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Synopsis :

The aim of this booklet is to present the fundamental concept of soil mechanics appli-
cable to fill dam engineering. .

The booklet consists of two parts. Part I deals with the shear strength of fill materials
which is one of the most important design values in the stability analysis of fill dams. The
shear strength characteristics are explained by the effective stress basis. Dependency of
friction angle on confining stresses is explained by using large-scale triaxial compression
test data, _

Part I describes the fundamentals of soil dynamics, which are the most basic prinéiples
in earthquake resistant design of fill dams. Both part I and II include several exercises
for use in lecture at Public Works Research Institute, Ministry of Construction. The
authors also expect that this booklet will serve as quick reference material for practicing

engineers.

key words : shear strength, triaxial test, rockfill, soil dynamics,
shear modulus, damping ratio, wave propagation
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Part 1 SHEAR STRENGTH OF FILL MATERIALS

1. Introduction

1.1 Ciaasification of Fill Materials

LEGEND
M=IMPERVIOUS

F=SELECTED PERVIOUS
P=PERVIOUS

Fig. 1.1 Section of Fill Dam

1.1.1 Classification According to Particle Size

0 7 7 @ o | ¥
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(0.005) (2.00)
size in mxﬁ
Fig. 1.2 Size '

see "Unified Soil Classification”
1.1.2 Classification According to Permeability
a. Impervibus Materials = -
b. Semi-pervious Materials
c. Pervious Materials




1.1.3 Classification According to Function
a. Core
b. Filter
c¢. Transition
d. Shell
1.1.4 Classification According to Shear Strength Characteristics
a. Clay or Impervious Materials
b. Sand or Semi-pervious and Pervious Materials

1.2 Stresses within a Soil. Mass
1.2.1 Stress for a Granular System

2N I = 2Ty i
0= Ixd &= x e b= Tgxe RV

Table 1.1 Typical Values for Average Contact Forces within Granular Soils (Marsal, 1963)

Paticle Diameter Average Contact Force(kgf) for
in mm Macroscopic Stress(kgf/cm?)
0.07 0.7 7
60 1.36 13.6 136
Gravel
2.0 0.00136 0.0136 0.136
Sand : - ;
0.06 1.36x 10" 1.36x107° 1.36x107*
Silt
0.002 1.36x10°° 1.36x1078 1.36x1077

1.2.2 Mohr Circle
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In Fig. 1.3a
6« = 01 co8’a + o sina

= -g—'—jﬂ+u COS 2@ ivetintiiiiiiiisinniniiiniisiie e eseeseeseesteessssessesesa
2 2
ta = (01— g3) sin a cos a (1.2)
= D0 SINM 2@ vererrieiiinniinniininissnirirerssesssssnsesnsess T TTYIITTIITeeT Cerissiseraniiiines
In Fig. 1.3b
oy
} Txy
. S— X
Txy
: / r
a
&
y
Fig. 1.3b
0 = 0x COS* @+ 0y sina—2 ry sin a cos a : } (1.3)
T = —1(cos’a—sin®a)+ (o, — 0x) sin a cos a
Example 1.1
Given. Fig. 1.4
Find.  Stresses on plane A-A
=2
l / A
98 i}
3
A
h=2 stress in kgf/cm?



Answer,

(1) by using Egs. (1.2) and (1.3)
=5 o03=2 a = 120°

5+

O'a=_7'2"+

522 05 240° = 35-0.75 = 275 kgf/cm?

2

fa = 222 6in240° = —1.30 kgf/em?

2

(2) by using Fig.1.5

da = 2.76 kgf/cm?
ta = —1.3kgf/cm?

1.2.3 p—q Diagrams and Stress Paths

p Uv;‘dh
q = UVEO‘h

T
3
2
| P N
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O
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P
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-2 >
A
_3 . .
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0Oy : Origin of Planes
Fig. 1.5 Mohr Circle for Example 1.1

................................... Cne e s (1, 4)
............ e (1, 5)
"""" ‘.."..l.'“".."“".lllIlIIDll‘.l.‘..llllllIIlIllll‘lllbllll'llllllllllll".".l"l““".""“'(1'6)
lllllllllllllllllllll L Y YNy lbltoﬂonulonbnl.l‘tllihblOIIIOIDOl.lil"ill‘l"“““““(1.7)
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Fig. 1.6 Mohr Circle and Stress Diagram
(o1 increase with & constant)
1.2.4 Geostatic Stresses

Ground surface . horizontal
Nature of soil : little variation in the horizontal directions

Oy = fydz ............... e (1.8)

K = B i RO UPUPPPPPPTPIR (1.9)

K : coefficient of lateral stress or lateral stress ratio |
Ko: coefficient of lateral stress at rest or lateral stress ratio at rest(e=0)
12,5 Stresses due to Applied Loading
Assumption | Elasticity
a. Boussinesq’s Solution (Fig.1.7)

3 _ ,
Gy = %&g .................... TP Ceernerseiinen aiareerenoasenehaaiereboaet e eariteesttoathiniitetetts (1.10)

it

Or 2 7R?

Tre = gy PRI B Y LT T IT TP PIRYT R YT PRTIS O T PR TIRCPTION v (1.12)
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Fig. 1.7 Concentrated Force on Boundary of Semi-infinite Body

b. Circular Uniform Load (Fig. 1.8)

0: = apo f (1+z&)e ] (aé)Jo(ér) dé

e (‘1.13)
Trz = apo f zée”*Ji(aé)Ji(ér) dé
especially for r = (

(G)r=0 = po{l__.__lT.a_l reestrereseserarrestentdeontnrrEeriirs et erasneehebedutensesbitaserrnnensesrisnns (1.14)

(+5)

zZ
(ar)r=0=po{1+22"_ 1+’: %.*. 12 %] ........................................... e (1.15)
: (1+—‘z%~) (1+—a1r)
_ 2z
A Y 2 A

(U)r=0 = —W(/;{-%—z)g 14+— a . ool AL [ETTSPITPPeTn (1.16)
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Fig. 1.8 Uniform Load on a Circular Area




1.2.6 Effective Stress

a. Definition

i<

U=Zw‘7w '

Zw

JL;._...!..._[—_‘-]

Fig. 1.9 Stresses in Subaoil

Jv = Gvm—L1 * oot e s ennunassanenstnssssssssessssnssnessssasssossstsesstssessssssseassosssasssiasssssbnossensssasnts
ah = o‘h-——-u .........................................................................................................
= ah llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
adv
p = s | B T L D T TR T P TP VA P I RP PP YT PRYPETFIYRR
< N L el 1 S S SR
1=77 =7z
Example 1.2 (Fig. 1.10)
: 7¢=1.8t/m?
v
—_——
=10m - .
£=10m Zy=Tm 7s0=2.0t/m?
Ko=0.5
S N
P u
4 1 =
2 yd \\ " \\
smEpaRE v
[o] 20
STRESS in  t/m?
Fig. 1.10



b. Capillarity in Soil

p2= - ywhz-—- e 'l:

l)l‘:)'whl - .'.

