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(a) Silica tetrahedron; (b) silica sheet; (c) alumina octahedron; (d) octahedral (gibbsite) sheet; 
(e) elemental silica-gibbsite sheet (After Grim, 1959. With permission from ASCE.) 
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Atomic structure of montmorillonite (After Grim, 1959. With permission from ASCE.) 

Diagram of the structures of (a) kaolinite; (b) illite; (c) montmorillonite 
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Atomic structure of montmorillonite (After Grim, 1959. With permission from ASCE.) 
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Yong and Warkentin1966

Ca+ Mg2+ Na+ 
and K+
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1000A by 10A 

 
10.000A by 1000A 

Clay water (Redrawn after Lambe, 1958. With permission from ASCE.) 
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 1M2M )nĽMpM
 p+Mn+Ľ+Mi+M+Ľ2+M1M=Mɫ 
 iM

iM +Ľ+2+M1M 
  

푀 − (푀 + 푀 + 푀 + ⋯ + 푀 ) 

 i 

퐹 =  
∑푀 − (푀 + 푀 + ⋯ . . +푀 )

∑푀
 × 100 
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Stokes

v =  
휌 − 휌

18휂
퐷                                                                             (1.2) 

v
ʍ
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ʍ

η

D 

퐷 =  
18휂푣

휌 − 휌
=  

18휂

휌 − 휌

퐿

푡
                                            (2.2)  

푣 =  
퐷푖푠푡푎푛푐푒

푇푖푚푒
=

퐿

푡
 

휌 = 퐺 . 휌                                                          (3.2) 

퐷 =  
18휂

(퐺 − 1)휌

퐿

푡
                                                              (4.2) 

퐷(푚푚)

10
=

18휂[(g. sec/cm )]

(퐺 − 1)휌 (g/cm )

퐿(cm)

푡(min) × 60
 

퐷 =  
30. 휂

(퐺 − 1)휌
 .

퐿

푡
 

ʍ = 1 푔/푐푚

퐷 (푚푚) = 퐾
퐿(푚푚)

푡(min)
                                                       (5.2) 
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퐾 =  
30휂

퐺 − 1
                                                                        (6.2) 

ʍ = 1 푔/푐푚

KsGʂ

K

50 g 
100g 457 mm (18 in)63.5 mm (2.5 

in)100 ml
100 ml 

ASTM 152H 
t

L 

tLD
  

2.65 
Lt 

L 
L

t



  

33 
 

0.5 ʈmL (cm)
ASTM 152H 

퐿 =  퐿 +  
1

2
퐿 − 

푉

퐴
                                                                       (7.2) 

L1(cm)
L2  14 cm = 

BV= 367 cm
A= 227.8 cm

L1 10.5 R=02.3 cm R=50 
R

퐿 = 10.5 − 
(10.5 − 2.3)

50
푅 = 10.5 − 0.164푅 (푐푚)                 (8.2) 

R

L R
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LASTM

 
Variation of L with Hydrometer Readingĳ ASTM 152H Hydrometer 
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 )10(D
10%

 
 (Cu) 

퐶 =
퐷

퐷
                                                                                 (9.2) 

60D60%
 )z(C 

퐶 =
(퐷 )

퐷 . 퐷
                                                                       (10.2) 

 푆

 

푆 =
퐷

퐷
                                                                          (11.2) 
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%mm

100 Ĳ 100 = 0 %

100 Ĳ 62 = 38 %

62 Ĳ 0 = 62 %

10 D25, D30, D60, D75, D
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 II

III

 I
 II
 III
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(gg
mm

5  =
∑ 푀 −  (4)

∑ 푀
× 100 =

729 −  (4)

729
× 100 
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 10, D30, D60D 
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 10D30D60D 
 uC 
 zC

= 0.15 mm 10D
= 0.17 mm 30D 
= 0.27 mm 30D 

퐶 =
퐷

퐷
=  

0.27

0.15
= 1.8 

퐶 =
퐷

퐷 × 퐷
=  

(0.17)

(0.27)(0.15)
= 0.71 
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퐴 =  
      

   
 

푆 =  
퐷

퐿
                                                                          (13.2) 

eD
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pL

퐷 =
6푉

휋
 

0.01

coral attapulgite
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нΦф
 

  
= 0.08 mm 10D= 0.22 mm  30D=0.41 mm  60D

 = 0.24  10D= 0.82  30D= 1.81 mm 60D
 18= 0. 10D 32= 0. 30Dmm 0.78=  60D
  

(g US

a  
b  10D30D  60D  
c uC 
d zC 
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0.04 mm 
0.015 mm 
0.008 mm 
0.004 mm 
0.002 mm 
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a  
b MIT 
c b USDA  
d bAASHTO 
 

 mm

a USDA 
b AASHTO 
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Dt=60 

 

= 2.7sGęR = 25 t = 120 
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aVW

b
푉 =  푉 + 푉 =  푉 + 푉 + 푉                                      (1.3) 

:
sV
vV
wV
aV

푊 =  푊 + 푊                                                                 (2.3) 
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sW
wW

 (e)

푒 =
푉

푉
                                                                                  (3.3) 

(n)

푛 =
푉

푉
                                                                                 (4.3) 

S

푆 =  
푉

푉
(%)                                                                                (5.3) 

ab

(1.3)(3.3) (4.3) 
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푒 =  
푉

푉
=

푉

푉 − 푉
=  

1 − 
=  

푛

1 − 푛
                          (6.3) 

(6.3)

푛 =
푒

1 + 푒
                                                                                (7.3) 

(w)

푤 =
푊

푊
(%)                                                                               (8.3) 

(γ)

훾 =
푊

푉
                                                                                          (9.3) 

(2.3) (8.3) (9.3) 

훾 =
푊

푉
=

푊 + 푊

푉
=

푊 1 +

푉
=

푊 (1 + 푤)

푉
        (10.3) 

 (9.3)

 
dγ

훾 =
푊

푉
                                                                                      (11.3) 

(10.3) (11.3)
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훾 =
훾

1 + 푤
                                                                     (12.3) 

gravitational
)3(lb/ftSI

)3(kN/m)ʍ(
)3(Kg/m

(9.3)(11.3) 

휌 =
푀

푉
                                                                            (13.3) 

휌 =
푀

푉
                                                                         (14.3) 

ʍ)3(kg/m
dʍ)3(kg/m

M(kg)
V )3(m

)3(kN/m3kg/m

ɔ(퐾푁/푚 ) =
푔. 휌(퐾푔/푚 )

1000
 

ɔ (퐾푁/푚 ) =
푔. 휌 (퐾푔/푚 )

1000
 

g29.81 m/sec
)wɾ(39.81 kN/m362.4 lb/ft1000 

3kgf/m
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2.3

푊 = 퐺 . 훾  
푊 = 푤. 푊 = 푤. 퐺 . 훾  

sG 
W

wɾ

9.311.3

훾 =
푊

푉
=

푊 + 푊

푉
=

퐺 . 훾 + 푤. 퐺 . 훾

1 + 푒
=

(1 + 푤)퐺 . 훾

1 + 푒
             (15.3) 

훾 =
푊

푉
=

퐺 . 훾

1 + 푒
                                                         (16.3) 

푒 =
퐺 . 훾

훾
− 1                                                               (17.3) 
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w.Sw.G

푉 =
푊

훾
=

푤. 퐺 . 훾

훾
= 푤. 퐺  

푆 =
푉

푉
=

푤. 퐺

푒
 

푆. 푒 = 푤. 퐺                                                               (18.3) 

3.3

satɾ

훾 =
푊

푉
=

푊 + 푊

푉
=

퐺 . 훾 + 푒. 훾

1 + 푒
=

(퐺 + 푒). 훾

1 + 푒
             (19.3) 
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(18.3)S=1

푒 = 푤. 퐺                                                                       (20.3) 

(15.3) (19.3) (16.3) 

퐷푒푛푠푖푡푦( ) = 휌 =
(1 + 푤). 퐺 . 휌

1 + 푒
                                 (21.3) 

퐷푟푦 푑푒푛푠푖푡푦(  ) = 휌 =
퐺 . 휌

1 + 푒
                                             (22.3) 

푆푎푡푢푟푎푡푒푑 푑푒푛푠푖푡푦(  ) = 휌 =
(퐺 + 푒). 휌

1 + 푒
              (23.3) 

wʍ
31000 kg/m

(21.3)4.3
e
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sM
wʍ.sG(8.3)

푤 =
푊

푊
=

 

  
=

푀

푀
 

wM

wʍ.sG

푀 = 푤. 푀 = 푤. 퐺 . 휌  

(13.3)

휌 =
푀

푉
=

푀 + 푀

푉 + 푉
=

퐺 . 휌 + 푤. 퐺 . 휌

1 + 푒
=

(1 + 푤). 퐺 .휌

1 + 푒
 

(22.3)  (23.3) 
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푛 =
푉

푉
 

VvVnn-=1 sV
)s(W)w(W

푊 = 퐺 . 훾 . (1 − 푛)                                                                   (24.3) 
푊 = 푤. 푊 = 푤. 퐺 . 훾 (1 − 푛)                                               (25.3) 

훾 =
푊

푉
=

퐺 . 훾 . (1 − 푛)

1
= 퐺 . 훾 (1 − 푛)                          (26.3) 

훾 =
푊 + 푊

푉
= 퐺 . 훾 (1 − 푛)(1 + 푤)                                 (27.3) 
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V=1

훾 =
푊 + 푊

푉
=

(1 − 푛)퐺 . 훾 + 푛. 훾

1
= [(1 − 푛). 퐺 + 푛]. 훾        (28.3) 

푤 =
푊

푊
=

푛. 훾

(1 − 푛). 훾 . 퐺
=

푛

(1 − 푛). 퐺
                                    (29.3) 

3.3

 훾, 훾 , 훾  
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e
d 

3lb/ft              3kN/m 
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훾 =  
푒

푤

1 + 푤

1 + 푒
. 훾  

S = 1

훾 =
(퐺 + 푒). 훾

1 + 푒
                                                      (a) 

푒 = 푤. 퐺  

퐺 =
푒

푤
                                                                          (b) 

a  b

훾 =
+ 푒 . 훾

1 + 푒
=  

푒

푤

1 + 푤

1 + 푒
. 훾  

푽 = ퟏ. ퟐ 풎ퟑ 
푴 = ퟐퟑퟓퟎ 풌품 

풘 = ퟖ. ퟔ% 
푮푺 = ퟐ. ퟕퟏ  

a  
b  
c  
d  
e  
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f  

a  

ɟ =
푀

푉
=  

2350

1.2
= 1958.3 kg/m  

b  

휌 =
푀

푉
=  

푀

(1 + 푤)푉
=  

2350

1 +
.

(1.2)
= 1803.3 kg/m  

c  

휌 =
퐺 . 휌

1 + 푒
 

푒 =
퐺 . 휌

휌
− 1 =  

(2.71)(1000)

1803.3
− 1 = 0.503 

d  

푛 =  
푒

1 + 푒
=  

0.503

1 + 0.503
= 0.335 

e  

푆 =  
푤. 퐺

푒
=  

.
(2.71)

0.503
= 0.463 = 46.3 % 

f  

푀

휌
=

푀 − 푀

휌
=  

푀 − 

휌
=  

2350 − 
 

.

1000
= 0.186 m  
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ρ =
푀

푉
=  

2350

1.2
= 1958.3 kg/m  

푀 =
푀

1 + 푤
=  

2350

1 + 
. = 2163.9 kg 

휌 =  
푀

푉
=  

푀

(1 + 푤). 푉
=  

2350

1 + 
.

(1.2)
= 1803.3 kg/m  

푀

퐺 . 휌
=

2163.9

(2.71)(1000)
= 0.798 m  

푉 = 푉 − 푉 = 1.2 − 0.798 = 0.402 m  

푒 =  
푉

푉
=  

0.402

0.798
= 0.503 

푛 =  
푉

푉
=  

0.402

1.2
= 0.335 

푆 =  
푉

푉
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푉 =  
푀

휌
=  

186.1

1000
= 0.186 m  

푆 =
0.186

0.402
= 0.463 = 46.3 % 

푉 = 0.186 m  

풏 = ퟎ. ퟒ 
푮푺 = ퟐ. ퟔퟖ 
풘 = ퟏퟐ% 

ɟ = 퐺 . 휌 (1 − 푛)(1 + 푤) 

휌 = [(1 − 푛)퐺 + 푛]휌  

ɟ = (2.68)(1000)(1 − 0.4)(1 + 0.12) = 1800.96 kg/m  
휌 =  [(1 − 0.4)(2.68) + 0.4](1000) = 2008 kg/m  

휌 − 휌 = 2008 − 1800.96 = 207.04 kg 

207.04 × 10 = 2070.4 kg 
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휸풅 = ퟏퟎퟑ 퐥퐛/퐟퐭ퟑ 
풘 = ퟐퟑ% 

a satɾȢ 
b sG 
c e 

a : 
훾 = 훾 (1 + 푤) =  (103) 1 +

23

100
= 126.69

푙푏

푓푡
≅ 126.7lb/ ft  

b : 
훾 =

퐺 . 훾

1 + 푒
 

푒 = 푤. 퐺

훾 =
퐺 . 훾

1 + 푤퐺
 

103 =
퐺 (62.4)

1 + (0.23)(퐺 )
 

103 + 23.69퐺 = 62.4퐺  ⟹  퐺 = 2.66 
c  

푒 = 푤. 퐺 =  (0.23)(2.66) = 0.61 
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퐷 =
푒 − 푒

푒 − 푒
                                                                          (30.3) 

rD

e

maxe

mine

rD

3.3

% rD



              ϖ .а.ϸ.ϖϸмвϲ аткϜϼϠ 
 

18  
 

푒 =
푛

1 − 푛
                                                                     (31.3) 

푒 =
푛

1 − 푛
                                                                       (32.3) 

푒 =
푛

1 − 푛
                                                                                   (33.3) 

maxnminn
(31.3)(33.3)(30.3):

퐷 =
(1 − 푛 )(푛 − 푛)

