = T
C cot(D) +—2 (oo}

Direct shear test (Shear box test).
Function of €ffECtIVE STL 7, rancon + ¢

T

Normal force

Major principle plane

Minor principle stress

Normal force(o) =

Cross — sectional area of the specimen

Resisting Shear force
Shear force(t) =

Cross — sectional area of the specimen
C=C/andp=0/ando=0/—-U=0/—-0=0/
Over Consolidated Clay Residual C’'=O

Over Consolidated Clay peak C'#Z O && @ # 0

~
7

Over Consolidated Clay Or Dense Sand

P

Shear Displacement

Expansion

)

Normal Consolidated Clay Or Loose Sand

Change in height of specimen
(Vertical displacement)
Compression

3

of=

A
<
~
S
I
V)
~
~
[7,)
~
S
(V)
<
[7,)
e
~
c -
\
pd N 2 N
~ 7 N 7
o3 R R 01
v o normal stress
Ji

1 1
2_(0'1 +03) + 2‘(0’1 — 03) cos(260)

o=otan? (45+) -I%ZC tan (45 +) g

At
Slope =Es = =modulus of elasticity Residual Or ultimate
N
Peak
A Over Consolidated Clay
<
g Dense Sand
e Tf
@
§ Loose Sand Or
Q
< Tf :
: Normal Consolidated Clay
\ 4
N
< >
15% Shear Displacement
: M
: 1
= Loose Sand
g
Dense Sand
>

Shear Displacement



Triaxle Test 03/ = 03— Uc(0)

1. (CD) Or (S) Test.

Function of effective stress T = o/ X tan(@/) + C/

—_ <
Ah o3/ = 03— Uc(0)
Axial Strain (g,) = h
AV
Volume Strain (sy) = v

Find C/ && @/ 03/ = 03— Uc(0)

2. (CU) Or (R) Test.

Function of effective stress T = g/ X tan(@/) + C/

03/ = 03— Uc(0)

l 0'3/=0'3—U(;

%e

o3/ =03 Uc

Function of total stress 7 =0 X tan(@) + C

Find C/ && ¢/ && C && @

2. (UU) Or (Q) Test

Function of total stress 7 =0 X tan(@) + C

§<100% 0 >0, C < Cax

l O'1/=0'3+A0'd—Uf(0)

o3/ = 03— Up(0)

\l/ o1/ =03+ Aoyg— Uy

%@

0'3/=O'3—Uf

!

01/ =03+ Aog— Uy

. A
SRS
Stage 1: Confinement Stage Stage 2: Shearing Stage
Find C && 0
Residual Or ultimate
A /’ Stiff Clay g — £ A Over Consolidated Clay Or Dense Sand
3 Peak £%T <
IS Over Consolidated Clay g g =
2 S
3 Dense Sand cs H
2|l /o o3 >
) _— / P \ Soft Clay 2 :; 5 Axial Strain &,
Loose Sand Or £8 7
Aoy %5 &
Normal Consolidated Clay =2 £ Normal Consolidated Clay Or Loose Sand
= o
, Sy
7
< >  Axial Strain &Ea
15% /- o8
o =% gn
A P =2(tan"1( ) —45)

Normal Consolidated Clay Or Loose Sand

~_
N

a5/ o= o5/

an

Su for NC

3 > Sy 1
< Axial Strain g, Po_/ = 0.45(PI)2 PI in demical and > 0.5
Sy 0.11 + 0.0037PI PIli
Over Consolidated Clay Or Dense Sand Py +0. inpercent
\ 4
Note for A Consolidated ~ Undrained triaxle test = Ondraimed Shearrenoth
Po’ = In Situ overburden stress
T shear strength q q - & Pl = plagticity index
U =0gr=
A B =T Ay )
2 R Ao oo
. . i
Sy = Undrained Shear Strength = (1 — ga) (0.c. R)08 — Over consolidated Clay

C
o Normal Stress -
N
[l C
03=0 o1=07(qu) Po

(0
(F/)

0 Normally consolidated Clay

—l/ = (0.23 £ 0.04)(0. C. R)05



o ol Al

Origin of Clay Minerals = &l sl L]

The contact of rocks and water produces clays, either at or near the surface
of the earth e oAl ) Y e o LWl ISl iy o et slally el ISV
Rock +Water —— Clay

For example

The CO, gas can dissolve in water and form carbonic acid, which will become
hydrogen ions H" and bicarbonate ions, and
CO,+H,O0== H,CO;~ H" +HCO3"
Uﬁg ;LJ L;ijg Lﬁb LJJ,\&,&J@A u’jij o\.«yj \)ou«ojf;A Jj _j\go-y L)LJLA
sl Zsha po Jolin 31 sl el o Lo, u\w@. Shaly s pidl Sl o S, S e
e aty S Bla jame o e 5 Jo L ke 5) laaaldll o Ky bl 2051 1 oy
(Lsad) il ﬁ\jf‘ B UL S obeaddll S sty (598 s ol &35y slan O sk

The acidic water will react with the rock surfaces and tend to dissolve
the K ion and silica from the feldspar. Finally,

Feldspar + hydrogen ions+ water—== clay (kaolinite) + cations, dissolved
Silica 2KAISisOs+2H* +H,O == AlsSioO5(OH)s + 2K+ +4Si0,

The alternation of feldspar into kaolinite is very common in the decomposed

it
granite o) bl e 8l n B8 ) o) o

The clay minerals are common in the filling materials of joints and faults
(fault gouge, seam) in the rock mass

J:mAAL{L;(OM tm)dl\jgl\ J.‘a\.uj\uﬁj..oJ b axls didal) palasl)
Sl ) s Koy 43 A8 Jols lly Joladly JlasW sbolie 3 lgalased .\?muw\yu\wﬁ



Syn th eS 1 S Oxygen 5| Hydroxyl r cations 3ol

Clay mineralv\iﬁ J\y basic unit &» sheet ) sl sheet Lga%
.Clay mineral lass basic unit

Oxygen or Hydroxyl |€4>| Various cations

! | |

oSy D33 po 8w )3 bl S onla D136 o pll 33 bl 136 po gyl 3 Lil3)
Silica sheet  jay Gibbsite sheet o Brucite sheet s Jo5,uls
| 9+
1SI Tetrahedra sheet LAPT 5 thedral sheet 1 Mg OC:]}::MI
+0 6 OH 6 OH
ili E Tips up Gibbsite Brucite 5
et sheet © sheet

OR

e ]
Tips down

o5 {0 Aluminiu
J{w é@‘i \~4~° -\e,-\.aj\ ‘LL')\ .V/ O Hydroxyl
$ (_s+\aw &) Hexagonal hole ' 2 ]

LN
Silica Telrahedron Silica Sheet
. 3l ST AL/Mg &3 6 g dasme JooS 5 paln 33
ujﬂv-“.. Y Ao oSl 5,

Sheet sl

1.1 Semi basic unit 2.1 Semi bhasic unit

Clay mineral ¢ Basic unit Kgres

| !

:2.1 Semi basic unit &\c Jee

:1.1 Semi basic unit Je J

1. Kaolinite 1. Smectite or (Montmorillonite)

2. [lite



.Clay mineral | t_\j‘ RN

Kaolinite S #ls¥l s

Basal spacing is 7.2 A The distance between layer and layer

Platy shape
Van der Waals forces and hydrogen bonds. -4 al)

There is no interlayer Swelling (Less Swelling) (bl (e ¥) bl s dszor ity Y

Width: 0.1~ 4pm,
Thickness: 0.05~2

.L;'.xd\ u».,\..@.oﬂ C\cﬁ]\ e g‘ﬂ\ J\J‘J\ P
‘VJJM Jles! 29 ed) Slles B psa

Smectite or (Montmorillonite) e Y1

Basal spacing is 9.6 A
Film-like shape
nH,0 + Cations [Van der Waals forces.  -d=e dal}l

There is interlayer Swelling (expansive clay) (More Swelling) (bl ) lall ot o iy

Width: 1 or 2 pum,
Thickness: 10

[llite (mica-like minerals) ottt ol gz el el 3y S e
Basal spacing is 10 A
Flaky shape

Potassium bond. PRV

There is no interlayer Swelling (Med Swelling)

Width: 0.1~ several pm,
Thickness: ~ 30 A



Soil Texture

The texture of a soil is its appearance or “feel”

it depends on the:
1) Sizes relative
2) Shapes of the particles

3) The range or distribution of those sizes

e Mj(o\l&)aﬁlm 9 4yl C...m
Al oY1 1

and

ol JSN1 2

s pFs S Ly .3
Je VY

wwj@ﬁwgaw\&bmréjaw\gtmréMJ\L}\@,G

Coarse-grained soils: Fine —grained soils: _ _
Gravel sand silt clay Unified Soil
Classification
o) \ bl
= ‘fu o System (USCS)
#200
200# Jsue JYs oy Y s 0.075mm (USCS) o JVo e s ps ru
200# Ll el
Coarse soil Al
coarse grained soil I sasey Fine grained soil Jl puscs
(Sieve analysis) (hydrometer analysis)
Soil name Gravel , sands Silt Clays
Grain size Coarse grained can ‘ ed . dividual era
see individual grains Coarse grained can’ not see individual grains by eye
by eye ol gl &3, S Y
Characteristics Shppadl! Non-plastic granular Non-plastic granular Plastic granular

A o 5 gl ¥

Aty 25 gl

Coarse grain effect of water on
engineering behavior

Relatively unimportant

Exception: loose
saturated granular

Important Very important

e T g [ ST e s

sl B Jo Ll : _
¢ dl e . materials and dynamic A sl Syl Jo ol Jo gJ‘“J ey Jall e
loadings 2 i
.k‘;y\rhf"\‘ﬁ%w
LSl s s oS D
Effect of grain size distribution on . :
eng ineering behavior Important Relatively R‘elatwely
& g unimportant unimportant

ol ) o Slaodl gy e




Grain Size and Grain Size Distribution

Grain Size

o e i e 28 K iSieve analysis
5% (0.075 mm) 200 33 Jsia (e Lo JS S5l
Coarse soil o Joudll Jo 2ad) , fine soil

4.5 Jooe o o sy

b apams 35y (4.75mm)
x4 8y 5200 3y Joe
Je geally Sand 4izcs

Gravel jox 4 ) sl

o sl

5% (0.002mm) Jsia
5200 Gy Jsio () guames
wx (0.002mm) Jowe

o o il Silt 4z

Corse soil Fine soil
<€ } >
)
e]
: : = E
6 n v o
<« : ' = >
USA | 475 mm 0.075 mm 0.002 mm
C BS 2 mm 0.06 mm 0.002 mm
@ 4l @J\ Cagat| }
Note:

A small quartz particle may have the similar size of clay

.Claydﬁﬂ,bﬁw@%w\,édﬁ Claymineralﬁxqﬁﬂj(0.00me)J&.uwﬂ,j uﬁkj\v”"jk)‘\“”r"’})\jﬁ ngﬁ

Ay s S0 5 D
o gl 4l 5010

| Effective size 2 kil s JYs o &1

3‘)\ leys r-@. 4l
l
1. Well graded. e | Note
|
2. Poor graded. o s |
I DIO
3. Uniform. o Mgy ¥
L sy e |

COFF. OF UNIFORMITY (Cu)
Pl /e gl Jalae
Jobll o (gybudlly e 3,01 4.8
COFF OG CURVATUER (Cc)
o) s

s o tgrly B0 il e W s

Cu=1 uniform soil (one grain soil)

e Bl 3 B3ggn i JSU ol

(bl o)

Finer

1<Cc<3 Cu> 4 Well graded for Gravel

1<Cc<s Cu=> 6

Well graded for Sand

Poor graded s sty 7l (Ce or Cu) 7513

b s oy 4l d\‘ D

N
7

Grain size



Fine soil Course soil

Sieve ana "'I ‘“K 2
{U.S Standa é)
No. 290 100 40 10 a4 Bin 4
100 ¢ r = oS —

3in
) e e A 71 0

A

AN

dil—oI Cu=1

20 .

r mass}

1t passing (finer than)

Finer

t t 60 % =
ell gtaded :

\S\ |
T

Examplel : Of the graph soil A how much the proportion of the ratio:

A.1) Gravel 2)sand 3)silt 4) clay: And Classification Course or fine.
Bo DIO, D30, DGO?

C. Cal: Cu, Cc and class well or poor graded.

A. 1) Gravel =100%-51%=49%  2) sand = 51%-18%=33%  3) Silt = 18%-2%=16% 4) Clay = 2% (passing)

(retained) L .
Qo 50 B0 e %33 B e yes A s 916 ol e (syos 40 (e 962
o Sievet#d gl Jsl 90 Oy szl ol 5 Sieve (0.002mm) -+ LI Jsl 50
J\ CJXG.«B Sieve#4 L}; ij-«AM .,\>L* O9R o PaSSing CJL.«B Sieve#200 Sieve jSieve#ZOO BJ__.,L@ Passing J\ ,\,‘L
.passing s %100 B .y passing CMOOOZM)

Passing #200 >50% Fine soil 18% <50% coarse soil /////

51% >50% sandy soil
Passing #200 < 50% Coarse

Passing #4 < 50% Gravel Soil o Al ade (g Lo el

Passing #4 >50% Sand Soil Cde il ade g o el
" cu=De_ 0 — 450 (unit less) > 6 ok
u_Dlo_0.0Z_ unit less) > 6o




Particle Shape

bl , & 300 @,\s&\r@@\@ﬁ
Angular particle 3 5 Je

w25 il Cla ,Round particle ,.Se
-39

Rounded Sub-Rounded Angular Sub-Angular

Atterberg Limits and Consistency Indices

The presence of water in fine-grained soils can significantly affect associated engineering
behavior, so we need a reference index to clarify the effects

S o) g jsge I 7o A uid) Sl o 8 6 ) alally cplall ol

SL: Shrinkage Limit. .S s PL: Plastic Limit. &, o> LL: Liquid Limit. Ay s>
- - A o Bl enss Joes I Sl (50 2
Br L ol Aol 5l 3 o o , e Sl AL Ao 1 &l Do
LIs1 imdll L == Liquid state (fluid soil — water mixture)
LI>1 gl Jstsedl
LL
0<LI<1 (&) dend)) oo oS === Plastic state -y oo Al onse Jps s M (sgmal) 52
Wﬁguwgwuuu
28 SL s p ) AL s -[ Semisolid state -
<0 L e ds )y 4o Solid state (brittle/dry) ‘
(- ol bgh Al L.;LJ\ Syl 52
. LI=-ved Al
LI = Liquidity index .
Increasing water content
sy 45 (.
75 Ay 55 S s 3

eVl o Jlo JS” 3 Shear — Strain e,

G Jas J e 3 JLI<0 o8 Je s (solid state//(brittle/dry) OR semisolid state) 58 Jb 2
Shear —Strain &ew, 55¢ (PL J} dad Juay o U syl $) &yl o))

wc < PLL



https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwj67ODs4OvfAhWO2KQKHdiRC3AQjRx6BAgBEAU&url=http://ecoursesonline.iasri.res.in/mod/page/view.php?id=125126&psig=AOvVaw0-NvVjPNI43EoE3DBPdeC3&ust=1547503201346133

o5 (LL Dgeadd) s sy Juas o9 PL &plll s & 35le0) 400 1 51 0<LI< 1 oS e 2 i (plastic state) cha) Sl 2

Shear — Strain 4w,

wc > PL
I wc > LL

s N Joy J 351 L1>0 o8 b 3l (Liquid state// (fluid soil — water mixture)) Sl oS J 3
Shear — Strain 4w, jf, (LL ) sad ‘3\.‘3\ Syonall gﬁ ) Jgrudl

wc > LL

AW=Wi%-SL%
Vi

o Sladly 40 Sy Sl el wl joady ol dacsio G301 e 5
doys Jay Oy éU\ 6}""“5\3 r?"J\

Volume of (,?wJ\ L"5‘\) J.«ﬁ Ju Y s L;\

soil L ol g (b /
A

\%3 . .. .
Solid state Semisolid Plastic state Liquid state (fluid
(brittle/dry) state soil — water mixture)
y .
SL PL LL Wi
ILI<o o<LlI<i1 LI>1

Moisture of content

LI

[l
o

LI=1



Shrinkage Limit (SL): The water content at which the soil volume ceases to change

1s defined as the shrinkage limit A o sae (g (sl olall (ggime g2
SL = wi(%) — Aw(%) = (u) X 100 — (V1 _ 2) X py X 100
o = )<
Vi Vo
Ml MQ
SLL J\ Glus yles

1. Casagrand method: *Multipoint test *One-point test. — &l dume SMas 3 I 3 &)
2. Cone Penetrometer Method: *Multipoint test *One-point.

3. Dynamic shear test. Lib §5 Slogr e

4. Partial size and water.

(u}a}\ww\j@') o pall rjm r;‘_",,.‘bd‘).,\“_, sles L;C:Q’("A‘J\’ fine soil Ll D;u

Casagrand .
method: 50 4ﬁ S L@"dj “oﬁj\ u.@.w (12.7mm// 0.5 in U‘“)\ M) )\v\.‘l“% O'\"w -
LL 555025 iyt o oo oy gl Jo Sl sy et Sy
Wn% A
FLOW LINE
Multipoint test LL
0 25 N

40 W e ale 0 g i) )

4
EALRUHER R


https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiW5cP0qOXcAhUkzYUKHQKBDJoQjRx6BAgBEAU&url=https://www.ebay.com/itm/BEST-PRICE-Liquid-Limit-Apparatus-Tool-Counter-Casagrande-Method-BRAND-BEXCO-/192586524972&psig=AOvVaw1e9ugQ7krpZDOx2V6R7oj9&ust=1534087822958109

One-Point Method 4,0 (20-30) o L N uji OG\ Lﬂ (N/wn%) C‘b ,\;\.’3 o & L) &ﬁﬂ\
N tan S .Lj@s676 QAWAM' \li'é\)\c&cksj
LL = Wn (E)

N = Blows of number

wn = Correspond content moistureing tan (B) = 0.121
Indices

Plasticity index PI

For describing the range of water content over which a soil was plastic.

Pl = LL — PL L o8 oy &odly &l oe OB (s L";LJ\ Syl 92

PLASTIC STATE I PI

Liquidity index LI

For scaling the natural water content of a soil sample

A0 Rl ol oLl (g il o
w — PL W is the water content

LI =
PI

LI < 0 : brittle fracture if sheared
0 < LI < 1: Plastic soild fracture if sheared

LI < 0 : viscous liquid it sheared

Sensitivity S. (for clays) ol Al Unconfined streets

3 o oy g Rl ) o A sl

_ strength(undistubed) (ol 3 2 ) fnlall lgatliasn daiions 2 cplall doglis s

St =
strength(distubed) Lauly d S salely olis ) plall Sy plall doglie oo

10



Activity (for clays) LS el 5 odl 3 judl 3 40 bl sas e 23 )1 Vi

PI

A=
%clay fraction (Wt)
(-

Normal Clays: 0.75 < A <1.25
Inactive Clays: A < 0.75
Active Clays: A > 1.25

High activity:

1. Large volume change when wetted.

2. Large shrinkage when dried.

3. Very reactive (chemically).

LL/PL/PI

1. Montmorillonite

2. Illite

3. Kaolinite

Sgaiall 0.002mm e J31 8 (sl &1 e (,.c«U\ ded
Clay (aja)\ 4,31)

Clay fraction <0.002mm

125 e ,S1A S

SV A s e S el 5 ll S
ASleSI SNl 5 dlass, cOlindl e S

can be defined as ration of plasticity : Activity of soil
index to clay fraction as percentage.

.Z\g)ﬂ\&&w&?@j%y\ﬂ\j&yww\ &l Je Opm

SL Js (LL/PL) s\y L JS°
SL ol Activity !
1. Kaolinite 1. Montmorillonite
2. [lite 2. Illite
3. Montmorillonite 3. Raolinite

Example 2: Sample soll after the tests gave the following results
(PL=20% / LL=45%/ w=30%) Find the following:

A. Find water content over which a soil was plastic?

B. Class soil (brittle fracture / plastic solid / viscous liquid) if sheared

and sketch shear-strain curve?

C. can you construct a project on this soil? and why?

D. Is the soil high activity?

N

Finer

10%

o

0.002 mm Grain diamet']e'l‘



Sol:
A.PIl=LL—PL=45%—20% = 25%

W-PL _ 30%-20%
PI 25%

B.Ll = = 0.4 Plastic solid if sheared.

C. yes, I can because the soil plastic solid if sheared.

PI _25%
% Clay fraction 10%

D.A = = 2.5 > 1.25 high activity
4

\

A

Example 3: Calculate the value LL? w=20% N=26
tanﬁ 26 0.121
= 0.2 X (—) = 0.2009 = 20.09%

LL=wn (ﬁ) 25

Example 4 if the natural water content of soil mass lies between its liquid and
plastic limit, the soil mass is said to be in Plastic state

Example 5: the clay mineral with the largest swelling and shrinkage
characteristics is Montmorillonite

(Kaolinite / Illite/ Montmorillonite)

Example 5: Any of the following clay minerals possess the weakest bond
Montmorillonite (Kaolinite/Illite/ Montmorillonite)

Example 6: the bond between the sheet of the the kaolinite minerals Hydrogen
Bonds

Example 7: the bond between the sheet of the the montmorillonite minerals
nH.O+cations

Example 8: the bond between the sheet of the the Illite minerals K-bond

Example 9: upper limit of plastic solid state is called Liquid limit

Example 10: at upper limit of plastic solid state LI equal: 1
Example 11: at lower limit of plastic solid state LI equal: O
Example 12: the smallest size of gravel particle: 4.75 mm

Example 13: the appearance or feeling of the soil called: Soil texture

12



) e ) bl s
Soil Classification
G| s
Purpose il e e o g

Classitying soils into groups with similar behavior in terms of simple indices can

provide geotechnical engineers a general guidance about engineering properties of
the soils through the accumulated experience.

fog# S damad undl 3 (simple indices) daw Ol g JV6 e Blao ol D5 Doy 3 A5 pows
L OUd N e Dol 36y &y KA Ll el (general guidance) Lole sl )|

(.accumulated experience)

Simple indices: grain size distribution / liquid limit / plastic limit

gl Ol J o
Simple indices ——> Classification system ——> Estimate engineering ——> Achieve
. (Language) properties engineering
Ao ol sl B e el s
i el i () ¢l 0o ST sy O sl 1 A
oo A e il o Lol a5 ;
L el P75 Ll O s B ) drwasd) Gland)
A ST ol Ll e
Communicate between
engineers

Use the accumulated
experience

Commonly used systems: & ciia 3 daoseod) LlsY) g

1. Unified Soil Classification System (USCS). Gyl Caadl oz

2. American Association of State Highway and Transportation Officials (AASHTO)
System.

3. Craig’s Soil Mechanics use BS.
13



Unified Soil Classification System (USCS).

Developed by Professor A. Casagrande.

Four major divisions: (1) Coarse-grained (2) Fine-grained (3) Organic soils (4) Peat

byguas dypy iy &80 Ay ) Dl day)) o (s4% (Professor A. Casagrande daus, r\Lﬂ\ e sb

Boulders Cobble Gravel Sand Silt and Clay
| Course Fine Course Medium Fine |
| | | 1 1
< l I ' I l 1 | >
300 mm 75 mm 19 mm No.4 No.10 No.40 No.200
0.75 mm 2.0 mm 0.425 mm 0.075 mm

sieve J) jlasl 54 oY)

Passing #200 >50% fine soil Passing #200 < 50% Course soil
g « Sieve analysis JMa e A6 LA ) & e my o Sieve analysis JY5 s Zeis L 5l B jme i
.PlaStiCity chart J)\} P Silt or Clay soil L‘F\ J& AJJ«S\ dyp. o Gravel or Sand soil \_((.\ J,c QJ\M
Silt (8731 & 2. Silt or Clay soil 4,2l Cacadl s Passing #4 >50% sand soil.

de gy b ) gy Passing #4- < 50% gravel soil.
FL, IL, PlaStiCity chart :Je Well graded or Poorly graded sl NERWE IV

LL Jeo g% udl 52 Plasticity chart oy gous Grain size distribution, C., C.

.PI éb\,aj\ BY=T

A7) Cacad Sieve analysis La CL&-
A7) Cinad Atterberg limit s C\.&-

Symbols i\ lazs-y 390,
Soil symbols:  Liquid limit symbols:
G: Gravel H: High LL (LL>50)/Elastic Soil graded Well 1<Cc<3 Cu=4
S: Sand L: Low LL (LL<50)/plastic For gravel
M: Silt Gradation symbols: Soil graded Well 1<Cc<3 Cu=6

C: Clay W: Well_graded For Sand

O: Organic P: Poorly grade
Pt: Peat 14



Plasticity chart:

Symbols:

CL : Low LL Clay.

CH : High LL Clay.
OL : Low LL Organic.
OH : High LL Organic.
MH : High LL Silt.
ML : Low LL Silt.

N
v
»?
C\‘bﬂ
N ?\’ib\
N J’yf j §’
N ;\* s\
3 B
o ¥

o
™
L: Low LL H: High c}fgg
(LL<50) LL
60
S0 iu\g c))g' O\ ‘S’J‘i‘ A line
:—;— 30 U Line -
_::;, 20 OH
== / or
7 L (T{’-‘J — OL or MH
4 I § S MI
0 10 20 30 40 S50 60 70 80 90 100

hiquid limat

The A-line generally separates the clay like materials from silty materials, and the organics

from Inorganics.

If the measured limits of soils are on the left of U-line, they should be rechecked.

dub o8 Y ol (gpias Silt o dj0s

LL Oven dry < 0.75 LL Air dry

Aygac il S\l e & gaall 5oL L@\j silty clay (o Jooty A Lo
The U-line indicates the upper bound for general soils.

el 5306 gy (laans 1) Lo 2 LL/PT J1 £l U Ladl Canad) (505 151y il Je¥1 4

el 33le] ot (L) ) U das iy o 33550 700 ALl 5,01 C58T13)

Organic

LL ovendry = 0.75 LL airary Not Organic

ol ol GILL / PI J) il
Air Dry Plasticity chart

L) o il o D\ A Line PI = 0.73(LL —20) > PI Silt

M slas

PI o STl o 22U PL 6731 Jlgodl 3 ol PL 38 s, A Line PI=073(LL —20) <PI Clay
Clay, S B30 3, Sile 5 Jlsd) 3 olaall U Line PI = 0.9(LL — 20)

Procedures for Classification

Passing #200
< 50% course
soil

Coarse-grained
material

Grain size
distribution

Gravel:

More than 50% coarse fraction
retained on sieve #4

Passing #4 < 50% gravel

Less than 5% fines

Passing #200 < 5%

1<Cc<8 Cu=4

GW Well-graded
Gravel

Not satisfying GW

GP poorly graded
Gravel

More than 12% fines

Passing #200 > 12%

Below A L\ J@T

GM Silty Gravel

Above A L1\ v&;;\

GC clayey Gravel

Sand:

Less than 50% coarse fraction
retained on sieve H#4

Passing #4 > 50% Sand

Less than 5% fines

Passing #200 < 5%

1<Cc<8 Cu=6

SW Well-graded
Sand

Not satisfying SW

SP poorly graded
Sand

More than 12% fines

Passing #200 > 12%

Below A L) Jaul

SM Silty Sand

Above A L) u\;\

SC clayey Sarld




Passing #200 >50% fine soil /\/W Plasticity chart

Course Soil 3¢, Fine Soil 3,0 la s Passing #200=50 513} :2la>-e

Examplel: For a given soil, the following are known:

Percentage passing through No. 4 sieve = 70 Liquid limit = 33
Percentage passing through No. 200 sieve =30 Plastic limit = 12
Sol:

Step 1: Passing sieve #200 = 30 %< 50% Course soil
Step 2: Passing sieve #4 = 70% > 50% Sand
Step 3: Passing sieve #200 = 30 % > 12%
Step 41 PI=LL-PL=33%-12%=21%
LL=383% Low LL
PI=0.73(LL-20) =0.73(33-20) = 9.49 < 21% | 3¢ SC Clayey Sand

Example 2: Classify soils A, B and C according to unified soil classification system
USCS.

100 r - = o
90 Soil C ,f éojue/‘/- /T
b /I
80 - =
g 70 + .r/ f .—1
300 S 7 /
. E 50 : 2 % |
Eé o ¥4 / Soil
4
E 20. % 4 .4
20 / /B/‘j
i ) i )
o T T il o S
0.001 0.01 0.1 1 10 100

Grain Diameter in mm

For soil A: Liquid limit air dry 15% Liquid limit oven dry 10% and plastic limit 8%
For soil B, Liquid limit air dry 85%, % Liquid limit oven dry 80% and plastic limit 25%

For soil C, Liquid limit air dry 61% Liquid limit oven dry 42% and plastic limit 35%

16



Sol:

Step 1: Soil A Passing sieve #200 = 6% < 50% Course soil ) 3
P & AT e 5% 31 FURYY
. 1 o/ — o, o,
Step 2: Passing #4 < 50% =29% < 50% Gravel 50 ol e ol A 12% pe
Step 3: Soil A Passing sieve #200 = 6% 12% -0 jﬂ 509 5% o0 3
. ) D
Step 4: Less than 5% fines Passing #200 < 5%

Do =0.6mm /D3y =6.5mm [/ Dgy = 30 mm

Cu = Dgp 30 50
“TD, 06
TP L P
“= D1y X Dgg T 6x30 GW Well-graded Gravel.

Step 5: More than 12% fines Passing #200 > 12%
PI=LL-PL=15%-8%=7%
LL=15% Low LL
From Plasticity chart above the line. ~ GC Clayey Gravel.

Step 1: Soil B Passing sieve #200 = 53% > 50% fine soil  (LL, PI) (85%, 10%).
Step 2: P1=0.73(LL-20) =0.73(85-20) = 10.95% > 10%  li| o4 daidl as,
Step 3 OL or ML From Plasticity chart
LL oven dry = 0.75 LL air ary Not Organic
30% = 0.75 X 35%

30% = 26.5% ML Low LL Silt

Step 1: Soil C Passing sieve #200 = 100% > 50% fine soil  (LL, PI) (61%, 26%)
Step 2: A line: P1=0.73(LL-20) =0.73(61-20) = 29.98% > 26% L\ o< dill 4,
From Plasticity chart
Step 3: OL or ML
LL oven dry < 0.75 LL air dry Organic
42% < 0.75 X 61%

42% < 45.75% OH High LL Organic

17



U.S SIEVE Soil A Soil B Soil C Soil D
Percent passing by Weight
4 94 100 100 100
40 32 88 100 100
100 13 67 95 100
200 2 37 73 99
D10(mm) 0.15 0.1 0.0008 0.0007
D30(mm) 2.38 1.45 0.05 0.009
D60(mm) 3.75 2.5 0.01 0.05
LL (%) 5 25 32 78
LL(%) oven dry 5 25 32 78
PL (%) 2 10 24 31

Example 2: The results of particle size analyses and Atterberg limit of four soil A ,B ,C, and

,D are shown in Table.

Classified according to unified soil classification system (USCS)

Sol:

Step 1: Soil A Passing sieve #200 = 2 %< 50% Course soil

Step 2: Passing sieve #4 = 94% > 50% Sand

Step 3: Soil A Passing sieve #200 = 2 %< 5%

Step 4 DlO = 0.15 mm/D30 = 2.38 mm/D60 = 3.75 mm

—D60—3'75—25>6
YD, 015
D3,? 2.382

Cu =10.071 < Cc <3 O¢ SP Poorly graded Sand

" Dyo X Dy 0.15 X 3.75

Sol:
Step 1: Soil B Passing sieve #200 = 37 %< 50% course soil
Step 2: Passing sieve #4 = 100% > 50% sand
Step 3: Soil B P assing sieve #200 = 37 % > 12%
Step 4: PI=LL-PL=25%-10%=15%

LL=25% Low LL

P1=0.73(LL-20) =0.73(25-20) = 3.65<15%

L 5

SC Clayey Sand



Sol:
Step 1: Soil C Passing sieve #200 = 73%> 50% fine soil (LL, PI) (82%, 8%)
Step 2: P1=0.73(LLL.-20) =0.73(32-20) =8.76 > 8% Ll g daad) a,
Step 3: OH or MH From Plasticity chart
LL ovendry = 0.75 LL Airary Not Organic

32% > 0.75 X 32%
32% > 24% ML Low LL Silt

Sol:
Step 1: Soil D Passing sieve #200 = 99%> 50% fine soil  (LL, PI) (78%, 47%)
Step 2: P1=0.73(LL-20) =0.73(78-20) = 42.34 <47% L 3, il ass,

CH High LL Clay From Plasticity chart

No. 200 sieve
100 — |

Percent finer

T 1
1.0 0.1 0.01 0.001

Particle diameter (mm) — log scale

Example 3: Classified according to unified soil classification system (USCS).

Soil A Soil B
LL 30 26
PL 292 20

19



Soil A:
Step 1: Passing sieve #200 = 8 %< 50% Course soil
Step 2: Passing sieve #4 = 100% < 50% Sandy soil

Step 3: Passing sieve #200 = 8 %< 50%

y&U;\SO.l MJUAWMMJJ\Q\Q\)\’
475 Fusd o lemm s L) SS3L

A 12% oo SSTY5 o 5% ) 50
S0y 50 5% J81 50 ol o el

. 12%;,0

Step 4 D10 = 0085 mm/D30 =0.12mm / D60 = 0135 mm

c _1)60_0.135_1 50 < 6
“=D, 008
D22 0.12 2
Cu 30

~ Dio X Dgg _ 0.085 x 0.135

Step 5. PI=LL-PL=30%-22%=11%
LL=30% Low LL
: PI=0.73(LL-20) =0.73(30-20) =7.3% < 11%

Above A Line L\ [l SC Clayey Sand

Soil B:

Passing #200 = 60% >50% fine soil
PI=LL-PL=26%-20%=6%

LL=26% Low LL

A line: PI=0.73(1L1.-20) =0.73(26-20) =4.38% <6%

Above A Line L\ i CL-ML

=1.25 B( SP poorly graded Sand

20
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) ol s
The Nature Of Soil i~ &5
o oLl sldl 5l sladl ol ol susle (oS0 08 G Sl ddall Sl o oS5 pndll gl 3 45
Saturated Soil . oo oLl o5k L) 3 ()5S0 ) &)
Dry Soil . o elsdl 365 Ll o So 51 450
(Bulk / Wet / Total / Moister) Soil s ¢lsgly oLl 5052 Lol o6 gl &5

Soil is any uncemented or weakly cemented accumulation of mineral particles formed
by the weathering of rocks.