Fig. 1.11 Pressure in Capillary Water

‘Example 1.3 (Fig.1.12)
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Se (%) ‘ : stress in  g/cm?

- Fig. 112 Pressure and Stress in' Subsoil

J: = Nz l--‘, i =:di~“llw

Uy = —P%*2 ~ of S Uw = *:T%—'(‘)‘Tw'z




1.3 Tests to Measure Stress-Strain Properties

a. Isotropic Compression

[ ]

ot o

B

Fig. 1.13 Isotropic Compression

b. Confined Compression (Oedometer Test)

NOAVSANRARKRN
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c. Triaxial Compression

|1
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]

Fig. 1.14 Confined Compression
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Fig. 1.16 Triaxial Compression

p
Ko— line
p
" 'gs= const

01= increase




d. Direct Shear

¢
|| | |
- | |
L e |

| | "

Fig. 1.16 Direct Shear

e. Simple Shear

q
I I : ,
_— / !
-— / /
— / / Ko
- - ! )

Fig. 1.17 Simple Shear

f. Torsional Siinple Shear

(
~a

|
P

P: A

sl | ' if Pa:‘Pr

Fig. 1.18 Torsional Simple Shear
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Exercises
E1l.1 Given. Fig. 1.19
Find. Stresses on plane A-A
(1) by using Mohr circle
(2) by using Egs.(1.2) and (1.3)

/a.=4kgf/cmz
0y=2kgf/cm? ‘
~
A(gf/cm2

Fig. 1.19

E1.2 Given. Fig. 1.20
Find. Magnitude and direction of the principal stresses.
(1) by using Mohr circle
(2) by using Equation

stress in  kgf/cm?




E1.3 Given. Ground with horizontal surface is subjected to uniform loading on a circular area as
shown in Fig. 1.21.
Find. Stress paths for points A to D.

circular

loading d=20m
_ p=20t/m?
10m
A
B Ko=0.4
dry sand
10m
C
10m
D

Fig. 1.21

E1.4 Given. In triaxial tests, initial conditions and loading conditions are given as follows.

(1) At first
(2) At first
(3) At first
(4) At first
(5) At first

0r=0da=2 kgf/cm?,
Or=0a=2 kgf/cxnz.
0r=0a=2 kgf/cm?.
Or=0Ca=2 kgf/crﬁ”.
0c=0a=2 kgf/cm?.

ds remains constant while ca increases to 11.66 kgf/cm?.

0s remains constant while ¢, increases to 12.89 kgf/cm?®.

.0r remains constant while da decreases to 0.31 kgf/cm?.
~ da remains constant while ¢: decreases to 0.34 kgf/cm?.

da increases to 3.41 kgf/cm? while maintaining or=4.0—0da.

Find. Stress paths for these loading conditions on a P-q diagram.

— 12—
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2. Shear Strength of Sand and Rockfill

2.1 Shear Strength of Dry Sand and Rockfill

Example 2.1
Given. Following data are obtained from standard triaxial test, i.e. keeping o constant while

increasing da. The parent rock of the materials is Andesite. Specimens are in dry condition.

Confining Peak Axial Peak Value of q - Value of p at Peak
Pressure (kgf/cm?) ' Stress(kgf/cm?)

2.0 12.22 5.11 7.11

4.0 21.22 : 8.56 12.56

6.0 30.22 12.11 18.11

8.0 37.7 14.85 22.85
Find.

(1) Angle of internal friction ¢ at each confining pressure.
(2) Angle of theoretical failure plane.

Solution.
Angle of internal friction ¢ and angle of failure plane are given by relations shown in Fig. 2.1.

4

2a
do : . -
0: On (0]
’ "%‘(0'1{4‘ Ua) !

Fig. 2.1 Relations between &0 and principal stresses at failure

1 : (m)
Rt ) —) —1

PR € R — @
7(0‘1(4-0'3() (73)‘4-1

@ = 45"_‘_% ........................... isserans Yy sesssatisnesensae Caesene tearassarieeanes TSIy teasseisenee (2.2)
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ait

............................................. 'n‘nnu'ubouuu‘uuinuunnn-ulu‘n--n‘nnruu'(z's)

tan?ay = =L eene
O3t
= lbsing _ (a) ... e TS
Ny = l1-sing (0’3): .4)
N, . flow factor
Oy q

s O3t p ¢ o

2.0 6.11 0.719 45.9 : 68.0"

4.0 5.28 0.682 43.0' 66.5°

6.0 5.04 0.669 "42.0° 66.0°

8.0 4.71 0.650 40.5° 65.3

Mohr envelope is shown in Fig. 2.2 and P — 4 diagram in Fig. 2.3.

20+

TAU (Kgf/cm?)

straight line fit

$=38.3 ~—
c¢=0.97kgf/cm?

™~ curved envelope through the origin

10 ' 20 30 40

SIGMA(Kgf/cm?)

Fig. 2.2 Mohr envelope for Example 2.1




ke

q kgf/em®

; NS
| // L

X

) S 10 IS 20 25

p kgf/cm?

Fig. 2.3 p—q Diagram for Example 2.1

2.1.1 Effect of Confining Stress
a. Mohr envelope. (Otto Mohr, 1882)

Tt = £(gp) seveiveeerens .............. e (2.5)
b. Mohr—Coulomb failure law. o ‘

= C+ antanqS---f- ........ R S ..................... (2.6)
c. In case of stralght line through the origin.

