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ABSTRACT

In the presence of various surcharges, it is often
necessary to use a rapid and reliable method io
estimate the magnitude of the resultant lateral
pressure ie. the total thrust and its point of
application on an earth-retaining structure due to
surcharges.

The tests performed by Spangler (1936), Spangler
and Mickle (1956), and proposals of Terzaghi
(1954), Newmark (1942), Gol'dshtein (I1981) and
others indicate that lateral pressures can be
computed for various types of surcharges by using
modified forms of the theory of elasticity equations
f1]. Here, the earth-retaining struclure is
considered to be rigid and the modified forms of the
theory of elasticity equations are wsed  in
accordance with Gol'dshtein's solutions which
consider type of soil, degree of consolidation,
densities and stralification.

The various surcharges along retaining walls may
include vehicle loads; railroad, earth embankment,
or building which is parallel to the retaining
structure, grain storage, etc. Lateral pressures may
be developed from ice formation due to pore water
Jreezing. Vibration. of graund along retaining wall
due fo earthquakes or longer-duration vibrations
from reciprocating mackinery may -increase the
design lateral pressure for walls of normal height.
Expansive clays placed behind retaining walls may

_develop significant lateral pressure when ihey
become wet. In general, these various surcharges
may be idealized as point loads, line loads, and sirip
loads acting on soil surface at a given distance from
the earth-retaining structure.

DETERMINATION OF TOTAL THRUST ON
EARTH-RETAINING STRUCTURE

A. Point Load

Lateral siress at a deplh of z due to a point load P
acting orr soil surface at ‘@ distance of » from the
given structure is given by [2]:
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_ 1
- W
Far medium stiff clay:
m=3 and B = 3fx =064

For medium dense sand:
m=3% and By =0.85
where  P= Concentrated lozd, ton
m= Siress concentration factor
B=fm) - Siress concentration influence
factor

R=yr?ed? (see Fig. 1).

Inserting these terms in Eq. (1) and simplifying, we
obtain pressurcs per unit length for medium stiff
clay and medium dense sand, respectively:

" _BPus a sin‘a BPr?
=l R R* @
By —%
2

(2 +22)

_B,P cos’q sin’a BP z r’_
»= R R R R 3
B.Prt o
Corer)

We shall further consider two cases.

Case 1: Medium Stiff Clay

The total thrust on an earth-retaining structure due
to a point load acting em clay soil surface at a
distance of  from (he structure can be expressed as
yEE L BP @
l+(r/H) J
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Figure 1 Lateral pressure against rigid wall due to
a point load

Denoting that n=p/if and m = fln=rfH}= QML 1"2]
we obtain
E,=mP »

The total thrust acts a1 a distance of Z, from X-axis
as shown in Fig. 1.

Cuse 2; Medium Dense Sand

The total thrust i this case can be expressed as:

3
=B, Pl _i,z
w2 247 0 (J‘ ‘3z )3
[ . ) (©)
BiPl oo, (rH)*  (rH)
2|7 myp ] e

Analogous to Eq. (5), the total thrust simplifies to

Eyy =mP (7
Where

Slr=ri)=2831p5 A
My = n=r —__ —_—
’ 2 2(;- +1) w41

Table 1 hsis values of the influence factors mr, and
m; for vanous matios of »/5.

The above formulae can be used for lime load acting
on soil surface at a distance of r from an earth-
retaining structure per unit length, except that the
values of E,, and E,; are doubled for this case as
recommended by Terzaghi (1]. Doubling of the
value for the case of a line load is due to the effect
of "mirror Ioad", placed symmetrically in front of a
rigid wall for zero lateral displaceiwnent implied by
the rigidity of the wall.

B. Uniform Load

Lateral stress at a depth of z due to a uniform
pressure g acling on a strip arca of width 5 and
infinite length, the center of which is defincd by x,
is given by: [1,5]

o= % (a -sinacos2f) (8)

Where a is in radians and the other terms are as
shown in Fig. 2.

For convenience, Eq. (8) can be rearranged as:
L. g =;—q[2(cr2 - ay)-sin 2a4 + sin 2a1] 9)
T

Where Qy gnd @9 arC also as shown in Fig. 2.