Maﬁwﬁw@m-&uw M:‘uﬂﬁgjd\@‘“ﬂ

The void space between the particles
can be filled with:

1. Liquid (Water).
2. Gas (AIr).

il P g1 ol o Prsm
i}n o .ﬁ;‘ﬂ.%j(wb\m\)ﬂ&\/\q\g\cSQJR,\SJ.;ZPrism e 3 s

(Bulk / Wet / Total / Moister) Soil

VU, M,=0

v I Solids ]:

= Volume of air M, = Mass of air. Vtotal = Vo + Vw + Us

v,, = Volume of water. M,, = Mass of water. Vvoide = Va ¥ty

, , M =M, + M
vs = Volume of solid soil. Mg = Mass of solid soil. rotal ° v

22
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ol o el Q\SL} o 590 DYl SN & prism N U sl

Dry Soil Saturated Soil
Dry density Saturated density
Solids Y = Va Vo = Solids
vy, = Va =

55 A8) Yoy (A5, U8) oy %y (25 () e 050 25 BN
Volume -Volume Relation
1) The void ratio (e) is the ratio of the volume of voids to the volume of solid Rang
[0.5-1.5]. AW EN PP (CH I PN S PO

v, v, +v, volumeof voids
e = — = = -
vy Vs volume of solid

2) The porosity (n) is the ratio of the volume of voids to the total volume of the soil
, Rang[0-17]. Al S s dlcleld) o i (2 dnld)

vy, vy + U, volume of voids

n=—= = ,
vy v+, +v, total volume of soil

3) The degree of saturation (Sr) is the ratio of the volume of water to the total
volume of void space , Rang[0-17].

Sl o o ST Jovrens ¥ doly o ) 2N oo
el o2 ) 2 A sl e et

v, volume of water

v, volume of voids

% 0
=—=—=0 for Dry Soil

Sy -
min v, VY

v v
=Y_Y_1 for Saturated Soil

S
max v, vy
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4) The air content or air voids (A) is the ratio of the volume of air to the total
Ve volume of air

v, total volume of Soil

A = Apax for Dry Soil

0
Apin = — = — =0 for Saturated Soil
Ve V¢

Mass-Mass Relation

The water content (w), or moisture content (m), is the ratio of the mass of
water to the mass of solids in the soil.
Al 3 Akl sl (os/48) A1l (35/48) 2 5 1511 s
M,, _mass of water

We = M,  mass of soild

Mass-Volume Relation (Density) Unit=Kg/m’
1) The (Bulk / Wet / Total / Moister) Soil density(p) of a soil is the ratio of the

total mass to the total volume. s clymg olos il lels 8l (3 KT bt ) K31 20 4
_ M,  total mass Air

Solids

2) pyy = 1000Kg/m?

8) Density of Solid Soil. 1z 4,30 0 Ll o541 @S

M Mass of solid soil

Ps = v, Volume of solid soil
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4) Density of Dry Soil.

Mg  Mass of solid soil

Pary = v,  total volume

5) Density of Saturated Soil.

M, total mass

Psar = v, total volume

M«&ﬂ,ou\w@b %,hjmjd\da\.{ Air
Jo i s My = M oo (55l cld)

b

Solids

LA bl e 2

Solids

6) (Eftective / Bount / Submerged) Density.

Peffective = Psat — Pw

Note:

M M.v
Gs_ps_ s _7stw

Pw  VUsPw  VUsM,

1 BT s L1 LS e e (2 B BS b e
a5 gaall

ps = GS X py,

:J;_\éli{,\p\M;Prism ey by yen

Pw < b 2 ST o2 e el

<
<
I
®
<
S
I
S
X
D
)
Il
t
®
> <>
>

M, = w, X Gs X py,

Solids

B

M, = Gs X p,, (1 +w,)

Gs X py, =psyﬁ$\qﬂ\m\d\w\b\l\ﬁm&ﬁﬁ
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vS= MS
Ps = —
v, Vv v Us
e:—:—: v
Vs 1 M; = ps Xv, =GS X py, XV, = GS X p,, X1 =0Gs X p,,
_ Mw _M,
pW vw WC MS
M w. X GSs X = =
v, = —w e pW=WC><GS=S€ M,, =w, X Mg =w, XGs X p,,
Pw Pw

Specific volume (v) is the total volume of soil, which contains unit volume of solids.

Rl I k!

Dry Soil Saturated Soil
/ \
V,=¢€ Air Mair = Pair X € =0 Uy =¢€ 1 M = Vo X P
\ \ / =exp,
A /
v, =1 Solids M, = Vg X GS X p,, v, =1 Solids M = Us X Gs X p,,
y y =GsXxp, =Gsxp,
Derived Relation:
Dry Soil S =0
c M, Msv, v, v, V, UV, Uy
We S_VSXUSMW v v vy vy v ¢ Saturated Soil S = 1
e =Gs Xw,
v, e
n=—-=
v, 1+te
v v, — D e—w.Gs e—se e se
A=—=""~= — = Or A= - =n—-sn=n(1l-2s)
VU VU 1+e 1+e 1+e 1+e
My Gspw(l+w) GsXpw+GsXwXpw GsXpw+sXeXpw pw(Gs+ se)
P=% = 1+e B 1+e B 1+e  1+e
_pw(Gs+1xe) pw(Gs+e) Saturated Soil S = 1
Psat 1+e 1+e
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_pW(GS+0X€)_pWGS DTySOll5=O
Pory = 1+e T 1+4e
Prove:
1 _p _pwGs(l+w)/1+e pwGs
) Pory =177, = 1+w T 14e
se
Gs
2)S = = =S
) wsat £
Gs
Mw wGspw sepw  se
W: = = =
Ms Gspw  Gspw Gs
w __ Mw _ epw _ e
Sat = ys T Gspw  Gs
/ £ £
_n _ UW/Vt __  _1+e __ __1ite e  _
3)6_1—n_1—vv/vt_ 1 1_7_6_1: 1_T_e_1+e—e_
GS
pe=Ys_ 1= 4 _14ie-1=e¢
Ya GSyw
1+e

5) Vsat = ((1 —n) X Gs + n))’w

—(G GSe_I_ e>
—\v® 1+e 1+4e Yw

Gs(1+e) eGs e
d+o _(1+e)+(1+e))yw

Gs+eGs —eGs + e
Ve

i
(

6)y=0Gsy,(1+w)(1—n)

= Gsy, (1 +w) (1- %)

1+e e
=Gsy""(l+W)(1+e_1+e)
l+e—e
= Gsy,,(1 +w) (—1+e )
_ Gsyy,(1+w)
 (1+e)
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7)Yy =Gsy,(1—-n)+Sxnxy,

e
—Gsyw(l—ﬁ)+5x1+e><yw
1+e e e
=GS"W<1+e_ 1+e>+81+eyw
GXSXYy, SXeXYy,
- 1+e 1+e
(Gs + se)y,,
- 1+e

9 Ydary = Vsat —

_ )/W(Gs + e) eV

1+e _1+e
_)/WGs+e)/W—e)/W
1+e
Y Gs
1+e

11) Vsar = ((1 —n)Gs + n))’w

[€ —%) Gs +—] Yw

_'<1+e e )
T [\1+e 1+e

_‘Gs N e]
T l1+e 1_|_er

_[(Gs+ e)yw]

1+e

13) Vsat = yd — nyy

Zyd_[1+e
_ yWGs] [
1+e
Gst+e
=[1+e

1+e

In.

12) Ysar = [

[Gs+e

8) ydry =

_was
T (1+e)

Se = Gsw

Gs = Se/w

Yeffectwe X Gs
Gs—1

_ (Vsat - Vw)GS
Gs—1
(VW(GS +e) n@+ e)) Gs
1+e 1+e
Gs—1
(]/WGS + Ywe — Yw — ]/WE')GS
14+e
Gs—1
(Gs — 1)y,,Gs
1+e
(Gs—1)
_ YwGs
T 1+4e

10) Ydry

(1 + wsat)
(1 + wsat X Gs)

Gsyw

1+§

=l GS]/W

e
1+§XGS
Gs

E-}_

= GS Gsyy,

1+e

Gs+e

= —] GS]/W

Gs(1+e)

1+e]yw
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1+WSat 1
14))’sat:n[W] w 15)Ysat:[1_a]7dry+YW
[ e Yary
e 1+E =VYdry — Gs + Y
“1te| £ v
Gs _ydryGS_Vdry +VWGS
‘Gs e Gs Gs Gs
_+_
__°% |Gs'Gs YaryGS — Yary + YwGs
1+e £ W = Gs
Gs
] YwGs _ Gs  YwGs | YwGs
__° Gs+e]y _T+eXT “T+e’ 1
1+el e w B Gs
=[Gs+e]y YwGs . GS _YwGs , ywGs 1+e
1+el™ _1+e” 1 14e’ 1 "1+e
Gs
VWGS — Yw + Yw + Yw€
16) Vsar = Ydry(l + Weqt) = 1+ e
_ YwGs (1 N i) _YwGs  ywGs e Gs +e
1 Gs/ 14+e 1+4+e Gs = Yw
te + 1+e
_ YwGst+rye [Gs + e]
~ T 1te  l1tel
n
17)8_ Ysat — YVdry 18) wsat=ﬁ
Ydry — Vsat T Yw sat v
e
W] _ VWGS] [1 + e] Yw
_ 1+el™ 1l1+4+e _[Gs+e] _[ e ]
yWGs]_Gs+e] +[1+e] T+el™w  |Txelw
1+e Tt+ellw T+ellw e
_ GS+e—Gs " Gste—e
 Gs—Gs—e+1+e e
_e_ " Gs
_1_e
e1l+w | e 1+eg<ss
19) Yary = Gsyw(1 —n) ZO)VsatZ[WH1+e]Y B e | Yw
| Gs
ZGSVW(1_1+3) I Gs eXs _
1te e ) R | e N Ralttil Y
:Gsy( — ) 1 1+e w Gs(1+e)]™
Y\1+e 1+e [ Gs
_ Gsyy, Gs + e
T 1+e T l1+e Yw
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n
21) Wgat = (l—n)GS
_&
l1+e
e
(1_1+e)GS

e

1+el+ee
(1+e_1+e)GS

e
(14 e—e)Gs
e
~ Gs

Jgedl Shlas, (S ) Specific weight Y g5 )55 ddan (& P 5 BIS chlan b Jigull 3 K& 4o 2o

DS gy Y P I e G 8 0580 8 b oyl Lis 1 gl 81 e i Lo S0 Uy 30

¥y = moist unit weight

_ W
s =

Ws
Yary = 17_
t

Yeffective = Vsat — Yw

Gsyw (1 +w)
- 1+e
Yw(Gs + e)
Vsat = T 1+e
YwGS
1+e

Yary =

M
Xg=—X
pPrg=""9

_ W KN

y_v m3

= 9.81 il
]/W_ ' m3

*OJ9

Dy polgd)

oS fo oty (B 3l sl &S e e b
iSquMJJq 309 &hﬁww\ QMY

3 ol Jadel oS e 55 Ll e s
¢ bl 255 pan 1000Kg/m® L) 538, Lk

9.81Kg/m* (gl

S Al Jo Jamaly ST 3 Jof A

e
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Example 1:

The saturated unit weight and the water content in the field are found to be

18.55 KN/m? and 33% , respectively, determine the specific gravity and void ratio
of the soil.

S=1 Se=w.s

e=0.33 XGs
Gs+e
Yw=[1+e])/w
Gs + 0.33 X Gs
18.55 = [1+0.33 X Gs]xg'Sl
Gs =2.678

e = 0.33 X 2.678 = 0.884 = 88.4%

Example 2:

A cylindrical soil sample prepared for laboratory testing has a diameter of 71 mm,
a height of 142 mm, and weighs 10.675 x 1073KN. If the degree of saturation is
93% and the specific gravity of soil solids is 2.71, determine:

A. void ratio.
B. water content.

C. water content under fully saturated condition.

VIA
volume = 7% D2xh=71%x71x%x142x%x10"°2=0.5622x 103 m?3

W, 10.675x107°
Vbulk = 25, " = 05622 x 10-2

= 18.988 KN /m3
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(Gs + se)yw Gsyw(1 +w) c) se = Gsw,

= b) Ypuik =

a) Vouik 1+ e u 1+e s=1
(2.71 + 0.93 x e) x 9.81 2.71x9.81 x (1 +w) _

= 18.988 = 0.77 = 2.71w,

18.988 = . 1+077 c
w,. = 0.2841
= — 0, c

e=0.77 w,=0.264 = 26.4% —28.41%
Example 3:

In its natural state, a moist soil has a volume of 9.34 x 1073 m3and weighs
177.6 x 107 3KN, The oven-dried weight of the soil 153.6 x 10 3KN.if
Gs=2.67 Calculate :

a. Moisture content (%)

b. Moist unit weight (KN/m3)
c. Dry unit weight (KN/m3)
d. Void ratio

e. Porosity

G s keas oo Al ) @L o 2ol o

el 4l
Wu  Wmoist —Wary (177.6 — 153.6) x 1073
_ W _ - ~ 0.156 = 15. 6¢
we = Wary 153.6 x 103 o

o a5 slud e (2 Al
Ao Gole olsdl (35 slaeh 8
Wooise 177.6 X 1073

b = = =19.01 KN/m3
) Ymoist Vioist  9.34 x 1073 /m

_ Ymoist _ 19.01 16.54KN

OVary =1 W = 140156 m3

_ Ws  153.6x107*  16.54KN
Yary =, T 934 x10-3  m3
d) Vmoist = GSYTS:W)
lo0q L 267X 9BIX (140156)

1+e



__e _ 059 _
m =T " T70593

f) se = Gsw,

. Gsw,  2.67 xX0.156 0.70 = 70%
~ e 0953 777

Example 4:

The mass of a moist soil sample collected from the field is 465 grams,
and its oven dry mass is 405.76 grams. The specific gravity of the soil
solids was determined in the laboratory to be 2.68. If the void ratio of the
soll in the natural state is 0.83, find the following:

a. The moist density of the soil in the field (Kg/m?).
b. The dry density of the soil in the field (Kg/m?).
c. The mass of water, in kilograms, to be added per cubic meter

of soil in the field for saturation.

M.oiss=465 grams=0.465Kg

M.uy=405.76 grams=0.40576Kg

Mw  Mpoise — Mgr,  0.465 — 0.40576

= = = = = 0
wc Vs My, 040576 0.146 = 14.6%
Gspw(l+w) 2.68x 1000 x (1+ 0.146)
@) Prmoist = — 4 55— = 063 = 1678.3Kg/m3

p 16783
1+w 1+40.146
= 1464.485Kg/m3

b) Pary =

water of to be added = pgyy — p = 1918 — 1678.3 = 239.7kg/m3

Gs+e] 2684083 1918Kg sl s gilogn
1+el”™  [15083 ~ " m3

€) Psat = [



Example 5: The moist weight of 2.83 x 1073m?of soil is 55.5 X 103KN. If the
moisture content is 14% and the specific gravity of soil solids is 2.71 determine the

following:

a. Moist unit weight
b. Dry unit weight

c. Void ratio

d. Porosity

e. Degree of saturation

f. Volume occupied by water

Wmoist _ 55.5 x 10_3
Vmoise  2.83 X 1073

a) Ymoist = = 19.6KN/m3

_ Ymoist _ 19.6
1+w 1+40.14

Gsyw(1l +w) d)n = e

b) Yary =17.2KN/m3

0.55
= 0.355

©) Ymoist =~ ¢ 1+e 1+055

2.71x9.81 x (1 +.14)
19.6 =
1+e

e =0.55

e) se = Gsw,
Gsw  2.71 x 0.14

— = = 0.6898
T e 0.55
UU
fin= o,
v,=nXv, =0355x283x103=1x%x10"3m3
vW
S =—
vv

v, =5sXv,=06898x1x10"3=0.6898 x 10 3m3
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Example 6: The moist unit weight of a soil is 19.2 KN/m?. Given that
Gs=2.69 and w=9.8% determine:

a. Void ratio
b. Dry unit weight
c. Degree of saturation

Determine the weight of water, in KN, to be added per cubic meter (m3) of soil
for

d. 90% degree of saturation

e. 100% degree of saturation(zero air voids) saturated

Gsyw(1+ w) _ Vmoist
a) Vmoist = 1+ e b) Yary 1+ w
2.69 X 9.81 x (1 + 0.098) y, o192 _17.486KN
19.2= ary 1 4+ 0.098 m3
1+e
e=0.51

c) se = Gsw,
Gsw  2.69x0.098

s = o= 051 = 0.52
d) se = Gsw,
Se 0.9 x0.51
WC:E=W=0'17=17%
Gsyw(l+w) 2.69x%x981x(1+0.17)
Ymoist@s=90% — 1+e = 1+ 0.51

20.4—19.12=1.2 KN/m?

0
=122.32kg/m3

M =1.2 X
ass 9 81
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Gs +e

e) Vsat = 1+ e ]Vw S=100%=1
2.69 + 0.51 A gla & g5ld A215d) D)3 Zero air voids
Vsat = | T 1051 ]9.81 = 20.79KN/m3 P
20.79 — 19.2 = 1.59 KN/m?® Saturated State
0
Mass = 1.59 x = 162kg/m3
ass 9.81 g/m
Prove:
w _Mw __ epw e
Wsat = Vw __}’_ Sat ™ ys T Gspw  Gs
S
_ 1 1] 1+e 1 e
Wsat =Wy Gs “%.Gs| Gs Gs Gs
1+e

Example 7: Undisturbed soil sample was collected from the field in steel Shelby
tubes for laboratory evaluation. The tube sample has a diameter of 71 mm,
length of 558 mm, and a moist weight of42.5 x 1073KN, If the oven-dried
weight was 37.85 x 1073KN, and GS=2.69 calculate the following:

a. Moist unit weight  b. Field moisture content  ¢. Dry unit weight

d. Void ratio e. Degree of saturation f. Amount of water to be added for

full saturation
VIA
volume = 7% D?2xh=71%x71x%x558%x10"2=2.21%x10"3m3

W, 425x1073
v, 2.21x1073

a) Ymoist = =19.23 KN/m3

p L Ww _ (425 - 37.85) x 1073 01226 — 12. 200/
IWe = o= " 3785x103 O T e sdn

Vmoist _ _ 19.23

=17.125 KN/m3
1+w 1+01229 /m

C) ydry
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Gsy,,(1+w)

A) Vimoist = T e e) se = Gsw,
Gsw 2.69x0.1229
2.69 x 9.81 x (1 + 0.1229) S = = =0.611
19.23 = e 0.541
1+e
e =0.541
B Gs + e] B 2.69 + 0.541] 5.81 — 20. 57KN/m3
D ¥sar = | Tre|™ = [TTrosa1 |08 = 20 /m
KN
Amount (%) = [Vsat - Vmoist]

Amount (KN) = [Vsat — Ymoist] X V¢
Amount (KN) = [20.57 — 19.23] x 2.21 x 1073 = 2.9614 x 1073 KN

1000
Amount (KN) = 2.9614 x 1073 x 58l =~ 0.301 kg

Example 8: when the moisture content of a soil is 26%, the degree of
saturation is 72%, and the moist unit weight is 16.98 KN/m?. Determine:

a. Specific gravity of soil solids b. Void ratio c. Saturated unit weight

d. Effective unit weight (Submerged unit weight)

se = Gsw, C) y _ [Gs+e]
Gsw, Gsx0.26 sat = |Tpe | 1w
e = =
S 0.72 [2.73 + 0.986] 3
= 9.81 = 18.36 KN
Ysat = |71 70.986 /m
Gsy,, (1 +w)
a) Vmoist = 1+e
Gs % 9.81 x (1 + 0.26)
16.98 =
Gs X 0.26
L d) 18.36 —9.81 = 8.55 KN/m?
- = . — Y. = 0. m
GS — 2 73 ysat yW

p, L Gswe _273%026
Je=——="097; - ©
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Example 9: for a given soil, the following are known Gs=2.74 , moist unit

weight y=20.6 KN/m?® and moisture content wc=16.6% Determine:

a. Dry unit weight b. Void ratio  c¢. Porosity  d. Degree of saturation

e) The volume of solids particles when the mass of water is 25 grams for

saturation

f) Is it possible to reach a water content of 30% without change the present void

ratio?

g) Mass of water if degree of saturation became 25%

Ymoist 20.6 3

= = =17.67 KN

D Vary = T = T4 0166 /m
Gsy,,(1+w)

b) Ymoist = 1+ e

2.74 x9.81 X (1 + 0.166)
20.6 =

1+e

e=0.52 d) se = Gsw,

e 0.52 Gsw 2.74x0.166

= = = (.342 = =

N = e~ T1052 =% 0.52

d) se = Gsw,

= —1X0'52—0 1898 = 18.98%
YeZG6s ™ 274 - e IeN
W=(25x10"3)kg Xx —— = 24.525 x 10~ 5KN
( kg X 1500
w., 24.525 x 107° s
W, = — 0.1898 = W, = 129.21 x 10" °KN
Ws Ws
Gs=22 o74=_" = 26.8794KN /m?3
v T ggr KT Y
Wy 24.525x107° e
Ve = — 26.8794 = V,=4.86x10"°m
Vs Vs

= 0.875
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f) se = Gsw,
Gsw  2.74x0.30

s = P 052 = 1.581 > 1 its not Possible
se 0.25x0.52
g) se = Gsw, We="72= 74 = 0.04744
Wy Wy _g
WC=WS 0'047442129.21x10—5 W, =6.13 X 107°KN
1000
Amount (kg) = 6.13 x 107> x = 6.25 x 10~°kg

9.81

Example 10: A geotechnical laboratory reported these results Determine which
are not correctly reported

Specimen #1: w = 30%, Ya = 14.9 KN/m?, y, = 27 kN/m?
Specimen #2: w = 10%, Ya = 16 KN/m?, ys = 26 kN/m?

S Ao BsWe o ST o5 o ot slly we sat e Dl Ll a L b Bl Y 3
ot gy adleis g bl £ o S

. [ 1 1
wsat = yw vd ¥
! 1
Specimen #1 =9.81 [—— ——| = 0.295 = 29.5% < 30% not correctly
1149 27
! 1
Specimen # 2 = 9.81 e 2el = 0.2358 = 23.58% > 10% correctly

Example 11: the moist density of a soil is 1750 kg/m3 .Given w=23% and
Gs=2.73 determine:

a. Dry density  b. Porosity  c. Degree of saturation
d. Mass of water, in kg/ma3, to be added to reach full saturation
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Example 12: for a moist soil, given the following: IV = 7.08 X 1073m3, W =
136.8 X 1073KN ,w = 9.8% Gs = 2.66 Determine:

a. Dry unit weight b. Void ratio  c¢. Volume occupied by water

Example 13: for a given soil, pgy-y = 2180 kg/m3 n = 0.3 Determine:

a. Void ratio b. Specific gravity of soil solids

Example 14: the moisture content of a soil sample is 17% and the dry unit
weight is 16.51 KN/m?, If Gs=2.69 what is the degree of saturation?

Example 15: for a given soil, w=18.2%, Gs=2.67, and s=80% Determine:

a. moist unit weight in KN/m?. b. Volume occupied by water.

Example 16: the degree of saturation of a soil 1s 55% and the moist unit
weight is 16.66 KN/m? when the moist unit weight increased to 17.92
KN/m3, the degree of saturation increased to 82.2% Determine:

a. Gs b. Void ratio

Example 16: For a given soll if the void ratio, e = 0.62, water content,
w=15% , and density of solids , p; = 2650 Kg/m?, Calculate: a)Total density,
b) Dry density, c¢) Porosity, d) Degree of saturation, and e) Water content for
100% saturation. Use p,, = 1000 Kg/m3

G-—%—2%0—265
ST, 1000
) Gspy, (1 +w) 2.65x1000 % (1 + 0.15) f) se = Gsw,
a)p = =
1+ﬁm11ﬂ< 31+062 _GMM_Z%X015_064
= 1881.17kg/m T e T T o062
b =_F -188L17-—1635(3k 3 e) se = Gsw
)Pary = T 13015 -8 kg/m ‘
_se_1><0.62_02340
We=G6s ™ 265
e 0.62
c)n= = 0.383

1+e 14062 40



Example 17: A 0.4 m® moist soil sample has the following: moist mass=711.2 kg,
Dry mass=623.9 kg, GS=2.68, estimate
a) Moisture content? b) Moist density? c¢) Void ratio? d) Dry density? e) Porosity?

t) Degree of saturation? g) Air content? J) Additional amount of water to make the
soll saturation?

M,, 711.2 —-623.9

a) we = =0.1399 = 13.99%

M, 623.9
oo M2
)’O_vt_ 04 g/m
Gsp,,(1 +w)
)p= 1+e
2.68 X 1000 x (1 + 0.1399)
1778 =
1+e
e=0.718
d _ P _ 178 e59 786kg/m?
) Pary = T T 1501399 ' g/m
e 0.718
e)yn = = 0.418

1+e 140718

GSwe  2.68 X 0.1399 0 522
e 0.718 -

f)sr=

g)A=n(1l-5s)=0418(1—-0.522) = 0.1998

Gs + e 2.68 + 0.522 .
]pw — [ x 1000 = 2103.8Kg/m

])pdry=[1+e 1+ 0522

kg
Amount (ﬁ) = [pSat - pmoist]

Amount (kg) = [psar — Pmoist] X V't
Amount (kg) = [2103.8 — 1778] x 0.4

=130.32 kg

Show that:

Gs +e Yw GS
n_Ysat_Ydry_ 1+e]yW_1_|_e_GS—€—GS_ e
Yw Yw 1+e 1+e
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Relative Density
ST Al 1300 3 Dr A oty 1S Ao 51 8K Al 3 L) A0 20l 2l 30180

e — e
Dr OR Ir = —2&

€max — €min

e = natural Or in — Situ Or field state
e,.in for Dense Or Compact state 5 b J30 ;55 clel ) &)l U
emax fOT Loose state Sl 81 sSe cle all Sl (d

Dr OR Ir = Cmax ~ Cmin _ 1 e = e, Dense Or Compact soil

€max — €min

e —e )
Dr OR Ir = 2% max — o e = emqy for Loose soil

€max — €min

Example 18: For a given sandy soil, void ratio in loose state equal 0.75,
void ratio in dense state equal 0.52, If Gs=2.69 and Relative density
equal 65% determine:

a. Void ratio b. Dry unit weight

e — e
a) Dr OR Ir = —=
€max — €min
0.65 = 7> —¢ = 0.6005
2= 075052 77

YwGs  9.81 X 2.69

— 3
Tte 1106005  L6-488KN/m

b) Yary =

Example 19: for a given sandy soil the maximum and minimum void
ratios are 0.72 and 0.46, respectively If Gs = 2.68 , w=11%, what is the
moist unit weight (KN/m?) in the field if Dr=82%?

\
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Cmax — €

Dr OR Ir =
€max — €min
082 = 272 "¢ — 0.5068
Ce=072 =046 77
YwGs(1+w) 9.81x2.68x(1+0.11) 3
Vmoist 1+e 1+ 0.5068 /m
Example 2:

A cylindrical soil sample prepared for laboratory testing has a diameter of 71 mm,
a height of 142 mm, and weighs 10.675 x 1073KN. If the degree of saturation is
93% and the specific gravity of soil solids is 2.71, determine:

A. void ratio.
B. water content.

C. water content under fully saturated condition.

D. Volume of void. L. Volume of water and air at Saturated state.
E. Volume of water. M. Volume of water and air at Dry state.
F. Volume of air. N. Volume of void at Saturated and Dry state.

G. Volume of solid. O. The degree of Saturation (Sr) at Saturated and Dry state.

H. Weight of water. P. Void ratio and Specific gravity at Saturated and Dry

tate.
[. Weight of solid. S

1 Weicht of ai Q. Alr content at Saturated and Dry state.Is it possible to
. Weight of air.

get the content of equal 0.55?
K. ¥s

T
volume = 7% D?2xh=71%x71x%x142x%x10"°=0.5622x 103 m?3

_ W, 10.675x107°
Vbulk = %5, " = 05622 x 10-2

= 18.988 KN/m3

(Gs + se)yw B _ Gsyw(1+w) C. se = Gsw,
A. Ypuk = 1+ o - Ybulk = 1+eo e
271%x981x(1+w
18,088 — (271+093xe) X981  1gga0 _ ( ) 077 = 271w,
' 1+e 14 0.77
. w, = 0.2841
e=0"77 w,=0.264 = 26.4% — 28 41%
e 0.77
D. n = 0.435

“1+e 14077

Uy

n=_ v, =n X v, = 0.435 x 0.5622 x 1073 = 2.45 x 10"+ m?3 43
t



E. se = Gsw, sx0.77 = 2.71 X 0.264

(%
Sy = — Vy =S, XU, =093 %245 x107* =2.27 x 10~* m?

Uy

F. A=n(1-s)=0.435(1 —0.93) = 0.03045

Vq -3 -5...3
A== v, = A X v, = 0.03045 x 0.5622 X 1073 = 1.71 x 10> m

Uy

G. Viptar = Vg + Uy + Vs

0.5622 x 1073 = 1.71 x 1075 + 2.27 x 10™* + v, v, =3.181 x 10™* m3
WW —4 -3
H. ¥y =~ W, =v,%xV, 981x227x107*=2.23x10"3KN
w

I W W, il 223 x1072 8.45 x 1073 KN

. _- —_ —_— = == . X

e =y ST W, s 0.264

J. W, =0KN
K v — W, _ 845x107 26 KN

RCERN Ys =3181x 104 3

Vo = Gs Xy = 271X 9.81 = 26.6—

L v,=v,=245x10"*m3

v, =0

N. at Sat v, = 2.45 x 10~* m3

at Dry v, = 2.45 x 10~* m3

v, 245x107*

M.v,=v,=2.45x10"*m?3

v, =0

O s PR IS

— =—————=1 for Saturated Soil

0. - W
Srmax = 3,7 245 x 10-%

Vw

S, .
min

v, 245x107%

0
=—=—————=0 for Dry Soil
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Vg 0
v, 05622 x 1073

Vg 245x107*
v, 05622 x 10~3

0.55 > 0.436 not possible

Q. Apin = = 0 for Saturated Soil

Amax -

= 0.436 for Dry Soil
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S R U
Compaction
el
Al A s b e o5 S a3k e Loy B 535 aey o5l Sl pe el Wl

Many types of earth construction,such as dams, retaining walls,highways, and airport
require man-placed soil, or fill. To compact a soil, that is, to place it in a dense state.

ez dyy Gladdly (o) 3 Jally cApaliiatl lhaedly apandl Jao iz W Ol Laid) 55T e syl s
S A 3y (F i Lanal ¢l

The dense state is achieved through the reduction of the air voids in the soil, with
little or no reduction in the water content. This process must not be confused with
consolidation, in which water 1s squeezed out under the action of a continuous

static load.
Mt pae o ool (sgiome 3 ptnin ol 18 LB e BT 3 el $15 L IV e S Al s

Objectives: 1. Decrease future settlements. 2. Increase shear strength.

el Gila! G ol e anie ) bod) L i sl i deglie 3l

3. Decrease permeability.

(g s o ,0) Bl L
TR

General Compaction Methods:
el el 3 b

Coarse-grained soils Fine-grained soils

1) Vibrating hammer (BS) 1) Falling weight and hammers

2) Kneading compactors

> %L

Laboratory
& e

3) Static loading and press

1) Hand-operated vibration plates 1) Hand-operated tampers

)
2) Motorized vibratory rollers 2) Sheep foot rollers
)

3) Rubber-tired equipment 3) Rubber-tired rollers

Field
2ol

4) Free-falling weight; dynamic compaction

(low frequency vibration, 4~10 Hz) 46



Laboratory Compaction:
gl Slal

Developed by R.R. Proctor, in his honor called the proctor test.

.Proctor lus| e Ayl Jos Syl Sl Proctor sb
The purpose of a laboratory compaction test is to:

ol Jlas\ e o

1. Determine the proper amount of mixing water to use when compacting the soil in the field
Bl 3 A s e aslasa¥ (L) 56 i) B ) Bl o gl ol e A} 281 g

2. The resulting degree of denseness, which can be expected from compaction at this

Optimum water.
hoall o L Sy )y W) Sl gy i sl 0S5

Optimum Water: (a3 sa) 49\50,49\ s Sl ggomal 408

Impact compaction:

A hammer is dropped several times on a soil sample in a mold. The mass of the hammer, height
of drop, number of drops, number of layers of soil, and the volume of the mold are specitied.

Sl sae (S all sue (Bl 5 i) (B8 el B o n (B 5 B e e o Do e B lae Bl
W e (1)

1. Standard Proctor Compaction Test Specifications.

pslall 3 dally Zaasdl oY) ) p sy

Proctor test:

2. Modified Proctor Compaction Test Specifications.

Shllad) 5 by Al Jlo W ) posny

B fadl 3,0 25 s B JSy (Glas V) ) Sl (s ) M) o N 3 Ll pogs :g.;uk{&ﬁ Proctor L
kY (v (450mm ) 305mm) Z}m 5 e (4.5kg 4\ 2.5kg) A &l

.4 ABL{L)@U Modified Proctor || ﬂj b g e Sl W Slglesdl i
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(Mold Size)Volume = 0.944 x 1073 m3 b o 5,3 e eVl dadasll Slay,ol)

Standard Proctor Test

- 3 Layers

Drop=304.8
mm (12in)

Weight of hammer =2.5kg

(Mass=5.51Ib)

No. of blows = 25 Hammer

Modified Proctor Test

1 5 Layers

11643 mm
(4584 1n.)

Weight of hammer =4.5kg

L.

(Mass=10Ib)

—— diameter —] 50.8 mm
4 in) @

No. of blows = 25

i 11643 mm .
| & (4.584 in)
|~ ‘ 1
,: l
_____ -5 - |
T = -
in)

Variables of Compaction:

ol e Sl pazall

Proctor established that compaction is a function of four variables:

(el iy )i dayY s g ol f Proctor il

1. Dry density (pg) or dry unit weight Y.
2. Water content wc.
3. Compactive effort (energy E).

4. Soil type (gradation, presence of clay, minerals, etc).
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Compactive effort (energy E):

Increasing the Compactive effort tends to increase the maximum dry density, as
expected, but also decrease the optimum water content.