: T = o‘ntan¢ ............. T Shasisenenes Cesees Serssesressibesessies eeee (2.7)
d. Finding ¢ and ¢ from p—q dlagram :

. qs
‘ i ~sin ¢=tan &
PAN @
K C=Cos &
I \q/=a+ﬁ/ tan
a -
-
. f . by



2.1.2 Shear Strength of Rockfill

Example 2.2

Given. Test results of standard triaxial compression test are shown in Fig. 2.4.
Find. Mohr envelope, and relations of ¢o—0s and ga— 7.
Figs. 2.5, 2.6, and 2.7.

Solution.

Deviator stress, ai—a (kgf/em?)

Volumetric strain (%)

75
70
65
60
55
50
45
40

& &

= NN
O 'O .00 O O

8237

I — Vv,

13

41.48

~—
el

i

ooy

S—ta
- (5280

d3=g.0

—
: i o ———
hn o o g wnn =

—1 ~ =20
1166377 Camig >
/ Z d . -
12 7 +C%=30 ——
I i - .
= : — ’0'3-3.0
R e
3 ~4Caza0>
/ /Bi2 P =z - —
v < = Co=10 D
2,7 s %=0.5 - v
PPl TPt (22600
” ®
l//jx// L I - 10 ’_,__,. 2
L= Cal = ’A. -
S —— e — - : - Axial strain
:_.__.-—” .’/"’
\\ —’—” ~, 63'8.0
SN et e I
N S o Y
\:\\‘\‘-__-— ﬂﬂﬂﬂﬂﬂ ::-__.,_,..—-
T TPy
N
~Ss

e —

P o e e s —




Shear stress (kgf/cm?) '

T

Confining stress 'Max;.edcvlalor Max 5‘»’?{"_' .

akgl/em® (g~ J;)nki!fhﬂl' pripgll'l);lg/hé::fb

.5 6.12 6.62

] 8.41 9.41

1.5 11.62 | 13.12

2 13.01 15.01

3 16.62 19.62

4 21.33 25.33

6 28.29 34.29 g

8 34.28 42.28 e

10 41.48 51.48 g

§ 12 48.13 60.13 =
14 52.37 66.37 Z
//
/l'
yaay
A~
AN
L ]
25 50

0  Normal stress (kgf/cm?)
Fig. 2.6 Mokr envelope for Fig. 2.4

6d

T

o friction angle ¢,

¢()

. _ l_ . i |
5 O IS5
os (kgf/cm?)

30
0o 20

Fig. 2.6 Relations between ¢o and o3



—— T 6=0 tan ¢
$=39'(0s=2, 4, 6, 8kgf/cm?) /
20 ' //
7
7
e
)%
7
ki ,
% e
\-;1 7
/ .
g 10 /
B /
5 yd
& s d
e
e
e
v
/7
e .
o) :
O 10 20 30

Normal stress o, (kgf/em?)

Fig. 27 Relations between o, and =

a. Expression for Curved Mohr Envelope
o o= A(o-n)b .......... Psdvesinsiinenciversiiiasaninns dersasinanes s aaioitabearansttesresarsrsraasuensnnsansei (2 8)
b. Application of Eq.(2.3) for stability ana1y31s of mfmite slope (Fig. 2.8).

P
| LB

EL=En EL_- ‘_lw //

Fig. 2.8 Stability of Infinite Slope

\\

WeosB - kWsin 8

p— R IZXEXEREXN] IXEETEER) 2SBS0V M0 IBRRABAIBRIRNEIRIRIGOIOIINTY [(EFEN IR XYY CAB AN EBOIETIRRNIIRIIITS XXX
Fo = o BrRWaos g s (2.9)
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where
R = resisting force
W= weight of element
k =seismic coefficient
in case of R=A(a,)®

. b1 €05 B = SIN B i seene beresrenre e (2.10)
o= Alrh cos B X B0 0os B
2.2 Factors causing the Difference of Shear Strength
2.2,1 Initial Void Ratio
131 * T
12} o Ty
& nf £l
g —
~= 10 - X
% 8t [
gl
6..
B s
i K ¢
4 o
'§ Wl \_“o:/" (ee——l —o"r"—"’
2]
l -
0 0.2 03 04 0.5 06 0.7 0.8
Void ratio ~ e
Fig. 2.9 Effect of Initial Void Ratio
Mogami’s Equation
N B = K bbb bbb bbb b bbb e bt (2.11)
sing = Tte
where
eo . initial void ratio
k ! constant
2.2.2 Loading Conditions ,
a. Comparison of Triaxial and Direct Shear v
¢TRX < ¢DS ........ bissrtrersans Assssatrnnan “lll“'“"“'“““"'“‘“""'“"“‘"“"""""".";"' """ ““'(2.12)
b. Comparison of Triaxial and Plane Strain .
¢TRX7< ¢PS ...... ;.........'. ....... bassissrasnes 400ss00sanvrne SITTITTIPTITY $heevsnssanne fasssenne SIITIE preverass (2‘13)
c. Intermediate Principal Stress
b = -——————-—62—63 L AL LA IR R Y TYRYTY] desbedstaane . brssersansaa uuooun(z,14)

11— Oy
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b= 0 for TRX Qompression (02 = o)
b= 0.2—0.3 for Flane strain
= 1.0 for TRX Extension (¢ = @)

2.2,3 Anisotropic Properties

8

0.
flow factor( 0_3)
)]

- Toyoura Sand o3=2kgf/cm?

plane strain

-_"‘—-

60 Q0
é degree

Fig. 2.10 Effect of Bedding Plane (Oda)

2.2.4 Particle Size

\{/T\'\~ bedding plane

45 |-
44}
43} ® DIO
ol 50 A D30
D10 © D50
i 21 A D120
Ry
. 4o 10.5 2o
& 5.2
391 M
5 - . 15.7 9 4<'>7\
Q | . NN
g 8 D3y ©
& 37‘Jf_ . b/ dmax \
36 \1 L 1 L. | I i
1.0 .20 4.76 9.62  19.1 254 38.1 6356 dmax

Diameter of the Particle Size

Fig. 2.11 Effect of Particle Size

100




2.2.5 Gradation

e = AU i R R e (2, 15)
1.0 . ™7
[N N U N O I N ISR o130 e
0.7 |-—~—~—- - SR -1~ ~ Y S P ’
SRR @ NN N A AN B B SO R, el of - dmax 63.5mm
69|~ 08,
0.4 - meeeef = 139" .._._86] :?39 ._.Ow —— O -
Smin o- 33 @4\ 22
SOOI USRI PR v 4108 o.sqégég:g.—_ - ,...06.0.
TRk
; €Bvo.3.\~
0.1 '
i 2 3 4 5 7 10 20 30 40 50 70 100
Ue

Fig. 2,12 Effect of Uniformity Coefficient to Void Ratio

2.2.6 Parent Rock or Mineral of Sand
2.2.7 Angularity

30

20

10

round gravel (o.—oa)t fR(kg/cm?)