(푛 − 푛 )(1 − 푛)
                                                  (34.3) 

(16.3)

퐷 =
( )

−

( )
−

( )

=
훾 − 훾 ( )

훾 ( ) − 훾 ( )

훾 ( )

훾
                            (3.35) 

dminɾ(maxe
(

)dɾ( e 
)dmaxɾ(mine(

(35.3)

퐷 =
휌 − 휌 ( )

휌 ( ) − 휌 ( )

휌 ( )

휌
                                       (36.3)  
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ASTM (D-4253 – D4254 (2007))
(3.35)

)3(0.1ft 32830 cm
12.7 mm (0.5 in)

(1 in) 25.4 mm

dminɾ

훾 ( ) =
푊

푉
                                                                          (37.3) 

sW
mV

214 kN/m

  
  
  

)dmaxɾ(ASTM
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풆풎풂풙 = ퟎ. ퟕퟓ 
풆풎풊풏 = ퟎ. ퟒ 
푮푺 = ퟐ. ퟔퟖ 

훒 = ퟏퟏퟐ 퐥퐛/퐟퐭ퟑ풘 = ퟏퟐ%

rD

휌 =
(1 + 푤). 퐺 . 훾

1 + 푒
 

푒 =  
퐺 훾 (1 + 푤)

훾
− 1 =  

(2.68)(62.4)(1 + 0.12)

112
− 1 = 0.67 

퐷 =  
푒 − 푒

푒 − 푒
=  

0.75 − 0.67

0.75 − 0.4
= 0.229 = 22.9 % 

 



              ϖ .а.ϸ.ϖϸмвϲ аткϜϼϠ 

21 

 

풆풎풂풙  ,   풆풎풊풏

maxemine 
  
  
  
 cF 

 

3.8
maxemine

(Nevada 50/80)(Lade .et al 

풆풎풂풙  , 풆풎풊풏
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50D50%
3.8퐷 퐷4.2 

3.8
30%maxemine

30  40% 40%maxe
mine

Cubrinovski and Ishiharamaxemine

 (Fc = 0 to 5 %)

푒 = 0.072 + 1.53푒 = 0 to 5%       (Clean sand) Fc     (38.3) 

 (5 < Fc Ò 15 %)

푒 = 0.25 + 1.37푒       Sand with fines (5<FcÒ15%)       (3.39) 

 (15 < Fc Ò30 %)Pc = (5 to 20 %) 

(40.3)   푒 = 0.44 + 1.21푒 

 (30 < Fc Ò 70 %) (Pc = 5 to 20 %)

푒 = 0.44 + 1.32푒                                                                      (41.3) 

Fc0.075 mm

Pc(< 0.005 mm)
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mine-maxe)50(D
Cubtinovski and Ishihara 1900 - 2000

푒 − 푒 = 0.23 +
0.06

퐷 (푚푚)
                                                    (42.3) 

풆풎풂풙  , 풆풎풊풏
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              ϖ .а.ϸ.ϖϸмвϲ аткϜϼϠ 

25 

 

훾 = 훾 + 푛. 훾  

훾 = 훾 +
푒

1 + 푒
훾  

훾 =
푒. 푆. 훾

(1 + 푒). 푤
 

30.4 m
 711.2 kg 
 623.9 kg 
 2.68 

a  
b  
c  
d  
e  

30.33 ft39.93 lb
34.54 lb=2.67 sG

30.2 ft23lb
11%2.7

a )3(lb/ft 
b )3(lb/ft 
c  
d  
e . 
f )3(ft 
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319.8 kN/m17.1%

a  
b  
c  

395 lb/ft19.2%
60%

a  
b  
c  

= 2.67  sG 
3= 112 lb/ft ɾw = 10.8%

a  
b  
c  
d . 

3.9

a 80. 
b 100. 

31680 kg/mw = 18%
2.73 = sG 

a  
b  
c  
d 3Kg/m 
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31780 kg/m= 2.68 sG
.

0.35 = 2.69 sG

a )3N/mK( 
b 3/mN17.5 K 

= 23% w= 2.62 sG
3Kg/m

e=0.75 w = 21.5%= 2.71 sG

a )3(lb/ft 
b )3(lb/ft 
c (%) 

w = 18.2%= 2.67 sGS = 80%
3lb/ft

3lb/ft112.32 10%
= 2.7 sG

a e 
b  

S (%)ɔ(
푙푏

푓푡
) 

a e 
b sG 
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18lb32.5 ft

0.78 0.43

= 2.67  sG3N/mK
65%

= 0.75  maxe46= 0. mine= 2.68 sG
)3N/mK(= 78% rDw = 9%

3108 lb/ft392lb/ft
= 2.65  sG

60%8%

18.4%3100 lb/ft
2.65 

a  
b  

640%
0.46  0.90

2.65

a  
b 75%
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1900Atterberg



 

 

2 
 

(LL)
a

b
10 mm (0.394 in)

12.7 mm cd25 
12.7 

(0.5 in)25
N

15
35
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4.4

 

Liquid limit test device and grooving tools (Courtesy of ELE International) 
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a  

b 

(Courtesy of Braja M.Das  Henderson Nevada) 
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N

N=25

I =
푤 − 푤

푙표푔
                                                                   (1.4) 

FI:
1wN1
2wN2

1w2w

푤 = −I 푙표푔푁 + 퐶                                              (2.4) 

C

U.S. Army Corps of Engineers (1949) at the Waterways Experiment Station 
in Vicksburg  Mississippi  
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LL = 푤
푁

25
                                                                (3.4) 

N12.7 (0.5 in)
Nw

Tanɼ 0.121tanɼ0.121
(3.4)20 30 

ASTM
D-4313

20 30
British 

Standard-BS1377
300.78 N (80 gf)d=20 mm5

 a

d
d

d = 20 mm
 b b

I =
푤 (%) − 푤 (%)

푙표푔푑 − 푙표푔푑
                                                               (4.4) 

1w2w1d2d
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British Standard—BS1377

4.2(1/8 in)

7.4ASTMD-
4318

(Courtesy of Braja M. Das  Henderson  Nevada) 
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2.35 N (240 gf)
(d)

d = 20 mm 
8.4

Worth and Wood
(PI)

PI = LL − PL                                                   (5.4) 
 

Liquid and plastic limits for Cambridge Gault clay determined by fall cone test 

6.4
 Mithchell 1976 ; Skempton1953
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 Burmister 
PI

0 
1 – 5 
5 – 10 
10 – 20 
20 – 40 
 40 

4.7

Sridharan et al 
(1999)

PI(%) = 4.12퐼 (%)                                            (6.4) 

PI(%) = 0.74I (%)                                           (7.4) 

Polidori (2007)
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PL = 0.04(LL) + 0.26(CF) + 10                        (8.4) 

PI = 0.96(LL) − 0.26(CF) − 10                      (9.4) 

CF(<2 ʈm)
CF30%

9.4

ASTMD-427
44 mm (1.75 in)12.7 mm (0.5 in

ASTM D-4943

9.4
SL = 푤 (%) − ∆푤(%)                                   (10.4) 

iw
æw
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푤 (%) =
푀 − 푀

푀
× 100                                                (11.4) 

1M(g)
2M(g)10.4

∆푤(%) =
푉 − 푉 휌

푀
× 100                                         (12.4) 
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iV3cm
fV3cm

휌)3(g/cm
(10.4)(11.4) (12.4) 

SL =
푀 − 푀

푀
(100) −

푉 − 푉

푀
(휌 )(100)                             (13.4) 

푆푅 =

∆

∆
=

∆

∆
=

푀

푉 .휌
                                                               (14.4) 

æV
Mæ

퐺 =
1

−
                                                                                  (15.4) 

sG
(Michell,1976)

 



 

 

13 
 

 3cm 
 3cm  
 44.0 g
 30.1 g 

 

푆퐿 =  
푀 − 푀

푀
(100) − 

푉 −  푉

푀
(휌 )(100) 

푀 = 44.0 푔                       푉 = 24.6 푐푚                       휌 = 1 푔/푐푚  
 

푀 = 30.1 푔                      푉 = 15.9 푐푚  

푆퐿 =  
44.0 −  30.1

30.1
(100) −  

24.6 −  15.9

30.1
(1)(100) 

 
푆퐿 = 46.18 − 28.9 = 17.28 % 
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퐿퐼 =
푤 − 푃퐿

퐿퐿 − 푃퐿
                                                                          (16.4) 

w

11.4
퐿퐼 > 1 

11.4
(CI) 

퐶퐼 =
퐿퐿 − 푤

퐿퐿 − 푃퐼
                                                           (17.4) 

ww
 w= PICI=1
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Skempton (1953)
2 ʈm

12.4

(Based on Skempton  1953) 

PI 

Skempton
PI2 μm
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퐴 =
푃퐼

  2         
                              (18.4) 

A

 Seed, Woodward, and Lundgren (1964)

Skempton

퐴 =
푃퐼

  2        − 퐶
                (19.4) 

C`
C` = 9

 Seed, Woodward, and Lundgren (1964)

40%
(8.4)(9.4)Polidori (2007)

CF30%

퐴 =
0.96(퐿퐿) − 0.26(퐶퐹) − 10

퐶퐹
                                    (20.4) 

CF(<2ʈm)
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Casagrande (1932)

16.4A-Line

PI=0.73(LL-20)
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A-Line
A-LineLL

50

(
U-LineA-LineU-

Line
U-Line

푃퐼 = 0.9(퐿퐿 − 8)                                                              (21.4) 

Casagrande (1932)

A-Line)U-Line
Holtz and 

Kovacs, 1981
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a A 4.17
b A-Line U-LineB

LL=-43.5 and PI = -46.4  
A B C
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 

 

ab
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ab

ad 

푒 =  
푉

푉
=  

푉 − 푉

푉
 

V3d
sV3d

3V = d/63dʌ=  sV

푒 =  
푑 − 

= 0.91 
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 b b
dã2e = 

0.35
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a

b

 c
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50%0.002

Collins and McGown  1974; Pusch, 1978; Yong and Sheeran  1973 

Domains
Groups Clusters
Pedspedsa
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PedsDomainsClusters
b

aPeds
bDomainsClusters

2.4
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a 2.47.4
b 8.4 

DomainsClusters)Peds)
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1 .

PL= 12.2%
N

a 

b  
= 31%in situ w

PL = 18.7 %

N

a 

b  

26%

 3) = 19.65 cmi(V3= 13.5 cm)f(V
 g 36 ) =1(M) = 25 g2(M

3) = 24.6 cmi(V315.9 cm =f(V
) = 44 g 1(M) = 30.1 g2(M
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 

 

AASHTO

Unified Soil Classification System (USCS)

2.3
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(USDA)
USDA2.3

 2.0 0.05 
 0.05 0.002  
 0.002  

A30%40%
30%

10
2

B20%
10%30%40% 

    =
  

100 −  
 × 100 

   =  
  

100 −  
× 100 

   =  
 

100 −  
× 100 

 USDA
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B 

(USDA)
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USDA

D CBA

  

100 −   
 × 100 

  

100 −   
 × 100 

  

100 −   
 × 100 



              ϸмвϲ аткϜϼϠϖ .а.ϸ.ϖ 
 

5 
 

D CBA

DCBA 
loam

  



              ϸмвϲ аткϜϼϠϖ .а.ϸ.ϖ 
 

6 
 

 

The American Association of state highway and Transportation (AASHTO)

 Unified Soil Classification System (USCS)

AASHTO1929

Committee on Classification of Materials for Subgrades and Granular Type 
Roads of the Highway Research Board in 1945 (ASTM designation D-
3282; AASHTO method M145 . 
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A-1 
A-7

35%200
A-2 A-1 A-3

35%200
A-4A-5  A-6 A-7

 

I 75 mm (3-in)
10(2 mm) 

II 10 (2 mm) 
200(0.075 mm) 

III 200 
 

10
11 

 cobbles and boulders
75 
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A-2A-4 A-5 A-6 A-7 
(GI)

퐺퐼 = (퐹 − 35)⌊0.2 + 0.005(퐿퐿 − 40)⌋

+ 0.01(퐹 − 15)(푃퐼 − 10)                                           (1.5) 

200F200
LL
PI

(1.5)
40)]-35)[0.2+0.005(LL- 200(F

10)-15)(PI – 2000.01(F

 (1.5)

 (1.5)GI = 3.4
3GI = 3.54 

  
 A-1-a A-1-b A2-4 A-2-

5  A-3 
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 A-2-6A-2-7
PI 

 퐺퐼 = 0.01(퐹 − 15)(푃퐼 − 10)                                              (2.5) 

A-2, A-4, A-5, A-6, and A-7
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 10% 100
 40% 80 
 20058% 

40% 3010

 

200 58
A-4 A-5 A-6  A-7 

퐺퐼 = (퐹 − 35)⌊0.2 + 0.005(퐿퐿 − 40)⌋ + 0.01(퐹 − 15)(푃퐼 − 10) 
퐺퐼 = (58 − 35)⌊0.2 + 0.005(30 − 40)⌋ + 0.01(58 − 15)(10 − 10) 

퐺퐼 = 3.43 ≈ 3 

A-4(3)

3.5

200956040

A-72.5 

40 (푃퐼)  >  60(퐿퐿) − 30 

A-7-6 
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퐺퐼 = (퐹 − 35)⌊0.2 + 0.005(퐿퐿 − 40)⌋ + 0.01(퐹 − 15)(푃퐼 − 10) 
퐺퐼 = (95 − 35)⌊0.2 + 0.005(60 − 40)⌋ + 0.01(95 − 15)(40 − 10) 

퐺퐼 = 42  

A-7-6(42)

4.5

 1090
 4076 
 20034 
 4037 
 4012 

 
20035 

A-2-6(2.5)

푮푰 = ퟎ. ퟎퟏ(푭ퟐퟎퟎ − ퟏퟓ)(푷푰 − ퟏퟎ) 

 PI = 12,= 34  200F 
G푰 = ퟎ. ퟎퟏ(ퟑퟒ − ퟏퟓ)(ퟏퟐ − ퟏퟎ) = ퟎ. ퟑퟖ ≅ ퟎ. ퟎ

A-2-6 (0)
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Casagrande1942

of EngineersArmy Corps
U.S. Bureau of Reclamation1952

(ASTM Test Designation D-2487)
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50%200G
S.GS

 50%
200M

CO
Pt

 

:

 W.
 P.
 L50
 H50

5%12%

GW-GM, GW-GC, GP-GM, GP-GC

5%12%

SW-SM, SW-SC, SP-SM, SP-SC

Ò PI Ò 

GC-GMSC-SM
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Ò PI Ò

CL – ML

 76.2
44.75

  44.75
2000.075

 2000.075
.