S gl L Ll S, s 5 LS Calisd) 20lSJ _a3Y1 o) 33 ) ey Compactive effort sl

Compactive effort (energy E)
KWeight of hammer X Height of drop hammer X Number of blows per layer X Number of layers

Volume of mold

N\
Bkl 55 31 Bl bogi 5l :ladall s
Enodifiea _ 2627.8K] /m® Standard Test =305 mm  Standard Test = 3 layers

EStandard a 593-7K]/m3

Modified Test = 450 mm Modified Test = 5 layers

2.5kg X 9.8 m/S% x 0.305m X 3 X 25

: — — 3
Compactive effort (energy E) for Standard Test = 0944 X 102 m? =593.7K]/m

c tive effort ( E) for Modified Test = 4.5kg X 9.8 m/S? x 0450 m x 5 x 25 2627 8KI /m>

ompactive effort (energy or Modified Test = 0944 X 1023 13 = .8KJ/m

1. Standard Test. 2. Modified Test. 4\~ 2 Compaction Curve . »5% by y92

(Water Content / Dry Density (py) Or Dry unit weight (vq,,) dﬁ Compaction curve

1. Several samples of the same soil, but at different water contents, are compacted according to the

compaction test specifications.
o) jlasl Janyy (aue Water content we o dypadl Jon 350 JS) s 420 Slgoma Ny 4,01 s opo dddises Slis Lan
Dl sse ks LW g ey (3,025 b JS o)

The first four blows

Hp 55 Sy )l

The successive blows
ha g5 Obpall Gl

2. The total or wet density and the actual water content of each compacted sample are measured.
Yary g water content Jf boss Vary e A BYal\ 09 Ypyik now water content (wc) J{ LSy gh
p .Compaction Curve owy jow ga
1+w,

Pa =

3. Plot the Dry Densities P4 Versus Water Contents w. w for each Compacted Sample , The Curve
is Called as a Compaction Curve.

Va g (water content) S 5y ey 5 3 Josty o 5o I Vaary oo oy Viputie 6\ oo 225y &S



(e 5 i a2 b g
i3\gd\ e i\ 1 Zero Air Voids

bl am o 8y 72,85 By el yg el Joo Lo Je )99

e TR
j‘o ‘éju l saturatio
| . ~ 4 1.70
Maximum Possible Value of yay | ;4. Lln'e of Zero air =
at Yzav éb AR, OpUMUMS 1\ void E
= 16, %5
-, o
Yzav lgenis uqu g ) -;é)
2 A
Bopdll bla 2 e ) Lol =)
1105
Line of Optimums Standard /
Ty el e . . - 0 v T ] i VR 1 VL W3 4100
BJJJJ\AL@MJ fw\j\@%u\c\ 0 5 10 15 20 25
Waler contem\w (%) Holtz and Kovacs, 1981
Peak Point : ;
Optimum water
O.p.t) o (OM.C )
pdrymax and (O-M- C) ( P )J ( ) e 0

Yary) e~ Modified curve standard Wi\ 5Y Proctor curve standard . J1 Modified Proctor curve Lsls

. 4c! (Compactive effort
= Po_PuXS __ pwXs
4= = =
1+e Pw S
w, + D, Xs w.+ Cs

The peak point of the compaction gl o 535,30 dai

Is the point with the maximum dry density, pgry max » Corresponding to the maximum dry density
Pdry max 18 @ water content known as the optimum water content wop.t

CJ2e Y S gl Gy 3o (sgimme D3led) S a3l ) bl 3« Py max Bled) B o Yl o) s daidl p
Zero air voids curve

The curve represents the fully saturated condition (S = 100 %),(It cannot be reached by compaction)

(k) b o ad) Jpol (S Y) (S = 1009%) daiin A 3 g &30 Sy omial
Line of optimums

A line drawn through the peak points of several compaction curves at different compactive efforts
for the same soil will be almost parallel to a 100 % S curve.

(ZAV) oo S Sl 558 ) s puisd sl Dot 555,000 Llis dlaiy 50 Lasd)
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. . Soil More Soil tends to disperse
Below Wop: (dry side of optimum):

(random). (parallel, oriented).
As the water content increases, the particles develop A
larger and larger water films around them, which tend Pary max A\V
to “lubricate” the particles and make them easier to be
moved about and reoriented into a denser configuration.
By U STy 1830 8t e Sl 1 ol e b \
BS80S Y5, e 53, U gy Mhaomter i ) o >
Below wc opt  Weope  Above we opt
~ I 7
At Wopts Dry side Wet side
The density is at the maximum, and it does not increase Optimum water content is typically
anv further. O ){\ w5 Y, ‘dd'ﬁ\ Wl e BRe slightly less than the plastic limit

e i sl ) éU\ Syl s Bale

plastic limit

Above w.,: (wet side of optimum): N W sl 05 Sl gy
Water starts to replace soil particles in the mold, and M o B e
since p,, < p, the dry density starts to decrease. G AN ol i
s Py K P o oy « 2 0 Sl o Jor ol s
" PV 3 Boled) ST 5
(N L1 (g ) eV e ST T Higherjweuing potential. | Higher shrinkage P(’f“ﬁal'

~ I 7

Effects of Soil Types and grain size on Compaction. .clill ko 4 (2o 09

1) compactive ef fort & pary max

\ Gravel well graded %ﬁ\

2) Grain size & Pgry max

\ Gravel poorly 1
/ 3) Pdry max E 0. p-t

/ \ Sand well graded

4) Pary max E We

A \ Sand poorly
pdrymax / 1
Silt well graded 5) Pary max pe (LL and PL and PI)
Silt poorly 6) pdry max @ SL
1
/ \ Clay well graded 7) (LL and PL and PI) — SL
] ]
Clay poorly 8) w, & (LL and PL and PI)
y

A\

w

cop.t 5.1-



Relative Compaction (R.C.) . il o)

. Percent compaction ! ...\ 4, , ¥ {\ Jgse C?“M 2 kel fe rﬁ»ﬁ Py

R.C = Pd-field R.C > 95% accepted

pdry max—laboratory 0.p.t + 2% accepted

Pimax — laboratory , C?A\ 2 Bl Bl pg — field
) Boled B6lS)

R.C=80+ 0.2 X Dr

s e g s Bl § B LA

Destructive Nondestructive
(a) Sand cone. (a) Direct transmission.
(b) Balloon. (b) Backscatter.

(c) Oil (Or water) method. (¢) Alr gap.

Example 1: A soil sample has, moisture content = 12% and Gs = 2.72 Is it possible to compact
the soil sample to a dry unit weight of 23.5 KN/m3.

Cally = 235KN/m? L ((Sae) oo o5 2 Vary max oo 9V = 235KN/m® 463 3 Vary max %ed om
v =235KN/m* s B8\l Vary max 5 ol sa ¥ = 23.5KN/m® J) Jyos)l oo 5852 Vary max oo )

(Kan )

Sol:
YwGs 9.8 X 2.72 .
Yzva =7 T e 1703264 20.12 < 25.3 not possible
Gsw, 2.72x0.12
se =Gsw, e= = = 0.3264 = 32.64%

S 1

o5 L o € e doge Ao

1t/m3=9.8KN/m?3: >
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Example2: A modified compaction lab test is shown in the figure below field
compaction test, total unit weight of 17.50KN/m3 and water content 15%:

1. Estimate Relative compaction?

2. If project required RC=95% and water content in the field to be in the range of
+2% from optimum water content; Is the field compaction satistying project

requirement? Why?
3. Find Gs for this soil?

4. Degree of saturation at optimum water content?

125

rr Degree ?f 60% '80%  100% for p, = 2.70 Mg/m?
i saturation
& | Line of Zero air e o
- B optimums viid | T
SAE SRS Ll P ok g
g Pd max J‘HS :,J
= a
; 1.8 [ & l ?
3 Modified ] >
g Proctor ’ A
WIS 1105
Standard ; |
Proctor A ! |
16 ViV |100
0 5 10 Wy 19 20 25
Water content w (%)
_fi 1551.21
1) R.C = —Pdry=rield x 100% pwXGs  pwXGs
Pmax—laboratory 1875 3) Pdary = 1+ e = Gs X wc
=82.7% I+ —7F—
1.75Mg _ 1000xGs o 5 oo
Pmax—1aboratory — m3 = 1875KN/m3 1700 1+% '
Weopt = 11.9% 1800 = ~22X5 S = 2.686567
1+ 0.60
Ybutk-fieta = 17.50 = ppyik—rieta X 9.8
=1783.89 Kg/m3
Pbuik g/ o p X Gs pu X Gs
Pboulk 1783.89 pdry = = Gs X
_field = = = 155.21kg/m3 I+e Gs xwce
1875 1000 x 2.69 0.743
== S = U.
2) R.c = 82% < 95% not accepted 1 4 209 %.12
S

[9.9% — 13.9% ] W, fielq = 15% not accepted
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Soil compaction curve shown below, fickd density provided the following information:
Water content = 13%; Total unit weight = 17.80 kN/m’

20 v T T

1) What is the name of the curve A7
< -
2) What is the name of the curve B? / .
- ISk / \ Curve s -
3) Find maximum umt weight and :’2 / K
optimum water content”? ;‘. /'
16 +
/ Cutve &
4) Determine the percent relative compaction?
"l i : 2 7
0 4 8 12 16 20
w (%)
5) If project required RC=95% and
water content in the ficld to be in the
range of £2% from optimum water content;
s the ficld compaction satisfying project requirement? Why?
Pdry—field 15.
1) Compaction curve. 4)R.C = =15 X 100%
pmax—laboratory
. . = 82.9%
2) Zero Air Voids. 0
Pmax—1aboratory — 19KN/m3
3) Yary max = 19KN/m3 wco.p.t =10%
wco.p.t =10%
5) R.c =82.7% < 95% not accepted Youk = 17.80KN/m3
: 17.80
[8% — 12% ] wrcfield = 13% not accepted _ Ybuk _ — 15.75k
= = = 15. m3
Yary = T3 we = 1+ 013 9/
Example 4: A different soil compaction curves shown below field Loy
density in ML soil provided the following information: Water 2
content =13%, Total density = 1780kg/m?’ (note 1.0
Mg/m3=1000kg/m3) # N
g
a. Determine percent compaction for ML soil? E. b
¢ W
b. If project required RC=95% and water content in the field to g 15 €
be in the range of £2% from optimum water content; Is the field 3| -
compaction satisfying project requirement? Why? :
16 cL
r i
S
s 10 15 » %5 X
Watecore (%)

54



Pary-field  _ 15614 2) R.c = 86.74% < 95% not accepted

X 100%

- 1800
pmaxSlglb;Z:;ory [13% — 17% ] wc field = 13% accepted
= . 0

Pmax—laboratory = 1800KN /m3

1)R.C =

wco.p.t =10%

Pouik = 1780Kg/m3

Pouk 1780

Pary =1 e = 11015 1047-83kg/m3

Example 5: Compare the effect of the presence of kaolinite, Illite, and Semectite (or montmorillonites),
clay mineral in the following: (you may aid your answers with numbers, equations and/or figures)

( ru)\) oD ui"" Zj'a}\,u\).ﬁrd\ Jo o) u\“ @a J{J\:\) 9 Clay mineral o t\;\ s G,Ua:.a J\}J\ uﬁ O3

1) Compaction A
. Kaolinite
3.(montmorillonites) or Semectite ¢ 2. Illite ¢ 1. kaolinite e el

e e qe [lit
2) Liquid limit Pary /\ ite
LL Semectite > LL Ilite > LL Kaolinite /\ Semectite

3) Plastic limit S

Weopt

PL Semectite > PL Ilite > PL Kaolinite
4) Shrinkage limit

SL Kaolinite > SL Ilite > SL Semectite

Example 6: It as a geotechnical engineer, you were asked to consider a major construction project

on a large silty sand soil with a relative density Dr of 80%. If project required RC=95% and water
content in the field to be in the range of £2% from optimum water content; Is the field compaction
satisfying project requirement? Why?

R.C=80+ 0.2 X Dr

R.C=80+0.2%x 80 =96% > 95% accepted
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Example 7: A different Soil Compaction curves ( 1, 2, 8, and 4 ) shown below , field density for the
same soil provided the following information : Water content = 14% : Total unit weight =
20KN/m?,

1. Determine the difference in compactive effort applied to the soil sample to obtain curve 4, The
hammer weight, height of drop, no of layer and the volume are the same as standard compaction
test?

2. Determine the percent relative compaction with respect to standard compaction curve?
3. Determine the specific gravity of soil ?

4. Degree of saturation at optimum water content?

19.85 —
o Zero-air-void curve

19.00 —

Line of optimum
|
4 \
50 blows/ /‘1\
18-[]{] :ﬂ_}‘\.—l Ly

3
30 blows/

\ \
\
\

17.60 |(e—layer 5
\
\

\
\
\
/\_\
\

Dry unit weight, ¥, (KN/m3)

2
17.00 - 25 blows/

layer | . \
20 h]ow:»./

layer
16.00 —
\ 4
15.20 T I T T T T 1
10 12 14 16 20 22 24
15.50 Moisture content, w (%
Sandy clay: Liquid limit = 31 Plastic limit = 26 17.75
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1. Compactive effort (energy E)for curve 4

_ Weight of hammer x Height of drop of hammer X Number of blows per layer x Number of layers

Volume of mold

Compactive effort (energy E) for curve 4
_ 2.5kg x9.8m/S? x 0.305m X 3 X 50

0.944 x 1073 m3

=1188.6 KJ/m3

Compactive effort (energy E) for Standard Test
_ 2.5kg x 9.8m/S% X 0.305 m X 3 X 25

0.944 x 1073 m3
The difference in compactive effort = 1188.6 — 593.7 = 594.9K] /m3

=593.7 KJ /m3

Yary-field _ 17.54

2.R.C= =
Vmax—laboratory 17.60

X 100% = 99.66%

Ymax—-taboratory = 17.50 KN/m3
Weopt = 15.5%

Youie = 20 KN/m3

Vbuik 20
Yarv—field = = =17.54 KN/m3
dry=field =1 L w, ~ 1+0.14
3 _YwXGs %y XGs
) Yary = 1+e Gs X wc
14 28X WC
S
g 9BLXGs G 7
T Gsx0.1775 T~
I+—7
4 _YwXGs %, XGs
) Yary = 1+e Gs X wc
14 28X WC
S
17.6 = 9.81 x 2.72 —0.82
© T, 272%0155 s=0

S

Y



22

Air content @‘““m Gy ol A3lad) DL (spomall L3 dane (5
10% 5% 0%
2.1
2007.2 kg:inx@
2.0
§ 1.9
§ .o
1
g 1.7/ €
$=100%=1
1.6 \
1.5 \
1.4 A 4 Y Y "
0 5 y 15 20 25 30
wc=12% <€ Water content (957 > wc =21%

Example 8: A different compaction curves shown below field density for the same soil provided
the following information: Water content =13%, Total density = 1780kg/m?’ (note 1.0
Mg/m3=1000kg/m3)

A. Determine percent compaction for (1) compaction curves ?

B. If project required RC=95% and water content in the field to be in the range of £2% from
optimum water content; Is the field compaction satistying project requirement? Why?

C. Find Gs for the soil?
D. Find (pse1iq) density solid soil?

E. Maximum possible value of (pDry) at water contet 12%?
F. The degree of saturation at air content equal 5%?

G. The max air voide at (pDry = 1900kg/m3 )?
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Pdry-field _ 1575.2

Pmax-— laboratory 1800
=87.5%

X 100%

AR.C=

Pmax—laboratory = 1800 kg/m3

wco.p.t =10%

Pouik = 1780Kg/m3

Pouk 1780

= = = 1575.2 3
Pary =1 e 14013 o7>2kg/m

B) R.c = 86.74% < 95% not accepte
[13% — 17% ] wc field = 13% accepted

X G X G -
Pw 2 &5 _ _Pw 25 At Air content equal (0%) the degree

C) Pdry = =
1+ Gs X wc 5
¢ 1+ — of saturation equal (100%)
1000 x Gs ~
1700 = T X 021 Gs = 2.644
L

D) ps = Gs X p,, = 2.644 x 1000 = 2644 kg/m>

p, X Gs 1000 x 2.644

— 3
E) 'Ddrymaxpossible T 14e 2.644 x 0.12 2007.2 kg/m
1+
1
P Pw X Gs Pw X Gs
Pary = =
1+e Gs X wc
1 t—
1000 x 2.644
1800 = 5 644 X 0.15 §$=0.7815=78.15%
1+— '
S
6) Pw X Gs Pw X Gs
Pdry = =
1+e Gs X wc
1 t—
1000 x 2.644
1900 = e=0.392 =39.2%
1+e
e 0.392
Apax =N = T7e- 1+0392=0.282=28.2%



Example 9: The soil with its max dry density is equal 1900 kg/m*with water
content equal 10% and the degree of saturation equal 68%, Maximum possible
value of (pp,,) at water contet 10% equal ?

pwsz_ pw X Gs

Pdary = N Gs X wc
1+e PR
1000 X Gs
1900 = G5 X010 Gs = 2.64
0.68
_pwXGs  1000X 264 3
Pdrymaxpossivte ~ 1+e |, 266%010 200> 3 ka/m

1

Example 10: find the air content at degree of saturation equal 80%?

T 125
Degree of 60% 80% 100% for p, = 2.70 Mg m?

saturation

?
\'
I
i

o Li“? of Zero air o ~
= optimums \ void &
SRR IR o B ol : S
g Pd max 1,”5 ::
- Q
z 1sl€ 2
Z / 10 8
) Modified ' o
2 Proctor E
2 47 |
1105
Standard ; |
Proctor A |
16 H J100
0 B 10 Wopt 15 20 25
Water content w (%)
Pw X Gs Pw X Gs
Pary = =
1+e 1+ Gs >S< wc
1000 X Gs o = Ps _ 2.70 x 1000
1800 = ., G5 X0.149 Gs=2.70 Or o 1000
0.80
Pw X GS
Pary = 1t+e
1000 x 2.70
1800 = T e=0.50 or se=Gswc0.80xe=270x0.15e=0.50
e(l1-— S) 0.50 x (1 — 0. 80)

1+e 1+ 0.50



61



62



o e Al
Effective Stresses

Jlaall sl

A soil can be visualized as a skeleton of solid particles enclosing continuous voids,
which contain water and/or air.

S st S0l tate Sl e (g Al Sl o i o oo Bl B0y
AP
The volume of the soil skeleton as a whole can change due to rearrangement of

the soil particles into new positions, mainly by rolling and sliding, with a
corresponding change in the forces acting between particles.

s sl sled) e LlamM i e (sllly & i) dlall lend)) sl S5 a0 e bsrall dujle SN 0
Ll L6
The volume of the soil skeleton as a whole can change due to rearrangement of

the soil particles into new positions, mainly by rolling and sliding, with a
corresponding change in the forces acting between particles.

b o s Bl ) gty S bl Sl s 83kl s SRR o) GV 2 i ) S5
Dl oy Joms sl 3 Ble 5 ey 3Y5YY

The actual compressibility of the soil skeleton will depend on the structural
arrangement of the solid particles.

Al el S il o i ol S el Lol 45

In a fully saturated soil, since water is considered to be incompressible, a
reduction in volume is possible only if some of the water can escape from the
voids.

ool s dlo W1 ) s S Y blaa L e o sl o L JoBTL L drd) A1 3
k) all
In a dry or a partially saturated soil, a reduction in volume is always possible due

to compression of the air in the voids, provided there is scope for particle
rearrangement.

He ol b sy ol & olsdl s e s S b 3 oy s Wiy i) 5 Bl 4 3
Olaad ) sy a2l Ji2 slls
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Stress: ool o5 Vo Fpegre r:é‘“{ e v’

_F W yxV yxAxh <h
°TAT AT 2 a7
SN i gVl Ll o eV
UNIT=KN/m? v’
e (e Ly cam Aadl G lall g Gl dalall b (sl dab 3 LA M.,ngm‘/

.Geo — static streets .., (u’oﬂ\) L0 039 e £
O s 2700 3 Slole1 Y

1. o Effective stress
2. u pore water

3. 0 Total stress

Bulk or Dry L\ &y &b s Saturated &b L1 o ciade Ji de )

Bl e Gl Y IS8 0 S L Jla sla

uji AN é"“ BT L;b d‘S\ dalal YDry Or YBulk
Bulk or Dry Ui Vsat ol o2y
W o b aaddl
CLM < d‘s ’ ySat
Sat &ls dji

o Effective stress:

V G.W.T

G.S Ground Surface
o) e g
Ground water table

a\ﬁl\ éa.w 53..&@

The forces transmitted through the soil skeleton from particle to particle.

i il S o ZU1 S 2 Y

Slend! ) Oled)
SAT S LY M daw 3 51

Muéw@\uubsmq&yé o 51

o il el IS e Jas s Y
adly Pl oY asss Vi o ¥ b Y el e 590 4

by YworY e ol maw o2 v

L i) ol

Ocfrective = V Bulk X hpyl + (ySat - yw) X hgqt
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u pore water:

The pore water pressure (u), being the pressure of the water filling the void space
between the solid particles.

i I s Sl 2V
Akl LA e S Sle Sl i ¢ () ek o) dais V7
A ey 381 Dl bnsss llal) sl oy Ll By v

u= yWater X hW(lteT'

o Total stress

The total normal stress 0 on a plane within the soil mass, being the force per
unit area transmitted in a normaldirection across the plane.

e ol 2Ll Sl s L1l 2V
e e olios 50y ST 5 580 R A e (g o 50 gl ST sle1 Y

Pl dnY s Y Q*’YQLW&LUCL“&A/
e 2l Sy ol s 21 o 0 51 cadly Vi oY ol Y ol o 22V

Ototal = Oeffective T U = VBuik X hpuik + Vsar X Rsat

Example 1: Find the stress at point A, B?

A G.S
H1 YBulk
B
X V cwr
H 2 Vsat
A 4 A
At point A

U = Ywater X Mwater = Ywater X H2
Ocffective — VBulk X hpuik + Yeffective X hsat = Vpuik X H1 + (Vsar — Yw) X H;

Ototal = YBulk X Rpuik + Vsat X Rsar = VBuik X H1 + Vsar X H;
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At point B
U = Yyater X Pwater = Ywater X0 =0
Ocffective — Yeffective X hguik = VBuik X Hq

Ototal = VBuik X RBuik = VBuik X Hq

Example 2: Find the stress at point A, B?

At point A
U = Ywater X hwater = Ywater X (H1 + H3)
Ocffective — Yeffective X hsar = (YSat - YW) X Hy

Ototal = Ywater X hwater + VYsat X hSat = Ywater X H1 + Vsar X Hy

At point B
U = Ywater X Pwater = Ywater X H1q
Ocffective = Yeffective X Rpuik = 0

Ototal = Ywater X Hq
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Example 3: Find the stress at point A, B?

(pobo) SR oo Babo o ol I ik ¥l gl
Jet s S Do) Aol | o 35 i
(@) wolall s £ SV ) L ¢ o jad|
Aoyl (3 qalal) ble

Jladl slet Q@\ A e ool Kay q iy
C3y ade g JH oK o Bl b S, Lais
sk

555 Yy (oY) Y s S ] ek Immediately
.q MLol A\SU-\ RV é

d gpoge 2! ol 4% : Many years after the fill
q L) A a3 gy (i) 35 i 5

A G.S
H1 YBulk
\% B G.W.T
N V
H2 Vsat
A4 A
At point A

U = Ywater X hwater = Ywater X H3

Ocffective = 4 + VBuik X hpuix + Yerr X hsat = A+ Vpuik X H1 + (Vsar — Yw) X Hy

Ototal = 4 + VBuik X Npuik + Vsar X hsat = q + Vpuik X H1 + Vsar X H;

At point B

U = Ywater X hwater = Ywater X0 =10

Ocffective = 4 T Yeffective ¥ hpuik = 4 + Ypuik X Hq

Ototal = 4 + Veuik X hpuik = 4 + VBuik X Hy

Example 4: Find the stress at point A?

G.S
H1
YBuik ( A

w727 T 0T Iy

H QI Vsat

>
SENVISAT e ¥ oS Jbs Tiaill 0
Bagder L g ity Jigd)
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Effect of Capillary rise (,\l\ Z«_\BJ\ 5 all) & el Lol b
2415 g ey, He g Bl i 5,2l ol 301 ol 31 ol a2l o) o iy 1 A o 3
Lo oL} adt Juas (sl j‘Sbj\m@m\@sJ&jolﬁlbwmw chﬁ—‘y"?ﬁw\;\e
ww«:\w@wwwww\wwgy
ke i 3 o8 G 2y 1 e
spabe il oS oS G e 2y 2 e

At Point A
At Point (1) Called immediately above
u=20

Ototal = YBulk X Npuik = VBuik X Hy

At Point (2) Called immediately abelow
U= —VYwater XS X H

Ototal = VBulk X Rpuik = VBuik X Hq

Ocffective — Ototal — U = VBulk X Hy — (=Ywater X S X H.)
= YButk X H1 + Ywater XS X H,

Example 5: A layer of saturated Clay 4m thick is overlain by sand 5m deep, the
water table being 3m below the surface. The saturated unit weights of the clay
and sand are 19 and 20 kN/m?, respectively; above the water table the unit
weight of the sand is 17 kN/m?®. Plot the values of total vertical stress and effective
vertical stress and pore water against depth , How are the above stresses aftected?

3m&‘cwm°wéudw<ubﬂ\éuf5méww~ b B 4m Ko plall e daciio b
by ol L)y 20 KN/m? dacsdl L)) &5 Shodly 19 KN/m? dacadl ol 4 5 ecd) Ll uaﬂ\éww
$EoLll Loy Jlaidl 2, S sley oo )) 17 KN/ datin il o)
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G.S
Yk = 17 KN/mZ

3m Bulk Sand
A V cwr
¥Ysat = 20 KN /m?
2 m
7 Sat Sand
N
Ysat = 19 KN /m?
4m Sat Clay
v
Atdepth 0 m Atdepth3m
u=20 de Y o o6 u=0
20 ¢ 1a5,Y) CE.J\
Jbﬂ
Ocfrective = 0 v Ocffective = Vpuik X Hy =17 X 3 = 51 KN/mZ
o pall ds CE.J\ Je
O_total = O \A\c LB O-total = yBulk X H1 == 17 X 3 = 51 I{IV/T"l2

Atdepth5m
U= Vipater X Mpaper = 9.81 X 2 = 19.62 KN /m?
Ueffective = YBulk X hBulk + Veff X hSat =17 X3+ (20 - 981) xX2=71.38 KN/mZ

Ototal = VBulk X hBulk + Vsat X hSat =17x3+20x2=91 KN/mZ

At depth9m
U = Vyater X Pwater = 9.81 X 6 = 58.86 KN /m?

Ocffective = YBulk X hBulk + Yerf X hSat =17%x3 + (20 - 9-81) X2+ (19 - 9-81) X 4
= 108.14 KN /m?

Ororal = Veuk X Peue + Vsar X Rsqe = 17 X3+ 20X 2+ 19 x 4 =167 KN/m?

50 m 100 m 150 m KN /m?2
S o(KN/m*)

NEP Geadl op AV gla

Sm

Depth (m)

Ototal stress

u Ocffective stress
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Example 6: A layer of saturated clay 4m thick is overlain by sand 5m deep, the
water table being 3m below the surface. The saturated unit weights of the clay
and sand are 19 and 20 KN/m?, respectively; above the water table the unit weight
of the sand is 17 KN/m?. Plot the values of total vertical stress and effective vertical

stress against depth. If sand to a height of 1m above the water table is Saturated with
capillary water.

yuwoxﬁi\l@@aw(&ﬂ\z@fsm&w@s\yw@4mw&uyww
Llaly 20KN/m3 daczll Lo )l &y eidly 19 KN/m3 dacill cplal) & Clocd Lol &ﬂ\@aﬁysm
Fipatdl Lol Cama Im () 3 5l e Sy 1T7KN/M® dncin il Jol 2y ol

N
om Veu = 17 KN /m? GS [5 S—1

x 1 Bulk Sand A

) o dag AN

lmv {ze‘{(r(b{{eVGWT

0\ Ysae = 20 KN /m? S ) el ol ) S5 gl 3 0
2 m = < =

Vsat = 19 KN/m? SAT $5 5¥ Laid Jlgdl U 3 S1,20KN/m?

+m Sat Clay sk Jo U SAT L) 5Y 20KN/m? &ois,

v B oall SAT Ll dsts ¥ 4l 20KN/m?
At Point A

At Point (1) Called immediately above
u=20

Orotal = Vawre X Hi = 17 X 2 = 34 KN /m?

At Point (2) Called immediately abelow

U= —Vyater XS X H. =—981x1x1=-9.81 KN/m?
Ototal = Veuk X Hi = 17 X 2 = 34 KN /m?

Ocffective = Ototal — U = 34 — (—9.81) = 43.81 KN /m?

At Point D

u=9.81X%X6 =58.86 KN/m?

Otorqr = 17 X2+ 20x1+20%x2+19 x4 =170 KN/m?

Ocffective = 17 X2+20X 1+ (20—-9.81) X2+ (19—-9.81) x4 =111.14 KN%n2



Example 7: A 5m depth of sand overlies a 6m layer of clay, the water table being at
the surface; the permeability of the clay is very low. The adjusted unit weight of the
sand is 19 KN/m? and that of the clay is 20 KN/m?. A 4m depth of fill material
of unit weight 20 KN/m? is placed on the surface over an intensive area. Determine
the effective vertical stress at the Center of the clay layer

(a) immediately after the fill has been placed, assuming this to take place quickly.
(b) many years after the fill has been placed.
prion 2y Jall Lolid) o 06 o) lal) 03 o)W pas is oAl edans i (i) 0 6m 35 Jo ) 0 5
s0o waudl Jo Ly 20KN/m? 1 Ll 35l (0 4m ¢ 20KN/m® 5Lk e 52y (pdall Llally 19KN/m?® oL
o) o i U 025 By U 10y )58 8,0 ol B e e Jladll Sl

q =y, X H; =20 x 4 = 80KN/m?

SN S A I

Ysar = 19KN/m?
Sand

Ysar = 20 KN/m?

¥ Clay

a) immediately
U= Vyarer X Ho = 9.81 X 8 = 78.4 KN /m?

Ocfrective = VBulk X H1 + (VYsar — Yw) X H
=(19-9.81) x5+ (20 —9.81) X 3 = 76.6 KN /m?*
Ototal = VBulk X H1 + Vsar X H;
= 19 x5+ 20 x 3 =155 KN/m?
a) Many years after the fill has been
U= Vyater X Hy = 9.81 X 8 = 78.4 KN /m?*

Ocffective = 4+ Vpuk X H1 + (Ysat — Yw) X Hy
=80+(19—-9.81) x5+ (20—-9.81) x3 =156.6 KN/mZ
Ototal = 4 + Veuik X Hi + Vsar X H;

= 80+ 19 x5+ 20 X 3 = 235 KN /m?
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Example 8:

A.Calculate the total stress, pore water pressure, and eftective stress at points A,
B, and C?

B. How high should the water table rise so that the effective stress at C is 190
KN/m2? Assume ysat to be the same for both layers (i.e., 19.25 KN/m2).

C. What is the change in effective stress at point C if:
1. The water table drops by 2 m.
2. The water table rises to the surface up to point A.

3. Water level rises 3 m above point A due to flooding

A.
A
A G.S
Yary = 16.5 KN/m?
6 m
B Dry Sand
M Y V cwr
Ysar = 19.25 KN /m?
13 m
Sat Sand
C
v
At depth 0 m At depth B
u=20 u=20
Oeffective = 0 Ocffective = 16.5 X 6 =99 KN/mZ
Ototar = 0 Otorqr = 16.5 X 6 = 99 KN /m?
At depth C

U= YVyater X Mpater = 9.81 X 13 = 29.43 KN /m?
Ocffective = 16.5 X 6 4 (19.25 — 9.81) x 13 = 221.72 KN/m?

Orotar = 16.5 X 6 + 19.25 x 13 = 349.25 KN /m?*
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lare ol Cﬁ.u Ca'..j ol et ?Effective stress at C is 190 KN/m? i "5K 3| Lgé o @9
19.25KN/m? éju Iyl 3 SATLE Lﬂ;\ el dasY

G.S
o mI Yary = 16.5 KN /m? | Satulllmas o F Gl L
Dry Sand G.W.T T
( \% Nt Dry Or Bulk ) CLM B9 I daall
hm1 V “ e . N
A = > GW.T o Ladall Y SAT Lk I dsly 400
Ysar = 19.25 KN/m o A CE“
1$m Sat Sand
C
\%
Ocffective = 16.5 X (6 —h) +(19.25-9.81) x h + (19.25-9.81) x 13
190 =16.5%x (6 —h) + (19.25 —-9.81) x h + (19.25 — 9.81) x 13
h=4.499m
C.
1. 2m e} o Jore U C dlaid e effective stress i juz 7\ ?J\}A\ S

1 Yary = 16.5 KN/m? G5
6+2 m

¥ Dry Sand V GW.T

A

SWEN
Ysat = 19.25 KN /m?
13-2 m
Sat Sand
C
v

u=9.81x11=107.91 KN/m?*
Ocffective = 16.5 X 8+ (19.25 — 9.81) x 11 = 235.84 KN/m?*
Ororqr = 16.5 X 8 +19.25 X 11 = 343.75 KN /m?*
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A dill we oll) mau iy L C dlazll e effective stress i pa 7\ fJ\}J\ S

V cwr
Jyad

13+6 m

\ 4

u=9.81x19 = 186.39 KN/m?
Ocffective = (19.25 —9.81) x 19 = 179.36 KN /m”*
Orotqr = 19.25 X 19 = 365.75 KN /m?

3m g A daill 54 L) CL.u @x L C dall we effective stress 4@ s 7\ ?J\}A\ S
A GW.T
3m 2yad)
v
A
19 m
\Z

u=9.81x22=215.82 KN/m?
Ocffective = (19.25 —9.81) x 19 = 179.36 KN /m?
Ororqr = 9.81 X 3 + 19.25 x 19 = 395.18 KN /m?
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Example 9: A.Calculate the total stress, pore water pressure, and effective
stress at points A, B, and C?

A
G.S
yDry
" II B Dry Sand
M v G.W.T
Ysat
C
H 2 Sat Sand
\ 4
Hs ]: 5 Ysar Sat Clay
Layer no. at A.1 Thickness Soil parameters
1
Hi=2.1m Yary = 17.23 KN /m*
2
H2=3.66m Ysar = 18.96 KN /m?
3
H3=1.83m Ysar = 18.5 KN /m?
Layer no. at A.2 Thickness Soil parameters.
1 Hi=5m e=0.7;Gs =2.69
2 H2=8 m e=0.55;Gs =27
3 H3=3 m w=388%;e=1.2
Layer no. at A.3 Thickness Soil parameters .
1 Hi=3m Yary = 17.23 KN /m?
2 H2=6m Ysar = 18.96 KN /m?
3 H3=2.5m Vsar = 18.96 KN /m?
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A.1
Point o u o effctive
A (0) (0) (0)
B 36.18 (0) 36.18
C 105.57 35.9 69.67
d 139.42 53.85 85.57
A.3
Point u o effctive
A 0
B 48 (0) 48
C 156 58.86 97.14
d 198.5 83.38 115.12
)/WGS 9.81 x2.69 15.52KN
Layerno. 1 Yary =700 = "7 07 ~ w3
Gs +e 27+055 20.57KN
A.2 Layer no. 2 VYsqr = ll_l_elyw 1+055 1=—m3
Layer no. 3 se = Gsw, 1x12=038xGs Gs=3.16

At Point A
u=20
Ocffective = 0

Ototar = 0

Gs + e 3.16 +1.2

Vsat = |——|vw = —] 9.81 = 19.42KN/m3

14+el™ 1+1.2

At Point B

u=20

Ocffective = 15.52 X 5 = 77.6 KN /m*
Ototqr = 15.52 X5 =77.6 KN /m?*
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At Point C

u=19.81x8="78.48 KN/m?*

Ocffective = 15.52 X 5+ (20.57 — 9.81) X 8 = 163.68 KN /m?
Orotqr = 15.52 X 5+ 20.57 X 8 = 242.16 KN /m?