B0or

40t

o

(a) Triaxial

®
&
-5
6\/&
B o. //\
ny
a /6
G
[ 1 J |
I0 20 30 40

angular gravel (61— g3)fA(kg/cm?)

tfR(kg/em?)

25
24
20
1.6
1.2
0)2)
Q4

round gravel

(b) Direct shear

T

5 0Q
o &

N A ‘g}

040812162024

angular gravel tfA (kg/cm?)

round gravel

(¢) Angle of repose

C:
(n) 8‘3:3
A =¥
70> e Uc=10
o A UC:]0
> d Uc=10
60L o o
sol A% "
ait A1

45 50° eF 70°

angular gravel gA

Fig. 2.13 Comparison of Strength between Round Gravel and Angular Rock
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2.2.8 Dilatancy Energy Correction
dW = Plastic consumed energy
dU = Elastic energy -
dE = dU+dW= a1 de+ 203des

& = —(&a1t262)

=4V . dev b s e e e b e bb e b s bbeseetesteons
6]""03 == d€| }‘Uadel (2-16)
or

2.3 Shear Strength of Saturated Sand and Rockfill in Drained Condition

2.3.1 Drained Shear Strength of Sand
The behaviour of dry sand% The drained behaviour of saturated sand.

2.3.1 Drained Shear Strength of Rockfill

30r
(kgf/cm?)

N
O
T

(n— 63)(

deviator stress

S

0 20 30 40 50 60
05 (kgf/cm?)

Fig. 2.14 Comparison of Shear Strength
between Dry and Saturated Rockfill
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2.4 Stress-Strain Behaviour of Sand and Rockfill

2.4.1 Confined

Jaky’s Equation
R =

Compression
o)
5 |
8
Q
RN
S 2
S N .
10 20 ' 30
Vertical stress ,(kg/cm?)
Fig. 2.16 Stress-Strain Curves in ‘Oedometer Test
T= SiM ghereesie i s
0.6
go.s E{JAKYKO::I-slnq&__

i
>

=1
Ko=1

&
w

_1+1§- —33/%—sin¢ X

P
1+ =% +3-25

|

sing e

o
)

o
—

Coefficient of lateral pressure at rest

o Minnesota sand

x Pennsylvania sand
™ & Sangamon River sand
A Wabash River sand

0
0 o1

02 03

04 05 06 07 08
sing

Fig. 2.16 Relations between Ko and ¢'(Henderson.l963)



a. Cocfficient of Compressibility

= _de . rasbissesssrssrse s eae s s R e A ass R RS bSOt en e s s s e nebaneasentnranees ,
Ay = —dO'v (2 18)
0.68
|
1 Coefficient of compressibility = q, = - AA%
0.66 N v
§ TSy
o
i 0.64 N
= N
Tf\\
‘\\
0.62 &\6‘\-__); . \\ <
A s Sy
0.60
0 10 20 30 40

Vertical stress, o, (kg/cm?)
Fig. 2.18 e—ov Relations in Confined Compression Test(Lambe,1969)

b. Compression Index

. ' Il
067 |-~ i : ,’
' i : \\u. |
S I A —
066 [~} —i—t--o i) \ L
R i \\ i i
065 |-t - : 8 -
:8 L _{ RN HEl i mc—— N
g g ; TN
(7Y S N 4 : T
:g i 1 A N
e - . o~ . ;
B | Compression Index=C. Zog s LU x il
! : ! H
062 THH - \ il
] o ) ] -‘\‘*&.._ _ \ il
.61 : » , ™~ <)
. | ] d
i A A b b
00l 01 10 T 100

_ Vertical stress, g,(kg/em?
Fig. 2,18 e-—logo Relations in Confined Compression Test




c. Coefficient of volume change

My = Gt (2.20)

2.4.2 Triaxial Compression Test
a. Secant Modulus

2 e T8 et b et st et anr e erens oo
Es bt AEa (2-21)

Ao = (da)2— (o)
deq = (Ea)z— (Sa)l

b. Tangent Modulus

Adda = doa at da = (da) at point of interest
des = dea at  da = (da) at point of interest

I

c. Suggested Stress-Strain Curve
Kondner's Equation

01— 03 = B - PO (2_23)

or

e gh — — €8
01— 03 1 Rl’é‘a

I_i‘:—+ 20‘1— 0’35{

where
01— O3)t
R, = Y(——;L
f 01— 03)unt

Janbu’s Equation

E, = K.pa.<_qi*_> ................ T PP P TP IR TP PPIIIN L P P YT T TR (2.24)
Pa ‘
= _LGm0) 1P s e P P PP
B = E’{l 01— 03 l} ' (2.25)

from Eq.2.24
log Ei=log K +loge;
if stresses are in kgf/cm?®

— 26—



01— 03

— o ult=-L
(01— aa)ult b an asymtote

Fig. 2.19 Hyperbolic Approximation

. €a
(O’| — 03

€ 1, Rt |
(01“0'3) Ei (01“"Gs)f €a

Rf
GI - 0'3)f

€y

Fig. 2,20 Finding E{

Exercises

E2.1 .

Given. Triaxial testing results of Fig. 2.4.
Find. Stress paths in P —d diagram.

. E2.2
Given. Triaxial testing results of Fig. 2.4.

Find. Apparent ¢ and ¢ by using the solution of E2.1, assuming straight pr—qq relations.