Eq. (9) will be used since it is equivalent to Eq. (8).
This can be easily proved from Fig. 2, laking into
consideration that:

a=a+f, f=af2+p or a=24f-f)and a, =g
and inserling these terms in Eq. (9) to derive Eq. (8).

From Fig. 2, it is imporiant to note that

(x, -8/2)> 0 theref ore, b(x,/h-0.5)>0
It implies that, x,/b>0.5 (10)
This restriction is applicable only in the presence of
earth-retaining structure. We shall further perform

some operations in the trigonownetric functions of
Eq. (9).

_+_X-ﬂ b ;

:

Xet br2 I_*_

“~— Earm- retaining |
atrecturs I

|
|

z z

Figure 2 Lateral pressure against rigid wall due to
a uniform strip load

Journal of EAEA, Vol 16, 1999



10 Getaneh Tereffe

(2xo_b)
Sin2a, =2 sina, casa, = zm"fz = z
I+tan“a, l+[-ra'b/2J2
z
(20, +5)
2rang
Sin 2, =2 sinq cosey = L = z
1=ena ' tarta 14 2822
2z
FromFig.2 coiaq; = e colog = z
& T PNy

x, +b/2

* Then, &y = arccot o) = arccot

x,~bi2

Substituting the above in Eq, (9) we oblain

z x
2| arccot —arccot -
[ { .l'a—blz I, +b/2J

2x,-b 2x,+b

Oy =

®le

I + H4
2 2
l+[xo—b/2J H[x,, +b/2J
I F 4

i A arc cot
x

z x,-bf2
—arecot ———— -2 1y
x,—bf2 x,+b{2 z

z I

1 [xo+b/2) 1
it o 2
1+[Io_b/2J T l+[.to+b/2j
Let &) =x,+bf2 =Const
a; = xy —bf2 =Const
Substituting these terms in the above equation,

~q z z £
O,=—|accol ——arcol ——a,| — |+
a; +x

= a, a

(&) o

The total thrust on an earth-retaining structure due
{0 a uniform strip foad condition will therefore be:

— | mrctxn —— — arctan —_
a2 a)

Substituting for o, and 4 ,
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g H I
E 4 ="—|arcian - arclan———— | =
T x,—-bf2 x, +b/2

gl H H
—_— {a - 14,
P [m “ele,b-12) "bixo/bn/zi]

Denoling the ratios H/b=m and x,/b=n
Ey3 =myqH (12)
Where, w3 = f{n=1x,/b, m=H/b)=

arctan
n-0.5 n+0.5]

i ’:arcian
. 4

Terzaghi and Bowles recommended 10 double the
lateral stress value o,,for the case of a uniform
strip Joad {1].
Hence:

E, = 2mygH (13)

Table 2 list values of the influence factor mj, for
various ratigs of m= x,/b and m=H/[b.

" C. Total Thrust For Stratified Soils due to Point

Load
Total thrust on earth-relaining struciure due {0 point
load P acling on the surface of siralified soil at a
distance of r from the given structure can be wrilten
as [see Fig. (3)]:

a) Stratification in "Clay - Sand" series

H g
Epz= Youde+ jﬂf Tppdz+ .. (14)
b) Stratification in *Sand - Clay' Series

I I
Eupi = jo o4z +er oadzt... (15)
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Figure 3 Lateral pressure against rigid wall due to
point load for stratified soil layers

Nole that we have considered only the fist two
layers lor convenience.

Substituting for o, and &, in Eq. (14) and Eq. (15),

E‘I’I,Z = B! F‘l’2 L’n 3 +BzPr2j:r3 iﬁ! +...
(r2 +2 ' (r2 +zz)
_ Bl 1 B2 r? .
2 l1+(rfmy)? Hﬂrfnz)‘ +1'
2 4

F r

+ -
HNA) 1) 2t oprr)? 1)

74
2w {(r1,)? 1) z]hl 0

Let  rfH,=n, and r{H, =m ,then

By ;}*Bz {...."_lf_ -,

Ean=P e _
e [2 l+n|2

2 148} 14a7

rre e o S

H.+...} AETREN)
FRI

Considering Lhe values of influence factors given by
Egs.(5) & ()

{1_1 _ _ .

m —H n{,)+£vé nq’)+ the sum of the difference
clay sand

of influence factors for cach soil layer.