  Cu Cc
 40 

:

GW, GP, GM, GC, GC-GM, GW-GM, GW-GC, GP-GM, GP-GC

: 

CL, ML, OL, CH, MH, OH, CL-ML, Pt

ASTMD-2487

 200
 200 
 4 
 200

4 
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AASHTO
USCS 

AASHTOUSCS

200

AASHTO35%
200USCS
50%200

35%

AASHTO10
410

ASTM
BS
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5.5 

40

USCS

A
 A

0.0758USCS

B A 
2630LL
2022PL
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40

= 0.135 mm 60D ,= 0.12 mm 30D ,0.085 mm = 10D 

퐶 =  
퐷

퐷
=  

0.135

0.085
= 1.59 < 6 

퐶 =  
퐷

퐷 × 퐷
=  

(0.12)

(0.135)(0.085)
= 1.25 > 1 

LL=30 PI = 30 - 22 = 8  > 7
Line-ASC-SP

0 15

poorly graded sand with clay
B

 B0.075
61USCS

LL = 26 PI = 26 - 20 = 6 
ML-CL

5.5
200100 - 61 = 39 > 300 

100 - 61= 39

sandy silty clay
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USCS

 70
 20030
 33
 12 

20050

 100 – 30 = 70 % :
 4100 – 70 = 30 %  

504

20012SM or SC

3333 – 12 = 21
Line-ASC

15

 

clayey sand with gravel. 

AASHTOA-2GW,SM,CH
A
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OL, OH, Pt

Wisconsin

Liu (1967)
5.5

Wisconsin

(After Dhowian and Edil, 1980. Copyright ASTM INTERNATIONAL. Reprinted with 

permission.) 
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U.S. Department of Agriculture textural classification chart: 

  
 

A 20 20 60 
B 55 5 40 
C 45 35 20 
D 50 15 35 
E 70  15 

40AASHTO

NP 

NP 
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= 4.48  uC
= 1.22 cC 

NP

 

LL = 23% PL = 19% 
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vibroflotation
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w = 0
)ɾ()dɾ(

γ =  훾 ( ) =  훾  

1w = w
훾 =  훾  

1.6

 



 

3 

 

푤 =  푤

훾 (  ) =  훾 ( ) + ∆훾  
2w = w

푤

Proctor 1933

944
101.6 mm

 a

 b25
2.5 Kg30.5 mmc

ɾ

γ =  
푊

푉( )
                                                               (1.6) 

: 
W
(m)V



 

4 

 

훾 =  
훾

1 + 
(%)

                                                      (2.6) 

w (%)
dɾ(2.6)

ASTM – D-698 (2007)
AASHTO – T-99 (1982)

wS

훾 =  
퐺 . 훾

1 + 푒
 

훾

sG  
wɾ

e
(18.3)

푆. 푒 =  퐺 . 푤 

푒 =  
퐺 . 푤

푆
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훾 =  
퐺 . 훾

1 + .
                                                                    (3.6) 

(2.6

c
(Courtesy of Braja M. Das, Henderson, Nevada) 
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S = 100%

3.6S = 1)

훾 =  
퐺 . 훾

1 + 푤. 퐺
=  

훾

푤 + 
                                           (4.6) 

zavɾ

zavɾ

  
 )wɾ( 
 w5%  10% 15% 
 (4.6)zav ɾ 

3.6zavɾ 
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3.6
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1.3.6

ASTM– D-698
3.64.6

 

Lee and Suedkamp1972)
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4.6 

(ASTM – D698) 
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A 
B
C
D

 

a bcd
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퐸 =  
 ×  ×  ×   

 
              (5.6) 

퐸 =  
(25 ) × ( 3) ×

. × .
 푘푁 × (0.305 푚)

9.44 × 10  푚
  = 594 푘푁 −

푚

푚
= 600 푘푁 − 푚/푚  

퐸 =  
(25 ) × ( 3) × (5.5 ) × (1)

  = 12.375 푓푡 − 푙푏/푓푡

= 12.4푓푡 − 푙푏/푓푡  

2050
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ASTM Test Designation D-1557)AASHTO Test Designation T-180) 
)3(1/30 ft3 944 cm

4.54 Kg457 mm
25
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2700 kN – m/m3 (56 000 ft-lb/lb3)  

ASTMAASHTO
4
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 Omar
311

o 45 GP GP-GM GW GW –GM  GM
o 264 :  

 SP SW-SM)  SW SC-SM SC and SM SP-SM 
o (CL)

ASTM – 1557C

휌 ( / ) (푘푔/푚 )

=  [4.804.574퐺 − 195.55(퐿퐿) + 156.971(푅 ≠ 4) .

− 9.527.830] .                                                                  (6.6) 

ln 푤 = 1.195 × 10 (퐿퐿) − 1.964퐺 − 6.617 × 10 (푅 ≠ 4)

+ 7.651                                                                                (7.6) 

d(max)ʍ )3(Kg/m 
optW 

sG
LL

R#44

 Gurtug and Sridharan (2004)
(PL)
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푤 (%) =  [1.95 − 0.38(log 퐶퐸)](푃퐿)                                   (8.6) 

훾 ( )

푘푁

푚
= 22.68푒 .  (%)                                        (9.6) 

PL (%)CE)3m/m-(KN
3CE = 2700 KN/m

 

훾 ( )

푘푁

푚
= 22.68푒 . ( )  

 

훾 ( )

푘푁

푚
= 22.68푒 . ( )  
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w %

a  
b dɾ 

 , 100 %90, S = 80zavɾ=2.7s G 

 

)3( lb/ft dw %3(lb/ft W (lb)
V

3ft
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ɾ =  a

훾 =  %
b

dɾw
3=109 lb/ftd(max) ɾ

14.4 %

(3.6)

훾 =  
퐺 훾

1 +
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)3( lb/ft d
S = 100 % S = 90 % S = 80 % w  (%) Gs 

dɾw
8.6

6.2

 Gs = 2.6  
 4020 
 420 

(6.6)(7.6)
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(6.6)

휌 (푚푎푥)
kg

m
=  [4804.574퐺 − 195.55(퐿퐿) + 156.971(푅 ⋕ 4) .

− 9527.830] .  
 

=  [4804.574(2.6) − 195.55(20) + 156.971(20) . − 9527.830] .  
= 1894 푘푔/푚  

(7.6)
In 푤 = 1.195 × 10 (퐿퐿) − 1.964퐺 − 6.617 × 10 (푅 ⋕ 4)

+ 7.651 
= 1.195 × 10 (20) − 1.964(2.6) − 6.617 × 10 (20) + 7.651 

= 2.591 
푤 = 13.35 % 
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Lambe 
(1958)9.6

 

Aflocculent
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B

flocculation

BC

AE9.6

10.6
Seed and Chan (1959)
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11.6
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12.6

ab

(13.6)

13.6
ABC

uq 

14.6
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 15.6
100%

310 380 
2/mkN 
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 16.6

6002/mkN 700
7080 % 
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 17.6
25285 cm

14007000 
 2Kn/m

 
 

18.6
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 

1015
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a 

 55.6 kN 1.19 mm
Lifts 2.44 m

15
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a

rD
0.5m

b
D’Appolonia  Whitman  and D’Appolonia  1969  

 

a

b 
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90%95%

푅% =  

훾

훾
 

                                                          (10.6) 

R
rD

퐷 =

훾
( )

− 훾 ( )

훾 ( ) − 훾 ( )

훾 ( )

훾
( )

                                 (11.6) 

(10.6)(11.6)

푅 =
푅

1 − 퐷 (1 − 푅 )
                                                             (12.6) 

푅 =  
훾 ( )

훾 ( )
                                                                          (13.6) 

Lee and Singh (1971)
RrD

푅 = 80 + 0.2퐷                                                                        (14.6) 
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21.6
ABC

A

훾
( )

= 푅 ∙ 훾 ( ) 

w1w2 w

C훾
( )

3w = w
  훾

( )
= 푅 ∙ 훾 ( )

B

21.63w4w
4w = wA

21.6
Seed (1964)Holtz and Kovacs (1981).
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2.695 – 100 %

U.S. Department of Navy(1971).
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95 – 100 %

(U.S. Department of Navy  1971).  
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(ASTM Designation D-1556)
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 )1W(

 

)2W(

 w 

 

 

푊 =  
 

(%)                                        (15.6) 

w
 

 
 )4(W 

푊 =  푊 − 푊                                                  (16.6) 

5W
  

푉 =
 

                                         (17.6) 

cW
d(sand)ɾOttawa
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c Wd(sand)ɾ 
  

훾 =                                          (18.6) 

 
 

(ASTM Designation D-2167)

;

(18.6)24.6



 

42 

 

25.6
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3.6 

3kN/m

 31570 kg/m 
 0.545 kg 
  7.59 kg 
 4.78 kg 
 3.007 kg 
  10.2% 

a  
b  
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 7.59 kg – 4.8 kg = 2.81 kg 
 2.81 kg – 0.545 kg = 2.265 kg

푉 =
2.265

훾
 

 

푉 =
2.265

1750
= 0.0014426 푚  

   =  
3.007

0.0014426
× 

9.81

1000
= 20.45 푘푁/푚  

훾 =  
훾

1 +  
(%)

=
20.45

1 +  
10.2

100

= 18.65 푘푁/푚3 

3= 19 KN/m d(sand) ɾ

(6.10)

푅 % =  

훾

훾
 

=  
18.56

19.00
= 97.7 % 
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 mitigation

Franklin, Orozco and Semrau (1973)

810%

10%
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Lancaster et al (1996)

(SP-
SM)

29.630.6
27.3

29.6

30.6
28.6

30.6
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power plants

power plants

 



 

51 

 

 vibroflotation
 Dynamic compaction
 Blasting

Vibroflotation

Vibroflot2.1 m 31.6

31.6
32.6

 

 

 
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 0.3 m
30
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4.6
23 kW (100 –hp)1970

2 m 23 kW(30-hp)
3 m 75 kW(100-hp)
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33.6

34.6

34.6
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Brown (1977)

푆 = 1.7 ×
3

(퐷 )
+

1

(퐷 )
+

1

(퐷 )
                        (19.6) 

50D20D10D %50 
20% 10 %

NS
BrownNS
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NS 

0 - 10 
10 - 20
20 - 30 
30 - 50 
 50 

80360 kN
7.530.5 m

  
  
  

Leonards and Holtz Cutter (1980)

퐷 =  
1

2
푊 × ℎ                                                               (20.6) 

D
HW
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hm

퐷 =  0.61 푊 × ℎ                                              (21.6) 

DhftHWKip
Poran and Rodriguez1992

DHW
h

b = DIDI

DI (= b )
)H(W(h)

AD
DI/D = b/D 

h/AbHNWb/D

HWh A b 
h/Ab.HNW
h/Ab.HNWa/Da

6.36
Sg

a
a/Db/Dh/AbHNW

D
AN
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a/Db/Dh/AbHNW

h/Ab.HNWb/D/Da
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Sg
a

 
Mitchell1970

vibroflotation
60%

39 m

80%18 m 

60%
Mitchell (1970)

푟 =
푊

퐶
                                                         (22.6) 



 

60 

 

r
EXW60 %
C0.0122  EXWr
C0250.0  EXWlbrft

15 m9 m
Mitchell19702.09 Kg

(Gelamite No.1Hercules) Powder Company Wilmington  Delaware  
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vibroflotation
 10D0.36 mm    
 20D0.52 mm 
 500D1.42 mm 

NS

6.19

푆 = 1.7
3

(퐷 )
+ 

1

(퐷 )
+ 

1

(퐷 )
 

= 1.7
3

(1.42)
+ 

1

(0.52)
+ 

1

(0.36)
  = 6.1 
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dɾ(w)
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= 2.75 sG 
w = 5%8%  10% 12% 15% 

3lb/ft
= 2.65  sG

)3(Kg/m= 2.67) s(G
20%10%  w =(S) = 80%, 90%, 100%  

lb3ft
1/30 
1/30 
1/30 
1/30 
1/30 

= 2.72 sG
 

)3(Kg/m 

10.5%31705 Kg/m
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kg3cm
 

 

 

 

 

 

 

 

18%3105 lb/ft
2.75

3103.5 lb/ft18%
3m10.000 

20 – ton 

8000 
3m0.7

sG
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A 
B 
C 
D 

3104 lb/ft393  lb/ft
78% 

3Kg/m 16823Kg/m 1510(%) 
(%)70% 

90%
3lb/ft 393  lb/ft

a  
b  
c 12% 

 

 Ottawa31667 kg/m 
 Ottawa0.117 kg 
 5.99 kg 
 2.81 kg 
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 3.331 kg 
  11.6%

 

vibroflotation
 D10   0.11 mm  
 D20   0.19 mm  
 D50  1.3 mm  

NS 

 D10   0.09 mm 
 D20  0.25 mm 
 D50 0.61 mm 
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ℎ =  
푢

훾
   +   

휐

2푔
   +    푍                                                                 (1.7) 

h
u

    v
g       

         wɾ 

Z
u

wɾ

 БОϝЎ

БПЏЮϜ 
 БОϝЎ

ϣКϽЃЮϜ 
 ИϝУϦϼϜ

БОϝЏЮϜ 



 

 

ℎ =
푢

훾
+ 푍                                                                                (2.7) 