At Point D
u=9.81x11=107.91 KN/m?

Ocffective = 15.52 X 5+ (20.57 — 9.81) x 8 4 (19.42 — 9.81) x 3
= 192.51 KN/m?

Otorqr = 15.52 X 5+ 20.57 X 8 + 19.42 X 3 = 300.42 KN /m?

A.2  What is the change in effective stress at point D if?
A. the water table drops by 2 m.
B. the water table rises to the surface up to point A.

C. water level rises 3 m above point A due to flooding.

A.
G.S
o Vory OO sand YwlGs 9.81x2.7 17.1KN
Ypry = = =
2m YD‘ry DTy Sand 1+e 1+ 0.55 m3
V cwr 9 o
w\j;u\chﬂguz,u;bb RS
Sat Sand e >
mI Ysat 2at oan EY Oﬁj " m ULW s Dry L
m:I: D Ysat Sat Clay Dry
At Point D

Oeffective = 15.52 X 5+ 17.1 X 2 + (20.57 — 9.81) X 6 + (19.42 — 9.81) x 3

= 205.19 KN/m?
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V GW.T
A
YSat ol

5m ne

! Sat Sand \ B Gs+e] 269+O7

A Vsas Vsat = 1+e Yw = 1+O7

19.56 KN

s m Sat Sand = " m3

\/ Sat didadll Comnsl () éa...n Bl jlo oo
3 mi D Ysat Sat Clay Sat Qﬁj sgoe Ll Olas Coed

At Point D

Ocffective = (19.56 —9.81) X 5+ (20.57 — 9.81) X 8 4 (19.42 — 9.81) x 3
= 163.66 KN /m?*

C.
GW.T
Sy
yDry
5m
DrySand\_> _[Gs+e 2.69 + 0.7
A Vsat = —1+e]]/w— 107 ] 81
Vsat _ 19.56 KN
g v
o Sat Sand m3
2

. mil: 5 Ysar Sat Clay

At Point D

Ocffective = (19.56 —9.81) X 5+ (20.57 — 9.81) X 8 4 (19.42 — 9.81) X 3
= 163.66 KN /m?>
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Example 10: a. Calculate the variations of 0, u, and o effective at points A, B,

and C.

b. How high should the groundwater table rise so that the effective stress at C

1s 111 kN/m2?

A
G.S
4m1 Yory Gs=2.66
B Dry Sand e=061 7 Gwr
Vsat Gs=2.67
5m
¢ Sat Sand e=0.48
yWGs 9.81 X 2.66 B 16.21 KN
Yory = e ™ 14061  m3
Gs +e 2.67 + 048 20.86 KN
Vsat = ] 1+ 048 X 9.81 = T
A.
At Point A At Point B
u=20 u=20
= — 2
O-effective =0 Ueffective =16.21 X4 = 64.84 KN/m

Ototal = 0

At Point C

u=9.81x5=49.05KN/m*

Otorqr = 16.21 X 4 = 64.84 KN /m?

Oeffective = 1621 X 4 + (20.86 — 9.81) x 5 = 120.09 KN /m?

Orotal = 16.21 X 4+ 20.86 x 5 = 169.14 KN /m?
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4-h mI YDry Dry Sand Gs=2.66 e=0.61

V G.W.T

hm i Ysar Sat Sand Gs=2.66 e=0.61 i

Gs=2.67

Vsat
5m
Sat Sand e=0.48
Gs+el 2.66 + 0.61 0.8 19.92 KN
Vsat = 10 e 1™ T [T1 5061 LT T3

Sat Qﬁj sapde Llall Olus Cond Sat h diladll Coeoly (U CL_A 3 t\bs)\ o ysp

Oeffective = 1621 X (4 —h) + (19.92 — 9.81) x h + (20.86 — 9.81) X 5

111 = 16.21 X (4 —h) + (19.92 — 9.81) X h + (20.86 — 9.81) X 5
h=1.49m

Example 11: Determine the total stress, pore water pressure and effective stress at

down the sand layer.

N G.S
YBulk S=30%
2.5 m
Bulk Sand e=.55 Gs=2.87%
v V cwr
. Vsat e=.55 Gs=2.87
v Sat Clay
A
Ysat Yory = 17.4KN/m?
3.2m
Sat sand e=.55

salall oY Sat Ll 35T 1Y wishs gy 1o 2 Y Dry LW 48 Cllase 0
Sat Lall Lo o e Lal) hlne o sl s 2.
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YBulk Clay =

Vsat Clay —

Vsat Ssand = l

(Gs +se)y, (287+0

.30 x 0.55) x 9.81

= = 19.21KN/m3
1+e 1+ 055 /m
Gs+e] 2.87 + 0.55 _21.65KN
1+e 1+ 0.55  m3
YwGs
Yary =71 ¢
. _ 9.81XGs
" 14 .55
Gs =2.75

Gs + el B l2.75 + 055
1+el™ 15055

At down the Sand Layer

X 9.81 = 20.89KN/m3

u=9.81x (1.5 +3.2) = 46.107 KN/m?

Ocffective

=101.216 KN/m?

=19.2 X 2.5 + (21.65 — 9.81) X 1.5 + (20.89 — 9.81) x 3.2

Otorqr = 19.2 X 2.5+ 21.65 % 1.5 + 20.89 x 3.2 = 147.323 KN /m?

Example 12: Calculate the variations of 0, u, and o effective at points A, B, and C.

.

A

Yory = 16.25 KN /m?

Dry Sand
Ysar = 19.02 KN /m?

Sat Sand

G.S
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At Point A At Point B

u=20 u=20

Ocfrective = 0 Ocffective = 16.25 X 3 = 48.75 KN /m?
Ototar = 0 Ororq = 16.25 X 3 = 48.75 KN /m?

At Point C

u=9.81x%x3=29.43 KN/m?
Ocffective = 16.25 X 3 + (19.02 — 9.81) x 3 = 76.38 KN /m?
Otorqr = 16.25 X3 +19.02 x 3 =105.81 KN/m?

Example 13: Calculate the variations of 0, u, and o effective at points C.

G.S
Ypry Gs=2.65
3 m
DrySand €06 Y
Vsat Gs=2.7
3 m
C Sat Sand wc=0.30
_ YwGS B 9.81 X 2.65 _ 16.25KN
Yoy ST e T T 1406 | m3
SXe=GsXwc 1xe=2.7x%x0.30 e =0.81
le+el 2.7 + 0.81 1_19.02KN
Vsat = WwYW = 19081 =" m3
At Point C

u=9.81x3=29.43 KN/m?*
Ocffective = 16.25 X 3 + (19.02 — 9.81) x 3 = 76.38 KN /m*
Orotqr = 16.25 X3 +19.02 x 3 =105.81 KN/m?
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Example 14: Calculate the variations of 0, u, and o effective at points C.

N GS
YDry Gs=2.68
4 m
Drv Sand n=0.4
M Ty San V cwr
Vsat Gs=2.72
5m
J C Sat Sand n=0.5
_on 0.4 — 0.6
"l TR T 104
)/WGS 9.81 x2.68 15.77 KN
Yory = 1 e T 1406 | md
_n o _ 049
Nl nT1-049 O
Gs+e 2.67 + 0.96 18.42 KN
Vsat = IVW 141096 | <28 ="
At Point C

Oeffective = 15.77 X 4 + (18.42 — 9.81) X 5 = 106.13 KN /m?



Example 15: Calculate the variations of 0, u, and o effective at points A, B, C, D.

A
A G.S
Ypry Gs=2.65
1.83 m
Dry Sand R
B 1 ’
v
N
2 YBulk
0.91 m S=0.5
Y C Bulk Sand V cwr
A
Ysat Gs =2.71
1-83m Sat Sand wc=0.42
\/ 2
YwGs 9.81x2.65 17.33KN
Ypry = = =

14e 1405  m3

SXe=0GsXwc 0.5xXx05=265xwc e =0.094

Gsyw(1+w)  2.65x9.81(1+0.094) 18.96KN
1+e B 14+ 0.5  m3

YBuik =

SXe=GsXwc 1Xe=271%x042 e=1.14

Gs +e 2.71+ 1.14 17.65KN

81 =
]VW T+11a | <7F m3

Vsat = l

At Point A
u=20
Ocffective — 0

Ototal = 0



at point B

At Point (1) Called immediately above

u=20

Ototal = Yary X H; = 17.33 X 1.83 = 31.7 KN /m?*
Ocffective = Ototal — U = 31.7 — 0 = 31.7 KN/m?

At Point (2) Called immediately abelow
U= —Ywater XS X H. =—-9.81x0.5x%0.93 =—-4.557
Ototal = Yary X H; = 17.33 x 1.83 = 31.7 KN/m?*

Ocffective = Ototal — U = 31.7 — (—4.557) = 36.3 KN /m?

At Point C

u=20

Ocfrective = 17.33 X 1.83 + 18.96 X 0.91 = 48.97 KN /m?
Otorqr = 17.33 X 1.83 + 18.96 x 0.91 = 48.97 KN /m?

At Point D
u=9.81x3=17.9532 KN/m?*
Ocffective = 17.33 X 1.83 + 18.96 x 0.91 + (17.65 — 9.81) x 1.83 = 63.3 KN/m*

Ororqr = 17.33 X 1.83 + 18.96 X 0.91 + 17.65 x 1.83 = 81.267 KN /m?
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Example 16: Calculate the variations of 0, u, and o effective at points A, B, C, D.

A
T G.S
)4
s00m o Gs=2.69
Dry Sand
B 1 e=0.47
A4
N
2.43 2 YBulk Gs=2.68 e=0.68
\ C Bulk Clay S=0.40 V owr
N
4.88 Vsat Gs =2.7
Sat Clay wc=0.89
D
\\4
)/WGS 9.81 X 2.69 _ 17.93KN
Yoy Ty e T 14047 | m3

Sxe=Gsxwc 0.40x0.68=268xwc wc=0.101
Gsy,(1+w)  2.68x9.81(1+0.101) 17.21KN

Yeulk =T e 1+0.68 T m3
Gs+e] 2.7 + 0.89 981 18. 6KN

Ysat = |1 ¢ 1+089 177 T T 3

At Point A

u=2~0

Ocffective — 0

Ototal = 0



at point B

At Point (1) Called immediately above

u=20

Ototal = Yary X Hy = 17.93 x 3.05 = 54.69 KN /m?
Ocffective = Ototal — U = 54.69 — 0 = 54.69 KN/m*

At Point (2) Called immediately abelow
U= —Vyater XS X H. = —9.81 X 0.4 X 243 = —9.53 KN/m?
Ototal = Yary X Hy = 17.93 X 3.05 = 54.69 KN /m”*

Ocffective = Ototal — U = 54.69 — (—9.53) = 64.22 KN /m?

At Point C

u=20

Ocfrective = 17.93 X 3.05+ 17.21 X 2.43 = 96.51 KN /m?
Otorqr = 17.93 x 3.05 + 17.21 X 2.43 = 96.51 KN /m?

At Point D
u=9.81x 4.88 = 47.824 KN /m?*
Ocffective = 17.93 X 3.05 4+ 17.21 x 2.43 + (18.6 — 9.81) X 4.88 = 139.45 KN /m?*

Ororal = 17.93 X 3.05 + 17.21 X 2.43 + 18.6 X 4.88 = 187.275 KN /m?
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For the soil profile shown, determine total stress, pore water pressure and effective stresses at points A, B, C,
and D. Use 7,=9.8 kN/m’.

......... A
] ; 5 OHI Sand,

v=17.50kN/m’

clay, y5,=20.0 kN/m’

50m
C
2.4mI Sand Y,=20.6 kN/m®
D
. |
Rock

Depth u
0 0
1.5 m 0

6.5 m 9.8X5=49 KN/m?
8.9 m 9.8X7.4=72.52 KN/m?

Depth ¢ Effective stress
0 0

1.bm  17.5X1.5=26.25 KN/m?
6.5m 17.5X1.5 + (20-9.8) X5=77.25 KN/m?*
8.9m  17.5X1.5 + (20-9.8) X5 + (20.6-9.8) X2.4=103.17KN/m?

Depth ¢ Total stress

0 0

1.5m 17.5X1.5=26.25 kN/m?

6.5m 7725+ 49=126.25 KN/m?
8.9m 103.17 + 72.52=175.69 KN/m?



Depth (m)

1.5m

6.5 m

8.9 m

50 m

100m 150 m
o(KN/mz)

u

Ototal stress

Ueffective stress
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Stress Increment from Elastic Solution

(4lus 23) Geo-static streets s (oW 039) et &1 55 .1

Stress Increment oy (o)) ()55 ud anw 3Lo) Jos (1 1) Sliziadl 5, 2

w{f o u;iﬂ sl YV Sl

O = O Geo-static + O Increment

OIn 454l o e 1 1 1 1/1
Cr2 b 8 ety Og A5 Cand il 5, %/////////A :I: H,
el 3 b SUY) £ o33 § w

LY ole Y AS (51) dla) ol and ) dsLadt Jlos- Y1 gl
:(OIn
1. Point load. 2. Line load. 3. Strip Load. 4. Circular loaded area.

5. Rectangular loaded area. 6. Approximate Method 2:1 method.

S B )5 s sl Solep V) L s ST 5 1l S
I 3o Sl p8 )y iladl sla 3 S, O Increment = 0 i)
sl B sl Slue 3 Lais gy, L3 W) oK 7)) e (golud Y S
A 03y e ) sler M lginissy Lo o3l )
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Point load (concentrated load)

olos Jo 5 550 iy A Jo dine A 3 S Jaod ol 5T Al Jaor 3 3 0iel)

4y, 1)
P KN L
<=

N =

o bl &) o o dime Aa 5 S Joo sy 40 o sl 5 Lo 8l )
b,z e oy Joodl oy Blas 5x Blas we A0z Ll sle ¥l 35545
2 e yex gobull vy 135 (0,0,0) JlaoYl g Josdd) g S daid)

o b
G

L I Sl B sl o 3 gie b Sy glons SN Jo S5 sl 5 53l
. AO'Z &_)L.MP- L;\

el gl (x5 y) sl Jo izl ) Jesdl o ool Jes plaizal pao ) Ll S8l
Ayl p’bv\“m Jiw &Y 7 =[x+ b o8 oty T b d jeny des 50
 any (o, y - 2) dadl 3 i) ) Josdl e Bl s plaieall 3 531 Lasdly dslocal) B8

gl 5B o gy Jae &Y L= V7 27 gl e iy Lol
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:Point load Jusd) 5§31 Ao, s plovay, (sl o 5l

Boussinesq law

Z3

- 21 (r* + z%)

5/2

Jpied) N e

P
72

L

% 5B J>y Boussinesq VS\A\

Jom oo sl Dlalga V) dad

:0 9@l plasunl b,
1. Homogeneous soil.
blowse o
2. Elastic soil.
3. Isotropic soil.
il ailas Isotropic soil & 3g.aidll

ilizes €j&ﬂ\@€&%jﬁﬁ
x/y/lz Slabsy

P/z*> o
Table Variation of I, for Various Values of 1/z [Eq. (10.14)]
r/z I, r/z Iy 1z I,
0 0.4775 0.36 0.3521 1.80 0.0129
0.02 0.4770 0.38 0.3408 2.00 0.0085
0.04 0.4765 0.40 0.3294 2.20 0.0058
0.06 0.4723 0.45 0.3011 2.40 0.0040
0.08 0.4699 0.50 0.2733 2.60 0.0029
0.10 0.4657 0.55 (0.2466 2.80 0.0021
0.12 0.4607 0.60 02214 3.00 0.0015
0.14 0.4548 0.65 0.1978 3.20 0.0011
0.16 0.4482 0.70 0.1762 3.40 0.00085
0.18 0.4409 0.75 0.1565 3.60 0.00066
0.20 0.4329 0.80 0.1386 3.80 0.00051
0.22 0.4242 0.85 0.1226 4.00 0.00040
0.24 0.4151 0.90 0.1083 4.20 0.00032
0.26 0.4050 0.95 0.0956 440 0.00026 ‘
0.28 0.3954 1.00 0.0844 4.60 0.00021
0.30 0.3849 [.20 0.0513 4.80 0.00017
0.32 0.3742 1.40 0.0317 5.00 0.00014
0.34 0.3632 [.60 0.0200
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0.5

0.4

0.3

0.2

0.1

Figure Variation of I, with r/z

Example 1: Consider a point load P = 5 KN, Calculate the vertical
stress increase at z = 0, z = 20m .given X = 3m, y = 4m

Solution:
P=5KN
y = 4m
~ - r ’//,
e W N ‘_~_r.ﬁ_’_ ____________
\\ ! 8 i
\ 1 —
 Z L \\\ . i Z -om
- i ,20m
@ T e - =
Ay | A8
7 y
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Atz =0m
= /x2+y2=+32+42=
L=+r2+4+2z%2=+52+02%2=
3Pz 3x5x0°

-AO, =—— = —— = 0KN/m2
21 L° 2T 5°

Atz =20 m

=Jx2+y2=432+4%2=
L=+r2+42z2=4/524+202=20.62m

5m

sl be‘.:.uL

= 0.0051 KN/m2

A _3Pz3_3><5>< 203 — 0.0051 KN /m2
2T o5 T 2m 20625 /m
ho 3P 7' 3x5  20°
%2 T a2+ 2252 2m (52 + 202)572
ro, = L I = —— % 4103 = 0051 XN
9z = 7211 T 502 m2
3 1 3 1

)" ()"

=0.4103
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Example 2: Point loads of magnitude 100, 200, and
400 kN act at B, C, and D, respectively Determine the
increase in vertical stress at a depth of 6 m below the
point A. Use Boussinesq’s equation

Solution:
B 6 m A
e o
g
©
¢ ®
3 m D

(origin point) oY) iz o load K(x, Y ) sl U,M:b
Kl A il il pllayy load  asss sy sl Al S0

e oY) izl

Ao, , = Aoy, + Ao, + Aoy,
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P

E 3 m D
y v
—r=.x24+y2=462+02=6m X=6m
Y=0
L=vr24+2z22=v/62+62=8.5m .
=6m
Pg = 100 KN
P.
§ om \
Y e e e e e - - - —/’
| z
l ~
~
| _
~
g //
> | P
~
| -



X=6m —r:‘/x2-|—y2 =+62+62=8.5m
Y=6m
& L=+vVr2+4+2z2=+8524+62=10.4m
= m

P.= 200 KN

Po

B 6mT y A
’ ___________________
| -l /,
|
: | //
|

g I /7 r

© Y
| | 7
' /
€ — — e - o — — — — —
C 3m D X

—r=x2+y?=32+62=6.7m X=3m

Y=6m
L=vVr¢2+42z2=+6.724+62=9m 7 -
=6m
Pp = 400 KN

[3PZ ] [3Pz ] [3PZ ]
21 L° 2m L° 2m L°

3X 100 6 3X200 6 3 X4006°
AC, = + + — = 1.1 KN/m2
2T 8.5° 2T 10.4° 2T 9°
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Vertical Stress Caused by a Vertical Line
Load

. line load , pointload . 35 o3¥ 21 J]

g=KN/m
P KN

= ,a_c_—_._e
N =

—_

Line load Point load

KN/m o oy bs ng e Jasd! uji“' Line load
Z 38X d3luws day line load Joo) front view o)) Lﬂg\as

oo qf\)\ Sl ¥) Ol sl Al o

line load
q=KN/m
X
AG, 1 z
o
A0, Ol ®
2qz3 2q

AO., =
Oz n(xz + 22)2 nz[(x/z)* + 1]2



: Jyoedl e o

Table 10.2 Variation of Ac./(¢/z) with x/z [Eq. (10.16)]

X/z Ao, /(q/2) X/z Ao,/(q/2)
0 0.637 1.3 0.088
0.1 0.624 1.4 0.073
0.2 0.589 1.5 0.060
0.3 0.536 1.6 0.050
04 0473 1.7 0.042
0.5 0.407 1.8 0.035
0.6 0.344 1.9 0.030
0.7 0.287 2.0 0.025
0.8 0.237 2.2 0.019
0.9 0.194 24 0.014
1.0 0.159 2.6 0.011
1.1 0.130 2.8 0.008
1.2 0.107 3.0 0.006
Ao - Aoz

Z

Aa_gh)

(

)

o7

ME Sold x/z s Al Jpaadl IV 1

AGZ sl Jyend)

VA

: chart J| JNs 0 ]

T T T T T

1:2 1.6 2.0 2.4 2.8 3.

0
<
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Example 1 two line load , Determine increase of vertical

stress Aoz, at point A with the foﬂowing values: q =15

KN/m, q,=75KN/m,x; =5m,x,=5m,z=4m.

d1 qz
< >< >
X1 X2
z
v A
Aoy, — 2q:2° 2x15x4° 0.04542 KN
0% = m(x;2 +22)2  w(102 +42)2 m?2
Aoy, — 2,2 2x75x4% 0.1818 KN
0% = m(x,2 +22)2  mw(52+42)2 m?2

Aoz = Aoz; + Aoz, = 0.04542 + 0.1818
= 0.22722 KN/m?

Example 2 : For the same line loads given in example , determine

the vertical stress increase, Agz , at a point located 4 m below the

line load q2 .

Aoy — 2q.2° 2x15%x4% 0 3636 XN
0% = w(x;2 +22)2  w(52+42)2 m2
Aoy — 2q,2° 2Xx75x4° 1937 KN
2 T nGt+ 222 m(02+4%9)2 0 m2
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Aoz = Aoz, + Aoz, = 0.3636 + 1.1937 = 1.5573 KN /m?

Example 3 : For the same line loads given in example , Given g, =
13.6 KN/m, q,= 2?2 KN/m , x; =43 m,x, =1.5m, z=1.8 m, If the

vertical stress increase at point A due to the loading is 2.3 KN/m?,

determine the magnitude of q1.

2q,2° 2 x 13.6 x 1.8° KN
Aoz, = w(x,? + z2)? n(5 82 + 1.82)2 =0 03712_

2q,23 2 Xqy X183 KN
Aoz, = m(x,2 + z2)?2 - m(1.52 + 1.82)2 =0.1232q; m?

Aoz = Aoz, + Aoz,

2.3 =0.03712 + 0.1232q, q, = 18.37 KN

Vertical Stress Caused by a Horizontal
Line Load

'6"’;\)\ sl g 83l Cdend ogd i) Al g line load QKS\

line load
g=KN/m

—

AG, 1 z

d u}au JL Aoz ij\)\ J\.é?-y
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2q xz?

AOZ = ———=
T [x% 4 z2]?

Table 10.3 Variation of Ao ,/(g/z) with x/z

x/z Aa,/(q/2) x/z Ao, /(q/2)

0 0 0.7 0.201

0.1 0.062 0.8 0.189

0.2 0.118 0.9 0.175 %
0.3 0.161 1.0 0.159 g
0.4 0.189 1.5 0.090 g
0.5 0.204 2.0 0.051 %
0.6 0.207 3.0 0.019 (E

Example 1: An inclined line load with a magnitude of 10 kN/m ._
Determine the increase of vertical stress Aoz at point A due to
the line load. Assume = 20

g= 10 KN/m

B q = 10cos(20) = 9.40 KN/m

K >\
q = 10sin(20) = 3.42 KN/m X=5m
AO,
A\

vertical line load L< iy L gl Yoo 2 Js
2ol Olasd gl dl (558 Jﬁj Horizontal line load ,
s sl Yl
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A _ 2qz3 _2X94X 43 — 0.2278 KN
0zy = (x,2 + z2)?2 - (52 + 42)2 - m2

A _2q xz? _ 2Xx342 5 X 42 _0104KN
T T+ 222 m [5E+ 422 m2

KN
Aoz = Aoz, + Aoz, = 0.2278 + 0.104 = 0. 3318W

Example 2: Due to application of line loads q1 and q2, the
vertical stress increase at point A is 42 kN/m2. Determine

the magnitude of g2 Assume = 45

q.KN/m
|
|
dz = q,c0s(45) = 0.71q, KN/m g1 292 KN/m
o 1< >< —
g, = q,sin(45) = 0.71qg, KN/m X =4.5m X =3m
Z=3m
AG, = 42 KkN/m2 1
oV
A
91
A 2q,2° 2x292x3° KN
oz = — — 15,
T[(Xlz + ZZ)Z 7-[(32 + 32)2 —mz
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P

A B 2qz3 _2x0.71q; X 33 29 % 10-3 KN
ot = n(x;2+22)2  mw(752+32)2 7 1 m?
2qg xz° 2x0.71q, 7.5x 3?2
Aozy = =
T [x? + z2]? s [7.5%2 + 32]2
= 7.2 %103 gy

Aoz = Aoz + Aoz, = Aoz, + Aoz, + Aozy
42 =155+ 29x%x1073g, + 7.2 X 107 3¢,
q, = 2623.76 KN/m2

Vertical Stress Due to Embankment
Loading

R e ) Sl st A 555l 0l
ool (gl ) gl e ) (BilL) pl s 3 Sl

o Aakte Jloo e 3 Jlas 1 51 SE31 (o S
Jo> plzie Jo>- embankment o @'U\ o) d\’ 2, Adae o]

2

$ l VL VL VL
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5 ypall 3 LS bl (Cut &8 Fill) 3, 5 b o dorgo s55mme o glall Jand 3 a0 Jlosl 3

B e o il sl

o) L g il 3
%Ld‘j?bzgﬁ)w\ ol dedl (3 (Fill) )
B (Cut) "
= 2 o sy

sy dall Jad

Sy p3 ) o 0l Josdl 5 ool 5 pall 5 LS Colladl gyl 1 Jgogll JolSdl Loy o 300 35
ylgl oo ooy gl ol o5 A A Cs pledd Cmie aa S8 e pa )l alee e

Track structure - ballast, ties, rail
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B> B

q=YyH ~

y = unit weight of the embankment ~C

H = height of the embankment

sor=2[(E 2 e )

B2

5 G s Sy By o Togoge 1 detle e p il
law 0 ) e Jao ol i Lo O B0 e

I sl Y Ol wogllad) dladl o Sl 3 Laid ke o ol
i Jesdl corner (Bl-) koo

e Joo 90 ooy (e Joo Oliod )51 L ey Y
A yglews e Joom 90 0dorgd S0 Joor od el Sy A lene

radian J Wy 3 « degree & &yl 75 byl Ol 58

. . - T[ oo . . .
A0Z ;56 © hosty T o e Bl Gpe b e
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a
Aoz = ki)
s
o, =tan~1 (&)
z

Al odn uﬁ d})m\ r\.)os'u.u\ é.a.. M

:chart JMs Na L;-:LJ\ 3\-6-.;3}\ &)Lﬂ-" ui‘vj

0.50 A

N N T

1

B
/
/f( “
+ll
\2} VA
B1
— /
H
A A W A 4
\xi‘ .

USST FARE S s 1 A0

T

AO—Z — qIZ 0.45

Where I, 0.40
function of B1/z
and B2/z

0.35

0.30

0.15

0.05

| 1500 VKR AR V) )y YL O T L e O T (M V2 O vt O [ (R G P 0 G Ly O A R0 AT I [ S 1 O o] O 19 | Ll

0.00 N

3.0

Bylz =0

LT O AR O O A L L O L LS O v L LI LS . L5 A A VAL )

0.01

2 SR R o o 4
0.1

S T B A LR

1.0
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Example 1: For the embankment loading,
determine the vertical stress increases at points

A, B, and C.

ala Jasl e o o Ao Vi H i Sl gdane Jlgnlly 2t 1€
70 Jedl b o e S0V, gse sl 3 Sl sl 5 i
e Sy b uoy i e

AN\
15 . 1
X N 2
15m
X=30 m
\4
N x=P? -

Sy ool Bl o daill 5 bya 5T sl sl Slusd(X]
5 Jesd) Dl Jo gd B/C Ll IS, ool o 3 A Kazdl Jlgd)
3 pale daid) o s JS Bl s 5 JSC2 RSP RV CENPINYS
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Point A
K AC, sy Jaod Gl Joe AT, Clus sl Daidl 55 ooy Jaodl v 50
i el o S il 3 A Ty gl L) 1y oS0, g 5 o o3
2 0 w2l s e 7y Al e (Sl

:82:307?1 ﬁ1=35m ﬁ1=35m ﬂ2=30m

«—><

v

oz

N

q= yH = 19 x 15 = 285 KN/m?*

Part1

Bl + Bz ,81 3.5+ 30 3.5 VA
= Y L [ -1(Z2) = -1 ) — 1) = R —
oy = tan ( . ) tan (Z) tan ( 3 ) tan ( 3 ) 52.94 X 180 0.92

ﬁl 35 T
= 12 = 1) = . X — = ().
a, = tan (z) tan ( 3 ) 23.63 180 0.41

Aoy — %[(.81;'2:82) (@ +ay) ﬁ(az)] _ 2:5 [(3.53; 30

3.5
) (0.92 +041) 22 (0.41)]
2
= 130.40 KN /m?

AGZiprq = 2 X 130.34 = 260.78 KN /m?
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Point B

B, =30m pr=7m Bz =30m

aq az

q= YH =19 x 15 =285 KN/m2

Part1

B 30 s
= -1({Z£) = -1 ) = —_—=
a; = tan (Z) tan (8) 75.1><180 1.31

qa; 285X 1.31

Aoz = = = 118.84KN /m?>
A A

Part 2

B+ B B1 7+30 7 il
o, = tan . an =~ an 8 an “\g 180

(B (7 U
o, = tan 1(?)= tan 1<§) = 41.19 Xﬁ=0'72
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Aoz = %[(ﬁlgzﬁz) (ay + ay) — —(az)] 285 [(7 ;030) (0.64 + 0.72) — —(o 72)]

= 136.92 KN /m?*

AGZiprq = Aoz, + Aoz, = 118.84 + 136.92 = 255.76 KN /m?

Point C

Blo) x il @y 5 @y b e S5 1 Bl o (S oo Joodl Bl o i) 0
Loyl i s A o 2ol g SV (gl Bl ST 4 )by e

q= yH =19 x 15 = 285 KN/m?

Br1=37m B =30m B, =30m
_— Part 2
a
a3
C
C
Part 1
= tan™! —tan™'(—) = tan™! —tan™! (—) =539 x—=10.094
o, = tan ( . tan (z tan ( 3 tan 8) 5.3 180 0.0
ﬁl 37 T
=t -1(—)=t ‘1<—)—77x——136
Gz =tan ST ten g 180
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Aoz = 1 [<ﬂ1;'2,32) (a; +az) — %(“2)] =

285 [(37 + 30
VA
= 142.42 KN /m?*

37
30 ) (0.094 + 1.36) — %(1.36)]

T

Part 2

B- 30 yia
= “1(=2) = 1(—)=751x—=1.31
o, = tan (z) tan (8) 75 180 3

qa, 285 x1.31 )
Aoz = — = - = 118.84KN/m

A6Zprq = AoZy — AOZ, = 142.42 — 118.84 = 23.6 KN /m?*

Example 2: Determine the stress increase under the embankment at
points A1 and A2

7 m

A2 Al
7

E= vy, =25m

y, =7—=25=
x=14-5=
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Point A1

p1=14m fr=14m
ﬂz =9m
<>
ﬁz = 5 m
<>
Part1 Part 3
ay *2 ay ay
A
[
) [
Al Al Al
Part1

q= yH =175 x 2.5 = 43.75 KN /m?*

B> 5 /[
— -1(Z£) = 1) = _— =
o, = tan (Z) tan (5) 45 x 180 0.79

qa; _ 43.75 x0.79

Aoz = = = 10.94 KN /m?
A A

Part 2

q= yH =175x7 =122.5 KN/m?

+ 14 + 14 14 T
o, = tan™?! ('81 . '82) —tan™?! (%) = tan‘1< z ) —tan™?! (?) =953 x T80 = 0.166

,81) 14) s
= -1(=) = 1(—)]=7035x—=1.2
a, = tan (z tan < z 0.35 180 3
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Aoz = %[(ﬁlgzﬁz) (ay + ay) — %(0[2)] _ 12:5 [(141:14) (0.166 + 1.23) — %(1.23)]

= 60.91KN /m?*

Part 3

q= yH =175 x 4.5 = 78.75 KN /m?*

b7 9 T
= 122 = -1(Z) = . X —=1.
o, = tan ( . ) tan <5> 60.95 180 06

qa; 78.75 x 1.06

= 26.57KN /m?*
A T

Aoz =

ACZiptqr = Aoz + Aoz, — Aoz = 1094 + 6091 — 26.57 = 45.28 KN /m2

Point A2

Pr=29m B =14m pr=10m B: =14m

A
%
A
\%
A
%
\

\
/
v

Part 2

a3

A2

q=yH =175x7 = 122.5 KN/m?
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Part 1

+ 29 + 14 29 T
o, = tan~? (@) —tan™1 (%) = tan_l( = ) —tan™! (?) = 3.15 X T80 = 0.055

b1 29 s
= -1 ) = 1—)=8022x—=1.4
a, = tan (z) tan ( c ) 80 180

AGz = %[(ﬁlgzﬂz) (o + ay) —%(az)] = 12:5 [(291214) (0.055 + 1.4) — %(1.4)

= 61.2 KN/m?

Part 2

= -1 — -1(Z2) = -1 —_ 1) = _—
oy = tan ( . ) tan (Z) tan ( c ) tan ( c ) 14.80 X 180 0.258

B 10 s
= 12 = -1 ) = . X — = 1.
a, = tan (z) tan (5> 63.43 180 1.11

Aoz = %[(ﬁlgzﬂz) (ay + ay) —%(0{2)] - 122'5 [(101:14) (0.258 + 1.11) — %(1.11)]

= 60.53 KN/m2

AoZ;5pq = AoZy — AOZ, = 61.2 — 60.53 = 0.67 KN /m?
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Example 2: Determine the stress increase under the
embankment at points A1 and A2.