Similarly,

_BPr’L"(r

zdz

”’ (r +2 )
B v 1 }+
H ((r/H,) +1)

=P|:B’ 0.5+ r 1

2 H! 2jm)? +1)°
B, rt -1 r? 1

_{{Hf ((r/Hz)’+1)+Hf (rm)? +1 }+] s

Letting the matios »/7f, =n; and r/Il; = ny, one
oblains
B, ' "
E = 0.5 -
il PI:?{ +2("|2"'1)2 l+n,2 +
K n
L= 19
2{l+il':l l+1r|2 P (19

And similarly we obtain =, =H —mL) + ()i:—_ni}-r
aand

clay

From Egs. {16) - (19), it can be easily deduced that
for stratified soil of f layers (Fig 4), (he total thrust
will be

EPZ

i=0k=1

e, ) mP (20)

Where m= Z(nfﬂ—m,*) the sum of the difference
=01

of influence factors for k-th soil layer, limiled

between i4h and (i+1-h boundaries, where,

i=0,12,3,..j-1.

The influence factors can be determined from Table
1 for the given soil type.
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Figure 4 Stratified Scil Layers and Limits
LOCATION OF THE CENTROID OF TOTAL
STRESS AREA

The centroid of the total siress area (Fig 5) is given
by

S 1
~a Tl @b
Where,

8, = Moment of the arca which covers the entire
stress area (static moment about the x-axis)

A = Total stress area of Fig. 5 (i.e. the total
thrust).

Figure 5 Centroid of total stress area

Journal of EAEA, Vol. 16, 1999

Thus, moment of the area of Fig. 5 is expressed as
the sum of the moments of the elemental areas such
as d4 about X-axis as given in Eq. (21).

From Fig. 5, the elemental area d4 = o dzr
Substituling this in Eq. (21) and inserting limits
1 cH
Z, = ;L 1o dx (22)

Further, the centroid of Fig. 5 for different cases
using Eq. (22) shall be determined

A_ Point Load

Case 1: Medium Stiff Clay

The value of o, in Eq. (22) can be expressed as
given hy. Eq. (2) for the above case.

The centroid (i.c. Lhe point 6f application of the total
thrust) is therefore,

Pl' J- sz! _

4 P + ;z?)2

AR H @3)
A

zZ, =—[0 20 yde =2

B,PH 72 r 1
BE [ ey ) W]
The (otal stress area A=E,, =mP [See Eq. (5)].
Let the ratio r/Hf = n.
Substituting these in Eq. (23),
Z,=aH (24)

€ L3

201 +m?

Where, a,=fo-=r/H)-— _"'“""“‘(1_)]

Table 3 lists values of g, for varicus ratios of
n=r/H.

Case 2: Medium Dense Sand

The value of o in Eq.(22) can bo expressed as
given by Eq. (3) for the above case.

The centroid is found in 2 similyr way and becomes

1gH B 2t
& AT @5
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For convenience, disintegrating the function under
wtegral of Eq. (25)

N NI
[,z ”2)3 er “2)3 (rz +;)3

= --l'2 f ! y +r4 f ! Y
(,_2 ”2)2 (,,z ”2)2 L,: +z2)3

Hcnee:

¢ A
agH B Pt H H
— m ——
r Io (2_”1'3] A {5(,.“"" R
B Y SO W W O
2{r2+H2) P r) 4 H)?
+ H + 3 arrl.a»}—l— -BIP }a.rclan£+
2,“':34.};2' 2 r A8 r
*H 52y BZHP 1
{rz +H2)2 s(rz +H2J arcian
2
x ] @s)

4H“(1+:-’/H2)"’ a1 +r? 1)

p Bﬁﬁ[]- zdz

The total stress area A=E_, =m,P, [see Eq. (M.
Let the ralio »/IT=n.

Substituting the above in Eq. {26), the centroid of
the total stress area for case 2 will be,

Z,=aH 27
where,
4

e Hneriiy B3 1 " 5%
a.f(ﬂ.lﬂ)mza m;+4(1+n‘)zd ]

l+n2J

Table 3 lisis value of «, for various ratios of n= »/H.

Egs. (24) & (27) can be used for the case of line
load without doubling the value of Z, since the
effect of doubling the stress value o, and Lhe total

stress area A gives a unity ratio for Eq. (21).
B. Uniform Load - Both Types of Soil
A uniform pressure ¢ acts on a sirip area of width b

and infinite length, the centre of which is defined by
x, from the earth-retaining structure as per Fig. 2.