AB

A, B
A B

∆ℎ = ℎ − ℎ =
푢

훾
+ 푍 −

푢

훾
+ 푍                                    (3.7) 

æh

푖 =
∆ℎ

퐿
                                                                                                 (4.7) 

i

L  AB
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(5.7)휐 ∝ 푖

(5.7)

1856

(6.7)v = 푘. 푖 

vdischarge

k

(6.7)(5.7)

(6.7)vdischarge
A

VA 
v



 

 

(10.7)

vdischargesv3.7
LA

q

(7.7)푞 = v. 퐴 = 퐴 . v

v

퐴

(7.8)퐴 = 퐴 + 퐴 

 
퐴

(7.7)(8.7)



 

 

푞 = v(퐴 + 퐴 ) =  퐴 ∙ v  

v =
v(퐴 + 퐴 )

퐴
=

v(퐴 + 퐴 )퐿

퐴 퐿
=

v(푉 + 퐴 )

푉
                     (9.7) 

푉

푉

(9.7)

v = v
1 +

푉
푉

푉
푉

= v
1 + 푒

푒
=

v

푛
                                 (10.7) 

푒

푛

(6.7)discharge
v

4.7



 

 

discharge

Hansbo (1960)
푖′4.7

(11.7)(for i ≥ i )  v = 푘(푖 − 푖 )

(12.7) (푓표푟 푖 < 푖 ) v = 푘. 푖

푖푣

푚(12.7)1.5



 

 

Mitchell (1976)

푐푚/푠푒푐 푚/푠푒푐

ft/minft/day

( k )
( k )

푘 =
훾

휂
퐾                                                                             (13.7) 

훾

ɖ

퐾



 

 

퐿 푐푚,2ft

k 
ft/min cm/sec 

200 – 2.0 100 – 1.0 
2.0 – 0.02 1.0 – 0.01 

0.02 – 0.002 0.01 – 0.001 
0.002 – 0.00002 0.001 – 0.00001 
 0.000002  0.000001

(13.7)

(13.7)

푘

푘
=

휂

휂

훾 (푇 )

훾 (푇 )
                                                         (14.7) 

퐾  , 퐾  푇푇  

휂.  , 휂.  푇푇  

훾 ( ) , 훾 ( ) 푇푇  

k20˚퐶

훾 ( )  ≃ 훾 ( )

(14.7)



 

 

푘 =
휂

휂
푘                                            (15.7) 

휂 ˚  / 휂  ˚푇

1530 ęC2.7

휼푻˚푪 / 휼ퟐퟎ ˚푪푻

휼푻˚푪 / 휼ퟐퟎ ˚푪 
T

휼푻˚푪 / 휼ퟐퟎ ˚푪 
T

 

 



 

 

5.7



 

 

(16.7)푄 = 퐴. v. 푡 = 퐴. (푘. 푖)푡

푄

퐴

푡

i

푖 =
ℎ

퐿
                                                                                 (17.7) 

퐿(7.17))16.7(

푄 = 퐴 푘
ℎ

퐿
푡                                                                  (18.7) 

k

푘 =
푄. 퐿

퐴. ℎ. 푡
                                                                            (19.7) 

ℎ푡 = 0

푡 = 푡  

ℎ



 

 

푡

푞 = 푘
ℎ

퐿
퐴 = −푎

푑ℎ

푑푡
                                                                (20.7) 

q
a 
A

(20.7)

푑푡 =
푎. 퐿

퐴. 퐾
−

푑ℎ

ℎ
                                                                        (21.7) 



 

 

(21.7)t = 0t
ℎ  t = 0ℎt

푡 =
푎. 퐿

퐴. 푘
푙표푔

ℎ

ℎ
 

   

푘 = 2.303
푎. 퐿

퐴. 푡
푙표푔

ℎ

ℎ
                                                            (22.7) 

 



 

 

 L30 cm 
 A 2177 cm 
 h= 50 cm  
 5 =3350 cm 

cm/sec

(19.7) 

푘 =
푄. 퐿

퐴. ℎ. 푡
 

푄 = 350 푐푚 , 퐿 = 30 푐푚 , 퐴 = 177 푐푚  , ℎ = 50 푐푚 м  푡 = 5 푚푖푛 

푘 =
(350)(30)

(177)(50)(5)(60)
= 3.95 × 10 푐푚/푠푒푐 

 



 

 

 8 in 
 21.6 in  
 20.06 in 
 t= 0 = 20 in 
   t = 180 sec = 12 in  

in/sec

(22.7)

푘 = 2.303
푎. 퐿

퐴. 푡
log

ℎ

ℎ
 

푎 = 0.06 푖푛  , 퐿 = 8 푖푛, 퐴 = 1.6 푖푛 ,  

푡 = 180 sec, ℎ = 20 푖푛, ℎ = 300 푚푚  

푘 = 2.303
(0.06)(8)

(1.6)(180)
log

20

12
= 8.52 × 10  in/sec 

 



 

 

3 푋 10  푐푚/푠푒푐

Cę252g.sec/cm 4-0.0911 X 10
퐾

(13.7)

푘 =
훾

휂
퐾 = 3 × 10  cm/sec 

3 × 10 =
1g/cm

0.0911 × 10
퐾 

퐾 = 0.2733 × 10 cm  
 



 

 

a
퐾 = 5.3푋 10  푚/푠푒푐 

푚 /ℎ푟/푚 сЎϽКH=3 m훼 = 8ę

7.7b

푖 =  
БОϝЏЮϝϠ ЉЧзЮϜ

ЬнГЮϜ
=  

퐿 푡푎푛훼

(
퐿

cos 훼
)

= 푠푖푛훼 



 

 

푞 = 푘. 푖. 퐴 = (푘)(sin 훼)(3 cos 훼)(1) 

푘 = 5.3 × 10  푚/푠푒푐 

푞 = (5.3 × 10 )(sin 8°)(3 cos 8°)(3600) = 0.0789
푚

ℎ푟
/푚 

 

l/sec/m3m

K = 0.08 cm/sec,ę= 8 훼 ,m 50L =  ,h = 4m ,= 3 m 1H ,H = 8m 

 пЮϖ ЭтнϳϧЯЮ

m/hr 



 

 

  (푖) =
ℎ

퐿
cos 훼

 

 (18.7) 

푞 = 푘. 푖. 퐴 = 푘
ℎ . cos 훼

퐿
(퐻 . cos 훼 × 1) 

푞 = (0.08 × 10  푚/푠푒푐)
4 cos 8°

50
(3 cos 8° × 1)

= 0.19 × 10
푚

푠푒푐
/푚 

 



 

 

Hazen (1930)

(23.7)푘(푐푚/푠푒푐) = 푐. 퐷

c1.01.5

10D

(23.7)Hazen

,1927, Carman, 1938, 1956Kozeny

푘 =
1

퐶 . 푆 . 푇

훾

휂

푒

1 + 푒
                                                             (24.7) 

퐶

푆

푇

ɔ

ɖpermeant
e



 

 

Carrier (2003)(24.7)
Cę20ɔ /휂 49.93 X 10

(
 .

)(퐶 푇 )5(24.7)

푘 = 1.99 × 10
1

푆

푒

1 + 푒
                                             (25.7) 

           (26.7)

푆 =
푆퐹

퐷

1

푐푚
                                                                   (26.7) 

퐷 =
100%

∑
푓

퐷( )

                                                                (27.7) 

푓 푙

s.

 

(28.7) 퐷( ) (푐푚) = [퐷 (푐푚)] . × [퐷 (푐푚)] .

SF

(25.7),(26.7),(27.7),(28.7)

푘 = 1.99 × 10

⎣
⎢
⎢
⎡ 100%

∑
푓

퐷 . × 퐷 . ⎦
⎥
⎥
⎤ 1

푆퐹

푒

1 + 푒
                  (29.7) 



 

 

푆퐹68

Carrier (2003)(29.7)

푘 = 1.99 × 10

⎣
⎢
⎢
⎡ 100%

∑
푓

퐷 . × 퐷 . ⎦
⎥
⎥
⎤ 1

푆퐹

푒

1 + 푒
             (30.7) 

(30.7)

푘 ∝
푒

1 + 푒
                                                                          (31.7) 

(30.7)(31.7)
(23.7) (31.7)

Chapuis (2004)K(31.7)

푘(푐푚/푠) = 2.4622 퐷
푒

(1 + 푒)

.

                                 (32.7) 

 10D(mm)

kcm/s 1-10
3-10

Amer and Awad (1974)k



 

 

푘 = 3.5 × 10
푒

1 + 푒
퐶 . 퐷 .

휌

휂
                                 (33.7) 

kcm/sec
퐶

퐷  (mm)
ɟ)3(g/cm

휂)2(g.s/cm

20ęCɟ = 1푔/푐푚ɖ ≈ 0.1 X 10  푔. 푠/푐푚k

푘 = 3.5 × 10
푒

1 + 푒
퐶 . 퐶 .

1

0.1 × 10
 

푘(푐푚/푠푒푐) = 35
푒

1 + 푒
퐶 . (퐷 ) .                                (34.7) 

1.7

Kenney, Lau and Ofoegbu (1984) 
0.07425.4

퐶  1.0412



 

 

 80%

(35.7)퐾(푚푚 ) = (0.05 푡표 1)퐷

퐷(mm)5%

U.S. Department of Navy (1971)
k (ft/min)퐷  (푚푚)2

12퐷 /퐷 < 1.49.7

9.7U.S. Department of Navy1971

 



 

 

 cm/sec

푘

푘
=

푒
1 + 푒

푒
1 + 푒

 

0.02

푘
=

0.5
1 + 0.5
0.65

1 + 0.65

⇒ 푘 = 0.04 푐푚/푠푒푐 

10.7
(30.7)0.6SF = 7

10.7

cm

 



 

 

3040

푓

퐷 . × 퐷 . =
4

(0.06) . × (0.0425) .
= 81.62 

4060

푓

퐷 . × 퐷 . =
12

(0.0425) . × (0.02) .
= 440.76 

60100

푓

퐷 . × 퐷 . =
34

(0.02) . × (0.015) .
= 2009.5 

 



 

 

100200

푓

퐷 . × 퐷 . =
50

(0.015) . × (0.0075) .
= 5013.8 

100%

∑
푓

퐷 . × 퐷 .

=
100

81.62 + 440.76 + 2009.5 + 5013.8
≈ 0.0133 

 (30.7)

푘 = (1.99 × 10 )(0.0133)
1

7

0.6

1 + 0.6
= 0.0097 cm/s 

(32.7)

10.7퐷 = 0.09 푚푚 (32.7)

푘 = 2.4622 퐷
푒

1 + 푒

.

= 2.4622 (0.09)
0.6

1 + 0.6

.

= 0.0119 cm/sec 
 



 

 

(34.7)

10.7퐷 = 0.16 푚푚 퐷 = 0.09 푚푚 

퐶 =
퐷

퐷
=

0.16

0.09
= 1.78 

(34.7)

푘 = 35
푒

1 + 푒
퐶 . (퐷 ) . = 35

0.6

1 + 0.6
(1.78) . (0.09) .

= 0.025 cm/sec 
 



 

 

Kozeny-Carman 
Olsen (1961)
(24.7)

11.7

(Based on Olsen, 1961)

Eq. (7.24) 



 

 

 Taylor td (1948)k
:

푙표푔 푘 = 푙표푔 푘 −
푒 − 푒

퐶
                                                   (36.7) 

퐾푒

퐾푒

퐶

푒2.5
퐶0.5 푒

Mesri and Olson (1971)
log 퐾log 푒

(37.7)log 푘 = 퐴 log 푒 + 퐵′

12.7푙표푔퐾 log 푒 

(37.7)

Samarasinghe  (1982)
New Liskeard

퐾 = 퐶
푒

1 + 푒
                                                                          (38.7) 

Cn
 



 

 

(Based on Mesri and Olson, 1971) 

Tavenas et al  (1983)
13.7

13.7푃퐼퐶퐹

k
 

 

 

  

 

 



 

 

 



 

 

K (cm/sec) e
0.302 × 10  
0.12 × 10  

0.75(38.7)

(38.7)

푘 = 퐶
푒

1 + 푒
 

n

푘

푘
=

푒
1 + 푒

푒
1 + 푒

 

0.302 × 10

0.12 × 10
=

(1.1)
1 + 1.1
(0.9)
1 + 0.9

 

2.517 =
1.9

2.1

1.1

0.9
 

2.782 = (1.222)  

푛 =
log(2.782)

log(1.222)
=

0.444

0.087
= 5.1 



 

 

nC

푘 = 퐶
푒 .

1 + 푒
 

C

0.302 × 10 = 퐶
(1.1) .

1 + 1.1
=

1.626

2.1
퐶 

퐶 =
(0.302 × 10 )(2.1)

1.626
= 0.39 × 10  

푘 = (0.39 × 10 푐푚/푠푒푐)
푒

1 + 푒
 

0.75k

푘 = (0.39 × 10 )
0.75 .