A
y2=2m
\%
A
yi=1lm
\%
§ . X=3m
X1=3m i X2=9m i/ >
< > <& : >
| ; 6m
: Xa=6m \
< >
| ’ \
[ ] [ ]
Al A2
Point A1
ﬂz =9m
< N
N 7

a

Al Al
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Part 1

q= yH =175 x 3 = 52.5 KN/m?

B2 (3 T
= “1(Z2) = “1(=)=2657x—=10.4
o, = tan ( , ) tan 6) 6.57 180 0.46

qa; _ 52.5 x0.46
T s

=7.69 KN/m?

Aoz =

Part 2

q= yH =175 x 3 = 52.5 KN/m?

B 9 /[
— -1(C2) = -1(Z) = —_=
o, = tan (Z) tan (6) 56.31 X 180 0.98

qa,; 52.5 x0.98 )
Aoz = — = - =16.4 KN/m

A6Zprq = Aoz + AoZ, = 7.69 + 16.4 = 24.09 KN /m?

Point A2
B, =3m Br=6m Bz =3m B,=6m
<< > < > < >

I
Part 2 Part 3

aq

~C

A2
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Part 1

q= yH =175 x 3 = 52.5 KN/m?

B1+ B> b1 6+ 3 6 T
= -1 — =)= 11— - “1({=]=11.31 x— =10.197
o, = tan ( ~ ) tan (z) tan ( 6 ) tan ( 6) 3 180 0.19

b1 6 s
=tan ' (—)=tan (=) =45x —=0.7
a, = tan (z) tan (6) 5 180 0.79

Az = %[(ﬂ 1;2ﬂ 2) (ay + a,) — %(az)] _ 52: [(6 ; 3) (0.197 + 0.79) — g (0.79)]
= 23.1 KN/m?

Part 2

q= yH =175x1=17.5 KN/m?

3 s
o, = tan™?! <&> =tan™?! (E) = 26.57 x — = 0.46

z 180
qa, 17.5 X 0.46 2
Aoz = = =2.56 KN/m
T T
Part 3

q= yH =175 x 2 = 35 KN/m?

A0Ziptqr = Aozy + Aoz, — Aozg
= 23.1+ 2.56 — 8.8

a =tan'1<&)=tan'1<é>=45><L=079 —16.86 KN /m?
1 Z 6 180 = 10. /m
a. 35 x%0.79
Aoz = qﬂl =———— =8.8KN/m’
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Vertical Stress below the Center of a
Uniformly Loaded Circular Area

q = KN/m?

1.0

09 /

08 A

Load per unit area V|’

0.7 /

0.6 /

03

al

b3,y KN/M? do-lus 300y IS ? 3509 S I o Jo Lo 58 X
: Boussinesq’s ;56 3 b o alue ui‘,.a éé Cov A0Z Ol

Aoz =q|1 —
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Sl o oo (5215 Jao e il (A0,) 3l W) B0l s S L
(Vertical Stress below the Center of a Uniformly Loaded Circular Area)lzz

Chart seg $59 Jodl Lo 32l S0 o i Jeodl oS o oy

I, stress in percent of surface contact pressure

00.1 02 0304 060810 2 3 456 810 20 30 405060 80 100
$ 4 1 /
T ] . Hi 1.25 1.0
1= vea He4ls ow 25 Y Bas
\K » > \l\ 2.0 L/ o |
~ H“ﬂ 1.5 0.
2 \\ B - 4.0 ! \\ F Fﬂ ~ »—‘( 0 2 La
4' ~ ¢
N 5.0)| 1111, \ \+ 7 1 {os)t
3 \\ N\ I:l’f N \ 0.75}F]
\_:;;-0 6.0 \ \ / (-
:é 4 . 1 { Note: Numbers on curves
& B indicate offset distances
2 N (8.0 / in radii, x/r.
£ 5A—N l
g |\
S 9.0
= 6
10.0
’ \
8
9
10
q = KN/m?

Load per unit area




X-axis:

I(%) : Stress in percent of surface contact with pressure.

Chart-axis:

(A0,) Sl gl i) 1 o5 1 q e dpgral) 2l (gl Ll JSH (1) Josdl o gl 2l

Y-axis:

w

e Ao 5550 LSl M\(VBMJ\ Syl Lﬁkﬂ\ Joodl o Aol Vf&\) lase

Z
= depth in radii

Number on curves

X
ok Of fset inradii

"~

() P Josdl b i) ) ()i 308 s sl

((x) AW Jood) b i) ) ((X) Rl 15201 50 0 28l oy 2l

- q & \epimy T 43 dllan Chart J) o ypedl o S dmios b

Example 1: Consider a uniformly loaded flexible circular area on the ground

surface Given: r = 3m, and Uniformly Loaded Circular Area q = 100

KN/m?, Calculate the increase in vertical stress at depths of 1.5 m, 3 m, 4.5
m, 6 m, and 12 m below the ground surface for points (a) offset = Om ( under
the center). (b) oftset =4.5m

X(m) | Z (m) X/r 7/t [ Ao, = q X I KN /m?
0 1.5 0/3=0 1.5/8=0.5 |85% 100 x 85% = 85
0 3 0/3=0 3/8=1 62.5% 100 X 62.5% = 62.5
0 4.5 0/3=0 4.5/8=1.5 |42.5% 100 X 42.5% = 42.5
0 6 0/3=0 6/3=2 27.5% 100 X 27.5% = 27.5
0 12 0/38=0 12/8=4 8.5% 100 x 8.5% = 8.5
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I, stress in percent of surface contact pressure

0.1 02 0304 060810 2 3 456 810 20 30 405060 80100
0 saa: g SN w
e :'- -%:N — lin b
P i - 1 0.0}
I~ 1Y b
2 7“ 9] WEANENi s il
\\ S'OF .i / « 0 0_5> ™
ab—h N ngh 111N 0.79}F1
\\* 7.0 Q-'? \ A ; 7 B
§ 4 NN -/‘ . Note: Numbers on curves i
2 XN /) indicate offset distances |||||
{5575 o 8.0 / in radii, x/r.
-’35& N { § 2 4 3 & 1.t L iLil)
YOOk 1 74
RS g T 1T/
__(10.0 // i
¢ § LA e Qg
\ J /1, m@g
8 ] 1 % s
\ g 7] { Jr =
QH ¥ 45 IXq,
10 // : 199
X(m) | Z (m) |X/r 2/1 I Ao, = q X I KN/m?
4.5 1.5 4.5/8=1.5|1.5/8=0.5 6.5% 100 X 65% = 6.5
4.5 3 4.5/83=1.5|38/%=1 12.5% 100 x 12.5% = 12.5
4.5 4.5 4.5/8=1.5|4.5/3=1.5 14% 100 x 14% = 14
4.5 6 4.5/83=1.5|6/3=2 12% 100 x12% =12
4.5 12 4.5/3=1.5|12/3=4 6.25% 100 X 6.25% = 6.25
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I, stress in percent of surface contact pressure

0.1 0.2 0304 060810 2 3 456 810 20 30 405060 80 100
OE=—F—Frrrt : T 7
. 2 1 1.0 »
=l b ] TTH \' »
1 h-ﬁ ! * o
: \\r 3.0 \ 2; / A ” 0.0
B 4.0 | < 110
2 0.25]
NN 5.0)| TTT 11T % 1o a\bs
2 “ A 5)
3 B S BN g i 0754
N Qs.o \ N ’
B o~ G w ;
® 4 AN (A4, Note: Numbers on curves HJF'
2 AN indicate offset distances _‘J |
= N 8.0 / / in radii, x/r.
= ) g Ml sy (NI iRy
2 b
& /
U~ +19.0 \ /
% 6
(0.0 h / / {
1 /
\ Il /Y,

8 /)

9

@ 1/

Example 2: The 2.6-m-thick clay layer that will result from the load carried by a
r=1.5-m circular footing. calculate the total stress at point A With Offset 3.2

m and at Circle circumference (X=1.5) at depth point A.

l 890 KN

3.5m Sand

2.6 m

890

—————— = 126KN/m?
7 x (1.52) /m

Yory = 15.72 KN/m?

Ysar = 18.87 KN/m?

Ysat = 17.3 KN /m?
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I, stress in percent of surface contact pressure

0.1 02 0304 060810 2 3 456 810 20 30 405060 80 100
0 — = H /
.25 1.0
1 e o W e Y e i (P2l
— ~ L %;0 I -0 1.5) 222l (D)
2 d ‘1‘2, i Y 11y 4% 0.25;' H
*_\\ 5.0 ™ A\ | {05+
3\\ N I 2 0.79+F1
) LG.O A N g'a :
% \-\-'-w 7.0 N—& \ 71 A 5 B P
S 4 M~ Y L Note: Numbers on curves
g Y & / indicate offset distances |||
= N 8.0 | inlradi‘i, xl/r.l TS
g5 '
T —N\1{9.0
\5‘ 6 | N 1 /
1000 \ | ) (/' '
A2 /,
\ /Y,
8 [ [ !
- i /7
of—
o] J//
X(m) | Z (m) X/r z/r | Aoy = q X I KN/m?
3.2 (4.5-2)+8.5+(2.6-1) = |8.2/1.5= |7.6/1.5 |49%|126 X 4.9% = 6.174
7.6 2.13 =5.1
1.5 (4.5-2)+3.5+(2.6-1) = | 1.5/1.5=|7.6/1.5 |3.9%|126 X 3.9% = 4.19
7.6 1 =5.1

0, =yh=1572x45+18.87 x 3.5+ 17.3 X 1.6 = 164.465 KN /m?
o; at 3.2 = g, + Aoz = 164.465 + 6.174 = 170.639 KN /m?

Gf\at Circle circumference = o, + Aoz = 164.465 + 4.176 = 168.641 KN /m?
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Vertical Stress Caused by a Rectangular
Loaded Area

q = KN/m?

Load per unit area

Il Il
\

o
!

iy S 3503 s IS o o b S
Chart 3 b o alus -Sid A0z Olus 6]y KN/M? dolis

.Boussinesq’s

iaidl 4 oS¢ ol 42y Chart Boussinesq’s sl by g
b Joodl) corner Je ) i) 28731 Jasdl corner (dl>) e
oyal) e Coom CJBJ 2 g JS:"“S \

Aoz = ql;

_LorB

L or B
m = _

VA Z
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Example 1: A flexible circular area on the ground surface is
subjected to a uniformly distributed load, ¢ =105Kn/m?®. If the
circular area has a radius, R = 3.6 m determine the vertical stress

increase, Aoz at points 0, 1.2, below the ground surface along the
centerline of the circular area

AoZgt z=0 = 0

A6Zgp yons =q|1 ———|=105|1——2—| = 101.68 KN/m?

o]

Example 2: A flexible rectangular area is subjected to a
uniformly distributed load of q = 225, Determine the increase
in vertical stress at a depth of z = 3 m points A, B, and C ,D ,E

6 m
B 2.4 m ;
° N [
D
E
N
y
°
A C
b
1.8 m =
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Point A

J@\ Corner Lﬁ\G i) e Lf’;ﬂ\
LISl (""‘"‘“"S PR RUI

_LorB_3_
m= z 3
_LorB_6_2
n= z 3
I; = 0.206

Aoz = ql; = 225 X 0.206 = 46.35 KN /m?

Point B
Corner e Sl Azl e iE bzl
ol J ISl s oy ) IS

AoZiptqr = Aoz + Aoz, + Aozz + Aoz,

29.25 + 34.2 + 22.05 + 25.2 = 110. 7KN/m?

1 2 3
24 _ o 36 _ 2.4
m= = = — = . = — =
3 m 3 m 3 0.8
1.8 1.2
=—=0.6 1.8 _ =
T3 n=-"-=06 n=-3=04
3
I; =0.13 | 5=0.152 I; = 0.098

Aoz = ql; = 225 % 0.13 Aoz = ql; = 225 % 0.152? Aoz = ql; = 225 x 0.098
= 29.25 KN /m? . =34.2 KN/m? - =22.05KN/m? ‘

B
4
_36_ .,
m = 3 = 1.
_l2_ ..,
n= 7 =0
I, =0.112

Aoz = ql; =225 % 0.112
= 25.2 KN/m?
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Corner&aww\, éw)cbrd\

Point C .
7.8m %JL V} ¢ aalol Loy A Ji...s\
y \ 1.8m
[
|
1
1
1
1
1
I
.
C
Part 1
-8 26 ~2-06
m = ? = 4. m = 3 = V.
3 3
I3 =0.204 I3 =0.142
Aoz = ql; = 225 X 0.204 Aoz = ql; = 225 X 0.142
= 45.9 KN /m? = 31.95 KN/m?

A0Ziptqr = Aoz, — Aoz,

45.9 — 31.95 = 13.95 KN/m?

Corner g\:« S Azl e 6 b ,all

Point D
oyl 5 e Blol Cam I ISl

A
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3
_18_ .
m—3—
_18_ .
n—3—.
I, = 0.126

Aoz = ql; = 225 X 0.158 Aoz = ql; = 225 x 0.126 |
= 28.35 KN/m? 3

AoZiotqr = Aozy — Aozy + Aoz, — Aoz

26.55 — 19.8 + 35.55 — 28.35 = 13.95KN/m?

1 2
78 26 7.8 26
m= 3 = 4. m= ? =
1.2
=—=20.4 1.8
=73 n=—=0.6
3
I;=0.118 I;=0.158
Aoz = qlz = 225 X 0.1183
=26.55 KN/m? . =35.55KN/m?
Point E

® o 1.8m
& V \N

1
_78_ .
m= 7 =2
_48_ .
n= 7 =1
I, =0.228

M ™ = = = o oo o= -

Aoz = qly = 225 x 0.22

=51.3 KN/m?

2
_18_
m= 3 =
_48_ .
n = 3 = 1.
I; = 0.152

Aoz = qly = 225 x 0.14 |

= 34.2KN/m?

m

=—=0.6
"=

_12_ o,
n—3—.
I; =0.088

Aoz = ql; = 225 x 0.088
= 19.8 KN/m?

Y 233 ez 2oz B e ok §Y siod o
.ﬂ¢¢»{phbquﬁcg&

—==

_—
3
_78_,
m—3—
_18_ .
n—3—.
I, =0.16

Aoz = ql; = 225 x 0.16

=36.00 KN/m?

M == o o

T+

M = = o o oo o o

4
_18_
m= 3 =
_18_ .
n= 7 =0
I, =0.126

Aoz = ql; = 225 x0.126
= 28.35 KN/m?
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A0Ziotqr = Aozy — Aoz, — Aoz + Aoz,

51.3 — 34.2 + 36 — 28.35 = 9. 1KN/m?

el ISl sl 50

Point A

N

Point B

+ +
H I
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Point C

Point D

I )
Point E

Point F

- et
.lI N




Point G

+
- I 4+
[

el ISl sl 50

- ‘-+l+ -+-
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Example 3: calculate the increase in vertical stresses at points A.
Assume q = 100 KN/m2 , R=1, z=6

e IS e Joo 3 2 IS e sz o5
Al e AOZ s J5dl 3 e

AOZtota1 = AO-ZSquare — AdZ¢ircre

35.2 — 4 = 31.2 KN/m?

Square

3 3
m=g=0.5 Tl=g=0.5 I3=0,088

Aoz, = ql; = 100 X 0.088 = 8.8 KN /m?

Circle

AGZiprq = 400z, = 4 X 8.8 = 35.2 KN/m?

AOZgt y=em = q |1 —
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Lo 35 e 99 Jal) i

—6—1 6 I3 =0.182

Aoz, = ql; = 100 x 0.182 = 18.2 KN /m?

AOZiotar = AO-ZSquare — AdZircre

4
182 -7 =17.2 KN/m?

AOZiotar = AO-ZSquare — AGZ¢ircre

4
35.2 — 5= 70.8 KN/m?

Example 4 : A water conduit from mild steel : the outer diamter is 2.5
m , inner diameter is 2.0 m consider the steel unit weight 77 KN/m?
and water unit weight 9.81 KN/m?, calculate the increase in vertical
stresses at points A.

Masly sy Sl s llasly o 3 lady 200 Jo dogae 05 55mle 3 5T S J)
§5 o) Sl 3 sl et ol ool Ll
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Aol o L) o 8 g Slae &b Ui Line load Ls JSs Jo o 7)) Jed! L&

q = Area steel X Ystoe1 + Area water X Yy ater

- Z( Outer ~ Yinner ) X Vsteel + Z inner X Ywater

T T
=7 (257 =22 x 77+ 72 X 9.81 = 32.6 KN/m

2qz3 2 X 32.6 x 33

— — — 2
ST e 6.92KN/m

Ao,

Approximate Method 2:1 method

Aoz

Z/2 B Z/2

B+z

) sla ey G Dby Aeacndll il L g0y 2:1 i Lo ol ) LSS
. B+Z oﬁi (sas A0z Wb Olus 31,4) Geall e gﬁ;\) R URME
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L A1) el IS ) Bl s g oglie e s 0SS S S o (XD
b 0oz e we o) oler Yl Bl Aed 58l G (s e s s

Strip Load

IS el iy oo LT AN e o 8T Jaodl oo o strip load oo s
A=Bx1m?*/m Je iolue I (LD>B), i

1558) b o ATZ s Strip Josdl 8 150

A qXB
0z =
(B+2)
Square Load
b o5 AOZ os Square Jood) (8151
X B?
Aoz = 1

(B+2Z)x (L +2)

Rectangular Load

:99@) b o AGZ s Rectangular  Jood) S8

q(B xL)

A R S TR
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Circle load
:558) g b e AOZ uos Circle Joodl (8 15

q X D?
(D+2)X (D +2)

Aoz =

dorle Jo Ao jae &jﬁj Sl el a3y surcharge load ol $3 50 e dage Ao
:\o,;@u&&g\j;w@mwwﬂ?v\&sw\,;gjméuv\u,{)g{

q KN/m?
Aoz =q KN/m?
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Water in Soil

Introduction

All soils are permeable materials, water being free to flow

through the interconnected pores between the solid particles.

(Sl Slowdll) plud) PN &y o oL} 3905 0 oo coliall 83t g0 0 35l & 1) 85:\ T
M~ uw\ db onp-joM

You must know how much water 1s flowing through a soil per
unit time.

140000 m*/day :Jle. &0 Mo s ) bl 88 8 jas Lo o

This knowledge is required to:
1. Design earth dams. 9ol &)\ et

2. Determine the quantity of seepage under hydraulic structures.

(ool po 82bes ol 1 1 A1) AT ) A o ol 25 0

The pressure of the pore water is measured relative to
atmospheric pressure and the level at which the pressure is

atmospheric (1.e. zero) 1s defined as the water table (W) or
the phreatic surface

Lanal) ag 58 @ sl Gy (552l Lanall ) e (U) gl ol Lo e
.phreatic Cb o (WT) oLl CE.N e N o Sz

Below the water table the soil is assumed to be fully saturated
dadon gl ol o o AT 0 91 Ll
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Below the water table the pore water may be static, the
hydrostatic pressure depending on the depth below the water
table, or may be seeping through the soil under hydraulic
gradient.

S St gyl Laradlly ¢ BSLL (el b oba)olall olie 556 6 ¢ L) e
Gl e sball o 38 1 ¢ ol o Co el Jo sz (ST o) e il L

Fluid o
P : :
h=—+17Z7 h = total head or piezometric head
PY
u P .
h=—+7 — = presure head z = elevation head
Yw P9

Darcy’s law

Darcy (1856) proposed the following equation for calculating
the velocity of flow of water through a soil:

v = ki A0 Y e ol 3305 oy lasd A1 Bsledl (1856) juyls 7,81

o g 5 35 sy bl o e g S )
Total 55 5, 4 jols Total head ey s Jg
o)) i gendiall o Bludl 5, AR Solmd Shgiall o head
Total &dﬂ\MMQJ,L(@u(o@\ Y
Sl gyl o 48 Ldan L 8Ll Je head
(il oty ol oy ey () ym)

AR

[ = ] Unit less

i = hydraulic gradient L = difference distance

Ah = difference piezometric head
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ied oo ka4, hydraulic gradient critical Cal it é,}j),\,,\@\ 7 e 3
Loy oy 5 Effective stress = 0 a0 Sold L) 2 Jlail sl V)

v/ _v—¥w _Gs—1

Yw Yw 1+e

lCT‘

k = hydraulic conductivity of soil(cm/sec)

Ao deyun o B)le 2 Y oyl ol dojen i gald 5 5 o) Sl 101 oo

mjd\ o éa.m LJLU""“ 4 yuiy “"J“:j‘ Oy &Jd‘ (& &"J‘

Vs

1

/%_W Vs, J\)\o-u,ouﬂ&s \.@:\3 de\uﬁaaudyoau\ u\’r"*&
9\% Uy pled) o Sl e sl G0 oty ISl el )
QQ O G ad s s JS 2, B0 Vs gl st ISLL

Vg = v_ E o5 Sloyudl lls Lawgio i, Seepage velocity (L))
n n
Syl ey s Pl (S G aie N ol e
v = ki Darcy iy guis _p, Discharge velocity (Cfd\)
Vg > U
Flow rate
V
. . 3 _
q Is the volume of water flowing per unit time. m?3/sec .

q = vA = kiA A LS paial) f-ls Jsls Darcy velocity gad) e 3 bosss 3

q = VsAyoide Ay Sl dolus Il seepage velocity mpadl Olae 3 loaseesl 3)
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k o Grain size Sand » S1 Gravel
oy d3ladl Olusd iy b gy el E
1. Constant head for coarse soils. 2. Falling head for fine soils.

: Hazen isls 3L s &3l 30 13 Clean Uniform sands iy sus 41 $5 Jo 2

k =1072D;,*

The flow of water through soil is not in one direction
sy slaal LS Y &0 3 ol
The concept of the flow net is based on Laplace equation of

Bolao  p &8 ) BN T gonsy 22 1 ol BCd LYl p g

Laplace equation of continuity

continuity.

Sheet pile

H,

J Block sla &1 o5
Ay by & 00

3l (g5l Block JI 5 Jotalh gpadl uji D'Y continuity 4 ks 3ls las

din = Yout
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q= VA J@Block Bl \"““)55

AZ = dy X dx vz

vz+gdz

dvx

vx+gdx

szddeZ i i

4
A\

dx vZ

28 Ao o) L'a,sf\jx)jzd &) sal) oluall de o Block JV Jsse sus J2e3 4 Block JV s dos)|
X e o e e 5, sl e (S dx) e Oty o) o e (g0l 01 7
-Z Jﬁ*ﬂ)‘d’b

x,zuw\w\uﬂdl;_wdmjjp}}
din = Yout
qinx + qinz = qoutx + qoutz

Axvinx + szinz = Axvoutx + szoutz

dvx vz
dy XdzXv,+dyXdx Xv, =dy><dz><<Ux+§dx)+dyxdxx<vz+gdz)
o + vz — 0 Equation1
dx 0z
, dh _ dh
vx =k, i, = kxa vz =k,i, = kzg

144



J 4l Total head Y 4352d) dasall (gl

LD GYEN éjbﬂ” ol oLl &5 Iy
Kz Z ygomad ()5l olaVl o) 430 i, J 4l Total head I 455! dici | 5l
: Equation 1 ) u“”j"‘“ﬂ’
dvx sz
7 Bz Equation 2
k. 0%°h i 0%h _0
* 0x2 2972

o et el oLl L3l (golad x gm0 Jo (53lpall ooVl olad) Apladl o875

2 2
g izl Z izl -0 Equation 3 Isotropic Soil
x z

The following equations are used to solve certain problems in

geotechnical engineering.

92h  92h
kot 55 =0

1. What is the name of equation? Laplace equation of continuity

2. What is k, and k, stand for in equation?
hydraulic conductivity in the horizontal and vertical directions

3. What is h stand for in equation? The total head
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Flow Net oy ep byl bogas e B8 il ol el

H,
H,
N, L min or L exist
Nf;
Nd. .
X O . Flow Lines
Flow Channel ) iy N Nd, L Y Nd; Nfs Nds
’ Equipotential Lines

N Nf,

Bed Rock / Impermeable Rock
Potential Drop OR Head loss
w . 0
1. Flow Lines or streamline.

Represent flow paths of particle of water.
Ayl 6 el ol ey S0 ) lall @l g dsnsy o2y Las oo
gl | g5l Total head Aoy 53V 55 piyall olill Cgudo yo ) Jas- W
.aisws Total head Uy (53 g2y jaised)
2. Equipotential Lines.

Is a line joining points with the same head.

. Sslud)l Total head dolo Ll ) &1 o jad 4euy a2y Lz 5o
(Total head e ludy I bilasdl) gl (55lus Las 'Y r oYl Total head Ty
el Boglai po Ly 5 90 Loyl &, IS8 o oy adl IS 0 750 Loglasdl o Lty

3. Flow Channel (Nf)

The area between two flow lines is called a flow channel.

4SSl 3 sy sobeall S 83 6T o) e e 5y pamed) Bl g



4. Potential Drop (Nd) or Head loss AR
The area between two Equipotential Lines is called a flow.
12 g o Lg\ Losd) ) semll (soliS Las 0 ) ) sie Total head | 2 o\l g £
Total head 1 3 JSI ol syl o8l o3 §eme oy e J L 1 e b iz

14 Jf_J\ 2 Ry
Sl Ye
Potential Drop
| i
| | | i
\\\\\~L§__ [ | AL_,/////
I I S— i '
Fow | i | P — 5|
m | I I .
______ i I | - !
I —4— * '
| I I w i !
\.L I I //:
l 3
I I & ] !
I I I '

h + Ah h

Flow Lines -1 (golus Flow Channel >.c ™

Equipotential Lines -1 (§glus Potential Drop sic ™

.J\ Total head il 4 daill o LTy (55lsie Total head do-lo 1/2/3 Lizd) ™

Head loss Ah OR Potential Drop de3  slass Total head, - Total head, 4.3 7 b 1s ™
O JVs Ak L gl o5,
(h+ Ah) — h = Ah

QU\ ;U\ uw\udeJog\M u
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Constrained for Flow Net

1. Flow conditions at entrances and exist.
. u@"”j JESWR W dﬁv\ﬂ\ b,
2. Flow line must intersect equipotential lines at right angles.

90 (5ol Ly &5, 2gzdl Sold Llas - %\.;w J\ e Oyl bolas

8. The area between flow lines and equipotential lines must be
curvilinear squares, a curvilinear squares has the property that an
inscribed circle can be drawn to touch each side of the square and
continuous bisection result. in the limit. to a point.

USCa e sblss e S e sgdl s sy ol ol Lglas 5yl il 56 o o
Al 5 -y t\a,...gj curve

4. The quantity of flow through each flow channel is constant.
Ol Bt M b e 3l

5. The head loss between each consecutive equipotential line 1s
constant.
ol el B IV b e il Sl

6. A flow line cannot each intersect other tflow line.

7. A equipotential line cannot each intersect other equipotential

Noian po gl o o Y gl (55 bojlas
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A

1. Seepage discharge or Flow rate.

ol el 80 JYVe ol Gyl 5l gaad) Ol

2. Head loss or Drop head.

_AH
~ Nd

3. Pressure head.

Ah

h; = (AH — Nd;Ah — z) | m

kan | ™
9= Nd | sec
k = hydraulic conductivity of soil (ﬂ)
- Y sec
AH == Hl - H2

Nf = Number of flow channel
Nd = Number of Potential Drop

AH - Hl - Hz
Nd; = Number of Potential Drop at point i
Ah = Head loss

z = depth from datum

4. Pour water pressure.

u; = Ywhi = vw(AH — Nd;Ah — z)

e 58 I3 5 isal) oWl o g 03ty pemyall (o Loty 2 Solesll Al
el Jely Il oyl Jasd dsluadlly 4300 o o il ol o g

5. Factor of safety against Uplift force.
V5l 8y okl Lk o e 31 8 pad e i gl foles

P The weight of the dam
T pressure of water
(u; +uy;)
Pw = l 2 == X Lpam

U; Gl ke oLl oas

-

Uji ) &l s ol bas

f 3 -

—

& G ey adl Gyl Gy e dlai s
Al o b IS
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6. Factor of safety against piping force.

F o= Loy T SR DY IR JY W

Lexit Olyg Sy ‘j\s‘ﬂd P oo U 2
' AR Noaladl
exit = 170 vit

Sheet pile

Yﬂ,«cbé,\nau\doé,\nabjo\cd\ﬂrw%&tpﬂe
o Jawdl oy 20l 4Y uplift force auss

o n
Example 1
45 m
< > AH = 4m
A
L exit = 0.4m
5m
vnamm
v $ 1m
A
N
3m
5
8 m C
10 m ,
A
\V* B
i
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1. The quantity of seepage under the dam in m*/yr/m of dam?

2. Determine the effective stress at point A/B/C. Ignore dam self-
weight effect?

3. Determine the factor of safety against piping?

4. If the factor of safety against uplift pressure is 6. What is the
minimum weight of dam cross section?

Assume ygq = 20.81° % K =1x10"%m/sec
1. The quantity of seepage?

= kAHN—f =1x107°>x 4 ><i =9.4x 10" m3/sec/m
1 Nd 17~

9.4 X 107° x 60 X 60 X 24 X 365 = 296.81m3 /yr/m

2. Effective stress?

4 KN
Uy = ¥y (AH — NdyAh — 2) = 9.81 <4 —2X - (_6)) = 93.48

Orotals = Ywater X Hy + Vsae X Hy = 9.81 X 5+ 20.81 X 5

KN
=153.1 —;
m

UeffectiveA = Ototaly —Ua = 153.1 — 93.74 = 59.62 W
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4
ug = ,,(AH — NdgAh — z) = 9.81 (4 ~5X—~ (—9.5))

KN
=120.89—
m

KN
Ototalg = Vsat X Hp = 20.81 X8 = 166.48 po )

KN
Oeffectivey = Ototalp — UB = 166.48 —121.89 = 45.59 —

4
us = y,,(AH — NdAh — z) = 9.81 (4 — 135X — - (—4))

KN
=47.32—;
m
Orotale = VYwater X Ha + Vsar X Hy = 9.81 X 1+ 20.81 x 3

KN
=72.24 —
m

KN
JeffectiveB = Ototalg — Up = 72.24 — 46.87 = 24.92 W

3. Factor of safety against piping?

F.s = er _ 112 _ 1.898 > 1 0K
igyit 0.59
o v/ _2081-9.81 _ 1 12
Ty, 9.81 '
e

it = = =0.59
texit = 77ovit T 04
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4. the factor of safety against uplift ?

4
u; = v,,(AH — Nd;Ah — z) = 9.81 (4 — 22X - (—1.5))

49.34KN

4
u; = ¥y (AH — Nd;AR — 7) = 9.81 (4 —15% — - (—1.5))

19.33KN

-

Pw

() ((49.34 +19.33)

Pw > > ) x 45 = 1545.075KN/m

_ The weight of the dam
B 1545.075

w.tof dam = 9270.45 KN/m
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Example 2

36 m

AN
v

AH = 4m
5m
Datum
$ 1m
0.5 m $ ~
3 m N

/
///
/

H

Determine Factor of safety against Uplift? Assume ¥ oncrete =

23KN/m? |, A onerete = 300 m?

5m 3m 20m 3m 5m
e et s e S
-r
0.5m _i_
1
1
Sm :
-k 3 4
1 2 5 6

m?2

4 75.54KN
u1=)/W(AH—NdlAh—Z)=981 4 — BXE—(— ) - @@

72 4KN
u, = y,(AH — Nd,Ah — z) =9.81| 4 — 4.2 ><—— (—4 5))

_ 39.57KN 57KN
us = y,,(AH — Nd;Ah — z) = 9.81( 4 — 55><——(—

) 27 8KN
55 92KN
us = y,,(AH — NdsAh — z) = 9.81 4—105><——( 4.5 St ——

u4=yW(AH—Nd4Ah—z)=9.81(4—10><——( 1.5)
( 53.3KN 3KN

ug =y (AH — NdgAh —z) =9.81(4 —11.5 ><——( 45))
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75.54KN
m2

55.92KN i

mZ

PWiotal

(u, + uz) 75.54 +72.4

pw; = = ( ) X5=369.85KN/m
(u2 + u3) 72.4 4+ 39.75

pw, = = ( ) X 3=168.225KN/m
(u; + u4) 39.75 + 27.8

pwy = = ( ) X 20 =675.5KN/m
(uy +u5) 27.8+55.92

W, = = ( ) X 3 =125.58KN/m

(us + u6) 55.92 +53.3
PWs — = ( 5 ) X5=273.05KN/m

PWiorar = 1612.21KN/m

W = Yconcrete X Aconcrete = 23 X 300 = 6900KN /m

The weight of the dam 6900

F. =4.65>1
> T pressure of water ~ 1612.21
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Example 3:

1. Determine Factor of safety against Uplift? Assume Y oncrete

25KN/m? A pnerete = 250 m?

1 2 3
Al A A2
49.05KN
m? 26.98KN
m2
m2
PWiotal

4

u, = v,,(AH — Nd,Ah — z) = 9.81( 4 — 55><——(— 5))

=yW(AH—Nd3Ah—z)=9.81<4—11><——( 1.5 )
u4=yW(AH—Nd4Ah—z)=9.81(4—14><——( 1. ))

_ 49.05KN
40 5KN
26. 98KN

19. 62KN

19.62KN
m2
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u; +u, 49.05 + 40.5

pw; = > = ( > ) X 20 =895.5KN/m
Uy + uj 26.98 + 19.62

pw, = > = ( > ) X 25 =582.5KN/m

PWeory = 1478KN /m

W = Yconcrete X Aconcrete = 25 x 250 = 6250KN/m

_ The weight of the dam _ 6250

F. =
> pressure of water 1478

=4.22>1

2. If the weight of the dam is 150 KN/m¢, calculate the effective stress at

point A (Assume the weight of the dam is constant with depth) y,, =
20.81KN /m?

4 KN
Uy = Yw(AH — NdyAh — z) = 9.81 (4 — 6 X 16~ (—4)) = 121. SSSW

KN
Ototaly = Vsar X Hp + Damw.t = 20.81 X 3 + 150 = 212.43 pow/3

KN
Ocffective, = Ototaly — Ua = 212.43 —121.535 =90.895 po3

Example 4

AH = 4m

L exit = 0.3m

Datum 5m
1m
0.8 m T 1.4 m
I
m
A

\

[

-
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1. The quantity of seepage under the dam in m*/yr/m of dam?
2. Determine the head pressure at point A?