E2.3
Given. Triaxial testing results of Fig. 2.4.
Find. A and b in Eq.(2.8).
hint ! Use relations 0, = qr— qisindo, 0 = prcos ¢o, and draw log r — log da relations.
E2.4
Given. Triaxial testing results of Fig. 2.4.
Find. Comparison between ¢, and $. at each confining stress.
o =internal friction angle
doc =internal friction angle corrected with dilatancy energy by Eq.(2.17).

E2.5
Given. Triaxial testing results of Fig. 2.21,
Find. E: and n in Eq.(2.24).

os=14kgf/cm?
. 50
S
L
S
g as=8kgf/cm® » -
5 o
o] P
.; //
3 251 ot
. 7 0=1.0kgf/cm?
/
’
/
/
7/
7 a=1kgf/cm?®
e
P
N Ie 15 20
S Q €a (%)
~ NN dgs=8kgf/cm? _
. Sl e
Y AN
£ So
< \\
a \\'~~_____’ ______
g 4 ds=14kgf/cm
Q
=)
>

Fig. 2.21a Triaxial Testing Results
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$
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. b
b
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0.4“ 6 6¢
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é
. b .
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Fig. 2.21b Triaxial Testing Results(cont.)
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3. Shear Strength of Clay and Core Materials

3.1 Drained Shear Strength
3.1.1 Normally Consolidated clay

Example 3.1
Given. A P — 4 diagram of standard drained triaxial test(Fig. 3.1).

Find. d.
8
e
6
g S < g=25.2°
L, P
g -
| 4 o /
6 $/\\
3 -
]
o
2 ///
| e
O . 4 ) -' . . »
O | 2 3 4 5 6 7 8 9 1i0 11 1I2
p=1(a1+ 3, kgt/cn?
Fig. 3.1 CD Test on Normally Consolidated Clay
Solution.
a= tanv“—g:— = tan~! 0.47 = 25.2% s erereenne S TSI POe (3.1)
3 = sin~ tan@ = 28.0° eeereeisiennnniiis i s v (3.2)
a. Shear Strength vs Effective Stress for Normally Consolidated Clay
% = Gntan ¢ '

b. Typical Values ford (Fig.3.2)



1 ' 11
09 o Undisturbed 'sou
O Remolded soit
+ Adtivity > 075
08 x Activity < 075 |
07 _
06 : * *
. T Ve
'S gsl-— TS s Ea
Z o ‘ I T Tt
.4 L - == [ O
ANAE T
03 n
02 i
ot
o |
5 6 8 10 15 20 3 306 50 60 30 100 150
Plasticity index(%)
Fig. 3.2 Relations between ¢ and PI(Kenny,1959)
3.1.2 Overconsolidated Clay
Example 3.2
Given. A P-4 diagram in Fig. 3.3.
Find.¢ andg.
7
6
P
5 iass
- 47
& A
g4 =
>3 A
& 3 ol
71
o /‘/ .
2 Al ‘
f o
| Zz~ |/ ‘ 3
-~
A
~
o | 2 3 4 5 6 7 8 9 1011l 1I2

p (kgf/cm?)
Fig. 3.3 Results of CD Tests on Overconsolidated Clay

a. Shear Strength vs Effective Stress
n=C¢+ g tan &
b. qi—pi—wr relations

e e e

E——



3.1.3 Comparison of Clay and Sand
NC clay : Loose Sand
OC clay : Dense Sand
¢ # 0 for OC clay
¢ = 0 for Dense Sand
3.2 Poi'e'Preesure Development
Example 3.3
Given. Fig. 3.4.
Find. Pore pressure immediately after loading.

loading 3t/m?

aand i N
e e e e s o, = O . .
\\\ \<unmedmtcly after
2 N
g : < [ s transient
clay 3 u.\-_—.ui‘)\ \Y; \
g \ NI
o -4 AN
m \\\l \\
-6

gravel °°d°°oo°oo(§)o°° 0’ 2 4 6 8 10
Pore Pressure, Head (m)

Fig. 3.4 Undrained Surface Loading

us . static pore pressure

Uss - steady state pore pressure
Ue . €XCess pore pressure

Ue = U~ Usg

pore pressure parameter . C

= 4du
do

3.2.1 Confined Test

\\ _~immediately after
% A\
S
1BR
Al
A
1 transient
2 4 6 8
Total head (m)
TTTITTITY IR I TP v (3.5)

4u 1
()
where
Cw= compressibility of water
n = porosity
_4v. 1
Ccl VO Aa]

)



3.2.2 Isotropic Compression

3.2,3 Triaxial Tests

Adu = Bdos+D(day—Adgs) ceeeeeersrenvimmnniiiiiininan T T YT PPN PRI 3.7
for a clay saturated with incompressible fluid
du = daos+A(do—Ados) B N PPN (3.8)

A ! loose fine sand 2—3
NC clay 0.7-1.3
0.3—0.7
~0.5—0.0
3.2.4 Estimation of Pore Pressure
Example 3.4
Given. Surface loading as shown in Fig. 3.5. A in Eq.(3.8) =0.7.
Find. 4u atz.

OC clay {

circular area

diameter =30™

Aqs=20t/m?
LS 77777, SO I 777 clay
Z=10"
¢ Z=20"
e Z=40"

Fig. 3.6 Surface Loading

Solution. From Eqgs (1.15) and (1.16), ¢ and ¢, are computed as follows. Au is obtained
by using Eq.(3.8).

_A_O'l_ pale?) » day Aoy __ o
Z(m) AQs AQs AQs +A AQS AQS dn (m)
10 0.83 0.24 0.65 13.1
20 0.49 0.05 0.36 7.2
40 0.18 0.01 0.13 2.6




3.3 Undrained Tests

3.3.1 Consolidated Undrained Test and Unconsolidated Undrained Test

a. CU Test
7
S
/
5 s,
et
'6‘ 3 //A~\\
—o / ™
: 2 /'/ \\‘
I 1T IS \i
-~d /\ /
o I 2 3 4 5 6 7 8 9 10 Il |12
_f)=%(51+53>
Fig. 3.6 Effective Stress Paths for CU Tests
b  UU Test
T2
¥
¢ |
LAONANAD
§ 2 3 4 5 6

Total stress (kgf/cm?)