The value of o, in Eq. (22) can be expressed as
given by Eq. (11).

The centroid is therefore,

=%jfzox3dz=:[ (zarccol }d{
H

2
dr &
H
zarccot— |dz—ay[H a =
Iﬂ[ ﬂlJ ¢ 2+z2 j01112+zz
H
S 1(z2+a2)arccoli+a—22 -
w||2 2 a 2,
i H
(%(z )arccol +£lz-{] uaz(z a2a.rclan—] +
aq

o a2 Ao
H
a-]{:r~-al1‘ﬂ:|'f:t.a.ﬂi
W

From trigonometry; arccofz = -;—— arctan x

Substituting this, the equation simplifies 1o:

O Ellanman o
a1 -0)] < 2| Ll
ol -l ) el -]
E e

%(a,—a,)] (28

Substituting for a;and a;
o =xy +5/2 end a, =xy - Bf2,

and noting that the total stress area

A=E,=mygH, [seeEq (12)l.
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xo +bf 2
Z, = an:fan +
angqﬂ x, + 52
I ——b,.f2 arr:ran—-— -5
x, - bf2
x,fb =n H/b m, then the centroid will be

n+0.5

{1 [" 03 }amrmr —il 29
-05 m

a=fin=x,/bm=Hfb)=

|: "+05 —l arclan m +

Denoting  that

1 |i‘[n+(l5) z } m
- -1} arctan +

27 my m n+0.5
{ [nvO.S] 2} m 1 ]

1~ arclan - =

m n—0.5 m

Then, Z, = aH (30)
Tabie 4 lists the influence factor a=/ffr=x,/5,m=H/b).

C. Centroid for Stratified Soils Due to a Point
Load

We shall consider stratificd j soil layers, formation
of which is in ‘clay-sand’ and ‘sand-clay' series as
per Fig. 6(a) and 6(b), respectively.

I
{aj

Figure 6 Stratified soil: (a) ‘clay-sand” series
(b) 'Sand-clay’ series
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Case 1: 'Clay-Sand’ series

The centroid of the entire stress area due to
concentraled load P acling on stratified § soil layers,
the formation of which is in 'clay-sand’ scries can

bé expressed as [See Fig.6(a)].
Sx 1 | Hy
Z, = Vi ;!sz =—[ .ra,,a‘z+’[m zer ,dz +
" Ier,,dz+. ]=

1
y: |
J. :
£ i BH, L erctan L arclan —
A 2H, FlH, 2H riH,,

| J=14=1

_ r? . H, r .
25 1+ /HE) H, 2} +r*/H2))

B.A M{ arctan L3 arctan ! +
8l,.  r/H. BH.  rfl,
r H, rt

amt e rt/H2) Hew R H *

5H, r 5 r’ on
8H,, H+r[HE) 8 H2 {1+ /0],
The total stress area

g
A=F Z (m:‘+1

torll fred

—mfj, i=0023,.,j-1
k=123,..j

r r
n = n

LA I I
H:_l s Hy H' s Tl H

i+l

let n, =

Substituting the above ratios and the value of total
stress area in Eq. (31), centroid will be
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5 nfy
8 ﬁ +H|2+‘ )

Multiplying Z_ by H/H, for the 'clay sand® series,

H, &d H nm 1
Zc—j_;u,-—J|: ﬁ [BIIH' ’;arctan;—
¥ (ﬂlﬁl m'k) i<l =l i
i=0k=]
MMM

H;2

2(“4] 2(“": :J}

%Mmmi_ﬂﬂmml
H;— 8 " H,— 8 "

‘+l

STh ;l _2 ' H 4[l+n, 12 ' [l+n,]

SHi |, M ]

2Hin (33)
& (lon2,)

Here, /=1,2,3,... = Number of soil layers

Note also that,

amml=0,sincc =0 far Hy=0/

M, r{H,

Case 1: 'Sand-Clay' series

The centroid of the emlire stress area due to
concentrated load P acting on stratified j soil layers,
formation of which is in "Sand Clay’ series can be
expressed as [See Fig. 6(b)].