1 + 0.75
= 0.514 × 10 cm/sec 

 



 

 

k7.14
훼(훼 = 0)

)ę= 90 훼( vKHKvKHK

vKHKFukushima and Ishii(1986)
Masa-doweathered

.100% 
HKVK



 

 

V/KHK

vKHKdo–Masa 
Fukushima and Ishii

 



 

 

V/KHK

n
n

(39.7)푞 = v. 1. 퐻

= v . 1. 퐻 + v . 1. 퐻 + v . 1. 퐻 + ⋯ + v . 1. 퐻  

v

v , v , v , … , v  



 

 

퐾 , 퐾 , 퐾  , … , 퐾

퐾 ( )

v = 퐾 ( )푖 ;  v = 퐾 푖 ;  v = 퐾 푖 ;  v = 퐾 푖 ;   v = 퐾 푖 … 
(7.39)

(푖 = 푖 = 푖 = 푖 = .  .  . = 푖 )

푘 ( ) =  
1

퐻
푘 퐻 + 푘 퐻 + 푘 퐻 + ⋯ + 푘 퐻                     (40.7) 



 

 

17.7

h

 (41.7)v = v = v = v = ⋯ v



 

 

 (42.7)    ℎ = ℎ + ℎ + ℎ + ⋯ + ℎ

(7.41)

(43.7)푘 ( ) = 푘 푖 = 푘 푖 = 푘 푖 = ⋯ 푘 푖 

퐾  , 퐾 , 퐾 , … , 퐾

푘 ( )

(42.7)

ℎ = 퐻 푖 + 퐻 푖 + 퐻 푖 + ⋯ + 퐻 푖                                      (44.7) 

(43.7)(44.7)

푘 ( ) =
퐻

퐻
푘

+
퐻
푘

+
퐻
푘

+ ⋯ +
퐻
푘

                     (45.7) 

.varved
varved

18.7
New Liskeard Canadavarved soilvarve

41 51



 

 

18.7
New Liskeard varved “Laboratory Investigation of Permeability Ratio of New Liskeard 

Varved Clay ” by H. T. Chan and T. C. Kenney  1973  Canadian Geotechnical Journal  
10(3)  p. 453–472. ©2008 NRC Canada or its licensors. Reproduced with permission 



 

 

11.7

= 10  푐푚/푠푒푐 1K = 2 m1H 
= 3.2 × 10  푐푚/푠푒푐 2K = 3 m2H 
= 4.1 × 10  푐푚/푠푒푐 3K  = 4 m3H 

 : 

푘 ( )

푘 ( )
 

(40.7)

푘 ( ) =
1

퐻
(푘 퐻 + 푘 퐻 + 푘 퐻 ) 



 

 

푘 ( ) =
1

(2 + 3 + 4)
[(1 × 10 )(2) + (3.2 × 10 )(3)

+ (4.1 × 10 )(4)] 

푘 ( ) = 107.07 × 10  cm/sec 

(7.45)

푘 ( ) =
퐻

퐻
푘

+
퐻
푘

+
퐻
푘

 

푘 ( ) =
(2 + 3 + 4)

2
10

+
3

3.2 × 10
+

4
4.1 × 10

= 0.765 × 10  푐m/sec 

푘 ( )

푘 ( )
=

107.07 × 10

0.765 × 10
= 139.96 

100 푚푚 푥 100 푚푚300 mm

/hr3cm
K (cm/sec) 

2-10 A 
3-3x10 B 

4-4.9x10 C 



 

 

(45.7)

푘 ( ) =
퐻

퐻
푘

+
퐻
푘

+
퐻
푘

 

푘 ( ) =
(150 + 150 + 150)

150
10

+
150

3 × 10
+

150
409 × 10

= 0.001213 cm/sec 

푞 = 푘 ( )푖. 퐴 = 0.001213
300

450

100

10
×

100

10
= 0.0809 푐푚 /푠푒푐

= 291.24 푐푚 /ℎ푟 

20.7100 푚푚 푥 100 푚푚

 



 

 

푞 = 푘
푑ℎ

푑푟
2휋. 푟. 퐻                                                                (46.7) 

푑푟

푟
=

2휋푘

푞
ℎ푑ℎ 

k

푘 =
2.303푞 푙표푔

푟
푟

휋(ℎ − ℎ )
                                                           (47.7) 



 

 

푞 , 푟 , 푟 , ℎ , ℎ

(47.7)

푘(푐푚/푠푒푐) =
2.303푞 푙표푔

푟
푟

 

14.7휋(ℎ − ℎ )
                                         (48.7) 

qgpmℎℎft

21.7

q



 

 

H

푞 = 푘
푑ℎ

푑푟
2휋. 푟. 퐻                                                               (49.7)  

푑푟

푟
=

2휋푘ℎ

푞
푑ℎ 

푘 =
푞 푙표푔

푟
푟

2.727퐻(ℎ − ℎ )
                                                      (50.7) 



 

 

Daniel (1989)

Boutwell Permeameter 1.10.7

PermeameterBoutwell

 k
 a
 

푘  

푘 =
휋. 푑

휋. 퐷(푡 − 푡 )
푙푛

ℎ

ℎ
                                                        (51.7) 

d
D
ℎ푡

ℎ푡

 

permeameterb



 

 

푘 =
퐴′

퐵′
푙푛

ℎ

ℎ
                                                                   (52.7) 

permeameterBoutwell

퐴 = 푑 푙푛
퐿`

퐷
+ 1 +

퐿′

퐷
                                         (53.7) 

퐵 = 8퐷
퐿′

퐷
(푡 − 푡 ) 1 − 0.562 푒푥푝 −1.57

퐿′

퐷
                   (54.7) 

퐾 /퐾mm(푚 =  퐾 /퐾



 

 

퐿 /퐷m
푘 /푘퐿 /퐷

푘

푘
=

푙푛 (퐿 /퐷) + 1 + (퐿 /퐷)

푙푛 (푚. 퐿 /퐷) + 1 + (푚. 퐿 /퐷)
푚                                 (55.7) 

mHk

(56.7)    푘 = 푚. 푘 

mVk

푘 =
푘

푚
                                                                                 (57.7) 



 

 

 

풌ퟐ/풌ퟏ풎 

Constant-Head Borehole Permeameter 2.10.7

Constant-head borehole permeameter 
h

q

푘 =
푞

푟 √푅 − 1[퐹 + (퐹 /퐴")]
                                        (58.7) 



 

 

푅 =
ℎ

푟
                                                                                          (59.7) 

퐹 =
4.117(1 − 푅 )

푙푛 푅 + √푅 − 1 − [1 − (1/푅 )] .
                         (60.7) 

퐹 =
4.280

푙푛 푅 + √푅 − 1
                                                           (61.7) 

퐴 =
1

2
∝ 푟                                                                                (62.7) 

훼0.0021-0.01 cm

Borehole



 

 

Porous Probes 3.10.7

27.7)

 k

푘 =
푞

퐹ℎ
                                                                                              (63.7) 

 k

푘 =
휋. 푑 /4

퐹(푡 − 푡 )
푙푛

ℎ

ℎ
                                                                    (64.7) 

b퐹

퐹 =
2휋. 퐿

푙푛 (퐿 /퐷) + 1 + (퐿 /퐷)
                                                 (65.7) 

b퐹

퐹 =
2휋. 퐿

푙푛 (퐿 /퐷) + 1 + (퐿 /퐷)
− 2.8퐷                                     (66.7) 



 

 

(26.7(a)(b) 
  



 

 

k

  
  
  
  
  
 

k
 



 

 

5.7 
 L = 18 in 
 A23.5 in 
 h28 in 
 3321.58 in 

in/sec

 L = 300 mm 
 2A = 175 cm 
 H = 500 mm 
 33620 cm 
 0.58 

 
 K (cm/sec) 
  

2A = 15 in ,L = 12 in
k = 0.006 in./sec/hr3450 in.

 h 

 20 in 
 2in  4 
 2in 0.2 
 t= 0 = 30 in 
 t = 10 min = 12 in 

 (in./min) 



 

 

 t= 5 min 

 380 mm
  26.5 cm
 k = 0.175 cm/min 

650 cm300 
cm8 

 700 mm 
 220 cm  
 21.05 cm 
 t= 0 = 800 mm 
 t = 8 min = 500 mm 

  
 t= 6 min 

20ęC20ęC 훾 = 9.789 푘푁/푚  휂 =

1.005 푥 10  푁. 푠/푚

27.7
800 m2.8 m/day

/min3m



 

 

7.28
푘 = 5.2 푥 10 푐푚/푠푒푐

/hr/m3m 퐻 = 3.8 푚Ŭ = 8˚

29.7푚 /푠푒푐/푚′

퐻 = 5푚퐻  =2.8 mℎ = 3.1 푚퐿 = 60 푚 훼 = 5˚ 푘 = 0.05 푐푚/푠푒푐 
0.50.022 cm/sec

0.7(31.7)
n = 0.31 k = 0.2 ft/mink

n = 0.4(31.7)
31800 kg/m

80%

퐷 = 0.15 푚푚퐶 = 2.2 퐺 = 2.66(34.7)

 0.7 
 0.46 
 퐷 = 0.2  푚푚 

60%
(32.7)



 

 

0.5(30.7)SF = 6.5

US

 
K (cm/sec) e
1.2 × 10  
3.6 × 10  



 

 

e = 0.9
(38.7)

2.1
cm/sec 6-0.91 X 10

1.1
(7.36)

7.30
 퐻 = 1.5 푚 
 퐻 = 2.5 푚 
 퐻 = 3.0 푚 
 푘 = 10  푐푚/푠푒푐  
 푘 = 3.0 푥 10  푐푚/푠푒푐  
 푘 = 3.5 푥 10  푐푚/푠푒푐 

31.7푘 ( )/퐾 ( )
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a

X,Z
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(a)

(b)A
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AZ,Xa
A

dx, dy, dzdyA
bv  , v

v . dz. dy

v  . dx. dy

푣 +
휕푣

휕푥
푑푥 푑푧. 푑푦 

푣 +
휕푣

휕푧
푑푧 푑푥. 푑푦 

푣 + 푑푥 푑푧. 푑푦 + 푣 + 푑푧 푑푥. 푑푦 − [푣 푑푧. 푑푦 + 푣 푑푥. 푑푦] = 0

휕휐

휕푥
+

휕휐

휕푧
= 0                                                                             (1.8) 

휐 = 푘 . 푖 = 푘
휕ℎ

휕푥
                                                                    (2.8) 

휐 = 푘 . 푖 = 푘
휕ℎ

휕푧
                                                                     (3.8) 



4 

k  , k

(1.8) (2.8) (3.8) 

푘  
휕 ℎ

휕푥
+ 푘  

휕 ℎ

휕푧
= 0                                                            (4.8) 

푘 = 푘

휕 ℎ

휕푥
+ 

휕 ℎ

휕푧
= 0                                                                       (5.8) 

(5.8)
2.8

hZ

(5.8)

휕 ℎ

휕푧
= 0                                                                                    (6.8) 

h

(7.8)ℎ = 퐴 . 푧 + 퐴

A  , A

 A ,A ,
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  h = h :   z = 0  

 2h = h :   z = H

(7.8)

(8.8)퐴 = ℎ

(7.8)(8.8)

ℎ = 퐴 . 퐻 + ℎ  

퐴 = −
ℎ − ℎ

퐻
                                                                          (9.8) 

(7.8) ,(8.8) ,(9.8)

ℎ = −
ℎ − ℎ

퐻
푧 + ℎ                  for 0 ≤ z ≤ 퐻                 (10.8)  

  h = h ∶      z = H   

 2h = 0 ∶     z = H + H 

(7.8)

(11.8)퐴 = ℎ − 퐴 . 퐻

(7.8)(11.8) 

0 = 퐴 (퐻 + 퐻 ) + (ℎ − 퐴 . 퐻 )  
퐴 . 퐻 + 퐴 . 퐻 + ℎ − 퐴 . 퐻 = 0



6 

퐴 = −
ℎ

퐻
                                                                                (12.8) 

 

(7.8)(11.8) (12.8) 

ℎ = −
ℎ

퐻
푧 + ℎ 1 +

퐻

퐻
                   for 퐻 ≤ z ≤ 퐻 + 퐻    (13.8) 



7 

푞 = 푘
ℎ − ℎ

퐻
퐴 = 푘

ℎ − 0

퐻
퐴 

A

k

k2

ℎ =
ℎ . 푘

퐻
푘
퐻

+
푘
퐻

                                                                  (14.8) 

(14.8)(10.8)

ℎ = ℎ 1 −
푘 . 푧

푘 . 퐻 + 푘 . 퐻
           for 0 ≤ z ≤ 퐻               (15.8) 

(13.8)(14.8)

ℎ = ℎ
푘

푘 . 퐻 + 푘 . 퐻
(퐻 + 퐻 − 푧)    for 퐻 ≤ z ≤ 퐻 + 퐻     (16.8) 
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2.8

 H = 12 in H = 20 in h = 24 in h = 20 inz = 8 in 

k = 0.026 in,/sec D = 3 in

(in ./hr)

z = 8 in(8.15)

ℎ =  ℎ 1 −
푘 . 푧

푘 . 퐻 + 푘 . 퐻
=  ℎ 1 −

푧

푘
푘

퐻 + 퐻
 

20 = 24 1 −
8

푘
푘

20 + 12
 

푘

푘
= 1.795 ≈ 1.8 

k = 0.026 in./sec

푘 =  
푘

1.8
=  

0.026

1.8
= 0.0144 푖푛/푠푒푐 

푞 = 푘 . 푖. 퐴 

푖 =
ℎ

퐻 + 퐻
=  

24

12 + 20
= 0.75 

퐴 =  
휋

4
퐷 =  

휋

4
(3) = 7.069 푖푛  



9 

푘 =  
퐻 + 퐻

퐻
푘

+
퐻
푘

=  
12 + 20

12
0.026

+
20

0.0144

= 0.0173 푖푛/ sec = 62.28 푖푛/ℎ푟 

푞 = 푘 푖. 퐴 = (62.28)(0.75)(7.069) = 330.19 푖푛 /ℎ푟 
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(5.8)

a

1.8k = k = k

  
  

 b
퐍퐟

퐍퐝
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(a)(b)
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toe filter

 b

 abde

 abde

 fg
acd 

 acdfg 
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h , h , h , … , h

(17.8)∆푞 = ∆푞 = ∆푞 = ⋯ = ∆푞

(17.8)

∆푞 = 푘
ℎ − ℎ

푙
푙 = 푘

ℎ − ℎ

푙
푙 = 푘

ℎ − ℎ

푙
푙 = ⋯ (18.8) 

(18.8)

 

ℎ − ℎ = ℎ − ℎ = ℎ − ℎ =
퐻

푁
                                       (19.8) 

∆푞 = 푘
퐻

푁
                                                                                      (20.8) 

H
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N

bH = H − HN = 6

N

푞 = 푘
.