Fig. 3.7 Mohr Circles for UU Test




3.3.2 Undrained Shear Strength

Effective stress  Total stress
- i RN

e \\}
N\
\
\
p— A
¢ T . 1
Gas pr Ot By Ps oy

Fig. 3.8 Pore Pressure and Mohr Circle

ar = %(0‘“’""0’3{) == ccosla;-'s_inaié sin a ............................................................... (3_10)
‘Assuming
du = Ag(do'r—daa) ............................................................................................. (3.11)
_ €cos ¢ +(po—2Awy) sing . .
U = 1-sing v (8.12)

a. Normally Consolidated Clay
In Eq.(3.12), &+0

qQ .. sin ¢ et et ,
T 1+@A-1)sin @ : ereeeereeen(3.13)

f

Do
qr qe — Gt — .
2 = = = const.
Po —;—(aﬂ-m) %(1+Ko)av

‘:3.).—‘:,— = €onSt. (0.2~0.4) +ireireeriii (3.14)

b. ‘Overconsolidated Clay , | ‘
Su = f(By, Bym) reseereesinsinn T P PP T T T TP PP OIT SO TISPISITS +(3.15)
where
Ovm = maximum past stress




Exercises

E3.1 '
Given. Specimen of clay in Fig. 3.1 is consolidated to 2 kgf/cm?, and then failed increasing &,
and decreasing & in such a way that 7 remains constant,
Find. g

E3.2
Given. Saturated clay specimen is consolidated to 1.0 kgf/cm?, and then failed increasing o
while remaining a; constant in undrained condition. A in Eq.(3.8) = 0.7, and tand = 0.4.
Find. Peak o, &, w, and .

E3.3 : .

Given. A P—a diagram of CU Zest for overconsolidated clay in Fig. 3.9.

Find. &, s, uw and A, at failure.

l. 5

; | -
E Failure envelop _r

= / 2

"bc-\» l.O / 47 ,

—~

I 1.~ Failure point
\F - Pi=23,a=1.1
~C /

Il

05

™ Effective stress path
o I

1.0 20 30

- p= —%—(a’.+ 3s), kegf/cm?

Fig. 3.9. p—q Diagram for Overconsolidated Clay



Symbols for Part I

1. Stresses

N QQ

dv,
COn

Ox,
Uw
a4y,
Ca,

= pormal stress (total stress)

i

normal effective stress

= ghear stress
= shear stress on failure plane at failure

otas
2

a1~ 03

2
d» = normal stress in the vertical, horizontal direction
normal stress on failure plane at failure
gy,  0: = normal stress in the X, ¥, z direction
pore water pressure
0z, 03 = major, intermediate, minor principal stress
o =axial, lateral confining sfr'ess, in triaxial test

2, Constants

K
Ko

TSP A e

C

c

O'h/O'v
Eh/gv at ex=0
friction angle

= cohesion

i

l

undrained shear strength |
friction angle based- on effective stresses
cohesion based on effective stresses
Poisson’s ratio '
coefficient of uniformity

Young's modulus

void ratio

unit weight

= saturation degree




Part II DYNAMIC DEFORMATION PROPERTIES OF
FILL MATERIALS

1. Review of Theory of Wave Propagation

1.I Equations of Equilibrium
Summing all the forces acting on the element in the X-.direction
[(Ux)r‘(dx)z] Sy 0:
+[(ny)3"(0xy)4] Ox* 8
+ [(0x2) s~ (0xz) 6] O+ Oy

4 X8y 8= 0 } 7z (0':)5
|
Ox
; ] (rxz)s/“5‘-*'(fyz)5
1 ( ) —l/' (Tyz)a
I xzh
I -
ey A1 |1 K /ls'*("”)“
; ! (Txy)l' Tas)a
PR g | y
< “‘—'—/
x 1
Fig.1

After dividing by dx + dy ¢ dz and proceedmg to the limit by shrinking the element down to
the point x, y, z, we find

(dx)l(;(gx)z + (Txy)agy(fxy)l + (sz)sg;(?‘xz)e + X =0

X

Oxs Oys 60

adx+afx!+35'xz_*x — 0

gx = ady
38 B0 By | bt )
90, Otee Yooy Bontz — 0
1.2 Components of Strain
RS - T Tk A N —— o
ov o _du, ow av ,ow | . _

Ty = %4'7{’ T =gt ek = gt oy
&x . - unit elongation at point O in the X direction



ay

shearing strain

o =By LBOY 4N OX

0 dx A
X
| T
—— — —t % ov
dy ! o=' P Py i
| v A
L N Qu 5k
-1-¢ “’IY ay
B |
| 18
|2 P
u
y,|\
2

1.3 Hook’s Law
The relations between components of stress and components of strain have been established

experimentally and are known as a Hook’s law.

L — o
\ .
ox only £x ='QEL, &y = __}%’:_Jx’ & = f—u—%
ay only &x = — 1 & = &= v
d: only Ex = _T%d” . &y = ~F0n € = _%z_ |
s = Sl o+ a)l, &=Fla—rota)l, a=glo—vo+s)] —
G = PI(EM] lliv modulus of rigidity oeersserisns R eeeenes s oo (4)

_Lunonu nnnnnnnnnnnnnnnnn Bersiressaaaniniiee Gisrnsdvadisnsansna tissecssn l-Huuaniuunnuunnuninuuuuuugu(5)