3. Determine the factor of safety against piping?

4. The uplift force underneath the dam ?

Assume GS=2.7e=0.6 K=2.5x10"°m/sec

1. The quantity of seepage?

= kAHN—fz 2.5x 1075 ><4><i= 3.3 x 107> m3/sec/m
1 Nd ~ “ 15 >

3.3X 107> x 60 X 60 X 24 X 365 = 1051.2 m3/yr/m

2. The head pressure at point A?

4
hy, = (AH — Nd,Ah — 2) =<4—9XE—(—6.4))=8m

3. Factor of safety against piping ?

i.. 1.0625
F.s =- = =1.18 > 1 0K
lexit 09
_Gs—1_27-1
fr T T e T1+06
Ah i
) 15
= =15 _ o9
Lexit Lexit 0.3

4. The uplift force underneath the dam?
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sm  1m 20 m

—><>< >
4 3 9 )
: A
‘ - Al
20KN
33.5KN
m? 26.3KN n
m? " 58.2KN
mZ
PWiotar = 1016.2 KN /m

58.2KN
=yW(AH—Ndl-Ah—z)=9.81(4—18><——( 2. )) -

33.5KN

u, =y, (AH — Nd,Ah — z) = 9.81 4—112)(——( 2. )) —

26.3KN

_ 20KN
uy = ¥w(AH — Nd,Ah — 2) = 9.81 4—14><——( 18) )=

u3=yW(AH—Nd3Ah—Z)=9.81<4—118><——( 1. )) —

(u; +u,) /58.2+33.5
= ( ) x 20 = 917KN/m

pwy = 5 >
(u, +uz) /33.5+26.3

pw; = 5 = ( > )X1=29.75KN/m
(us +uy) /263 +20

pwsz = > = ( 5 ) X 3 =69.45KN/m

PWiotar = 1016.2KN /m
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Example 5:

Sheet pile

1. The quantity of seepage under the dam in m*/yr/m of
dam?

2. Determine the effective stress at point A.
3. Determine the factor of safety against piping?
Assume v, =19.81-2 K =3.5x 10 5m/sec

1. The quantity of seepage?

Nf 4 5 3
q=kAHm=3.5><10‘5><4.5><§=7.875><10‘ m3/sec/m

7.875x 1075 x 60 X 60 X 24 X 365 = 2483.46 m3/yr/m

2. Effective stress?

4.5 KN
Uy = Yw(AH — NdyAh — z) = 9.81 (4-5 —1x 5 (0.5)> = 34?

KN
O-tOtalA == Vwater X Hz —+ ]/Sat X HA = 981 X 3 + 1981 X 1 == 4‘9 24‘ W

K
UeffectiveA = Ototaly — Ua = 4924 — 34 = 15.24 W
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3. Factor of safety against piping ?

i.r  1.02
F.s=—= =3.082 > 10K
ioyic 0.331
. v/ 1981-981 1 02
e 981
4.5
S T 0.331
texit = Tovit T 17
Example 6:
4\
)
4\
\1/ 0.9 m v Datum 2m

~ 2

/1\ b

S &
7N

1. The quantity of seepage under the dam in m*/yr/m of
dam?

2. Determine the total head at point A?

3. Determine the effective stress at point B?

4. Determine the factor of safety against piping?
Assume Y, = 18. 3% K=7x10"°m/sec
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1. The quantity of seepage?

Nf 3 .
g1 = kAH = =7 X 1075 x 4.5 X 1o = 9-45x 107 m>/sec/m

Grotar = 91 X 2 = 1.89 X 10~* m3 /sec/m

1.89 X 107* X 60 X 60 X 24 X 365 = 5960.304 m3/yr/m

2. The total head at point A?

4.5
h, = (AH — Nd,Ah — 7) = (4.5 — 25X - (—4)) =7.375m

Elevation head(z) =3 m

Total head = Pressure head + Elevation head = 7.375 + 3
=10.375m

3. Effective stress at B?

4.5
ug = 7,,(AH — NdgAh — z) = 9.81 (4.5 —9X o~ (—0.9))

KN
=13.2—
m

KN
Ototalg — Vsat X Hp =18.3x%x 09 =16.47 —

KN
Ocffective, = Ototaly — Up = 16.47 —13.2 = 3.27 —

4. Factor of safety against piping?

i.. 0.87
F.s=——= =1.74>10K
Lexit 0.5
4.5
/ — Ah 10
. y/ 183-981 . _10_o s
ler " = 981 = 0.87 Lexit L exit 0.9 .
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Flow Net In Anisotropic soil

S il o080 o ew alasdl sdny eilas dey by IS 4o 54mid) Isotropic Soil
Ko Sl 1306 &3l p atlasdl o ay el 8K sy el lalesY) praer
Anisotropic Soil 4 JA 5 oloa¥) sl 4 3L

uﬁridb&szotroPmSoﬂmjﬂ s ol ¢ LJJ M\Ljﬂw
\/;u,\.&wﬁ | sl ) u).sag,ouk Z Kk, ol CoMas b &3l uakoj
e X ey 55l 5 K s L, s 5 q Gl e
Nf Nf
Example 1

A dam section ,the hydraulic conductivity of the
permeable layer in the vertical and horizontal directions
are 2 X 107?mm/s and 4 X 1072 mm/s, respectively,

Draw a flow net and calculate the seepage loss of the
dam in m*/day/m

k, =2x10"% mm/sec
k, =4 % 1072 mm/sec
k,=2%x10"2x 60X 60x%x24x%x10"3=1.728m/day
k, =4x107% x 60 x 60 x 24 x10°3 =3.456 m/day

ke (L7280 oy 0.71 % 45 = 31.82 m
ke 3456
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45 m

v

AH =6.1m

\/ Datum
6.1 m AH =6.1m
Y Datum
\
Nf 4
q = ke X k;AH -5 = 1.728 x 3.456 X 6.1 x o = 7.45 m*/day/m

‘.,:zgbbwj\w@t&w\&}dbhuaﬂﬂ\%“f&na\xmcwwwwr@@ard\gﬂ\
J8 e ()0 (o MU, ) ol Clan 50 JHadl ST, ol 3 Jame 555 Y g0 S il
- Saunall b i sla¥l s el e o Jolass Copes 557 pload)




Non-homogeneous soil conditions

asu\wbxjmauleﬂwd.{j u‘j\{épdj"’ju\’““ﬁ“"j L;.\.&w\.{jl
L;\.SA:JA &Jﬁv’rau\ w\{.}\
IH‘ o5 b e I Bl s JSal

—

Direction ky eq dlad)
of flow ,

E IH P 3 bl 4l Jo o Jonad Koo 2 2

— I 0 Keq

S WSk U8 5 gl ol i)

&,\;j%jawau\?vywvw\

Direction d).;\ b 3
of tflow

o HiKi + HoKy + HaKs
Hea ~ " H, + H, + H,

Direction
of flow

Sl 3 WSG 0 Aad dages ol S
L) 5l gy b e 2K Bl e

H,
kveq

. SJLL.;BM\L;;FJMNSM@:@
)4 k”eq

Hs Cfum K.J\L;\S@.wau\ C’/.:ij

w@d’*’j O.nou
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o i+ Hy+Hs
L=
@@+ E)

Direction
of flow

E—

—_—>
Example 1
H.=1.5m k; =10"*cm/sec H.=150 cm

H.=3m k;=3.2x10"%2cm/sec H.=300 cm

H.=2m k3;=4.1x10">cm/sec H;=200 cm
Direction l
of flow

- I Hl

Direction
% HQ
of flow
I HS

Estimate the ratio of equivalent hydraulic conductivity.
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_ H Ky + HoK; + HsKs

k
Heq H, + H, + H,

150 x 1074 +300%3.2x 1072+ 200 x 4.1 x 10°°
B 150 + 300 + 200
= 0.0148 cm/sec

__ Mht it KH oq 0.0148

k
eq (%) + (Z_j) + (g—:) ky o T 1018x10°% 145.4

150 + 300 + 200

(11058}) + (3.2 ?;020_2) + (4.11030_5)

=1.018 x 10~ * cm/sec

Example 2

300

Direction
of flow

pd > & > & ~
~ 7N 7N 7

150 mm 150 mm 150 mm
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Three layers of soil in a tube that is 100 mm X 100 mm in
cross section. Water is supplied to maintain a constant-head
difference of 300 mm across the sample. The hydraulic
conductivities of the soils in the direction of flow through
them are as follows:

, , k, =10 %cm/sec
Find the rate of water supply in

cm3/hr. k, =3 x 10 3cm/sec
k; =4.9x 10 *cm/sec

2
q =vA=ky,iA=121x10"" X 5 X 100 =081 cm? /sec

0.81 X 60 X 60 = 291.6 cm3/hr

o __ H+H+H . _Ah_300_2
Veq — L 450 3
@+ @)

15+ 15+ 15

(11)52) T (3 ><1150—3) T (4.9 i 510—4)

=1.21 x 1073 cm/sec

A=bxh=10x10 = 100 cm?
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Example 3
1 Find the total head and Pressure head at points (A-B-C-D) with respect
to given datum, Assume 3K, = K, = 1.5K; = 2K..

2. Find the flow rate K1 = 3.5 X 10°(m/sec).

A
Direction
28 m of flow 12 m
B
[ J
K3 2m
v
6m 10 m 8m
1.

K1 uﬁj sty 4l AV (s B35mee 43l JS sy &l 43l o ) (5 o Js!

K2 = 3K1 K3 = 2K1 K4 = 1.5K1 K1 =K1
_ HaKp+ HsKs _ 2X Ky +2 XKy _ 2 3Ky +2 % 2K,
kH - =25K1
eq H, + H, 24+ 2 2+ 2
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28 m

kVeq=(

28 m

Direction

of flow
B
K1 K2 && K3
6 m 10 m 8 m
H;+H,+H, 6+10+ 8

ekw)+ (1) () + (zsm) + (mw)

EEEEOREE >

Ah =28—-16 =12 m

Direction
of flow

Keq =K1 && K2 && K3 && K4

v

N

24 m
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Aeq=A1=A2&&3=A4=4X1=4m2

Qeq = 91 = 92&&3 = 43 = (44

Ah
i=T Ah=iXL

Total head at A
htotal ata = 28m

hPressure ata =28—4=24m

Total head at B
Rtotaratg = 28 —Ahy =28 — iy XL (L = H;) =28 —0.7825 X6 = 23.305m
hyressure at B = Mtotai at B — Melevation headatB = 23.305 —4 = 19.305m
Qeq = Q1 Keq X leg X Aeq = Ky X 1y X Aq
leg X Keq = i1 X K4

Total head at C

Riotat at ¢ = Peotarat B — Dhz g8 3 = 23.305 — i 443 X (L= H; g 3) = 23.305—-0.313 x 10
=20.175m

hpressure at B = Ntotal at B — Nelevation headatB = 20.175 —4 = 16.75m
Qeq=q2 Kequeq XAeq=K2Xi2 XAZ
ieq X Keq =y 883 X K

05 X 1565K1 = iz && 3 X 25K1 iz &&3 — 0.313
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Total head at D

Riotat at b = Mtotal atc — Aha = 20.175 — iy, X (L = H,) = 20.175-0.52x8 =16.0m
hpressure at B = Ptotat at ¢ — Nelevationheadatc = 16 —4 =12.0m
Qeq = 92 Keq xieq erq =K, Xi, XA,

leg X Keqg = 14 X Ky

0.5 X 1.565K1 ES i4 X 1.5K1 i4 - 0.52

2.
Qeq — 41 = 42&&3 = (43 = (4

Goq = Kog X leqg X Aeq = 1.565K; X 0.5 X 4 = 1.565 X 3.5 X 1072 x 0.5 x 4 = 0.1096 m?/sec

3. The pore water pressure (u).

Uy = Yyhy = 9.81 X 24 = 235.44KN /m?

Ug = ¥yhg = 9.81 x 19.305 = 189.4KN /m?
Uc = Yiyhe = 9.81 X 16.75 = 164.3KN /m?
Uy = ¥yhy = 9.81 x 12 = 117.72KN /m?
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o) o) Al

Consolidation

2 (Lrb) blasl o Gy Jood) L J\.é , (load) Josd oS &y Hae QKJB
(Aoz) sV 3aal sl e dl 8&3)}1\ 2 bod uwy, (settlement) & 1) t\i’s)\

Aoz l ll l Aoz
Air

Solid Solid

Saturated Clay Unsaturated Clay

P 3 Loy (settlement) Cuoy Cgus 40 3 N sler D 2 ll e
Sy Oy Unsaturated Clay daciis sl 401 5 ol sla Dl ol e
G2y ol oY A 3 s gall clydl blaal s 5l Y1 5 Los2 (settlement)
[(Compressibility) iblas¥) il sla pudy blazdl

Eodoy g Saturated Clay dacsuall 40 3 W) sl 5 ) se

otk D 3 Bagmgall BN pe 5L Tas z\bﬂ\ 3 by (settlement)
{Consolidation) duadl {leall odn oudy sloghl Jto Janan ¥ bl ¥ 1,95

§ Lo i) Lidall & 3 goﬁ' base ahadl as O 26 13U

0 o b A8 B30l 65 ey Jay om0 AT U Ay AL el %306 Y
g o o) ool po oy Logdl i el o L) i WIS, B e sl 2 5
e 1ol 25 LIS Lo sl it Loyl Al Sl Loyl in 55 oL
s Gt 23 B L S Liny o
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Introduction

Consolidation is the gradual reduction in volume of a fully
saturated solil of low permeability due to drainage of some of
the pore water.

o b o8 Aactall Bl A 3 el po BN red ol (plesedl gl
Al e Wl (i )
A e ol 755 51y aline [ drainage
The process of swelling on other hand is the reverse of

consolidation. s &, S idee )

In the field, when the stress on a saturated clay layer 1s
increased-for example, by the construction ot a foundation-the
pore water pressure in the clay will increase.

wajwwgmb@yi@,v\ ;»L)jw Vil e dads o e
(Dw)or (Uexcess) o309 <bll Joas 33515 (Aoz) JQ?Y 2 oJLJS dhend Bgen dandin

Because the hydraulic conductivity of clays is very small

As eS dal) &3l Y
Sometime will be required for the excess pore water pressure to dissipate
A e ol (759)3008 lies (A1) 0T (Uexcess) slll oo B 82L3 7l
Increase 1n stress to be transferred to the soil skeleton

(il gl IS 2300 e Al el e Jais (A0,) ol ) sle W 353l

if Ag, 1s a surcharge at the ground surface over a very large area,
the increase in total stress at any depth of the clay layer will be
equal to Ao,

;"L“‘J‘L’J’“dﬁ)a}*"*j\ sl d'a:ijsurcharge load dfﬁf'»&@oﬁb‘%
Ld sold poe 1 5l A (oo sl 2 skl B e o 5,8 8
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g KN/m2
‘l, l Aoz =q KN/m2

Saturated clay Lj\“ Loss J,L» aj; O PO L Qﬁj Sand and clay u"‘““L’ Lyl

O-f inal = Oo Or statice Or initial + Oincrement (Aoz)
Att=0 Ao, =Au=u, =y l l l l l l
boas 2 A GUREA RS 2 3L jao ey i Lﬂsﬁ\ Sl o Js\ e Sand

Ui “JJ'AJ..JL&QA)'MA:J\.\M 'jo\:ol\ ——————————————
atotalfinal = 0Op + AO-Z
Ufinal = Up T U = U, + Ao,

Ocffective = (0, + Ad,) — (up + Ady) =0, —u,

final

Att =0 Au=u,=0
2l I A G e g e 08 slal) oS Ayl Ry 31 o) oy a2
e 2l o 2L, e golud bl bars
Ototal finar — %o + Ao,
Ufingl = Up +Ue = U, + 0

Ocffective = (05 +Aagy) — (ug + 0) = 05 + Ag, — ug

final

The Oedometer test
e o8y ) i) 3 Loyl Wl pass gpene Sl

Porous 1. Dial (t\ﬂa)‘}}\ L; Lj.éj\) V”J\ L; JAACM ww r.)od‘..«») Zo-).,\.n 3\.3;‘
A gage:

2.Porous L vw\) olowsl 2 iy il 5! C\MJ Ol 4 gy e

stone:
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Jro pme Jood dall oy a5 b e b, (Saturated clay) Y (Settlement) juldl 5le! plasseal
513 366 lgrnaz (L) 7oA ed el - >33 (Settlement) 4 Y &lu 24 3.4 (0.25Kg/m?)
o ﬂj &y el Jﬂ il 24 o\Lail oay ~ (.....1min, 0.5 min) s duwre Aoy s US"(Settlement)

.(0.5Kg/m?) Jze j{\
W, = Water content measured at end of test AA Hi
N
eo = Void ratio at start of test 1 -
. . H 1
el = Void ratio at end of test 1" solid IH
S
Ho = Thickness of specimen at start of test A

AH = Change in thickness during test

eo=€1+A€ ¢ _A_V_AH_ Ae
YTV, Hy 1l+4e,

dax (Settlement &yi 13) J‘,;Y\ v.?&J\ A V?"J\ Sl B Y

Hy — Hs Pls ¥l J el 2l (gl Ll o, (Strain) geedl Jsl 43

61 == <

(slgn doolie) ido¥ b all ded NV Dl s b aedl (goldy LY

M
=t |

e, = w;Gs

(Load V) 7y as L5 (Load]) a3l 5, B (Load) lgde QK) (Saturated Clay) e QKJS
q Jesd) R a0 3 ORI A I LISTE I e sl Aes ol LIS asly i i @)

RV TITS

[y

S101
S10N

S101

S1011

Compres
Compres
Compres
Combpres
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log #,, iy (&) e lalby (Log o) ded bl 5 (0 )sler¥) i Joor S e s
(Curve) &b dowe ) be uji C\J as 4ol (e) > (Log o) Jom S Lo 59 bus ;4 (scale)
(Compression s» @'U\ ISalt ) (Line) — ENPN

The Compression index s piieall Lol s

€1— €2
Cc. = = -
e Cc ¢ Logo, —Log o,

Compression ¢ 7= ISl o dpeall) o

c. = 0.009(LL — 10)

v

Log o

L 4l rg,.\ﬂ\ RS J.\ﬂ(Load) &L\ 4 (Load)J! A5k B (Load) e QK) (Saturated Clay) OK N
(ca.w o) 34 g (Load) ) AY) ey Compression g Sovoy 29w &0 (Load) 23
.\;&mj (Compression) Suey A3 3l 0 Juﬁ wi,j \saee (Load) JI dlo] s ~ Swelling)

UL ann

g
:
(]
‘s~
(=W
5 g
Loading Unloadjng Loadjng Unloadi.ng

(log ) & 4 ey (Loading) 223 K (e) 43 balloy (Log o) e b (O'\) Slgz ¥l &l bos) )
s @"\;J\ Sl w).(Loop) s Ao daw)l) e s C\) (e) > (Log o) Wy lew 4 scale

(Recompression
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Avrage line of swelling

S dai 21 ) Loop JI 2 dai o) o el (,:E;...J\ Lol e
C¢ lz>1, The Recompression Or Swelling index ..y Loop

€1— €

Cr

Reompression ¢ 7= ISl o el e

~ Log o, — Log oy

c. = 5¢,
Log o
By et Jo el sy S
A
CT
e

Log o

A

The coefficient of volume compressibility (mv)

Mv: The volume change per unit volume per unit increase in effective stress.

The units of mv are the inverse of pressure (m*/MN).

G el ) my s e Jass sl Gl o (Strain) ool Jis¥l 48 desiy 1 5
2 (Rang Stress) Jo doxay ﬂj Qb Cend aned o (Jladl sl V) 5 aol S el

bl

&V AH
mv =

Ac  Hoho (1+eg)ha

MN /m?
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Preconsolidation pressure

the maximum effective vertical stress that has acted on the clay in

the past, referred to as the preconsolidation pressure O, / Op .

.Casagrande &b P O'C‘ dad o) 5 oWl 3 cdall &) o b sleal ]

) '
e e
Log o Log o
\ e u”\ L o 4\
4 (s 2
e
e
Log o Log o
A
Caay s se
e
o &l
9c >
Log o 183



Over consolidation Ratio (O.C.R)

op P A S b sl gl oy Al g

0.C.R = — (s o0 35 o ) S sl Y1) ol sl
) :

1. Normally Consolidation Clay (O.C.R) =1 op = 0,
2. Under Consolidation Clay (O.C.R) < 1 op < 0,

3. Over Consolidation Clay (O.C.R) > 1 op > 0,

Final Settlement S;/AH

relial) Gan o Bl o oWy B0 3 i o (Ses Lgon ail 5

Aoz = 3 (Aazwp + 4A0z,,;4 + Aazbotwm)

.The Simson rule r\.)o'-.’l.w\g el ol Cagnd L..5.;\)5\ sl 2 3l ) oste Cwoen )52

00\=yh gr = 0, +Ao*fz\

e Y \
H, @ ol &b chows Pl 3 byl Sl s age S ol
Aoz = Ag, N &Y s sy wie oS Sled)
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Results

Ao, Total stress increase

Depth, z

Ao, Total stress increase

pd
~

Depth, z

Ao, Total stress increase

Depth, z

Au,Pore water pressure increase

Au, = Ao,
Depth, z
Att=0

Au,Pore water pressure increase

v

Au, < Ao,

Depth, z

At <t < o

Au,Pore water pressure increase

G
7

Aaz/ Effective stress increase

N
7

Aaz/ =0
Depth, z

Aaz/ Effective stress increase

Depth, z

Aaz/ Effective stress increase
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Ae 2. C o'\
S =Ho Sy = ——HyLog (=
7701 +ep) T A +ey) %G,
S =myHpAoz Jo
-\
op < 0, < Of
‘r o 0.C.R<1 0.C.CR=1
S, =——" H Log |- .C. .C.
f (1+ep) 00g<%) A
o
Yl l P

N N
LogO'\
Cr P c Of
Se = H,L — | + HyL —
f T A +e) © "g(ao> (I+ep) ° Og(ap)
0, < 0p < Of 0.C.R>1 Yl
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c or ‘ ‘ 4l
Sp = —reHoLog <L> = —ve 0o > Of

oAl s 1 el Sy s Jaod) AT 5 30 o e Jus L)L)

Degree Of Consolidation .l 25
3L} e 75% diasd Ly Coyd oglon i 55 graeys Jysedl s o 53 Jlge S Lo
Sa ga S o) i Jasn dladl Gz 3 e 40% ol b ey 11§ L s sl
oy deill odn oy Sled) byl 1 Jse gl 15 byl (Consolidation) 4les Gy
iy ygedl e pre e 3 2Bl 4w Ll Sy Uy OT U 07 U a5 sl
Uz d jopy dnsedl L3kl 00 5 dims dlab e

U sl o ol 4lusd & L5 Terzaghi's M) p5

1. The soil is homogeneous. i I
2. The soil is fully. Loles 5 ) g0i0 S\Qﬁ\

3. The solid particles and water are incompressible.
LW b e oty 101 s Ll ool
4. Compression and flow are one-dimensional.
SN el JaS 5T JeM LTl 1 olas¥l 2y oty olash 5 oliall iyl
o ij
dy ol dl e o sl S LSy 28 Bolo a8l

3w dada dblows udaj\ b Sand
uu.hb Lo JM Sand ° 2 > -

e il oy )
M e T@lg o Sen B Blws ol . Y
jlﬁj .%u\t\g s L) Lgakay
Caaie oy .L,MU V

A\

dr — E Sand dr =H
Z 187
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5. Strains are small. e = AH
H
6. Darcy’s law is valid at all hydraulic gradients. SRS 5B plase) 7o

7. The coefficient of permeability and the coefficient of volume compressibility
remain constant throughout the process.

Yy abadl des IV anb heed K/ my
8. There is a unique relationship, independent of time, between void ratio and

effective stress.

U Se Se tondise bodl A ool ook diadl dey Sl
TITSe | 185k el byl Terzaghi's J! lg.5
u
UZ: __e Ao-z=ui
Ao,
Att=0 Att =
ue_AO'Z uezo
U,=1-~2=1-1=0
;=1 s = Uy =1-7-=1-0=1

The differential equation of consolidation ALzl 4Joladl daladl)
Bl e 3 Al O s oy alad) Jelas
ou, 92ue (B2} jitne 5 alo Ollas )zt oy sl o
— = CV

ot 072 1.Casagrande Method.

2.The Root Time Method Or Taylor Method.

cv = being defined as the coef ficient of consolidation, suitable unit being m2/year.
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d?‘z Tv =Ti =T = dimensionless time factor a\c dainy Jolas
cv =Tv—
t t = Time

Tv r\w.w\g Uavg g..JLg’J

U = /4” 0<Tv<0197
avg T <

Upg=1—— € 4 Tv > 0197 :Jb

Uavg \h\Jéé'-.w\g Tv g..)L..oJ

=)
N

Tv =—Ugy, U<0.60 :Jo

Tv =—0.933Log(1 —U) —0.085 U>0.60 :J- 3

K =c,m,y,
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Degree of consolidation, U

Example 1: The 3-m-thick clay layer that will result from the load carried
by a 1.5-m-square footing. The clay is normally consolidated. Use the
weighted average method to calculate the average increase of effective
pressure in the clay layer.

2002.5 KN
20925 _ g90kN /m?
o 15x15 /m
/]\
sm Qfl," Sand Yory = 15.72 KN/m?
A\
A e \ 4
and
am = Vsar = 18.87 KN /m?
A\
1 Ysa = 17.3 KN/m' ¢, = 1.15yr/m?
3m Clay
e, =1
o . A
wvlm LL =40

190



1. Primary consolidation settlement?
2. Consolidation settlement after 3 year?
3. Time to consolidation settlement reach 10 mm?

4. Effective stress at point A after 4 year?

1.

AOZtop = qx B* = 890 x 1.5° = 66.2KN/m?*
(B+2)Xx(B+2Z) (1.5+4)x(15+4)
ACZpig = qx B* = 890 x 1.5° = 40.87KN/m?*
(B+Z)x(B+Z) (1.5+5.5)x(1.5+5.5)
q X B? 890 x 1.52

_ _ _ 2
AZporiom = B )X (B+2) (st xAs+7) 27 KN/m

1 1
Aoz =2 (A0zpop + 400 Zmiq + A0 Zpottom) = c (66.2 + 4 x 40.87 + 27.7)
= 42.9 KN/m?

0, =yh=1572x3+ (1887 -9.81) x 3+ (17.3 -9.81) x 1.5
= 85.574 KN /m?

0 =0, + Aoz = 85574+ 42.9 = 128.474 KN /m?

c. = 0.009(LL — 10) = 0.009(40 — 10) = 0.27

S H,L 9 027  axl (128'47) = 0.0714

= (1+e0) oM\ T A+ D °9\g5574) = - m
2.

S¢
Uawg =5 Se = SyUavg = 0.07 X 0.68 = 0.04778 m
cvt 1.15x%x 3
Tv = 772 = 32 =0.38 > 0.197 Lyﬁ‘&éw‘Lﬁé‘&?w
—TT2T —1%%0.38

Upg = 1= e =1 o™ a0 2 0,068 e el iy

2 2
n n e 3 5 gl



3.

4.

S, 0.010

WIS, 0.0714
_r 2 _ It 2 _
Ty = ZUavg =7 X 0.142 = 0.0154
_ dr?Tv  3%x 0.0154 0 12
=T 115  reyear

of , = 0o, +A0zy = 13837 +29.7 = 168.07 KN /m?

Upg = Ug, + Up, = 49.05 + 9.504 = 58.554 KN/m?

g =0p, —usy =168.07 — 58554 = 109.516 KN /m?

0o, =Yh=1572x3+18.87 x3 +17.3 x 2 = 138.37 KN/m?

q X B2 B 890 x 1.52
(B+Z)x(B+Z) (1.5+6)x(1.5+6)

Up, = Ywh =9.81 x5 =49.05 KN/m?

Aoz, = = 29.7 KN/m?

cvt 1.15% 4
= =0.5

fv= dr? 32
Z
Hor 3
Uzg=1- et Ml derys D pma Sall el o ) il s o Blall Z
AO‘ZA ’Jf W SO ~N°‘“u‘
" U, &3 glla; Chart )l plisviul dr lguis p Hr , lase
0.68 = 1—29.7

U, = 9.504 KN /m?
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Example 2 : When the surcharge is placed if 6, = 105 KN/m? ??
t=??

q = 150 KN/m?

Sand )
Yory = 17 KN/m
v v
A T~ T TTTTTTTTTTTT T
Ysa: = 18.81 KN /m?
3m Cla
_)l/________)i _____ . A ¢, = 1.15 yr/m?
\/1 m
0 Bed Rock

Gy, =Yh =17 x 3+ 18.81 x 2 = 88.62 KN/m?

Aoz, = q = 150 KN/m?
df , = 0, + Aoz, = 88.62 + 150 = 238.62 KN/m?
Uy = 05, — 0y =238.62— 105 =133.62 KN/m”

Up, = Ywh =9.81x2 =19.62 KN/m?

Urg = Up, T Uey _ Uey z 2
UZA_]‘_AO- —===0.7
133.62 = 19.62 + u,, ZA Hdr 3
114
Uy, = 114 KN /m?> R Tv=0.2
o / 1~ 150
— 0.24 from chart
dr’Tv 32 x 0.2
t= = = 1.6 year

cv 1.15
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Example 3: Determine the total consolidation settlement for the soil
profile shown if Ground water table drop 2m? o, = 50KPa

N
Ypry = 15.81 KN/m?
3m __\l’___S&nd._____________v.
em v Vsat = 19.81 KN /m?
/\',‘I\ """""""""""
3m Sand
Vsar = 18.81 KN/m?
\ 4
N . N N
Vsar = 17.81 KN /m? op < 0, < O
P 0 f
3m Clay 0.5
e, =0.
v c.=0.3

0, =yh=1581x1+(19.81 —9.81) x 2 + (18.81 —9.81) x 3
+(17.81—-9.81) x 1.5 = 74.81 KN/m?

af\ =yh=1581x3+(1881-9.81)x3+(17.81—-9.81) x 1.5

= 86.43 KN/m?
S H,L /d 03 axi (86'43)—0038
= (1+e0) oM\ ) T 1405 °9\7481) = " 72°™

Example 4: An Embankment is shown in Figure, Clay layer has
c. =0.24,c, = 0.056,c, = 0.06 m? /month,o, =
110Kpa.Thechay layer has sand above and below it Determine :
1. Effective stress at point A after 5 years of construction of
embankment?

2. Effective stress at point A at t=0 of construction of
embankment?

3. Effective stress at point A at t = o of construction of

embankment? 194



X2=15 6m X1= 30 E _ i 10
X 1.5 X

Xz2=15m X1=30m

10m

A4
2 mI Ypry = 15.72 KN/m?

___________ v

0\ Clay
4m Vsar = 18.87 KN/m3

A4

N

=17.3 KN/m3
o Clay Ysat /
e, =1
———————————————— e A
vl_/]'\_“ ______________ LL = 40

1. df , = 0o, + Doz, = 158.82 + 84.48 = 243.3 KN /m?
Upg = Ug, + Ue, = 68.67 +4.224 = 72.9 KN/m?
o =0, —Upy = 243.3 —79.65 = 170.4KN/m?

0o, =Yh =15.72x 2+ 1887 x 4 + 17.3 x 3 = 158.82 KN/m?

az
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q=YH=10x10 =100 KN/m2

Part 1

+ 3415 3 T
o, = tan~? (ﬂl . ﬂz) —tan~1 (%) = tan_l( 5 ) —tan™! (5) =45 X T80 = 0.78

. (B (3 T
o, = tan 1(;>=tan 1(5> = 18.43 xmzo.sz

qr/B1+ ,82> B ] 100 [(3 + 15) 3
A = — _— = 1.4 32) —— 32
oz n[( 5 (a; + ay) 5 (ay) - T (1.43 + 0.32) = (0.32)
= 39.98 KN/m?2
Part 2
ﬁl + ﬁz ﬂl 3 + 30 3 T
_ -1 _ -1 _ -1 . -1(2) = _
o, = tan ( . ) tan (z) tan ( 9 ) tan (9) 56.31 X 180 0.98

b1 3 s
— -1(2) = -1(Z2) = —_=
a, = tan (z) tan (9> 18.43 X 180 0.32

Aoz = %[<ﬁ1;‘2ﬁ2> (ay + ay) — % (az)] _ 120 [(3 2030) (0.98 + 0.32) — % (0.32)
= 44.5 KN/m2

AGZyprq = 39.98 + 44.5 = 84.48 KN /m2

Uy, = Ywh =9.81 x 7 = 68.67 KN/m?

Ue ,
cvt 0.06x12x 5 UZA:l_Aa
=7~ 22 =0.9 4
0.95 =1 — —=*
zZ _3 4= 777 8448
Hdr 2 u, = 4.224 KN /m?
2.

Of, = 0y, + Aoz, = 158.82 + 84.48 = 243.3 KN/m?
t=0 Ag,=
Upa = Ug, + U, = 68.67 + 8448 = 153.15 KN /m? vz e

g =07, —ury = 243.3 —153.15 = 90. 15KN/m”
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df , = 0p, +Aozy = 158.82 + 84.48 = 243.3 KN /m?
t=o0 U,

Uy = Uy, + Uy, = 68.67 + 0 = 68.67 KN/m?
g =07, —ury = 243.3 - 68.67 = 174.63KN /m*

Example 5 : A water conduit from mild steel : the outer
diamter is 2.5 m , inner diameter is 2.0 m consider the steel
unit weight 77 KN/m?® and water unit weight 9.81 KN/m?,
Clay layer has ¢, = 0.24, ¢, = 0.056, c,, = 0.06 m? /month, o, =
110Kpa , calculate :

1. Determine primary consolidation settlement due to pipe
load?

2. The settlement after 4 year of pipe operational?

2m Yory = 15.72 KN/m?
_________________ v
A Sand
4m Ysar = 18.87 KN/m3

Ysat = 17.3 KN /m3
Clay

e, =1

LL =40

q = Area steel X Ygtoer + Area water X Vyater
1T T
— 2 2 2
- Z (DOuter - Dinner ) X Vsteel + Z Dinner X Ywater

/A T
=7 X (2.5% — 2%) X77+ZX22 X 9.81 =167 KN/m
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2q73 2 X 167 X 63

_ _ _ 2
AOZiop = T2+ 22 (02162 17.7KN/m
2q7° 2 x 167 x 83 ,
AoImia = o7 v = mror 3 g7 = 13- 3KN/m
2qz3 2%x167 x 103 )
AOZppisom = = 10.6KN/m

w(x? + z2%)2 - (0% + 102)2

1 1
Aoz = - (A0zpop + 400 Zmiq + D0 Zportom) = A (17.7 + 4 x 13.3 + 10.6)

= 13.6 KN/m?

o, =Yh =15.72x2+(18.87 —9.81) x 4 + (17.3 —9.81) x 2
= 82.66 KN/m?

o =0, + Aoz = 82.66 + 13.6 = 96.26 KN /m?