                                                                          (21.8)

(18.8)

∆푞 = 푘
ℎ − ℎ

푙
푏 = 푘

ℎ − ℎ

푙
푏 = 푘

ℎ − ℎ

푙
푏 = ⋯    (22.8) 
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b /l  = b /l = b /l = ⋯ = n 
(20.8)(21.8)

∆푞 = 푘 . 퐻
푛

푁
                                                                                             (23.8)  

푞 = 푘. 퐻
푁

푁
. 푛                                                                                          (24.8) 

(20.8)

∆푞 + ∆푞 =
푘

푁
퐻 +

푘

푁
퐻 =

2푘. 퐻

푁
 

0.38(23.8)
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∆푞 =
푘

푁
퐻(0.38) 

∆푞 = ∆푞 + ∆푞 + ∆푞 = 2.38
푘. 퐻

푁
                        (25.8) 
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k = k = k = 5 x 10  cm/sec

a 

ab 
b  
c c 

a

N = 6 , H = 5.6m , H = 2.2 m 

∆퐻 =
퐻 − 퐻

푁
=

5.6 − 2.2

6
= 0.567 푚 

a

 (5.6-0.567) = 5.033 m
 b

 
   [5.6-(5)(0.567)] = 2.765 m   
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b

 (25.8)

푞 = 2.38
푘(퐻 − 퐻 )

푁
=

(2.38)(5 × 10 푚/푠푒푐)(5.6 − 2.2)

6

= 6.74 × 10      m3/sec/m 

C

c

i =  
БОϝЏЮϜ сТ ϹЦϝУЮϜ

eм  dеуϠ   БЂнϧгЮϜ дϝтϽϯЮϜ ЬнА
=  

∆H

∆L
=  

0.567 m 

4.1 m
= 0.138  
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(21.8)(24.8)

4.8

푘
휕 ℎ

휕푥
+ 푘

휕 ℎ

휕푧
= 0 

k ≠ k

90ę

휕 ℎ

(푘 /푘 )휕푥
+

휕 ℎ

휕푧
= 0                                                          (26.8) 

x =  k /k  (26.8)

휕 ℎ

휕푥′
+

휕 ℎ

휕푧
= 0                                                                          (27.8) 

(27.8)(5.8)
xx′

 z

 x 

k /k ) X
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 

 

 

(a)(b)
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(21.8)

푞 = 푘 푘
퐻. 푁

푁
                                                                (28.8) 

H

NN

 .( 

k = 6ka
b
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a
2 푥 10 mm/s4 푥 10

/day/ft3ft 

푘 = 2 × 10
푚푚

푠
= 5.67 ft/day 

푘 = 4 × 10
푚푚

푠
= 11.34 ft/day 

ℎ = 20 푓푡

  =  
2 푥 10

4 푥 10
   =

1

√2
 (   ) 

b

푞 =  푘 푘  퐻(푁 /푁 )

b푁 = 8 푁 = 2.5  

0.5

푞 = (5.67)(11.34)(20)
2.5

8
= 50.12

ft

day
/ft 
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a2
푘 = 푘 = 푘

(푁 )
퐻 = 7 푚

퐻/7 = 7/7 = 1 푚

a

푎 ϢϹКϝЧЯЮ ϣтϼϝЃуЮϜ ϣтмϜϿЮϜ = БОϝЏЮϜ БПЎ 푥 . (훾 ) = [(7 + 2) − 1]훾 = 8. 훾  

b

푏 = [9 − (2)(1)]. 훾 = 7. 훾  

f

푓 = [9 − (6)(1)]. 훾 = 3. 훾  

12.8b
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(a)(b)

 



26 

k
abcd푎 푏푐

푖 ≅
푑푧

푑푥
                                                                                          (29.8) 

cde
8.13

푞 = 푘. 푖. 퐴 

푖 =
푑푧

푑푥
= tan 훼 

퐴 = (푐푒)(1) = 퐿. sin 훼 

(30.8)푞 = 푘. (푡푎푛 훼)(퐿. sin 훼 ) = 푘. 퐿. 푡푎푛 훼 sin 훼

bf

푞 = 푘. 푖. 퐴 = 푘
푑푧

푑푥
(푧 × 1) = 푘. 푧

푑푧

푑푥
                                    (31.8)   

푞 .( . ) = 푞퐸푞( . )
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푘. 푧
푑푧

푑푥
= 푘. 퐿. tan 훼 . sin 훼 

푘. 푧. 푑푧 = (푘. 퐿 tan 훼. sin 훼) 

1

2
(퐻 − 퐿 . 푠푖푛 훼) = 퐿 . tan 훼 . sin 훼 (푑 − 퐿 . cos 훼) 

퐻

2
−

퐿 푠푖푛 훼

2
= 퐿. 푑

푠푖푛 훼

cos 훼
− 퐿 . 푠푖푛 훼 

퐻 . cos 훼

2. 푠푖푛 훼
−

퐿 . 푐표푠훼

2
= 퐿. 푑 − 퐿 . cos 훼 

퐿 . cos 훼 − 2. 퐿. 푑 +
퐻 . cos 훼

푠푖푛 훼
= 0 
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퐿 =
푑

cos 훼
−

푑

cos 훼
−

퐻

sin 훼
                                     (32.8) 

q: 

 훼

 æ13.80.3æ

 d

 훼dL(32.8)

 Lq(30.8)

Schaffernak 1917Casagrande 
푎′푎13.8
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ɓ = 45˚ , 훼 = 30˚ , 퐵 = 10 푓푡, 퐻 = 20 푓푡 , ϹЃЮϜ ИϝУϦϼϜ = 25 푓푡 , 
 퐾 = 2 푥 10  푓푡/푚푖푛 

q/day/ft’3ft

훽 = 45˚  м 훼 = 30˚

∆ =
퐻

tan 훽
=

20

tan 45°
= 20푓푡    , 0.3∆ =  (0.3)(20) = 6 푓푡 

푑 = 0.3∆ +
(25 − 20)

tan 훽
+ 퐵 +

25

tan 훼
 

= 6 +
(25 − 20)

tan 45°
+ 10 +

25

tan 30°
= 64.3 푓푡 

(32.8)

퐿 =
푑

cos 훼
−

푑

푐표푠 훼
−

퐻

푠푖푛 훼
 

퐿 =
64.3

푐표푠30
−

64.3

푐표푠30
−

20

푠푖푛30
= 11.7 푓푡 

(30.8)

푞 = 푘퐿푡푎푛훼푠푖푛훼 = (2 × 10 )(11.7)(푡푎푛30)(푠푖푛30) 

푞 = 6.745 × 10
푓푡

푚푖푛
/푓푡 = 0.973

푓푡

푑푎푦
/푓푡 
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L. Casagrande
(32.8)Dupuit푖 ≈ 푑 /푑

Casagrande (1932)α 

13.830°Dupuit
13.8L. Casagrande (1932)

푖 =
푑푧

푑푠
= sin 훼                                                                        (33.8) 

푑푠 = 푑푥 + 푑푧  

(30.8)

푞 = 푘. 푖. 퐴 = 푘. sin 훼 (퐿 . sin 훼) = 푘. 퐿. sin 훼                            (34.8) 

푞 = 푘. 푖. 퐴 = 푘
푑푧

푑푠
(1 × 푧)                                                      (35.8)  

(34.8)(35.8)

푧 . 푑푧 = sin 훼 . 푑푠                                                       (39.8) 

sa`bc

1

2
(퐻 − 퐿 . 푠푖푛 훼) = 퐿푠푖푛 훼. (푠 − 퐿) 
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퐿 = 푠 − 푠 −
퐻

sin 훼
                                                                      (37.8) 

4 5 %

푠 = √푑 + 퐻                                                                                   (38.8)

(37.8)(38.8)

(39.8)퐿 = √푑 + 퐻 − √푑 − 퐻  . cot 훼

L(34.8)

푞 = 푘. 퐿. 푠푖푛 훼 

(38.8)(39.8)Gilboy 
(1934)14.8

푚 =
퐿. sin 훼

퐻
                                                                                     (40.8) 

 d/H

 d/H  훼m

 

퐿 =
푚. 퐻
푠푖푛훼

 

 훼2sin.L.k
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 L. Casagrande’s Gilboy
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 
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 

 

6.5

16.8 a

85D
16.8 b

퐷

Terzaghi and Peck 
(1948) 

퐷 ( )

퐷 ( )
≤ 4 푡표 5   (푡표 푠푡푎푡푖푠푓푦 푐표푛푑푖푡푖표푛 1)                                            (41.8) 

퐷 ( )

퐷 ( )
≥ 4 푡표 5   (푡표 푠푡푎푡푖푠푓푦 푐표푛푑푖푡푖표푛 2)                                          (42.8) 

퐷 ( )15%

퐷 ( )15%

퐷 ( )85%

(41.8)(42.8)
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(a)6.5(b)
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a5퐷85( )5퐷 ( )

bca
 

(41.8)(42.8)

U.S. Navy (1971) 

  

퐷 ( )

퐷 ( )
< 5 

퐷 ( )

퐷 ( )
< 25 
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퐷 ( )

퐷 ( )
< 20 

uC1.5
퐷 ( )/퐷 ( )6uC4퐷 ( )/퐷 ( )

40

  
퐷 ( )

퐷 ( )
< 4 

 76.2 mm (3 in)

 

5%200

 

 
퐷 ( )

푠푙표푡 푤푖푑푡ℎ
> 1.2 to 1.4 

퐷 ( )

ℎ표푙푒 푑푖푎푚푒푡푒푟
> 1.0 to 1.2 
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Dupuit

L. Casagrande’s
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ℎℎ = 200 푚푚

ℎ  80 mm푘 = 0.004 푐푚/푠푒푐푘

퐻 = 100 푚푚 , 퐻 = 150 푚푚

18.8

 퐻 = 6 푚 
 퐻 = 1.5 푚 
 퐷 = 3푚 
 퐷 = 6 푚 



40 

18.8 

 퐻 = 3 푚 
 퐻 = 0.5 푚 
 퐷 = 1.5푚 
 퐷 = 3.75 푚 

(

 퐻 = 4 푚 
 퐻 = 1.5 푚 
 퐷 = 3.6푚 
 퐷 = 6 푚 

푚 /푑푎푦

푚 /푑푎푦/푚
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42 

푚 /푑푎푦/푚 

푥 = 1 푚 a)

b) 푥 = 2 푚

q푚 /푑푎푦 /푚
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α = 35° , 훼 = 40° , 퐿 = 5푚 , 퐻 = 7 푚 , 퐻 = 10 푚 ,  

푘 = 3 푥 10  푐푚/푠푒푐

Schaffernak

L. Casagrande
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1 
 

z
AAH

(1.9)σ = 퐻. 훾 + (퐻 − 퐻). 훾 

휎A
γ

ɔ

퐻



 
  

2 
 

퐻A

(a)
(b)A



 
  

3 
 

흈(1.9)
 

 
 

 
a-aA

푃 , 푃 , 푃 , … , 푃

 b
휎′

σ =
푃 ( ) + 푃 ( ) + 푃 ( ) + ⋯ + 푃 ( )

퐴̅
                                           (2.9) 

푃 ( ), 푃 ( ), 푃 ( ), … , 푃 ( )푃 , 푃 , 푃 , … , 푃

퐴̅

푎

푎 = 푎 + 푎 + 푎 + ⋯ + 푎

(퐴̅ − 푎

σ = σ +
푢(퐴̅ − 푎 )

퐴̅
= 휎 + 푢(1 − 푎′ )                                               (3.9) 

 푢 = 퐻 . 훾

A



 
  

4 
 

 푎 = 푎 /퐴̅ 

푎 ′

(3.9)
(4.9)σ = σ + 푢

u1.9휎

4.9
휎` = [퐻. 훾 + (퐻 − 퐻)훾 ] − 퐻 훾                                                     
휎` =  (퐻 − 퐻)(훾 − 훾 )                                                                     

(5.9)σ = (퐻푒푖푔ℎ푡 표푓 푡ℎ푒 푠표푖푙 푐표푙푢푚푛) × 훾′

훾 =  훾 − 훾

AH
 b
 b d

4.9
Terzaghi1936)(1925Skempton (1960)

3.9



 
  

5 
 

2.9훔′

3.9
 (6.9)σ = σ + 푢(1 − 푎′ ) − 퐴′ + 푅′

휎푖푔 

퐴

푅

A`R`

휎 = 휎` = ů − 푢 
A`– R`휎 ≠ 휎′



 
  

6 
 

 

(a)(b)(c)
(d)

 



 
  

7 
 

ABC

A
сЯЫЮϜ БПЏЮϜ σ = 0 
свϝЃгЮϜ ̭ϝгЮϜ БПЎ   푢 = 0 
ЬϝЛУЮϜ БПЏЮϜ σ ′ = 0 

B
휎 = 6훾 = 6 × 16.5 = 99 kN/m  
푢 = 0 kN/m   
휎` = 99 − 0 = 99 kN/m  

C
휎 = 6훾 + 13훾 = 6 × 16.5 + 13 × 19.25

= 349.25 kN/m  
푢 = 13훾 = 13 × 9.81 = 127.53 kN/m  
휎` = 349.25 − 127.53 = 221.72 kN/m  



 
  

8 
 

a

ABh

AB
A

сЯЫЮϜ ϸϝлϮшϜ                     σ = 퐻 . 훾  
свϝЃгЮϜ ̭ϝгЮϜ БПЎ           푢 = 퐻 . 훾  
ЬϝЛУЮϜ ϸϝлϮшϜ                    σ = 휎 − 푢  

B
сЯЫЮϜ ϸϝлϮшϜ                     σ = 퐻 . 훾 + 퐻 . 훾  
свϝЃгЮϜ ̭ϝгЮϜ БПЎ           푢 = (퐻 + 퐻 + ℎ). 훾  
ЬϝЛУЮϜ ϸϝлϮшϜ                    σ = 휎 − 푢 = 퐻 (훾 − 훾 ) − ℎ. 훾  

= 퐻 . 훾 − ℎ. 훾  
Cz

C
сЯЫЮϜ ϸϝлϮшϜ                 σ = 퐻 .훾 + 푧. 훾  
свϝЃгЮϜ ̭ϝгЮϜ БПЎ       푢 = (퐻 + 푧 +