7=G

ot R RS SR




1.4 Equations of Equilibrium in Terms of Displacements

¢ = &xté&yté

e : Volume Expansion

................. cresisrecsenrarnnsinreresseres (6)
0 = ox+ayto: @ : Sum of Normal Stresses
Adding equations(3) together we obtain
Extéyte = J—-:E"z"" (ox+ Uy+ Fz)  reeerertrenn s (a)
and using the notations (6) we obtain
- et s b e srser e s te e s stene
0= oxtopto =555 © (b)
The first equation of Eqs.(3) is rewritten as,
Ox— V0y— U0z = JEEx *+eereresunmmitnmiinmiiiinmiiiiniiiiiiiisnsiioiiiiiiiiosiniieiiiis (c)
R R e o i L T e (d)
_ vE E
= rna—zwy °t Tio&
A 2G
Similarly
_ vE E
%= Trnd-z»n ¢t T+,&
_ vE ' E:
%= Urv)-2v) ¢t T+v&
Ox = /ie+ 2G€x :
Oy == A€+ 2 Gy erreersssseressrorsnstuuiiiitiiiiie sttt s ettt e s e e s s e s e b e ab b e s e babbae s @)
0z = Ae+ 2Ge;
A = ml_l(If:.«*zl;)_ A . Lame’s Constant ............................... n..--.u....u‘.‘ ..... (8)
From Eq. (7)
Ox = Ae'l"ZGSx
= ,{e_l..ZG,La_l, ..................................................................................................... Aassone (f)
ax
Ty = G7xy
= ¢fow, dv
o (3)' + ax)
.................. P (g)
e = GYxe
ow , ou
G( ox az)
90x _ p 08, 40U
ax A ax T 2 ax
dx Fu, &Fv )
—-X- —3 ——— P SPGB EBNS EEEXEEEEXEERNEEN] [ ERXEXEE] SR GRS RN ABRIRE IR BIRRBINILI NS ‘ll lllll I XN N NN RN NN Y] h
Y G(W* X0y | (h)
al'xz -

oz G( Bigvz +ﬁ(?izt})
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Substituting (f) and (g) in the first of Eps. (1), we find

9oy , Ity , v _. , 0 Pu, Pu ., Fu a’u Pv Fw
wxt oyt "ax*G(‘a?*Tin*a )*G( +axay + 0x67)

!

G o

ox

de Pu o PuN, ~de o
A5e —FG(W-P(?)YT i'“a‘-z-)-kGax-i X o= Qeeremrerennenneniniinnnnn

If we introduce Laplace operator

vzazaZa*

W+—a~y—2-+ a ..................................................................................

(24+G) %+szu+x

i
=)

z T Q) ] a0 0000000000000 000000006000 0000000 0000000088000 8edtteRBooRnttns
(A+G) ay+GV v+X =0

(1+G) L4 GVw 42 = 0

1.6 Equations of Waves in Isotropic Elastic Media
If the body forces X, Y Z are only inertia forces,

X = p%%

E)zv
F

2= -o5¥

Y = —

Substituting (a) in (k), we obtain

(A+G) +GV2 p%% =0

_39 N A LUV
(A+G) ay+GV pﬁr = ( .
(1+6) L1 6vw—pZ¥W — o

Equations of Waves in Isotropic Elastic Media Basic Equations

1.6 Waves of Dilation (or irrotational waves)
Rotation of the element with respect to the z-axis

= H5-3)

=3 (G—5) =0
o= $(2-2)

=0

I
o

...........................................................................................

R




OI[ dx A x
T I f
S S IO B -
10 Tay TTm=dy
¥
| v _du
A \ W= L
B ‘, \ ax a")
..___,___L..\B,
y (u+%dy

These equations are satisfied, if the u, v, w are derived from a single function ¢ as fol-
lows
_ 08 99 9D e
u= 9L, o W= S (b)
Then
e = ext eyt = 32¢ l_gzng-*-giqg _V2¢ ....... L T T T I (C)
_gj)li_ V2¢ Vz_¢_ V2 eereiernnesnenniniininnniinieisninn., vt aaes Ceeereibeens wsen (d)
u
Substituting (d) in Ep.(10), we find that
2 2 Pu _ cerens S
(A_'_G)V u+GV U_W == () erecererrininiiiiiiinn, baoanertoatasistairaseosnasencsrcsrsnses Seestatrestisnsaninnei (8)
Using (d)
u+z®wu¢%} =0
(A4 2OV —p T = 0 f roerssmmsssssissssrssss b (11)
(A+ 2 G)V2w— ﬁ%‘% =0
General Form of’ Wave Equatlons
azu 232u u...’.‘......; .................. tesesse T " ----- reiiensesns Nesusearasaresenriantens -...(12)

i

u = f(x+ct) +filx—ct)




- =~ “~
< x
m I.‘.._ cdt—~l b
t=t (a) :

initial displacement

e e e ey T e T

L°—l"-—-‘l'l *—“I————lt — initial condition displacement is given

¢ ¢ at t=0 a
(b) é
Fig.2
C=C = -.{-l.—-.bz_—(i- -------------------------------------------------- P as e ea e esresesierisbatesatsesatrsbanaeresessos (13)

Velocity of Waves of Dilation

For a definite instant t, f is a function of x only and can be represented such as mnp. After

an interval of time 4t, argument of f, becomes x—c(t+4t).
The function f, will remain unchanged provided that simultaneously with the increase of t by 4t

the abscissas are increased by an amount 4x equal to»cdt
x+cdt—c (t4+4t) = x—ct

This means mnp at t=t can also be used for the instant t=t+4t, ifitis displaced in the x

direction by 4x = c4t.
1.7 Exercises

E1. Obtain the velocity' of -shear waves Vs by using Eq. (10) .
hint ! In case of shear wave or wave of distortion, the volume expansion is zero.

T TN TRIRTE
AB = A'B
/ DC = D'C’
A B ’
A, : B . .l‘n ABCD = A’B’CID,
l . .
| | )
L__\__L__\ , |
p 1 c ¢

— 42 —




E2. Obtain the longitudinal wave velocity in a bar.

i UX

~——-

E3. By using the results of E1 and Eq.(3), show how the ratio V,/Vs is affected by Poisson’s
ratio v,

Ve = fp (E, v, p)

Vs = fs (E. v, p) Vs
SV Ve = £ (B, v p) of () Ve
i 7
0] 05
2. Vibration Tests of Soils
2.1 Field Geophysical Tests
A B

BC C" C
Refraction method. Y
, El
e L
1
Ca
Fig.3 A 0
X : Distance
(b)

Refraction method ; three-layered medium



2.2 Undamped Vibration of Soil Columns
Longitudinal Vibration

Fu _ Edu
ar

assuming the solution has the form

---------------------------------------------------------------------------------------------------------

U=1u (X) SIn@t e PPN (a)

—%}l} = — g®u(x) sin wt

E Pu(x)

p aé’