e _
Sl=
( 2“_2)
i arcla, 3 ——arcian i +
. BaHi SH r/H 8, r/H, |
4 4
H, 1 r 4
4H.“(1+r 1 43;‘_1(|+r2/H,?'_1)

SH, el 5 r?
8H; HZ ,(1+r2/H2) 832(1+r2/H2J

1
arcian -

r{H;

BlHi+1{ " —arcta

14
2‘HHI r/HHI 2‘Hr+l

r2 . Hi . . fz }
i+ill+’2/Hr+ H!"H 2”1'2(1*”’2/1‘,3)
The total stress area

A=P z("m m) where §=0123,..., /1

i=l,k=3

F r r
Let my =

H, " H

y By =0
i H i+l

Substituting the above ratios and the value of total

_ stress area in Eq. (34),

L) I*;%[Bﬂf{%mm
=, k=1
LA n

4
fan—-+ - Fia +
B 41+:§)2 H; 4(1+n,—’_.)2
Mo =7y 5 LT
84, (lﬂ'?-;l 8 (1+ﬂ.-2)}+B'HH{ 2

St gyl

Similarly, for the *Sand-clay’ serics,
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5H,, _nty SH, nf Hig Mt 1
- ¢ 2) +8, arclan— —

i1 ”a‘+1 1+|

B Bin [+1
H 2 n,- H 2(l+".+1) f,; 2(“ )H] oo

For one layer of clay soil, in Eq. (33),
Ky
Zlnal
bccause,k:landl,,_,=;-l=l—l=0 andthus #{ =0
Againfor a singldayer, H,=H =H

2
andfor Iha:xpressiorﬂfﬂ.., i=i=j=1l, k=
L=
1

Thereforef, =£ B ﬂﬁaruaﬂl_ _ﬂﬂmm_ _
m|{ |H2 n H2 n

BoR Hl+ Hh‘[qa;]

H2Al+r}

Here, H =H, Hy;=0 and ar-r:!.'a:lwl arclanl— =0
ny rif,

Then, ;=0 and ¢y=a,. Thus,

2
B‘H|: S arcran— A ]za,_.H, " sameasEq(24).

] l+r-nl2
Sof K
Notethat, 3 isequivalento )
i=Li=1 i=0k=1

From the above summiary, it can be concluded that
the centroid of the entire stress area for stratified §
soil layers in any order of the soil formation is given
by:

Z, =H Z(am H=a G

1=0,k=1

Where, o’ = Z‘]wl “f)

i=0k=1

Journal of EAEA, Vol 16, 1999
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Table 2: Influence factor m, for tolal thrust on earth-retaining struciwres due to a uniform load on a strip area

H
m:—
b

Valueof n=x /b

0.51

0.75

1.0

125

150

2.0

2.5

1.0

35

5.0

75

10 |

0.00

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0066

0.25

0.4100

0.1872

0.0950

0.0573

0.0384

0.0213

0.0136

0.0090

0.0066

0.0032

0.0014

0.0008

0.50

0.3473

0.2313

0.1476

0.0986

0.06%6

0.0396

0.0254

0.0177

0.0130

N.0064

0.0028

0.0016

0.75

0.2925

0.2256

0.1653

0.1211

0.0906

0.0548

0.0362

0.0256

0.01%0

0.0094

0.0042

0.0024]