ℎ

퐻
푧). 훾  

ЬϝЛУЮϜ ϸϝлϮшϜ   σ = 휎 − 푢 = 푧(훾 − 훾 ) −
ℎ

퐻
푧. 훾 = 푧. 훾 −

ℎ

퐻
푧. 훾  



 
  

9 
 

ℎ/퐻푖

 (7.9)휎′ = 푧. 훾 − 푖. 푧. 훾

bd
d)d

Z푖. 푧. 훾
푤

i

(8.9)휎′ = 푧. 훾 − 푖  푧. 훾 = 0

푖

(8.9)

(9.9)푖  =

푖0.9 1.11
  



 
  

10 
 

ab
cd

 



 
  

11 
 

20 ft
H1 = 12 ft

H

unloading
H

A

휎 = (20 − 퐻). 훾  
푢 = 12. 훾  

A휎  

휎 − 푢 = (20 − 퐻). 훾 − 12. 훾  
(20 − 퐻)120 − (12)62.4 = 0 

H

퐻 =
(20)120 − (12)62.4

120
= 13.76 ft 



 
  

12 
 

a

푖 = ℎ/퐻  
C

휎 = 퐻 .훾 + 푧. 훾  
푢 = (퐻 + 푧 − 푖. 푧)훾  
휎` = (퐻 훾 + 푧. 훾 ) − (퐻 + 푧 − 푖. 푧). 훾 = 푧. 훾` + 푖. 푧. 훾  

bd



 
  

13 
 



 
  

14 
 

z푧. 훾′

A
(10.9)푃′ = 푧. 훾 . 퐴 

푃a

Az
(11.9)푃′ = (푧. 훾 − 푖. 푧. 훾 )퐴

(12.9)푃′ − 푃′ = 푖. 푧. 훾 . 퐴

푧. 퐴

푃′ − 푃′

푉표푙푢푚푒 표푓 푠표푖푙 ∶   
=

푖. 푧. 훾 . 퐴

푧. 퐴
= 푖. 훾                              (13.9) 



 
  

15 
 

(a)(b)(C)

푖. 훾

b

푖. 훾C
푖훾

  



 
  

16 
 

(e) = 0.52 =2.67
a AB 
b  

a

훾 =
(퐺 + 푒)훾

1 + 푒
=

(2.67 + 0.52)9.81

1 + 0.52
= 20.59 푘푁/푚  

 

 



 
  

17 
 

흈` = 훔 − 풖 
)2(kN/m 

u 
)2(kN/m 

  
)2(kN/m 

(1 + 0.7) +
1.5

2
(1) 훾

= (2.45)(9.81) = 24.03 

0.7훾 + 1훾 = 0.7 × 9.81

+ 1 × 20.59

= 27.46 

A 

(2 + 0.7 + 1.5)훾

= (4.2)(9.81) = 41.2 
0.7훾 + 2훾 = (0.7)(9.81)

+ (2)(20.59)

= 48.05 

B 

b
i

푖 =
1.5

2
= 0.75 

푖. 훾 = 0.75 × 9.81 = 7.36 kN/m  
 



 
  

18 
 

 a 
(1922)

D/2D

DD/2
b

퐹푆 =
푊′

푈
                                                                        (14.9) 

FS
W`

W` = 퐷. 퐷
2 (훾 − 훾 ) =

1

2
퐷 . 훾` 

U
(13.9)

푈 =  × (푖 . 훾 ) =
1

2
퐷 푖 . 훾  

푖4.9
W`U(14.9)

퐹푆 =
훾′

푖 . 훾
                                                                    (15.9) 



 
  

19 
 

9.9

푈

0.5훾 . 퐷(퐻 − 퐻 )
= 퐶                                                       (16.9)  

 
ab

퐶D/T(14.9)

퐹푆 =
푊

푈
=

0.5퐷 . 훾

0.5퐶 .훾 . 퐷(퐻 − 퐻 )
=

퐷. 훾

퐶 . 훾 (퐻 − 퐻 )
                      (17.9) 

T
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푪ퟎD/T

C0 D/T 

  



 
  

21 
 

훾 = 112 lb/ft

T = 60 ft

20푓푡 푋 10 ft  

 b 

3

6
(퐻 − 퐻 ) 

 C



 
  

22 
 

1.6

6
(퐻 − 퐻 ) 

bc

0.36(퐻 − 퐻 )

푖 =
0.36(퐻 − 퐻 )

퐷
 

9.15

퐹푆 =
훾`

푖 훾
=

훾`퐷

0.36(퐻 − 퐻 )훾
=

(112 − 62.4)20

0.36(30 − 5) × 62.4
= 1.77 



 
  

23 
 

 



 
  

24 
 

D/T = 1/3D/T=1/3퐶 = 0.357

(17.9)

퐹푆 =
퐷훾`

퐶 훾 (퐻 − 퐻 )
=

(20)(112 − 62.4)

(0.357)(62.4)(30 − 5)
= 1.78 

  



 
  

25 
 

Heave

 

12.9 a

(
a 1D

b



 
  

26 
 

푊 + 푊

푊 ` = (퐷)
퐷

2
(훾 − 훾 ) =

1

2
퐷 훾` 

푊 ` = (퐷 )
퐷

2
훾` =

1

2
퐷 퐷 `  

훾

푈 =
1

2
퐷 푖 . 훾  

퐹푆 =
푊′ + 푊′

푈
=

1
2

퐷 훾 +
1
2

퐷 퐷훾

1
2

퐷 푖 훾
=

훾′ +
퐷
퐷

훾

푖 훾
  (18.9) 

(16.9)

퐹푆 =

1
2

퐷 훾 +
1
2

퐷 퐷훾

0.5퐶 훾 퐷(퐻 − 퐻 )
=

퐷훾′ + 퐷 훾

퐶 훾 (퐻 − 퐻 )
                                    (19.9) 

퐶1.9 

13.9

Bishop et al (1960) 
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휎 = σ − 푢 + χ. (푢 − 푢 )                                                        (20.9) 

ů′

ů

  푢  

푢  .
(20.9)휒

휒 = 0휒 = 1

Bishop ɢ 
Sɢ
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14.9훘

Bearhead Bishop et al  1960. With permission from ASCE. 

휋

4
푑 ℎ . 훾 = 휋. 푑. 푇 . cos 훼 

ℎ =
4. 푇. 푐표푠 훼

푑. 훾
                                                                          (21.9) 

T
Ŭ



 
  

29 
 

푑

ɔ

Ŭ =  0(21.9)

ℎ =
4. 푇

푑. 훾
                                                                              (22.9) 

(a)(b)

푇 = 72 푚푁/푚(22.9)
ℎ

ℎ =∝
1

푑
                                                                                   (23.9) 



 
  

30 
 

16.9

 b100%

ℎ

100%
Hazen (1930)

ℎ (푚푚) =
퐶

푒. 퐷
                                                               (24.9)  

퐷(mm)
푒

퐶10250 mm
(24.9)(23.9)퐷10

2.9
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(a)(b)

ft m 
0.3 – 0.6 0.1 – 0.2 

1 - 4 
2.5 - 25 
25 - 75 
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(4.9)
ů =  휎` + 푢 

u
훾 ℎℎ

datum

푢 = −
푆

100
훾 . ℎ                                                                         (25.9) 

S
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퐻 = 6푓푡, 퐻 = 3푓푡, 퐻 = 6푓푡휎, 푢, 휎′

훾 =
퐺 . 훾

1 + 푒
=

(2.65)(62.4)

1 + 0.5
= 110.24 lb/ft  

훾 =
(퐺 +푆푒)훾

1 + 푒
=

[2.65 + (0.5)(0.5)](62.4)

1 + 0.5
= 120.64 lb/ft  

푒 =
퐺 . 푤

푆
=  

(2.71)(0.42)

1.0
= 1.1382 

 

훾 =
(퐺 +푒)훾

1 + 푒
=

[2.71 + 1.1382](62.4)

1 + 1.1382
= 112.3 lb/ft  

A
ů = 0  , 푢 = 0  ,   휎` = 휎 − 푢 = 0 

퐻B
ů =  훾 (6) = (110.24)(6) = 661.44 lb/ft  

푢 = 0 (  ) 

푢 =  −(푆훾 퐻 ) =  −(0.5)(62.4)(3) = −93.6
lb

ft
 (  ) 

휎` = 661.44 − 0 = 661.44
lb

ft
 (  ) 

휎` = 661.44 − (−93.6) = 755.04
lb

ft
  (  ) 
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퐻 + 퐻C
ů = (110.24)(6) + (120.64)(3) = 1023.36 lb/ft  
푢 = 0 
휎` = 1023.36 − 0 = 1023.36 lb/ft  

퐻 + 퐻 + 퐻D
ů = 1023.36 + (112.3)(6) = 1697.17 lb/f푡  
푢 = 6훾 = (6)(62.4) = 374.4 lb/ft  
휎` = 1697.17 − 374.4 = 1322.77 lb/ft  
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(2.9)ů′

(3.9)
(25.9)σ = 휎 + 푢(1 − 푎′ ) − 퐴 + 푅′ 

휎  

퐴

푅

A`R`

휎 = 휎` ≈ 휎 − 푢 
A` – R'휎 ≠ 휎′
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ů, 푢, 휎′AB C D 

푒 =   푤 =  퐺 =       

훾훾

III II I 
H = 8 ft H = 6 ft H = 5 ft 

γ = 125 lb/ft  γ = 120 lb/ft  γ = 112 lb/ft  
H = 9 ft H = 10 ft H = 5 ft 

γ = 122 lb/ft  γ = 116 lb/ft  γ = 100 lb/ft  
H = 5m H = 4m H = 3 m 

γ = 18 kN/m  γ = 16 kN/m  γ = 15 kN/m  
H = 3 m H = 5 m H = 4 m 
G = 2.73 G = 2.68 s = 2.62 
e=0.81 e=0.6e = 0.4

H = 1.5 m H = 3 m H = 4 m 
w = 40% G = 2.68 s = 2.65 
e = 1.1 e = 0.52e = 0.6
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a 휎, 푢, 휎′ 
b 

 
c 

215 kN/m 
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12 ft 

h
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a퐻 = 1.5푚퐻 = 2.5푚 ℎ = 1.5 푚

훾 = 18.6 푘푁/푚(푘) = 0.12 푐푚/푠푒푐

20.45 m/min)3(m
 a퐻 = 1푚퐻 = 2푚ℎ = 1.2푚

(e)=0.55) = 2.68s(G
20.5 m0.1 cm/sec

a  
b ℎ = 1.2 푚 
c ℎ 

10 m 6 m 
훾 = 19 푘푁/푚

휎, 푢, 휎′
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S %3H 2H 1H 
7 ft 4 ft 8 ft 

3.5 m 3 m 5 m 
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10(a1
(σ > σ )

EFθAB10(b1
 EFBστ

EF

(1.10)퐸퐵 = 퐸퐹 cos 휃 

(2.10)퐹퐵 = 퐸퐹 sin 휃

NT



        
 

3 
 

휎 (퐸퐹) = 휎 (퐸퐹) sin 휃 + 휎 (퐸퐹) cos 휃 + 2휏 (퐸퐹) sin 휃 cos 휃 

(a)

(b)EFB(a)

휎 = 휎 sin 휃 + 휎 cos 휃 + 2휏 sin 휃 cos 휃 

휎 =
휎 + 휎

2
+

휎 − 휎

2
cos 2휃 + 휏 sin 2휃                             (3.10) 

휏 (퐸퐹) = −휎 (퐸퐹) sin 휃 cos 휃 + 휎 (퐸퐹) sin 휃 cos 휃 − 휏 (퐸퐹) cos 휃

+ 휏 (퐸퐹) sin 휃 

휏 = 휎 sin 휃 cos 휃 − 휎 sin 휃 cos 휃 − 휏 (cos 휃 − sin 휃) 

휏 =
휎 − 휎

2
sin 2휃 − 휏 cos 2휃                                                  (4.10) 
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θ

ττ = 0  

tan 2휃 =
2휏

휎 − 휎
                                                                            (5.10) 

τ , σ , σ

θ(apart)90ę

휎 = 휎 =
휎 + 휎

2
 +

휎 − 휎

2
+ 휏                                       (6.10) 

휎 = 휎 =
휎 + 휎

2
−

휎 − 휎

2
+ 휏                                       (7.10) 

 
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 

 

102

AD101a 
+σ+τR

AB+σ

−τM

RM102AD
ABO
RMMNQRSOOR

푅 =
휎 − 휎

2
+ 휏  
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EF
M2θ

QEFAB
10a1Q

στ

EFNS
N

σSσ

107ABAD
EFτ = 0

σ = σσ = σ10a3

휎 =
휎 + 휎

2
+

휎 − 휎

2
cos 2휃                                   (8.10) 

휏 =
휎 − 휎

2
sin 2휃                                                       (9.10) 

10(b3
Q

EF
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(a)AB AD

(b)(a)

: 

σ = 2000 lb/ftτ = 800 lb/ftσ = 2500 lb/ftθ = 20°

a  
b AB
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104

a

휎
휎 =

휎 + 휎

2
±

휎 − 휎

2
+ 휏  

=
2500 + 2000

2
±

2500 − 2000

2
+ (−800)  

휎 = 3088.15 lb/ft  

휎 = 1411.85 lb/ft  
b
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휎 =
휎 + 휎

2
+

휎 − 휎

2
cos 2휃 + 휏 sin 2휃 

휎 =
2500 + 2000

2
+

2500 − 2000

2
cos(2 × 20)

+ (−800) sin(2 × 20) 
휎 = 1927.28 lb/ft  

휏 =
휎 − 휎

2
sin 2휃 − 휏 cos 2휃 

휏 =
2500 − 2000

2
sin(2 × 20) − (−800) cos(2 × 20) = 773.5 lb/ft  
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.105
10(a510a1

10(b5

M10(b5
ABMPAB

P
EFPEF

QQ
EFQOMQPM

(a)