_. E dulx

T p dx
2

T ey () =

u (x) = Aisin a){%x + Azcos a)-l-%x

E u _
p axt =

S—wtu (%)

su = [Asin wil%x +A:zcos w—I%x] sin ot

Boundary Conditions
u =0, at x =0

dqu _
ax =0

Az—*o

ox =E atx =H

—gﬁ_ = [Alw-l%cosa)-l%x]“"-sina)t =0

E., _ 2n—-1
pH- 5

0n = Len=Dr E

2H 0
for the first mode

Wn

---------------------------------------

Vp = 4 Hf }

In case of torsinal Vibration
Torsional Vibration
Vs = 4 Hf, }
G = 16 H¥\%p

uuuuuuuuuuuuuuuuuuuuuuuu

............................ (14)

— 44—

Free

}¢+———vibration _>|

i
|
HW———- Lol




2.3 Exercises

E4. In the field geophysicval tests, the measured shear wave velocity of the sand layer was 200
m/s. Find the modulus of rigidity G of the sand, and determine the natural frequency of

the shear vibration of the sand, if the density is 2.0 g/cm® and the thickness of the layer is
25 m. :

24 Damped Vibration of the Soil Columns
Ox = E€x+7]qa€t’( """"""""""""""""""""""""""""""""""""""""""" TP ITP TR PTPrIoN (17)

Ex

dex ' Viscous damping

‘Substituting Eq.(17) in Eq.(1)

& : e
053 = E~9—7+”W ........... O (b)

Pz = <E+ 7)7‘%) g;u longitudinal vibration

o ‘=(G+ 7;—(%)%9{ torsional vibration

2.6 Steady State Vibration
Boundary Conditions

. : X=0
(A) %%— = 0, at x =H ~—

. lwl
no mass (a) 4 e

6 = Ge'“, atx = 0
for Fig.4b~




(B) with a rigid mass to the free end

Ishimoto, et .al. 1936
Shannon 1959
Richart 1963
Kuribayashi 1974

Hardin (1965):

ASCE(SM 1)

100 4
= 0.1
- 0.02
B 0.04
10 0.06

P TIVH]

T THI

Amplification factor

0.1k
- 0.01L
0 !
2.6 Cyclic Triaxial Tests .

0 = Ec+c % ------ UL I LA L (a)
O = Oa SINE b eestmssnminii i, (b)
€= & 8in (Wt—38) wererrrnniiiieni(c)
%f— = @ea COS (Wt—3) orvrerrerersnmiinniiin (d)

4 5

‘Dimensionless frequency

- (J3




Oa Sinw t = Eea sin (wt—38) + cwea cos (@t—38) ++errerrmimnminiinniiiiiin, TEIEIE e (e)

i/ D (7% e SR P (f)

OO o

h=%2 - —%—tan& ----------- (h)
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U DISPLACEMENT SENSOR
3 i
- | LOAD GELL
ol ]t B EXTENSION & COMPRESSION
T 1 T ) : ) ]
T [ £55 ; I P X
Sy . €a
VOLUME.CHANGE- F AN I
METER A\ —) )
. s3do A || 1] ausser Memarate
\ L RUBBER MEMBRANE_
| ﬁ\ § N l'
s 7| . -.
SPELIMEN _POROUS METAL DISK
i _SUPPORT_

PEOESTAL

NV v

T

- H’E ﬁggﬂq j AW

L —1
L. #4630 ]

Cyclic triaxial compression testing equipment - .

Fig. 6a ' Fig. 6b



2.7 Exercises

E5. Show that the damping ratio h is given by Eq.(21).
hint ;' use Eq.(h) and dw = fo de = f g %‘f—dt

E6. Obtain the dynamic elastic modulus E4, shear modulus G, and damping ratio h from the
measured hysteresis loops in Fig.8 and Fig.9.

8th cycle / [ 10th cycle

50kgf

Obtain Ed, G and h

for 10th cycle. - /
/ 0.05mm- N

Diameter =300mm
Height =602mm

4 Assume
Area=705cm?
y=0.35

Fig.8
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Obtain Ed, G and h

for 10th cycle.

0 o 20/////3 50
P=ZAl:

Diameter=300mm

Height =602mm

Assume
Area="705cm?
v=0.35

Fig.9
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3. Dynamic Deformation Properties of Sands and Coarse Grained Materials

3.1 Effects of Void Ratio

L T T 1
Grain size by standard sieves
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e
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2
G = 330 (27— 51
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Hardin and F. E, Richart, Jr. (1963),




3.2 Effects of Amplitude of Strains . :
G e st e e erees F PN (23)

Go © 1L
70
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Fig. 11
3.3 Effects of Confining Stresses
G = Ki (3" O : mean effective confining stressg «++s-seeteerriseerenniniinn... (24)
—_ .gl. " ﬂ. . 1(O)sesssnontsssasrnssns P e eI e sl I e st st eatsraatas s e osesttasrbtsaarisdnts
G = Kz( 03) o - stress ratio (25)

3.4 Dynamic Properties of Rockfili Materials



3.4.1 Shear Modulus
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3.4.2 Damping Ratio :
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applicable

practicing

The aim of this booklet is to present the fundamentel concept of soil mechanics

The booklet consists of two parts. Part I deals with the shear strength of fill
materials which is one of the most important design values in the stability analysis of
fill dams. The shear strength characteristics are explained by the effective stress basis.
Dependency of friction angle on confining stresses is explained by using large-scale
triaxial compression test data.

Part 11 describes the fundamentals of soil dynamics, which are the most basic
principles in carthquake resistant design of fill dams. Both part I and 11 include several
exercises for use in lecture at Public Works Research Institute, Ministry of Construc-
tion. The authors also expect that this booklet will serve as quick reference material for

to fill dam engineering.

engineers.

L T G S

.........................

Ry 3|[o][s]-[ ][]

-

< )
K I
5 &
.............. - .
7 o

g

%\

E R
=

IR >R T o\
E{z_&
'l

gy

T T T e S L

LWPER 8 2551 %

i Al 4 K 4 | O
B2 AR 4 13

gy g Y

.............



..........................................................................................................................

AWV EREE25515

LD E HHREL F L1,

At g (EAr)

K% o i

....................................................................