1.00

0.2484

0.2073

0.1652

0.1299

0.1024

0.0660

0.0452

0 0325

0.0244

0.0124

0.0056

00032

1.25

0.2138

0.1872

0.1578

0.1306

0.1074

0.0736

0.0521

0.0384

0.0293

0.0151

0.0069

0.003Y |

1.50

0.1865

0.1685

0.1476

0.1268

0.1080

0.0780

0.0572

0.0431

0.0334

0.0177

0.0082

0.0047 |

1.75

0.1648

0.1523

0.1370

0.1211

0.1060

0.0800

0.0607

0.0468

0.0368

0.0200

0.0094

0.0054

2.00

0.1473

0.1382

0.1268

0.1146

(.1024

{1.0804

.0628

0.04953

0.0396

0.0221

0.0106

0.0061

2.50

0.1210

0.1159

0.1092

0.1016

0.0936

0.0780

4.0041

0.6526

0.0433

0.0256

0.0128

0.0075

3.00

0.1023

(4.0992

0.0950

0.0%01

0.0847

1.0736

(.0628

0.0533

0.0452

0.0282

0.0147

0.0089

3.50

0.0885

0.0865

0.0837

0.0804

0.0766

0.0686

0.0603

0.0526

0.0456

0.0300

0.0163

0.0099

4.00

0.0779

0.0766

0.0746

.0723

0.0656

0.0636

0.0572

0.0510

0.0452

0.0311

0.0177

0.0t10

4.50

0 06%6

0.0686

0.0672

0.0655

0.0635

4.05%0

(4.0540

0.0490

0.0441

0.0317

0.0188

0.0119

5.00

0.0628

0.0621

0.0611

0.0598

0.0583

0.0548

(.0509

0.0408

0.0428

0.0319

0.0196

0.0128

5.50

0.0572

0.0567

0.0559

0.0549

0.0538

0.0510

4.0479

0.0446

0.0412

0.0317

0.0203

0.0135

6.00

0.0526

0.0521

0.0515

0.0507

0.0498

0.0477

0.0452

0.0424

0.0396

0.0313

C.0207

0.0141

6.50

0.0486

0.0483

0.0477

0.0471

(.0464

0.0347

0.0426

0.0404

0.0330

0.0308

0.0210

0.0146

7.00

0.0452

0.0449

0.0445

0.0440

0.0434

0.0420

0.0403

0.0384

0.0364

0.0301

0.0212

0.0150

7.50

0.0422

0.0420

0.0416

0.0412

0.0407

0.0396

0.0382

4.0366

0.0348

0.0294

0.0212

0.0153

.00

0.0396

0.03%4

0.0392

0.0388

0.0384

0.0374

0.0362

0.0349

0.0334

0.0286

0.0212

0.0155

2.50

0.0373

0.0371

0.0369

0.0366

0.0363

0.0355

0.0344

0.0333

0.0320

0.0278

0.0211

0.0157

9.00

0.0352

0.0351

0.0349

0.0347

0.0344

0.0337

0.0328

0.0318

0.0307

0.0270

0.0209

0.0158

9.50

0.0334

0.0333

0.0331

0.0329

0.0327

0.0321

0.0313

(.0305

0.0295

0.0262

0.0206

0.015Y|

10.00

0.0317

0.0316

0.0315

0.0313

0.0311

0.0306

0.0299

0.0292

0.0283

0.0235

0.0204

0.0839

10.50

0.0302

0.0301

0.0300

0.0299

0.0297

0.0292

0.0287

0.0280

0.0273

0.0247

6.0201

0.0159

11.00

0.0289

0.0288

0.0287

0.0286

0.0284

0.0280

0.0275

0.0269

0.0263

0.0240

0.0193

0.0158

11.50

0.0276

0.0276

0.0274

0.0273

0.0272

0.0269

0.0204

0.0259

0.0253

0.0233

0.0194

0.0158

12.00

0.0265

0.0264

0.0264

0.0262

0.0261

0.0258

0.0254

0.0250

0.0244

0.0226

0.0191

0.0157]