(b)
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106a

a  
b  
c AE 

106(a)(b)

AD
ϣугДϝзЮϜ ϤϜϸϝлϮшϜ = 90 lb/in  
ϣЊϝЧЮϜ ϤϜϸϝлϮшϜ = −60 lb/in  

AB
ϣугДϝзЮϜ ϤϜϸϝлϮшϜ = 150 lb/in  
ϣЊϝЧЮϜ ϤϜϸϝлϮшϜ = 60 lb/in  

106b
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a
ϣуЃуϚϽЮϜ ϣуЂϝЂцϜ ϤϜϸϝлϮшϜ = 187.1 lb/in  

b
ϣтнжϝϫЮϜ ϣуЂϝЂцϜ ϤϜϸϝлϮшϜ = 52.9 lb/in  

c
NPCDPPQ

AE106aQ
AE

ϣугДϝзЮϜ ϤϜϸϝлϮшϜ = 60 lb/in  
ϣЊϝЧЮϜ ϤϜϸϝлϮшϜ = 30 lb/in  
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Boussinesq (1883)

10(7Boussinesq

∆휎 =
푃

2휋

3푥 푧

퐿
− (1 − 2휇)

푥 − 푦

퐿푟 (퐿 + 푧)
+

푦 푧

퐿 푟
                          (10.10) 

∆휎 =
푃

2휋

3푦 푧

퐿
− (1 − 2휇)

푦 − 푥

퐿푟 (퐿 + 푧)
+

푥 푧

퐿 푟
                         (11.10) 

∆휎푧 =
3푃

2휋
 
푧3

퐿5
=

3푃
2휋

푧3

(푟2 + 푧2)5/2
                                             (12.10) 
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10(7

푟 = 푥 + 푦  
퐿 = 푥 + 푦 + 푧 = 푟 + 푧  

µ = днЂϜнϠ ЭвϝЛв 

∆σ

∆σ

∆휎푧 =
푃

푧2

3
2휋

1

(푟/푧)2 + 1
5/2

=
푃

푧2
퐼1                                     (13.10) 

퐼 =
3

2휋

1

[(푟/푧) + 1] /
                                                           (14.10) 

Ir/z101

퐈ퟏ퐫/퐳
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P = 5 kN107
(∆σ )

z = 0, 2 m, 4 m , 6 m , 10m , 20 m  

x = 3 m y = 4 m

푟 = 푥 + 푦 = 3 + 4 = 5푚 

∆휎z =
푃

푧2
퐼1 

kN/mI  푟

푧
 Z (m) r (m) 

Ð
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10(8q/ЬнГЮϜ ϢϹϲϜм

∆σz

∆휎푧 =
2푞. 푧3

휋 푥2 + 푧2 2
                                                                         (15.10) 

∆휎 =
2푞

휋. 푧
푥
푧 + 1

 

∆휎

(푞/푧)
=

2

휋[(푥/푧) + 1]
                                                          (16.10) 

∆σ /(q/z)x/z102

∆훔
퐳

∆σA
  



        
 

18 
 

∆훔
퐳
/(퐪/퐳)퐱/퐳

∆훔
퐳
/(퐪/퐳) 퐱/퐳 ∆훔

퐳
/(퐪/퐳) 퐱/퐳 
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10a9
A 4 ft 

10(b9A
∆휎 = ∆휎 ( ) + ∆휎 ( ) 

∆휎 ( ) =
2푞 푧

휋(푥 + 푧 )
=

(2)(500)(4)

휋(5 + 4 )
= 12.12 lb/ft  

∆휎 ( ) =
2푞 푧

휋(푥 + 푧 )
=

(2)(1000)(4)

휋(10 + 4 )
= 3.03 lb/ft  

A
∆휎 = 12.12 + 3.03 = 15.15 lb/ft  

(a)(b)A
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Az

∆휎 =
2푞

휋

푥. 푧

(푥 + 푧 )
                                                                  (17.10) 

∆σ /(q/z)x/z
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∆훔
퐳
/(퐪/퐳)퐱/퐳

∆훔
퐳
/(퐪/퐳) 퐱/퐳 ∆훔

퐳
/(퐪/퐳) 퐱/퐳 
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1000 lb/ft
∆σA

 q = 1000 cos 20 = 939.7 lb/ft

 q = 1000 sin 20 = 342 lb/ft

Ax/z = 5/4 = 1.25 
Aqq

∆휎 ( )

푞
푧

= 0.098 ,   ∆휎 ( ) = (0.098)
푞

푧
= (0.098)

939.7

4
= 23 lb/ft  

∆휎 ( )

푞
푧

= 0.125 ,   ∆휎 ( ) = (0.125)
푞

푧
= (0.125)

342

4
= 10.7 lb/ft  

A
∆휎 = ∆휎 ( ) + ∆휎 ( ) = 23 + 10.7 = 33.7 lb/ft  
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B

1012

1012q
drqdr
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dσA
dr

q. drq(x-r)x

푑휎 =
2(푞. 푑푟)푧

휋[(푥 − 푟) + 푧 ]
                                                                       (18.10) 

(∆σ )A
Br−B/2+B/2

∆휎 = 푑휎 =
2푞

휋

푧

[(푥 − 푟) + 푧 ]
푑푟

⁄

⁄

 

∆휎 =
푞

휋
푡푎푛

푧

푥 − (퐵/2)
− 푡푎푛

푧

푥 + (퐵/2)

−
퐵푧[푥 − 푧 − (퐵 /4)]

[푥 + 푧 − (퐵 /4)] + 퐵 푧
                                (19.10) 

∆σ /q2x/B
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∆훔
퐳
/퐪ퟐ퐱/퐁
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q = 200kN/mB = 6 mz = 3 m

x = ±9, ±6, ±3 , 0 m

∆σx

∆휎  (푘푁/푚  ∆휎

푞
 2z/B 2x/B X(m) 

±3 ±9 
±2 ±6 
±1 ±3 

b = 200 kN/m  

∆σx

∆σx
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H

∆휎 =
푞

휋

퐵 + 퐵

퐵
(훼 + 훼 ) −

퐵

퐵
(훼 )                                    (20.10) 

q = γ. H

γ

H

 



        
 

30 
 

훼훼

훼 (푟푎푑푖푎푛푠) = 푡푎푛
퐵 + 퐵

푧
− 푡푎푛

퐵

푧
              (21.10)  

훼 (푟푎푑푖푎푛푠) = 푡푎푛
퐵

푧
                                                    (22.10) 

Das (2008)

∆휎 = 푞 . 퐼                                                                               (23.10)  

IB /zB /z

I B /zB /z

(Osterberg(1957)
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:Osterberg
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10(16
A

b,c
A

∆휎 = 휎 ( ) − 휎 ( ) 
푞 ( ) = 푞 ( ) = (10)(18) = 180 푘푁/푚  

10b16B = 21 mB = 20 m

퐵

푧
=

21

6
= 3.5 ,    

퐵

푧
=

20

6
= 3.33 

10)(15I ( ) ≈ 0.495

10)(c16B = 0B = 15 m 

퐵

푧
=

0

6
= 0 ,    

퐵

푧
=

15

6
= 2.5 

10)(15I ( ) ≈ 0.39
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A

휎 = 휎 ( ) − 휎 ( ) = 푞 ( )퐼 ( ) − 푞 ( )퐼 ( ) = 180[0.490 − 0.39]

= 18.9 푘푁/푚  
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Boussinesq∆σ

R
q

qrdrd훼dσA

푑휎 =
3(푞푟 . 푑푟 . 푑훼)

2휋

푧

(푟 + 푧 ) /
                                                       (24.10) 

A

∆푧 = 푑휎 =
3푞

2휋

푧 푟

(푟 + 푧 ) ⁄
푑푟. 푑훼 

∆휎푧 = 푞 1 −
1

(푅/푧)2 + 1
3/2

                                                       (25.10)  

∆σ /qz/R
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∆훔

퐳
/퐪퐳/퐑

∆훔
퐳
/퐪 퐳/퐑 ∆훔

퐳
/퐪 퐳/퐑 
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1018

∆σ

z = 5R6% q
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Ahlvin and Ulery (1962)
1019∆σAzr

∆휎 = 푞(퐴 + 퐵′)                                                                   (26.10)  

A′B′z/Rr/R106107
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) ЬмϹϯЮϜсΦмл :(ϤϜϽуПϦ 퐀′ ϽуПϦ Йв 퐳/퐑 м퐫/퐑 
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퐁′퐳/퐑퐫/퐑
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R = 3mq = 100 kN/m

1.5 m, 3m, 4.5m, 6m , 12m

(a) r = 0  

(b) r = 4.5 m  

∆휎 = 푞 퐴` + 퐵`  

2q = 100 kN/mR = 3m ,

(a)r/R = 0A , B′10610(7

∆σ (
kN

m
) B` A` Z/R z (m) 
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(b)=
.

= 1.5A , B′10610(7

∆σ (
kN

m
) B` A` Z/R z (m) 

-0.035 
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Boussinesq

LB
q

(∆σ )Az
dx. dy

1020

(27.10)푑푞 = 푞. 푑푥. 푑푦

(dσ )Adq

Pdq = q. dx . dyrx + y

푑휎 =
3푞 푑푥 푑푦 푧

2휋(푥 + 푦 + 푧 ) /
                                                    (28.10) 

A

∆휎 = 푑휎 =
3푞푧 (푑푥 푑푦)

2휋(푥 + 푦 + 푧 ) /
= 푞퐼          (29.10) 
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퐼 =
1

4휋

2푚푛√푚 + 푛 + 1

푚 + 푛 + 푚 푛 + 1

푚 + 푛 + 2

푚 + 푛 + 1

+ 푡푎푛
2푚푛√푚 + 푛 + 1

푚 + 푛 − 푚 푛 + 1
                                (30.10) 

푚 =
퐵

푧
                                                                   (31.10) 

푛 =
퐿

푧
                                                                   (32.10)  
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Imn

퐈ퟑmn

  



        
 

47 
 

Imn

 



        
 

48 
 

A′

zA′

A′

A′

zA′

∆휎 = 푞 퐼 ( ) + 퐼 ( ) + 퐼 ( ) + 퐼 ( )                                       (33.10) 

I ( ), I ( ), I ( ) , I ( )I1  2  3  4 

1023

∆휎 = 푞. 퐼                                                                   (34.10) 
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퐼

=
2

휋

푚  푛

1 + 푚 + 푛

1 + 푚 + 2푛

(1 + 푛 )(푚 + 푛 )

+ 푠푖푛
푚

푚 + 푛 1 + 푛
                                                                     (35.10) 

푚 =
퐿

퐵
                                                                               (36.10) 

푛 =
푧

푏
                                                                                  (37.10) 

b =
퐵

2
                                                                                   (38.10) 

Im1, n1 



        
 

50 
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4I1, n1m 
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10(a24
∆σA′z = 4m

∆σ

∆휎 = ∆휎 ( ) − ∆휎 ( ) 

∆σ ( )10(b24 
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∆σ ( )10c24

10(b24

푚 =
퐵

푧
=

2

4
= 0.5  ,     푛 =

퐿

푧
=

4

4
= 1 

푚 = 0.5푛 = 1퐼 = 0.1225

∆휎 ( ) = 푞퐼 = (150)(0.1225) = 18.35 kN/m  

10c24

푚 =
퐵

푧
=

1

4
= 0.25  ,     푛 =

퐿

푧
=

2

4
= 0.5 

퐼 = 0.0473

∆휎 ( ) = 푞퐼 = (150)(0.0473) = 7.1 kN/m  

∆σA′z = 4m

∆휎 = ∆휎 ( ) − ∆휎 ( ) = 18.38 − 7.1 = 11.28 푘푁/푚  
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∆ů

∆ů

.∆ů

10(2510(26

a-a 
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푅

푧
= 1 −

∆휎

푞

/

− 1                                                       (39.10) 

R/z∆

R/z

∆휎

푞
 R/z∆휎

푞
 R/z

Ð

푅/푧∆휎 /푞푅/푧
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푅/푧Newmark 
(1942)

푅/푧

∆휎 /푞 = 0,0.1 , 0.2, … ,1 

∆휎 /푞 = 0, 푅/푧 = 0∆휎 /푞 = 1 , 푅/푧 = ∞

퐴퐵

1/푁N
 200 

 z
 

 z퐴퐵( 
 

 

(M)
퐴퐵(

(40.10)                                                          ∆휎 = (퐼푉)푞. 푀 
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퐼푉

푞

Boussinesq  (Bulletin No  338  Influence Charts for Computation of Stresse in Elastic  
Foundations  by Nathan M  Newmark  University of Illinois  1942 ) 
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A
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 A3 m
퐴퐵 = 3 m1029 

A
48.5

∆휎 = (퐼푉)푞푀 = 0.005
660

3 × 3
48.5 = 17.78 푘푁/푚  
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Boussinesq

±25 ±30%
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a  
b AB

 



        
 

62 
 

c  
d AB 

 

a  
b AB 
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20004000  6000 lb ABC
10 ft

DBoussinesq
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∆휎

A

= 2 m 1X=75 kN/m1q 

= 3 m 2X = 300 kN/m 2q 

 Z = 2 m 

m 4= 1XkN/m 300=1q 

m 3=  2X kN/m 260=  2q 

 Z = 3 m 

푞 = 750 lb/ft , x = 8 ft푥 = 4 ft푧 = 3 ft
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A
35 푙푏/푓푡푞

푞 , 푞

∆휎A30 kN/m푞

B = 12 ftq = 350 lb/ftx = 9 ftz = 5 ft

∆σA

퐵 = 3 푚푞 = 60 푘푁/푚x = 1.5 m푧 =

3 푚

A

ABC
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푅 = 4 푚

푞 = 200 푘푁/m∆σ 

 12 m

푅 = 10 푓푡

2000 푙푏/푓푡

푟 = 0, 2, 4, 8, 12 푓푡푧 = 5 푓푡

푞 = 300 푘푁/푚

∆σA

푞 = 100 푘푁/푚∆σ

푧 = 2 푚ABC 
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