0, < 0 < 0p

¢ byl af ~ 0.056 Caxl (96.26)
= (1+e0) oM\ G ) T 1+ °9\82.66
= 7.4%x103m
2.
S
Uavg S_C
cvt 0.06 x12 X 4
Tv = oy > =0.72 > 0.197
8 -m’Tv 8 -m?x0.72
Uavg—l—ﬁe 4 =1—;8 4 = 0.86

Se =SpUnpg =74 %1073 x0.86 =6.4 x 107% m
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Example 6: A rectangular footing 1.6 m X 2.4 m founded on sand carrying
a net applied pressure of 850 KN. 6p = 125KPa

l Pe0 RN 850 _ 221.35KN/m?
16x24 % /m
2 mI Sand Ypry = 16 KN/m?
_________________ A4
A Ysar = 20.81 KN /m?
am Clay €y, = 0.55
cc = 0.245

v cr =0.056
C—> 5 é ¢, = 0.75 yr/m?
1. Find the consolidation settlement in the clay layer ? Assume the
stress increment imposed at middle of clay layer is 85 KPa.

Dy o pasead Yy lads 330l JW\L;&@\@WL;AW@:JMT 51 il
() gt
o, = y\h =16 x 2+ (20.81 —9.81) x 2 = 54 KN/m?
of =0, + Aoz =54+ 85 = 139 KN/m?

0, < 0p < o

S " W Lo % ¢ g ud
_— S 0
T U tey) %9\ G ) T ey 0%\o,

. 0.056 125) 0.245
F 714055 54 ) 1+ 0.55

2. What would be the consolidation settlement after 1.5 years?

139
><4><Log( ><4><Log(125>=0.082m

Uswg == Sc = S;Ugpg = 0.082 % 0.299 = 0.0245 m
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cvt 0.75x 1.5

Tv=—g=—""F—=007<0197

4Tv 4 % 0.07
Uavg — T — T = 0.299

3. If 0 measured at the middle height of clay layer equal to 60 KPa.
Estimate the time the footing was built?

1.
Ny QXL 22135X16X24 _ o
TZior = B x(L+z) 6+ x2atz oo KN/m
) __aBxL) _ 2135x16X24 ..
Ofmid = B U AX(L+2z) (16+4)x(24+4) - /m
q(B x L) 221.35 x 1.6 X 2.4 ,
AGZporsom = =13.31 KN/m

B+2)x(L+2) (16+6)x (24 +6)

1
Aoz = G (Aazwp + 4A0Zpi4 + AUZbottom) =

1
=(53.7 + 4 x 23.72 + 13.31) = 26.98 KN/m’

Oomig = YR =16 X2+ 20.81 x 2 = 73.62 KN/m?

O . = Oomiq +A0z=73.62+ 2698 =100.6 KN/m*

Upmid = Of . — Ofmia = 100.6 — 60 = 40.6 KN/m?

Up, = Ywh =9.81x2 =19.62 KN/m?
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u

Urmid = Uopmiq T Yemia  Uzmia = 1 A;Amld
Zmid
40.6 = 19.62 + u,, 20.98
u . =20.98 KN/m?> '3
=0.12

£ _ E =0.5 Tv=0.08 fromchart
Hdr 4

. dr? Tv B 42 % 0.08
v 075

= 1.71 year

Example 6: The following equations are used to solve certain

problems in geotechnical engineering.

ou 0%u
oc "V oz?

1. What is the name of equation? The differential equation of

consolidation

2. What is u stand for in equation? Excess pore water pressure

3. What is Cv stand for in equation? The coefficient of consolidation
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Example 7: A normally consolidated clay layer in the field has a

thickness of 3.2 m with an average eftective stress of 75 KN/m2. (Effective

stress in the middle of clay). A laboratory consolidation lest on the clay

gave the following result.

1. Determine the compression index. Cc.

2. If the average effective stress on the clay layer increased to 125 KN/m?®.

What would be the primary consolidation settlement.

3. The coefficient of consolidation of a clay for above pressure range was

8 x 1073 mm?/sec on the basis of one-dimensional consolidation test result.

Estimate the settlements of the above layer after 5.0 years.

Pressure (KPa) Void ratio (e)

100 0.9
200 0.7
61 - 62 09 - 07
l.c. = \ - = -=0.24
Logo, —Logo; Log700— Log100
2.5 = —% piog(L)= 2% 3ox1 (125)—008967
Sr T M te) 0%9\6 ) T 09 T4 H9\75) T m
cvt 8x1073x 5 3
3.Tv = = =3.9x107° <0.197

dr? 3.22

4Tv 4x39x%x10-3
Uavg - T - - - 007

Se = S¢Uqpg = 0.08967 X 0.07 = 6.32 x 1073 m

202



Shear Stress

Tensile stress <« (58) aslee ulite < Steel
Compression stress D — (‘5 33) aslio u—“L“ D — Concrete
Shear stress D (0553) aslee wliae < Soil

P

Shear Slslgr! lede Wy s (P deuly)) da o sodd 01 o 5 Lonie
Sb e b o aiy 401 e oi Jar Jobow Slusdl oy acles) (stress)
Db in o Sgao daglin Jo 53ams 5,8 L0 £151 e 5 UST, (2,01 &S

&

Tr = Tmax@failer Shear Strengths (3 a3 & glad) odd dad d435\ C;\ Co

Shear Strength

(Shear Stress) .o (ua-{a}\ Jadll 3)) & lgas A Aol 58,

Failure surface Shear stress

Y s Doy () éa.d\ 9 A0 9 ) 2 et Ry P e gl Slslgz M gm

P 0, 0T 04 sl 1S g \.‘S&m ks 9
) sl l )

S A
> 0,01 03

(Zuoledl) ZBY1 ol M)

_/ | \,
Tf = Tmax@failer

Sy b éé‘u o (350l slgx! ) Al el )| Slalgz W) = g8
Gyl il &l calSd Lais Aoy Slaler W S &Y Al &0 b Oy > Op Gl sl Lol Jalas
oY o Al Ayl i) 2y Al s sl aler W) 37 5y A Oh K:
Aalelly Ll g 8y gumme S5l S s dblery Ay sl Oy

Failure plane
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-

O-confining
Cogud &) s e gl LisT )
s o S e oS
sl Joo 2l o 35y 5 oSSy

$99 (Shear failure) 4 i 2 SYWM Sy 20
At Shear stress > Shear Strength

The shear strength of a soil mass is the internal resistance per unit area that the soil mass can
offer to resist failure and sliding along any plane inside it.

(lean Jo &0 iz 3Y5) el el g a4 301 s ARV IV

Needed to analyze soil stability problems such as:

1) Bearing Bacldl) el sy Dbl Jorb e sl I Slalgz W & 1 oo 3,08 Ol
capacity.
2) Slope e Yy by led dnlt G5 43 Olponis de g &1 (gl Ol il 5
stability.

3) Lateral pressure on earth-retaining structures.

a L

Bearing capacity (q)
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lg B iy Ruglie o i 5,8 Ll

(sandy soil or cohesion less ) &1: )\ &l Al 3 55l o5 (internal friction) &isd) Slasdl - Js\l A1 .2
.soil

{clayey soil or cohesive soil) Ll 4 5 a3k s (Cohesion) sl Slusd) - Slulid) 3

Normal Stress () ogliad 200 lede dan AN algall o )V e S Lo daglial) olewsl 00 sy

Lot 2300 ) sl Rogliad ol sl o) o SSG Y iyl V)
Shear Stress 0 B30, Slasd) 3V W 0
o N igenll 380l oy o ISV 558 Sl 1 el 3 Ll s V7
S5l 5 tan(@) (gl & 1| 2 AV Jolas MSAK»Y\ Jolao
Normal stress (6) (555 N &350

Shear Strength
sl Slasdl oy o (sl Y1 15y V1

Ty = N X ug = o5 X tan(9)
@: angle of friction

o=0
Shear Stress
{(cohesion) Slued) oy Sluled) .2
AoV b e G il sl Ragliad eliie (Rl ol ) Slasd) iy kel V0
C oj 3 (o) 3 Sl oy el (5585, Sl e
Shear Strength oc=0
Tr=c sl Slasdl Ly o Sl V7
C: cohesion kpa
Normal Consolidated Clay Or Sandy Soil Clayey Soil

C:0 TfZO'f Xtan(Q)) @0 TfZC

B & C 3 b o il Oholer pylis 8 &0 &l Sou plall osgaall
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Mohr — Coulomb Failure Criterion

Asladl oda o o & 531 Shear strength | Clusd (General equation) delall daladl LWl 43l 223
g LS dslaal i Eor (M Ls Aslae) dlos Aslae puas
Ty = C+ oy X tan(Q) C and @ shear parameter
T: shear strength of soil
C:cohesion intercept
@:angle of friction
o:total normal stress on the failure plane

DY) Sy Jo (3508 925 & 1)) &S s gzl slg-Y)

1s\ 38 Y o Empirical Relationship p i) L}SJ\.{",\S\ Sl) o ddasdl Dalad) Jed

y=xm-+b

A
_ y
y:y—tip
xX:x —Ip
m: slope m
b:y — intersection /
b
X
A
y=xm+b T shear strength
T=0 Xtan(®)+C S0
VT
m: tan(Q) Failure plane
b:C ¢ Failure@@jb};ﬁ\s\nmﬁgg\‘trg
(Aad) o) jomr I Lasd) gy aed pitd) Gl oo a3 3 >
)L@Y\ \@3 JJJ@%} gjjju J}w M\ db o normal stress
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=0/ xtan(®)) + C/
Sl 5 S ey G il Daglie Ol b (slll 755 g ) el 2 5yt B0 5 28 S Lo

T=0 Xtan(®)+C

by A ) b Cad &J\j el éa_.u o o0l Blez) ) Ausladly Ll )l SlslgzY) o o
alS L Al ol Y1 S oy el gl il &l calST L Al sl Y1 ST &Y

Al ) oy By guamen Ayl u‘\‘ 2l dsley Ay Clalgx Yl Yuﬁj Al &0y, il &y

w N

o,0r o, b\/ Major principle stress

LM sl ¥l
Major principle plane

Minor principle plane % \/—\J
)\] Normal Stress (o)

o, Or o3
o (Ausldl) AW Silslar Y
Minor principle stress
L~
o N
0 =—+45
2
Failure plane
5 Lo dage dla-ee
a

:0s* Jis (Failure plane) , (Major principle plane) -y ji Ll @

\ij \’@L“‘“" “-)J'\L‘M gmj (Failure plane) uu "")\)“ Ojinj ""J"M k@*‘" s‘ﬁju‘ uﬁé\ ké"" Jjﬁd‘.“'ﬂ (Tf = Tmax@failer)
(Failure plane) Je 43400 C)Jg"ﬁ (Normal Stress (0y))4ssd ng"(rf = Tmax@failer) 4ed X

o,= 03&&0,= 04 007



T shear strength

A
D) 1)
Tmax
™ s
3 9f S < 91 G normal stress
R R
1 _ 1 1

=5 (01 — 03)sin(26) o =3 (01 + 03) + 3 (0, — 03) cos(26)

1

2 (0, — 03)

sin(@) =

1) 1)
I 0, = 03 tan? (45 + E) + 2C tan (45 + E)
C cot(D) + 2(01 + 03)
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T shear strength
A

o normal

ef fective stress

N
7

0'1/
R 7
1 / /si / 1 / / 1 / /
T = 5(01 — 03/)sin(26) of/ = 5(01 +03/) + 5(01 — 03/ cos(26)
%(01/ —a3/) o/ o/
sin(@/) = I o,/ = o3/ tan? <45 + ?> + 2C’ tan <45 + 7)
C cot(9/) + 2(01/ + a3/)
/ g/ =0 / + Ao,/
l Oc 1 — %Y z
) h
— «—

oy = o,/

C/ and ¢/ = intercept and slope angle for the failure envelope plotted in terms of ef fective stress

o and u = total normal stress and pore water pressure,respectively,on the failure plane
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Table 12.1 Typical Values of Drained Angle of
Friction for Sands and Silts

Soil type ¢' (deg)
Sand: Rounded grains

Loose 27-30
Medium 30-35
Dense 35-38
Sand: Angular grains

Loose 30-35
Medium 35-40
Dense 40-45
Gravel with some sand 34-48
Silts 26-35

T ol 3 ade ol N ol ey el ) sl 3 1 Rl S oy NI D && € s by V)
oy Sl e e

1. Direct shear test.

2. Triaxle test.

.(Direct Shear |J\) & 25 35 éﬁ"“ ER) bl 3y b

. (Triaxle test ))) & 25 b pg éﬁ"“ 220 bl 3y b

g (55 t\j:\ der s
1. Direct simple shear test.
2. Plane strain triaxle test.

3. Torsional ring shear test.

210



Direct shear test (Shear box test).

P Steel ball Concentrated to Distributed
Pressure plate &0t &l 5l o557
Al o

Porous
gj\ plates
S Tt gl T
OB o\.:oj\ C))jw\au O\.:oj\

gz

Provingring
to measure
shear force

FUICEIE TR R+ oAl 3 ) pases
|V egall o
Jidl sl s ot 2@y Y o
Al )V & 13Y)

Shear Displacement

Normal Force

Vertical

i . $ displacement

.
Shear Force o Je' o (Lower Shear Box) , (Upper Shear Box) -4 &luall ol s
Shear box |
Loading Normal Vertical
Plate Force Deformation

s ey Sole eir heed pguiie il 35an0

il ) &Y uld) (Dial Gauge) o b dnd) Cajﬂ =

Sy &Yl sl 4l (Proving Ring) , &Y, poreomal
:ab\:.;\j at:A\ u)k.a\p é\ at:A\ g.,cu)a.J MLM

Porous

51 mm X 51 mm Or 102 mm X 102 mm e

and thickness 25 mm Or Circular Shape
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https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi7vp2EwZniAhXHPFAKHT_vCQwQjRx6BAgBEAU&url=http://research.iitgn.ac.in/stl/directshear.php&psig=AOvVaw2KlmLg7eGhWKqafGlnqYlD&ust=1557871263482679

08 Gptall o (55l Boiadll 3 40 G pog 8 Jadl o gl 3paall (S N ISl (0 & el
) e oy Sledl 3 4 aasdl JSU) 3 50l (S (Loading Plate) ade (S 5 jwnal) e 300
s 43) (B o ool (i) 7z Ty ) Bl s g e JllasVly (Normal Force) dsges 35

0o Jaally gl g0 o WBls g U iy (Sl Sl W1 3 DS il & aglio Sl et 5Ll -y 5
Normal ) s so Zub Jaae; (Shear Force)(ab) 4| (s 3paall (o Jad) o2l (20 5 Jeolpuall 300
Sledl 513 Jsly gl all Jlgs o )V jaal) s T (Shear Force) Laill (55 Wiy, & ol Jlsb deidl & (Force
Al e AV a1 el 5 i) Aol el (Dial gauge) & 5550 3pinally

.(Normal Force) &350\ (554l ){9\ o Gyl S K
1 231y 5250l sl V1 ld A (Stress KN/m?) Dlolgx) Cotly (Force KN) (558 o0 5yls 5lead] el 3

Normal force

Normal force(o) =
( ) Cross — sectional area of the specimen

Resisting Shear force

Shear force(t) =
( ) Cross — sectional area of the specimen

Sblod) Loged ol o i Lo 6T o e Sy Y1 Gl o iy Gl o Gl

C=Cand®=@¢/ando =06/ —U=0/-0=0/ (U=O(M\m¢w@;))wkﬁaﬂ_

S5

Normal Consolidated Clay Or Sandy Soil Clayey Soil
C:0 15 = or / X tan(®) 9:0 t=C/
A Over Consolidated Clay C’ Z O
T shear strength
@/
Sandy Soil Or
o/ Normal Consolidated Clay

o normal

v

effective stress
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T shear strength

N

Clayey Soil @/ =0

o normal

v

effectve stress

Conclusion

At
Slope = Es = D= modulus of elasticity

T shear strength

N

Over Consolidated Clay
Dense Sand

Loose Sand Or
Normal Consolidated Clay

—> Shear Displacement

N
A

15%

\_/\9 (t£)J) (Loose Sand Or Normal Consolidated Clay) 3

%15 (Shear Displacement) s jg
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Change in height of specimen (Vertical displacement)

Compression

Expansion

Void ratio

Over Consolidated Clay

Dense Sand

~

Peak

Strength

>

Shear Displacement

Loose Sand Or

Loose Sand

Dense Sand

Normal Consolidated Clay

—_—
7

Shear Displacement
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Assume Sandy Soil o dpel) o 2l Ja ol Al )l
Hhs
T shear strength (’\/5 Peak shear strength v JA{

N
N

Residual Or ultimate shear strength

Tf3 I 0-3
) 4\
Tfr3
sz 02
L — A
AT A Tfr
O
c 1
Tr1 Tfr1
J/ v \ v —>  Shear Displacement
(T,0) o (3® dews M) Jias
A (Tf3,03)
T shear strength
(sz 02)
Over Consolidated Clay Residual C' = O
(Tfrs 03)
(Tf1,01) (Tfr2 02) D, /
(Tfrl' 01)
- o normal
effective stress

The advantages of the direct shear test are:

1. Cheap, fast and simple - especially for sands.
Ailly dl sl s k5f;\ Balo (g au S S Lajj el Oa Jew Jlazl 1

2. Failure occurs along a single surface, which approximates observed slips or
shear type failures in natural soils.

B B o P51 e s o 5p 5 BV el B e ol il 2
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Disadvantages of the test include:

1. Difficult or impossible to control drainage, especially for fine-grained soils.

pbl ol 3 s 08) Slaadl Bl 4 Al dolsy cobiad) iy o 8ol o) 5l ) 0 1
Apas peld IS (A 23

2. Failure plane is forced--may not be the weakest or most critical plane in the field.

8. Non-uniform stress conditions exist in the specimen.
LY ch.a Jobo Jo plazie e jaill Ololga) 253

4. The principal stresses rotate during shear, and the rotation cannot be controlled.

5. Principal stresses are not directly measured.

)j""’j\'bu"’\@‘\*‘“" MOﬂLAJ\QPJ\JoWL;MYOé && 01 5

Example 1: Direct shear tests were performed on a dry sandy soil. The size of the
specimen was 50 mm x 50 mm X 19 mm , Test results are as follows:

e olakae il 3ga0 sla) (C=0 o (goluy Shuled) Al oin kja) Ol Joy de Jo jaldl jail) Ll 5 o]
;L) 7::\.4 k5"&!\ J el 2 caclis|

Test no. Effective Normal force (N) Shear force at failure (N)
1 89 53.4
2 133 81.4
3 311 187.3
4 445 267.3

.(Shear Stress at failureJl) 5 (Normal Stress\) o' .1

Normal force 89

/
N 1 f = = = 35600N/m? = 35.6N/m?
ormatioree (0 ) Cross — sectional area of the specimen  0.05 X 0.05 /m /m

Resisting Shear force 534
Cross — sectional area of the specimen  0.05 X 0.05

Shear force(t) = = 21360N/m? = 21.360 N /m?
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Test no. Normal force Effective
(N) Normal Stress
(KN/m?)
1 89 35.6
2 133 53.2
3 311 1244
4 445 178.0

Shear force at failure

Shear Stress at

(N) failure (KN/m?)
53.4 21.4

81.4 32.6
187.3 74.9
267.3 106.9

.Sandy Soil i) 75 oY (C=0 ) 5 ki ( @ J|) olued (Shear Stress at failure\) 5 (Normal Stress ) eyl 2

120

100

80

60

40

20

Shear Stress at failure (KN/m?2)

0 20

40 60 80 100 120

Effective Normal Stress (KN/m?)

AN ploseasl &y lall p 5l et e ) IS0l o sr e
thclodl

1. Click Mode Set up.
2. Click STAT (3).
3. Click A+BX (2).

4. Prove the data X (Normal Stress) and Y (Shear Stress at

failure).

5. Click AC.

6. Click Shift + 1.
7. Click Reg (5).

8. Click A to find C.

106.9

140 160 180 200

/
310 (sl il (@ ) 0l3 .3

Dbl Y plasal
tan(@/) = 0.59
@/ = 30.54°
\er 3 a0 0.4 gy C/
o s A
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Example 2: Following are the results of four drained direct shear tests on an over

consolidated clay

Diameter of specimen 50 mm

Height of specimen 20 mm

IS e 5508 (C = 0 o (gl el Al nda 3) (O.CR>1) b e o bl i) s (521
;s Cﬁb L";Y\ J ) L; 25 mm lel&)\y 50 mm EREYRIIR

Test no. Normal force (N) Shear force at failure Shear force at
peak (N) failure residual (N)
1 150 11575 44.2
2 250 199.9 56.6
3 350 257.6 102.9
4 550 363.4 144.5

.(Shear Stress at failure (Peak and residual)}\)) 5 (Normal Stress )!) cue-! .1

Normal force 150

Normal force(o) =

Cross — sectional area of the specimen T x (0.025)?

= 76394.4N/m? = 76.4KN /m?

Resisting Shear force 157.5
Shear force(t) = : —— = = 80214.1N/m? = 80.214KN /m?
Cross — sectional area of the specimen m X (0.025)?
Resisting Shear force 442
Shear force(t) = : —— = = 22510.9N/m? = 22.5KN /m?
Cross — sectional area of the specimen m X (0.025)?
Test no. Effective Shear Stress at failure | Shear Stress at failure
Normal Stress peak (KN/m?) residual (KN/m?)
(KN/m?)
1 76.4 80.2 22.5
2 127.3 101.8 28.8
3 178.3 131.2 52.4
A a0oN 1 10K 1 Mo o
.(Shear Stress at failure (Peak and residual)!) (Normal Stress}!) oyl 2
200 185.1
NE %+ )
E 60 4 e
= 1312 e I _28
g 122 1018 e o 2k I;Aoa“a(b
= L8 et . Clay P¢
< 100 80.2 L. ® . Conso\xc\atea —
© 80 PR Ove
a e 524 e °
5 8040 e PR T / .
D g0 @ 225 288 o G0 md o =14
............ 1
g 000 PR ¢ Over Conso\idated Clay Res
7 I SRPSTTLLLL,
0 50 100 150 200 250 300

Effective Normal Stress (KN/m?2)



Calculates t; at 6 = 100 for overconsolidated clay peak ?

tr=0/ xtan(@/)+ C/ =100 X tan(28) + 40 = 93.17 KN/m?

Example 3: Following data are given for a direct shear test conducted on dry sand:
Specimen dimensions : 63 mm X 63 mm x 25 mm

Normal stress : 105 KN/m?

Shear force at failure : 300 KN

a. Determine the angle of friction?

b. For a normal stress of 180 KN/m? , what shear force is required to cause failure?
c. What are the principal stresses (64, 65) at failure normal stress of 180 KN/m??

d. What is the inclination of the major principal plane with the horizontal?

a.C’ =0

300
0.063 x 0.063

s =0/ xtan(@/)+C/

= 75585.79N/m? = 75.6KN/m?

Shear force(t) =

75.6 =105 x tan(@®/)+0 @/ =35.75

b.C’' =0

129.6 x 10° = shear force
=0/ xtan(9/) + ¢/ ' ~ 0.063 x 0.063
7, = 180 X tan(35.75) + 0 shear force = 514.3 N

1, = 129.6KN/m?

‘w)‘ ol b ¥, (Failure envelope) F“‘J\ gﬂ oYUyt yge 321 () Uil (01 && 03) e e Cllay I &35\
i o Loy A oy 223 35.75 (x) sy (o ot Al plasslyy (@ = 35.75 ) 5 (C=0 ) o sl Jy3 T L
.C=0 «Y (0,0) LoV

(40KN/m2) po by Aais cpmy 53 35.75 (x) yyomo o o Ainall plasesly (C=40KN/m2) Ve 555 (C=0) S S
(y) e do

oo Bl Jf\ 0 J olilol b oy am (128KN/m2) (goluds éhg () J) g ke (0) J ded (5& s Aol &y Ll
.(Failure envelope) | vy Ll Joogny Tr J) N SR (128KN/m2)

ey gloa¥) Jo g8 ) o8 oM s by S0 Gl ks Do s G500 pasiad ), S0, s
(el DY) duonly Sloge ooy Jlr g

.b@w@»w@wﬁuw\%g



o/ KN /m? 7 = o/ xtan(¢/) + C/ KN/m?

50 36
180 129.6
500 360

400
« 360
. sl g gyl 3 ¥ Lasdl b

150 KN/m? =
) 8 lanally Ll (5

R =/129.62 + 902 = 157KN/m?

300
250
200
150

29035 $)e
100

Shear Stress at failure (KN/m2)

270 KN/m? (g5l

[0
o

100 300

Effective Normal Stress (KN/m?2)

400 500 600

270 - 180 = 90 KN/m?

: (Failure envelope) ey o L0 5 lasdl

slow) Job o0 (%) ysoa (Failure envelope) e L g s (071, 07) o Olus Oglladl (O'f =129.6) s
e pabre el Jilly il s g S5 (ageall Lol oo el A6 el i Sty (g2geal Jasdly g0 s i
A lall odg (01,02) ey el j5e 3l

At shear strength o/
’ 0 =—+45
2
_ 3575 e
2
0 =63°
a=90-0
a=90-63
7, =1296 |_
KN /m? a=27
o/ o normal
0 20 effective stress
<\, ™ | X
0y/ =270 — 157 = 113 KN/m?*  of/ = 180 KN/m? 6./ = 270 + 150 = 427 KN /m?
) R Ii R i

Center = 270 KN /m?
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Example 4: The following are the results of four drained direct shear tests on undisturbed normally
consolidated clay samples having a diameter of 50 mm , and height 26 mm , Draw a graph for shear
stress at failure against the normal stress and determine the drained angle of friction from the graph.

Test no. Effective Normal force (N) Shear force at failure (N)
1 67 23.3
2 133 46.6
3 214 44.6
4 369 132.3
Sol:
Test no. Normal force Effective Shear force at failure Shear Stress at failure
(N) Normal Stress (N) (KN/m?)
(KN/m?)
1 67 34.1 283 11.9
2 138 68 46.6 24
3 214 109 76.6 39
4 369 188 132.3 67
Normal force /) Normal force o7 34122.8N/m? = 34.1KN/m?
ormal force(o ) = = = 8N/m* = 34. m
Cross — sectional area of the specimen 1 %X (0.025)? / /
Resisting Shear force 53.4 5 5
Shear force(t) = : —— = = 11866.6N/m? = 11.9 KN /m
Cross — sectional area of the specimen 1 X (0.025)2
80
= 67
%‘ 70
2
g oo
< 50
= 39
< 40
®
g 30 24
& 20
§ 11.9
£ 10
“ o0
0
0 20 40 60 80 100 120 140 160 180 200

Effective Normal Stress (KN/m?)

Dl Y1 plasen) sy
tan(@/) = 0.358
9/ =19.7°
o s A Ll 463 -0.276 ged C/
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Example 5: The following are the results of four drained direct shear tests on undisturbed normally
consolidated clay samples having a diameter of 50 mm, and height 26 mm, Draw a graph for shear
stress at failure against the normal stress and determine the drained angle of friction from the graph.

Test no. Effective Normal force (N) Shear force at failure (N)
1 250 139
2 375 209
3 450 250
4 540 300
Sol:
Test no. Normal force Effective Shear force at failure Shear Stress at failure
(N) Normal Stress (N) (KN/m?)
(KN/m?)
1 250 127 1539 70.8
2 375 191 209 106
3 450 229 250 127
4 540 275 300 153
Normal force (o' ) = Normal force = 20 1273239N/m? = 127.3KN/m?
Ormatioreel® )= Cross — sectional area of the specimen m x (0.025)2 ON/m” = ' /m
Resisting Shear force 139
Shear force(t) = = 70792.1N/m? = 70.8 KN /m?

Cross — sectional area of the specimen Tax (0.025)?

153

=
D
o

127

(IR
N
o

120 106
100

80 70.8

60
40

20

Shear Stress at failure (KN/m?2)

0 50 100 150 200 250 300
Effective Normal Stress (KN/m?)

P malod) Y sl
tan(@/) = 0.555
¢/ =29°

oy N e 5 a0 0.162 lgeed C/
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Example 6: IFor a dry sand specimen in a direct shear test box, the following are given:
Size of specimen: 63.5 mm X 63.5 mm X 31.75 mm

Angle of friction: 33°
Normal stress: 193 KN/m?

Determine the shear force required to cause failure

Sol:
cC=0

125 % 103 — shear force
=0/ xtan(9/) + ¢/ X 0.0635 x 0.0635
7, =193 x tan(33) + 0 shear force = 505.4 N

7; = 125KN/m?
Example 6: A direct Shear test is carried out on a clay soil sample, at different normal Stress,
the results of shear stress a horizontal displacement are shown on the figure, determine the

peak and residual Shear Strength parameter.

250 Peak shear strength Residual Or Ultimate shear strength

©
Q.
=
g o3/ =150 kpa
&a
g o,/ =100 kpa
<
(7s]
o,/ =50 kpa
0 1 2 3 4 5 6 7 8

Horizontal Deformation (mm)
Sol:

28 Aol o wisl, (Shear Stress!) Cp (Residual }\) y (Peak ) I ( Shear parameter ) ces Chi Izl oo 2kl
e b oo Ll V) gk e 51 ( Shear parameter)|) oo do )l s (Tvso) - (Residual }\) 5 (PeakJ\)

Test no. Effective Normal Shear Stress at failure peak | Shear Stress at failure
Stress (Kpa) (Rpa) residual (KN/m?)
1 50 80 48
2 100 130 99
3 150 185 148

223



200 185

A
— ‘Xe“% ........ o
E peak SN T 148
2150 g et °
(1 . o et Stte“gt
I e 99 . mate s eat
=00 e T 0 0 U\t\
R 80 et e 1duad
) R T e Res‘
® | e e
@ e 48 e
g 50 B L IO, o
v o e
& e
g N
20 20 40 60 80 100 120 140 160
-50
Effective Normal Stress (KN/m?)
tan(q)/residual) =1 tan((b/peak) = 1.05
@/ = 45° @/ = 46.4°
o s NIl 43 -1.7 g C C/=27

Triaxle Test

(385 ,go) Ailie o 555y gl pn e e 2 L) s 3y (Shear Parameter ) Sluod 5] LMo ool 3T
Cino b Bllaul S o sl 8l uas, ) a3 ey Seilezs 2 LS 85l e 1T (T (Undisturbed specimen)
AM Ll s 3y, Bl sy & wu it (Sot el o oo V6 o olll il S 05,

MWl 3 pasd) gzt gy (03) e e Aé,u iy Aozl Laomall ol Y ) sl il Laomall ol Alas 2 ol
3 Aad oy (Al Land) dcall alez) ) (o050 os b Joae Jaodl el &y o 4 (03) Solunsy Solude oy SO
X,\ﬂ\ dad oo Loy (Deviator stress)l) dall baze ;S F) (804) s, (Proving RingJ)) » (Ad,) slez
sy (03) pamdl slez 835 02 50 IS 2y SN o Do 3 il 1S 2y, Bl e o Bume SV Lo (AD) &l

0, = 03 + Adgy

o, is called axial Stess

o5 is called Radial Strss (cell Pressure) Or confining stress
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Ag, LIJ L) Zhs

I ol G
Al ag sy bollas JLus
bl gy b s e
Ji=> oo lglemy &l Lo 03
o Lol oL

Perspex cell dalas Zé\jja..j\

03 g Gl laows bjrns slo

T3iall b il (pore water) Wl loxs ol
Pedestal . (AV) il o= 03 ):.J\j
Sty Joodl &) 5 05 e =
N &gl Vs olall iy puas Axial Strain (g,) = n

@b olge fw 4 dor g Joddll
.ol 2y

Volume Strain (g,) = 2

N
Over Consolidated Clay

<

o)
< Dense Sand

3 /\

%]

)

~
& Aoy 7}

~

2 / Loose Sand Or
S
'§ Aay Normal Consolidated Clay
Q

v v R
<= i Axial Strain ¢,
15%
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Change in height of specimen (Vertical displacement)

Expansion

Compression

Over Consolidated Clay

Dense Sand

N
7

Axial Strain g,

Loose Sand Or

Normal Consolidated Clay
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:&gdﬁjﬁykﬁduﬁumuﬂmj\@

0, =03 + Adgy

Ao,
S ¢ 03 O3
< 7 — «—
3
-t AO'd 0-3
A
~ /N
S
E d
.5 0'3
Q AUd

A —>

T shear strength

Axial Strain ¢,

1)
~
7
03 03 03 01 01 01
< N
h - o normal stress
Aoy = 0, — 03
pd _—
~ e
Aoy = 0y — 03
4 N
~ 7
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O3

Stage 1: Confinement Stage

ij DL«J\ r\ma UK;\ O3 d A\Aﬂ-’j\ ua.:)su ;«L:\

¢l ¥ (Consolidation Sample) iy NE

lgB 55 dall oy CJfJ\ Cia..__:)a.,J\ Sle! Jary
Tl b by Dgoe

e ol ploo oS 303 J il e ol
oY (Unconsolidation Sample) Goumy 4l
Vs, 7o ot )y lae plodl Sy
.z\bﬂ\ g bon Somy

0, = 03 +Adgy

Stage 2: Shearing Stage

dho 873107 and 03 J &) a0 ol
("59\ (Drained Loading) &uwy b o oLl

ploo oS 3og and 03 J il s ol
&59\ (Undrained Loading) ¢susy 4 o olsel)
I el el s i Y

.(Consolidation Drained) ,lusY) - u:i \¢d, (Stage 1+Stage 2) 5 75 VL”A\ C)Kb\
.(Consolidation Undrained) ,lus-Y) V"“\ ng &3, (Stage 2) 2 By (Stage 1) S 7 VL"’A\ QKS\
.(Unconsolidation Undrained) ,lzs-Y) - o ey (Stage 1+Stage 2) 3 3las r\«aﬂ QKS\

(Triaxle ) jler 3 Shlas¥ 15t el
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Consolidation Drained (CD) Or (S) Test.

Al 7l Ll g iy L 1 oy oo Lo B0 e Bt B Bl 5 s Bl o

A g s ol i 05 il s

36l el Zoylis wlue ML, (U=0) o (5lus (Pour Water Pressure) _plusd) oLl lais 5 JLas¥) a3
C,0/) 555 ¥ n IS5 o osry I (Shear ParameterJ) Ly (/) Sr¥1 3 A0S

(N =O'1/,O'3 =O'3/

l0-3/ = 03 — Uc(O) lo-l/ = 03 + Ao-d - Uf(O)

/= —_—
03/ = 03 = Uc(0) 03" = 03 = Ur(0)

ﬁ e__

N /]\ /]\
< Stage 1: Confinement Stage Stage 2: Shearing Stage
S
S
)
3 Over Consolidated Clay
1%
~
3
< /
o )
|
‘73/ 03/ 03/ 01/ 01/ 01/
h - o/ Ef fective normal stress
Aoy = o)/ — a5/
Aoy = o4/ — a5/

Aoy = 0,/ — a5/
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T shear strength
~

>
A\ 4

o3/ o,/

N

~
7

Aoy = 0,/ — a5/
d 1 3 o/ Ef fective normal stress

Consolidation Undrained (CU) Or (R) Test

{CD) Test o gl 55 ) Jaas

(U=0) o sslus ¥ (Pour Water Pressure) qoLMJ\ Al Lans jS‘ Sl s 2
(€, 0,€,0) Sl LV lin 3 b o Ko

0'1/20'1—”, 0'3/20'3—U

(ke ) ) o ) Ly g Agy Joesdl Tay Y
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T shear strength

03/ = O3 _UC

03/ = 03— Uc
ﬁ e__

Stage 1: Confinement Stage

0,/ = 03+ Aoy — Up

03/ = 03 _Uf

Stage 2: Shearing Stage

DR

Au
c/ ] Au o normal stress
C$ pd N
~ P
~
T 7
0'3/ 0-3/ 03 03 0-1/ (oF} 0'1/ (]
N
= Sandy Soil Or
> 0]
S Normal Consolidated Clay )
S
%)
S
S 1)
[%)
~
o normal stress
- + >
03/ 03 01/ 01
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Unconsolidation Undrained (UU) Or Quick (Q) Test

Y O Lya ¥y Cipas sy ¥ o d})\\ﬂ\%‘&&ﬂ\y@@&#\&}u&ﬁﬂ\ o

Y c\f\tﬁy RV ng(vinitial = Vfinal) L;\ M\V»L;)Wbyydj\ Lf” L M\uﬂa\“ﬂ w).mu.\qus\\.&
2 b (LA Jaay sl 7y 5 ey Y Y ol Jo Blisd) o il slsyy 5LV J2) (o Sl 3 5 e

IG‘inal = Vinitial
AH
Af X <1 - H—O) = AO

Arx (1—gg) = A

—_—
7

T shear strength

@)

prdl 3 i g Y5 2 g i J 130 U

3l ¥ (Pour Water Pressure) sl oLl Jasz o sV a3
(o) Lﬂ;&sx RSN DS 3l gl doglie Dlus N, (U £0) jio
(C,0) s skl lia s e oo, J (Shear Parameter))

oo (ot e Y 2l STy Al gl 3 o) L) s S=100% iS5

A, = AO Q)=0andC=CMAX
T7-e) S 2155 eales gl dall o6 S<100% S Lois
@ and C
10'3/ = 0-3_UC lo’l/=0-3+AO'd_Uf
/ 03/=G3_Uf
0'3 = 0-3_UC
— > «— —> —

|

Stage 1: Confinement Stage

~
7

€

S < 100%

|

Stage 2: Shearing Stage

| S =100%

03 03

> 9=0
70

|
03 09

0 normalt Stress
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Unconfined Compression Test gasd| & loaall jlaz-|

(C)eslesd) &ep 110 Cohesive Soil (C-Soil) darall iulead) &) o Jomadl 3 (52 L) oo
Sl ol

1. Proving (&elud) e 55dll 5613 9 52l r.\m &y 43Y g dils)

| Ring.
;' 3 . 2. Dial Gauge. (M gyl 3 il ol pases delL)
\ z 3. Fixed Unscrew.( gslall Sl 52 oy 2 ¥ 2o 2lo)
| l 4 4. Cohesive Soil Specimen. (@ = 0 (sl dariuny Slato ;¢ &uall)
— : 5. Removable Unscrew. (&xal) Laaall JoS S Jaud) )

2.5 (gl Wb ISl Al s (el ploal) 36 o iy s oo oy A5 S il e ol ST AD) A5 e sl
oo daal) o ).Mi.: dl\ (Pp) aesl N 353l 56\ 3 355y 03 = 0 S Lais L;.ub RPPRINWIE u\.a.J\ S\ &y o 9 <l 3 25 [P
Aed v,»';\ p‘y ddl one J,..Sa A (Stress ) sz ¥\ Clusd, (Dial GaugeJ)) (4o (Ah)il )\ iVl 5\ 3 15, (Proving RingJ)
W) ol g b e (Straind)l) Olued Lyl deal) Lld) doliad) o &l laie oS )l )1 553

Pr

03=0 Q=9 =g
Ao

A= —2—

4 (1_5a)

:g‘.:\)\ J\uﬂﬂj sl oM BVl () 2

A
§ Stiff Clay
s
e qu x
S Soft Clay
=
<
© qu
V S
< —> € Axisl Strain
15%
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—
7

Sy = Undrained Shear Strength

_
7

T shear strength

@)

N

N

S e 303 = 0 L

Su for NC

Undrained Shear Strength for Normally
consolidated Clay (NC)

Sy 1 . ,
57 = 0.45(PI)z Pl indemical and > 0.5

o

Sy

P,/

0.11 + 0.0037PI Pl in percent

Su = Undrained Shear Strength

Po’ = In Situ overburden stress ( @,‘J\ RoRwES))

PI = plasticity index

Cy
P,/ .
Over consolidated Clay

(0.C.R)%® =
Cy
Po/
Normally consolidated Clay
Cy 0.5
B = (0.23 £ 0.04)(0.C.R)*
(0]

L

JEESTRT

7

o Normal Stress

201 =0p (qy) Wls

Representative values for angle of internal friction ¢

Type of test*
Unconsolidated- Consolidated- Consolidated-
undrained, undrained, drained,
Soil U Cu cp
Gravel
Medium size 40-55° 40-55°
Sandy 35-50" 35-50"
Sand
Loose dry 28-34°
Loose saturated 28-34°
Dense dry 35-46° 43-50°
Dense saturated 1-2" less than 43-507
dense dry
Silt or silty sand
Loose 20-22° 27307
Dense 25-30° 30-35°
Clay 0° if saturated 32 20-42°

50 T T T T T | T T
‘0,_ -
. O i
2 @
N
30~ Undisturbed clays o
g o A—ISundnddtv'ﬂlion
v = S s — e
; 20'- S S w— —————
10+ e .
_---"—--~--_‘
0 ] ] K 1 4 1 i ]t L
0 10 2 3 40 50 60 70 80 % 100
1, percent 3



Comparison of Triaxle with Direct Shear Test

The advantages of the triaxle test over the direct shear test are:

1. Progressive effects are less in the triaxle.

2. The measurement of specimen volume changes are more accurate in the triaxle.
gl 38 ekl a3 STl e S Sl 13 2

3. The complete state of stress is assumed to be known at all stages during the triaxle test, whereas only the

stresses at failure are known in the direct shear test.

gl L p el e eVl o e 3 gl 300 Jenall Lol T Lol e 3 585 e S Al o 2 3
bl el s

4. The triaxle machine is more adaptable to special requirements

Al ol Sl o S e 3,58 ST bl 338 Laral 47 4

Example 7: A consolidated-drained triaxle test was conducted on a normally consolidated clay
the results are as follows:

_03 =276 KN/m? C’'=o0
_Ao, = 276 KN/m?

Determine:

1. Angle of friction @.

2. Angle 6 that the failure plane makes with the major principal plane.

8. Find the normal stress and the shear stress 7¢ on the failure plane.

4. Determine the effective normal stress on the plane of maximum shear stress

l 03/ =276 -0 = 276KN/m* 6,/ = 276 + 276 — 0 = 552KN /m?

03/ =276 — 0 = 276 KN /m?

| T

Stage 1: Confinement Stage Stage 2: Shearing Stage

03/ =276 —0 = 276 KN /m?>
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1. sin(@/) =

1
2 (01/ — 03/)

%(552 —276)

@/ =19.47°

@/ 19.47
2.0 =45+ — =45+

2 2

Ccot(@) + 2 (0 +05/) 0 cot(@/) + (552 + 276)

—— = 54.74°

1 1
3_0-f/ - E(0-1/ + 0-3/) + E (o’l/ — 0'3/) cos(20) =

1 1
5(552 +276) + 5(552 — 276) cos(2 x 54.74) = 367.98KN /m?

1 1
T = E(al/ — 03/) sin(20) = 5 (552 = 276) sin(2 x 54.74) = 130KN/m*

1 1
4.0f/ — E(Ul/ +ay/) + > (01 — 05/) cos(26) =

1 1
5(552 +276) + 5(552 — 276) cos(2 X 45) = 414KN /m?

T shear strength

7r = 130KN /m?

&
S

A\

The maximum shear stress will

occur on the plane with 8 = 45

of/ = 367.98KN /m?

Vi ~
>

o3/ = 276KN /m?

o,/ = 552KN /m?

276KN /m?

o/ Ef fective normal stress
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Example 8: The equation of the eftective stress failure envelope for normally consolidated clayey
soil is T = 0 tan 30° . A drained triaxle test was conducted with the same soil at a chamber-
confining pressure of 69KN/m?. Calculate the deviator stress at failure.

Sol:

o/ o/
o,/ = a3/ tan? (45 + 7) + 2C/ tan <45 + ?>

30 30 5
o,/ =69 X tan? (45 +7) + 2 X Otan (45 +7> =207 KN/m
Ao, = 0,/ — 05/ = 207 — 69 = 138 KN/m?

Example 9: The results of two drained triaxle tests on a saturated clay follow:
Specimen I:

— 2
~03 =70 KN/m 0, = a5 + Agy = 70 + 130 = 200 KN /m?
_Ao, = 130 KN/m?
Specimen II:
_o3 =160 KN/m? 0, = 03 + Ady = 160 + 223.5 = 383.5 KN /m?
_Ao, = 2235 KN/m?

Determine the shear strength parameters.
) plasaly ol

450

400
20=0

350

300

250

200

150

Shear Stress at failure (KN/m?2)

100

50

0 50 100 150 200 250 300 350 400 450
Effective Normal Stress (KN/m?)

Yol pluscly Jod!

o Logs boasrad i € ) ded Sllld 5% Lose ISV &1y sl At dslas (sl

o o —ar o \ 200 — 383.5\°°
0=2|tan1[—L LU} 5| oo ant (o 2222)  _45) =19.70
0'3/(1) - 0'3/(11) 70 —_ 160
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1
2 CE )

C cot(@/) + % (01/ + a3/)

sin(@/) =

2(200 - 70)
C=20.7 KN/m?

sin(19.7) = 1
C cot(19.7) + 5 (200 + 70)

Example 10: A specimen of saturated sand was consolidated under an all-around pressure of
1056KN/m?, the axial stress was then increased and drainage was prevented. The specimen failed
when the axial deviator stress reached 70KN/m?, the pore water pressure at failure was
50KN/m?. Determine:

a. Consolidated-undrained angle of shearing resistance @

b. Drained friction angle o

o, =105KN/m*> o = 0, + Aoy = 105+ 70 = 175KN/m*> Uy = Au = 50KN/m?

log/ = 105KN/m? 0,/ =105+ 70 — 50 = 125KN /m?

03/ = 105 — 50 = 55KN/m?

03/ = 105KN/m?
ﬁ e__

Stage 1: Confinement Stage Stage 2: Shearing Stage

2 (01— 03) ) 2 (175 — 105)

1. sin(@) = @ = 14.48°

C cot(®) +%(01 + 03) - 0 cot(®/) +%(175 + 105)

1 1
5 (01 — a3/ 5(125 - 55
AGCD = 2 ) ¢/ =22.9°

2. sin(@/) = 1 = T
C cot(@/) + 7(01/ +03/)  0cot(@/) + 7(125 + 55)
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450

400

350

300

250

200

150

Shear Stress at failure (KN/m2)

100

50

0 50 100 150 200 250 300 350 400 450
Effective Normal Stress (KN/m?2)

Example 11: An over consolidated clay deposit located below the groundwater table has the following:
Average present eftective overburden pressure = 160KN/m?

Over consolidation ratio = 8.2

Plasticity index = 28

Estimate the average undrained shear strength of the clay Cu.

C

—% = (0.23 £ 0.04)(0.C.R)**

Po

Cu

Teg = (023 £0.00(3.2)% Cu = 77.28KN /m* — 54.4KN /m*

Example 12: The following are the results of four drained direct shear tests on undisturbed normally
consolidated clay samples having a diameter of 50 mm, and height 26 mm, Draw a graph for shear
stress at failure against the normal stress and determine the drained angle of friction from the graph.

Test no. Effective Normal force (N) Shear force at failure (N)
1 250 139
2 375 209
3 450 250
4 540 300
Sol:
Test no. Normal force Effective Shear force at failure Shear Stress at failure
(N) Normal Stress (N) (KN/m?)
(KN/m?)

1 250 127 139 70.8

2 375 191 209 106

3 450 229 250 127

4 540 275 300 153
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N T ( /) _ Normal force _ 250 — 127323.9N /m? = 127 3KN /12
Ormatioree\9 ) = Cross — sectional area of the specimen 1 x (0.025)2 ON/m” = 127.3KN /m

Resisting Shear force _ 139
Cross — sectional area of the specimen  m X (0.025)2

Shear force(t) = =70792.1N/m? = 70.8 KN /m?

=
(o]
o

153

=
H o
o O

127
120 106
100

30 70.8

60

40

20

Shear Stress at failure (KN/m?2)

0 50 100 150 200 250 300
Effective Normal Stress (KN/m?)

tan(@/) = 0.555
@/ =29°

oy N e 50 0.162 lged C/

Example13: Consider the clay soil in Example12. If a drained triaxle test is conducted on the
same soil with a chamber confining pressure of 208 KN/m?, what would be the deviator stress at
failure?

o/ o/
o,/ = a3/ tan? (45 + 7) +2C/ tan <45 + 7)

29 29
o,/ =208 X tan? (45 + 7) +2 X 0 X tan (45 + 7) = 600KN /m?

Ao, = 0,/ — 03/ =599.47 — 208 = 392 KN/m?

Example14: Consider the clay soil in Example13.
a. What is the inclination of the failure plane with the major principal plane.

b. Determine the normal and shear stress on a plane inclined at 30° with the major principal plane
at failure. Also, explain why the specimen did not fail along this plane.
o/ 29
a. 6 =45+—=45+—=159.5°
2 2
Gk B o ol s lasse Suoy M Al e 41 8 =30 Jley xi TRE 0 A ol bl Sou Sl 0 U1 53
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T shear strength

ok o laby ST Ay g0 5215 ol MU JB w0, = 208KN/m? 88 01/ = 600KN/m? bissor

o/ + ag/ _ 600 +208

Center = > = 2 = 404KN/m?
/ /
. 0, — 04 600 — 208 )
Raduis = > = > = 196KN/m
N ,
7, = 278.3KN/m
’ / o =29
T = 169.74KN/m?
‘%\S
&
2
/
1S
20 = 2 x59.5 =119 6 =2x30=060
o5/ = 208KN/m? o,/ = 600KN /m?
<>
2
404KN/m Rcos 26 o/ Ef fective normal stress
196 X cos 60
98KN /m?

1 1
—T=3 (01/ — 03/) sin(26) = 5 (600 — 208) sin(2 x 30) = 169.74KN /m*
—T; = 0f X tan(®) +C

7 = 502 X tan(29) + 0 = 278.3KN/m?

—0/ = 404 + 98 = 502KN /m?

Note: The relationship between the relative density Dr, and the angle of friction @ , of a sand can
be given as @/ = 28 + 0.18Dr (Dr in %).

Example 15: A drained triaxle test was conducted on the same sand with a chamber-confining
pressure of 150KN/m?, the sand sample was prepared at a relative density of 68%, Calculate the
major principal stress at failure.

@/ =28+ 0.18Dr = 28 + 0.18 X 68 = 40.24

o/ o/
o,/ = a3/ tan? (45 + 7) +2C/ tan <45 + 7)

40.24 40.24
o,/ = 150 X tan? (45 + T) + 2 X0 X tan (45 + T) = 697.44KN /m?>

Ao, = 0,/ — 03/ = 687.44 — 150 = 547.44 KN /m? 241



Example 16: For a normally consolidated clay specimen, the results of a drained triaxle test
are as follows:

_ Chamber-confining pressure = 125KN/m?.
_ Deviator stress at failure = 175KN/m2.
o, =125kN/m? o,/ = 0,/ + Aoy = 125 + 175 = 300KN /m?

Determine the soil friction angle.

1 1
(a0, — a5/ =5(300—125
2(0'1 0'3) _ 2( ) ®/=24.30

sin(@/) = i = T
C cot(@/) + 7(01/ +03/)  0cot(®/) + 7(300 +125)

Example 15: In a consolidated-drained triaxle test on a clay, the specimen failed at a deviator
stress of 124KN/m?, If the effective stress friction angle is known to be 31°, what was the
effective confining pressure at failure.

03/ =XKN/m?> o/ = 03/ + Aoy = (X + 124)KN/m?
o/ o/
o,/ = a3/ tan? 45+? + 2C/ tan 45+?
31 31
X+124)=X X tan2(45+7>+2><0><tan(45 +7>

03/ = 58.4 KN/m?

Example16: A consolidated-undrained triaxle test was conducted on the same clay with a
chamber pressure of 108KN/m?, the pore pressure at failure Au = 33KN/m? . What would be the major

principal stress g,/ at failure When (D/ = 31°.
o, =103KN/m?> oy = 0, + Aoy = (103 + Aoy )KN/m? Uy = Au = 33KN/m?

03/ =103 33 =70KN/m?* o,/ = 0, + Aoy — Au = (103 + Agy) — 33 = (70 + Agy)KN /m?

1
2 (01/ = 03)

C cot(@/) +%(01/ + a3/)

sin(@) =

%((70 + Agy) — 70)

sin(31) = Aoy = 180.54KN /m?

0 cot(9/) + % ((70 + Aay) + 70)
0/ =0, + Agy = (103 + Agy) — 33 = (70 + 180.54) = 250.55KN /m?

0, = 0, + Mgy = (103 + 180.54) = 283. 54KN/m>
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Example16: Following are the results of consolidated-undrained triaxle tests on undisturbed
soils retrieved from a 4m, thick saturated clay layer in the field ys,; = 19KN/m?3.

a. Estimate graphically the Mohr—Coulomb shear strength parameters €/ && @/.
b. Estimate the shear strength in the middle of the clay layer.

Test no. Chamber pressure Deviator stress Pore pressure at failure
03(KN/m?) Aoz (KN/m?) Au (KN/m?)
100 170 -15
2 200 260 -40
3 300 360 -80
Sol:
Test no. o3/ (KN/m?) 01 (KN/m?) o1/ (KN/m?)
1 115 270 285
2 240 460 500
3 380 660 740

) o Lo boasard iy € ) e Al )56 Loe 21 2y Sl Raso Wslas (la

I — g N\ 0.5
(%1~ 91 (11)) ( ~ (285 - 500) )
o =2|tan | ———— —45 | =2 tan | ———— —45]=15.3°
( (03/(1)—0'3/(“) 115—240
1
7(01/ D)

C cot(9/) +%(01/ + 03/)

sin(@/) =

2(285 — 115)
sin(15.3) =

I C =36 KN/m?
C cot(15.3) + 5 (285 + 115)

900
800
700

600 < 0=16

500

400

300

Shear Stress at failure (KN/m32)

200
100

0
0 100 200 300 400 500 600 700 800 900

C =37 KN/mZ Effective Normal Stress (KN/m?2) 243



b.o/ =y xh=(19-9.81) x 2 = 18.38KN/m?
T=0 Xtan(@)+C
7 = 18.38 X tan(15.3) + 36 = 41KN/m?>

Example16: A consolidated-drained triaxial test was conducted on a normally consolidated
clay with a chamber pressure o, = 172KN/m?* , The deviator stress at failure Agy = 227KN/m?.

Determine:
a. The angle of friction Q)/.

b. The angle 6 that the failure plane makes with the major principal plane.

c. The normal stress g¢/, and the shear stress, 7; on the failure plane.

o, = 03/ = 172KN/m? o,/ = 03/ + Aoy = (172 + 227) = 339KN /m?

3
1
? (0'1/ - 0'3/)

C cot(@/) +%(01/ + 03/)

a. sin(@/) =

%(339 - 172)

sin(@/) = 9/ =19.1

0 cot(d/) + % (339 + 172)

o/ 19.1
b.O = 45 +7=45 +——= 54.55

1 1
1 1
5(339 +172) + 5(339 —172) cos(2 x 54.55) = 228.2KN /m?

1 1
T = E(al/ — 03/) sin(26) = 7 (339 —172) sin(2 X 54.55) = 79KN/m’

:Example 17: The results of two consolidated-drained triaxle tests on a clay are given below:

Specimen I:

_o3 = 105 KN/m?
0, = 03 + Aoy = 105 + 220 = 325 KN /m?
_Ag, = 220 KN /m?

Specimen II:

_03 =210 KN/m?
0, =03 +Ady; =210 + 400 = 610 KN/m?
_Ao, = 400 KN /m?

a. Determine the shear strength parameters.

b. What are the normal and shear stresses on a plane inclined at 40 to the major principal plane for
Specimen I. 244



c. What are the normal and shear stresses on the failure plane at failure for Specimen II.

ol —agid \°F 325 — 610\*°
a0 =2 tan—1< 1/<’> 1/“”) —45]=2 <tan—1 <—> - 45) = 27.6°
R . 105 — 210

1
2 (01/ = 03/)

sin(@/) = T
C/ cot(@/) + 7(01/ + a3/)
1
7(325 —105)
sin(27.6) = T C/ =12 KN/m?
C/ cot(27.6) + 7(325 + 105)
b. 6 =40

1 1
C. af/ = 5(01/ +a5/) + 5(01/ — 03/) cos(20) =

1 1
5 (325 + 105) + - (325 — 105) cos(2 x 40) = 234. 1KN /m”

1 1
T = E(al/ — a5/) sin(20) = 5(325 —105) sin(2 x 40) = 108.85KN /m?

o/ 27.6
c.O=45+—=45+-""=758.8

2 2
1 1
Jf/ — E((;1/ +a5/) + 5(01/ — a5/) cos(20) =
1 1
5(325 + 105) + 5(325 — 105) cos(2 x 58.8) = 164KN/m2

1 1
T = E(al/ — a5/) sin(26) = 5(325 —105) sin(2 x 58.8) = 97.5KN /m?
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Example 18: A clay sample was Normally consolidated in a triaxle test chamber under an all-
around confining pressure of 152KN/m? The sample was then loaded to failure in undrained
condition by applying an additional axial stress of 193KN/m?A pore water pressure sensor
recorded an excess pore pressure -27.6KN/m?. Determine the undrained and drained friction
angles for the soil

o, =152KN/m?> o0, = 0, + Aoy = 152 + 193 = 345KN/m* Uy = Au = —27.6KN/m?

o3/ = 152+ 27.6 = 179.6KN /m? o,/ =152+ 193 + 27.6
= 372.6KN/m?

o3/ =152+ 27.6

o5/ = 152 4 27.6 = 179.6KN /m? = 179.6KN /m?

ﬁ e__

Stage 1: Confinement Stage Stage 2: Shearing Stage

| 2 (01— 03) 2(345 — 152)
sin(@) = I = I Oyn = 23

C cot(Q) + 5 (o, +03) 0cot(®/)+ 7(345 + 152)
%(01/ —a3/) %(327.6 —179.6)

sin(@/) = = o/p=17°

C cot(@/) + % (0,/ +a3/)  0cot(®/) + %(327.6 + 179.6)

Example 19: The shear strength of a normally consolidated clay can be given by the equation
7, = 0/ X tan(27) Following are the results of a consolidated-undrained test on the clay.

_ Chamber-confining pressure = 150KN/m?.

0, = 05 + Agy = 150 + 120 = 270 KN/m?
_ Deviator stress at failure = 120KN/m?.
a. Determine the consolidated-undrained friction angle.

b. Pour water pressure developed in the specimen at failure.

2 (01— 03) ) 2(270 - 150)

a.sin(@) = Qyn = 16.6

C cot(Q) +%(O‘1 + 03) - 0 cot(®) +%(270 + 150)
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b. 0, = 150KN/m* o0y = 0, + Aoy = (150 + 120) = 270KN/m* Uy = Au = X KN/m?
03/ = (150 = X)KN/m?* 0,/ = 0, + Agg — Au = (270 — X)KN /m?

1
2 (01/ = 05/)

sin(@/) = T
C cot(@/) + 5 (01/ + 03/)

2(@270 - x) - (150 - X))

sin(27) = Au = 77.8KN/m?

0 cot(8/) +5((270 = X) + (150 — X))

Example 20: If a consolidated-drained test is conducted on the clay specimen of Example 19.
with the same chamber-confining pressure of 150KN/m2, what would be the deviator stress at

failure.
1
sin((b/): 2( ! 7 3)
C cot(@/) + 7(01/ + a3/)
1
=((150 + X) — (150
sin(27) = 2 (150)) Aoy = 249.44KN /m?

0 cot(9/) + % ((150 + X) + (150))

Example 21: A consolidated-undrained triaxial test was conducted on a dense sand with a

chamber-confining pressure of 138KN/m?, Results showed that (b/ =24 && @ = 31, Determine
the deviator stress and the pore water pressure at failure. If the sand were loose, what would have
been the expected behavior.

o, =138KN/m?> o0y =0, +Acy = (138 + X )KN/m? Uy = Au = X,KN/m?

0'3/ = (138 = X,)KN/m* 0,/ = 0, + Aoy — X, = (138 + X;) — X,KN/m?

1
5 (01 — 03)
sin(@) = o 1 :
C cot(Q) + 7(01 + 03)
1
>((138 + x,) — 138
sin(31) = 2 — ) Acy = 293.1KN /m?
0 cot(9/) +5((138 + X,) + 138)
Loy _ gt
5 \014/ — O
sin(@/) = 2(% - /)
C cot(9/) + 7(01/ + a3/)
n(28) %((138 +X; — X;) — (138 —X3))
Sin =
0 cot(®/) + % ((138+X; — X;) + (138 — X;))
1
>((138 +293.1 - X,) — (138 — X,)
sin(24) = 2(( 2) ) Au = —75.75KN /m?

0 cot (/) +%((138+293.1 - X,) + (138 — X)) 247



Note for A Consolidated — Undrained triaxle test

A
Loose Sand Or
Normal Consolidated Clay
S
< >
K Axial Strain g,
Over Consolidated Clay
Dense Sand
\%

Example 22: A Consolidated — Undrained triaxle test was conducts on a saturated normally

consolidated clay the test results are o3 = 90 KN/m? , 0, = 221 KN/m?, Pour water pressure at
tailure 38 KN/m2 .

1. Determine C, @ ,C/,@/.
2. Sketch the stress — strain curve for the soil sample.
3. Sketch the pour water pressure — strain curve for the soil sample.

4. Sketch the change of volume — strain curve for the soil sample.

1. € = 0,C/ = 0 Because normally consolidated clay

1 1
) 2(0'1 —0'3) 7(221—90)
sin(@) = I = I Oyn = 25
C cot(Q) + 5 (o, +03) 0cot(®/) + 7(221 +90)
%(01/ —a3/) %((221 —38) — (90 — 38))
sin(9/) = il = ; 0/ = 34°
C cot(@) +5(a/ +a5/) 0 cot(®/) +5((221 - 38) + (90 - 38))
2.
N

S

<

%)

$

5

2 )

§ Loose Sand Or

3

'§ Aoy Normal Consolidated Clay

Q

7 -

Axial Strain ¢,
15%
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A
Loose Sand Or
Normal Consolidated Clay
=
3
>
Axial Strain g,
\
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=
=
)
=
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g =
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Example 22: In a direct shear test conducted on a dense sand. The sample fails at a shear
stress of 150 KPa, when the normal stress was held constant at 200KPa.

1. Draw the mohr circle for the failure condition and determine

a. The angle of shearing resistance.

b. The orientation of Major and minor principal planes and the stress acting on them.
c. The orientation of plane of maximum shear stress.

2. It a specimen of the soil were to be tested in a triaxle shear under CD condition at a cell
pressure of 75 KPa, at what axial stress would the sample fail.
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a.C=0

s =0/ xtan(@/)+C/

150 = 200
b.

500
450
400
350
300
250

200

Shear Stress at failure (KN/m2)

150
100

50

c. 0 =45

xtan(@/)+0 @ =36.9

o/ KN /m?
50
200
600

sl ks Caus (gple 3 81 sl Jgbo
150 KN/m* =
) 8 lacnally lewld (3,

R = /1502 + 902 = 175KN/m?

100 200

290 - 200 = 90 KN/m?

7 = o/ x tan(®/) + C/ KN/m?
38
150
451

300 400
Effective Normal Stress (KN/m2)

1 1
o/ = E(crl/ +a5/) + 5(01/ — 03/) cos(26) =

1 1
5(465 + 115) + 5(465 — 115) cos(2 x 45) = 290K N /m?

1 1
T = E(al/ — 05/) sin(26) = 5 (465 —115) sin(2 x 45) = 175KN /m?

2.sin(@/) =

sin(36.9) =

1
2 (01/ — 03/)

C cot(®) +%(01/ + a3/)

2((75 + 80) — 75)

0 cot(@/) + % ((75 + Aay) + 75)

Aoy = 225.4KN /m?

451

23035 S

500

.290 KN/m? @Lﬁi 7]

600

0, = Center + Radius = 290 + 175 = 465KN /m?
o, = Center — Radius = 290 — 175 = 115KN /m?

700
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Example 23: The shear strength of a sand can be given by the equationt = o/ tan 31° , a

consolidation — Undrained triaxle test was conducted on the sand following are the result of the
test.

All around pressure (0'3) = 112KPa, Deviator stress at failure =100.14KPa.

1. Determine the consolidated undrained friction angle.

2. The pour water pressure developed in the sand specimen at failure.

1 1
5(0y — 03) 5(212.14 - 112)
a.sin(@) = 2 - 2 Oy, = 18
C cot(@) + 5 (0, +03) 0cot(®)+ 7(212.14 +112)
1
Leos _ gl
b. sin(/) = 2(1 — )
C cot(@/) + 7(01/ + 03/)
1
5((212.14 — Au) — (112 — Auw)
sin(31) = 2(¢ ) ) Au = 65KN /m?

0 cot(®/) + % ((212.14 — Auw) + (112 — Aw))

Example 24: A normally consolidation clay was consolidated under a stresses of 169KPa ,
then sheared undrained in axial compression , The deviator stresses at failure were 118KPa , and
the induced pore water pressures at failure were 96KPa , Determine:

1. The Mohr-coulomb strength parameter in terms of total stresses(C, @).
2. The Mohr-coulomb strength parameter in terms of effective stresses(C /, ¢/ ).
3. The angle of failure plane for both total and eftective condition.

4. Effective normal stress at failure plane.

5. Shear stress at failure plane.

1. && 2. C = 0,C/ = 0 Because normally consolidated clay

| 2 (01— 03) 7(287 — 169)

sin(@) = I = I Oyn = 15

Ccot(®) +5 (01 +03) 0cot(@) +5 (287 + 169)

(02 —a/) 2 (287 - 96) — (169 — 96))
sin(@/) = T = 1 ®/p =26.5°
C cot(@)) +5 (o) +a3/) 0 cot(®)) +5((287 - 96) + (169 — 96))
0] 15 o/ 26.5

39:45+E:45+7:525 9:45+7:45+T:5825
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1 1
4, af/ = 5(01/ + 03/) + E(O-l/ — 03/) cos(26) =

1 1
5(191 +73) + 5(191 — 73) cos(2 x 58.25) = 105. 7KN /m?*

1 1
5.7 = E(al/ — a5/) sin(20) = 5(191 — 73) sin(2 x 58.25) = 52.8KN /m?

Example 25: A CU triaxle test was conducted on a normally consolidated clay sample with a
confinement pressure of 150 KPa, The sample failed when the axial stress applied was 220 KPa.

The pore water pressure was measured to be 58 KPa.
1. Determine the effective angle of friction.
2. Determine the normal effective stress on the plane of failure.

3. Determine the effective shear stress on the plane of failure.

1.¢/ = 0 Because normally consolidated clay

1 / / 1
5loy/ — o 5((370 - 58) — (150 — 58))
C cot(@/) + 3 (o,/ +a3/)  0cot(®/)+ 3 ((370 —58) + (150 — 58))
2.0 =45 /—45 33—615
0 = +7_ +7_ .

1 1
o/ = 5(01/ +a5/) + E(Ul/ — 05/) cos(20) =

1 1
5(312 +92) + 5(312 —92) cos(2 x 61.5) = 142.1KN /m?

1. Ao 1 , )
3.1 = E(a1 — a5/) sin(26) = 5(312 —92)sin(2 x 61.5) = 92.3KN/m
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Example 26: The result shown below were obtained at failure in a series of CU triaxle test, with
pore pressure measurement, on specimen of saturated clay. Determine the values of the eftective

stress parameters (C/, @/)
Specimen I:

_o03 = 150 KN /m?
_Ao, = 192 KN/m? 0,/ = 03/ + Aoy = 150 + 192 — 80 = 262 KN /m?
_Au = 80 KN/m?

Specimen II:

_o03 = 300 KN /m?

_Ao, = 341 KN/m? 0,/ = 03/ + Aoy, = 300 + 341 — 154 = 487 KN /m?
_Au =154 KN /m?

o/ —ai/ \°° 262 — 487\°°
a0 =2 tan—1< 1/“) 1/“”) —45 | =2 <tan"1 <—> - 45) =11.3°
. 150 — 300

1
2 (01/ = 03/)

C/ cot(@/) +%(01/ + a3/)

sin(g/) =

%(262 — 70)

sin(11.3) = C/ = 65KN/m?

¢/ cot(11.3) +%(262 +70)

Example 27: UU compression test was performed on a soil specimen with initial confining stress
of 15KPa. The specimen dimensions before testing were Do = 38mm, L, = 76mm. The result were

plotted as shown

18
16
14

pd
~

10

Stress (KPa)

0 2 4 6 8 10 12 14

Axial strain (%)

253



1Find the following:
1. Strain at failure.
2. Undrained shear strength.

3. Draw Mohr Circle and Show all necessary details.

4. If the same soil specimen subjected to unconfined compressive strength test, what would be
the unconfined compressive strength for this soil (qu) if the soil is saturated.

1. 6%.
2.13 KPa.

3. 0,(qu) = 03 + Aoy = 15 + 13 = 28K Pa.

4\ SU (qu) = Undrained Shear Strength

T

>

03 = 15K Pa o1 = 28KPa

T shear strength

@)

4. 0 (qu) = 03 + Agy = 0 + 13 = 13KPa

—_—

N SU (qu) = Undrained Shear Strength

J/-\

T shear strength
>

@)

0,-03 13
=7=7.5KPa

o Normal Stress

. 13
= ———=—="7.5KPa

> o Normal Stress

o3 = 0KPa o, = 13KPa
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