12.50

0.0254

0.0254

0.0253

0.0252

0.0251

0.0247

0.0245

0.0241

0.0236

0.0219

0.0187

0.0155

13.00

0.0244

0.0244

0.0244

0.0242

0.0242

0.0239

0.0236

0.0232

0.0228

0.0213

0.0184

0.0154

13.50

0.0236

0.0235

0.0235

0.0234

0.0233

0.0231

0.0228

0.0225

0.0221

0.0207

0.0180

0.0152

14.00

-0.0227

0.0227

0.0226

0.0226

0.0225

0.0223

0.0220

0.0217

0.0214

0.0202

0.0177

0.0151

14.50

0.0219

0.0219

0.0213

0.0218

0.0217

0.0215

0.0213

0.0210

(.0207

0.0196

0.0173

0.0149

15.00

0.0212

0.0211

0.0211

0.0210

0.0210

0.0208

0.0206

0.0204

0.0201

0.0191

0.0170

0.0147

15.50

0.0205

0.0205

0.0204

0.0204

0.0203

0.0202

0.0200

0.0198

(0.0195

0.0186

0.0166

0.0145

16.00

0.0199

0.0199

0.0198

0.0158

G.0157

0.01%

0.0194

0.0192

0.0190

t.0181

0.0163

0.0143 |

17.00

0.0187

0.0187

0.0187

0.0186

0.0186

0.0185

0.0133

0.0182

(0.0180

0.0172

0.0157

0.0139

20.00

0.0159

0.0159

0.015%

0.0159

0.0158

0.0158

0.0157

0.0136

0.0154

0.0150

0.0140

0.0127

.30.00

0.0106

0.0106

0.0106

0.0106

0.0106

0.0106

0.0105

0.0105

0.0105

0.0103

0.0100

0.0095

50.00

0.0064

0.0064

0.6064

0.0064

0.0064

0.0064

0.0064

0.0063

0.0063

0.0063

0.0062

0.0061

100.00

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

0.0032

200.00

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

0.0016

Note; Intermediale valucs of the factor can be deiermined by linear interpolation.
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Table 3: Influence factors a, and «, for the centroid of entire stress area due to a point load

¥H a. a, rH a a, rH a,. a, s & o rH Q. o,

0.00 0.0000 | 0.0000 0.50 0.4420 | 0.5787 1.00 05708 | 0.7124 1.50 0.6165 [ 0.7355 2.00 0.6365 | 0.7736
0.02 0.0306 | 0.0456 0.52 0.4505 | 0.5881 1.02 0.5736 | 0.7151 1.52 0.6176 | 0.7565 2.10 0.6390 | 0.7759
0.04 0.0597 | 0.0881 0.54 0.4586 | 0.5970 1.04 0.5762 | 0.7176 1.54 0.6187 | 07575 220 06413 | 0.7779
0.06 0.0874 | 0,1279 0.56 3.4664 1 0.6054 1.06 0.5788 | 0.7201 1.56 1.6198 | 0.7385 230 6433 | 0.7796
0.08 0.1136 | 0.1652 0.58 4738 | 0.6133 1.08 0.5813 | (.7225 1.58 06208 | 0.7594 2.40 6451 | 0.7812
0.10 1386 | 0.2000 0.60 0.48u8 | 0.6208 1.10 0.5836 | 0.7247 1.60 0.6218 | 0.7603 2.50 0.6467 | 117826
0.12 0.1623 | 0.2325 0.62 04875 | 0.6279 1.12 0.5859 | 0.7269 1.62 006227 | 07612 2.60 .6481 .7839
0.14 0.1848 | 0.2630 0.64 0.493% | 0.6347 1.14 0.5881 | 0,7290 1.64 0.6237 | 0.7620 2,70 0.6494 | 0.78350
0.16 0.2061 | 02915 0.66 05000 | 0.6411 1.16 0.5902 1 0.7310 1.66 0.6246 | 0.7628 2.80 0.6503 | 0.7860
0.18 0.2264 | 03182 0.68 0.5038 | 0.6471 1.18 0.5922 | 07329 1.68 0.62534 | 0.7636 2.90 06516 | 07869
0.20 02457 - 0.3432 070 0.5114 | 0.6529 1.20 0.5942 | 0.7347 1.70 06263 | 0.7644 3.00 0.6525 | 0.7878
0.22 0.2640 | 0.3667 0.72 1.5167 | 0.6583 1.22 0.5961 0.7365 1.72 0.6271 0.7652 3.20 06342 | 0.7892
0.24 0.2813 | 0.3887 0.74 0.5217 | 0.6635 1.24 0.597¢ | 0.7382 1.74 0.6279 | 0.7659 3.40 0.6555 | 0.7904
0.26 02978 | 0.4093 0.76 0.5266 | 0.6685 1.26 0.5996 | 0.7399 1.76 0.6287 | 07666 3.60 06567 | 07914
0.28 03135 | 0,4287 0,78 05312 | 0.6732 1.28 06013 | 0.7415 1.78 06294 | 0.7673 3.80 06577 | 07923
0.30 0.3283 | 0.4468 0.80 0.5356 | 0.6776 1.30 0.6030 | 0,7430 1.80 0.6302 | 0.7679 4.00 06585 | 0.7930
0.32 0,3425 | 0.4639 0.82 0.5399 | 0.6819 1,32 0.6045 | 0.7444 1.82 ¢.6309 | 0.7686 4.20 0.6593 | 0,7937
0.34 0.3559 | 0.4800 0.84 0.5439 | 0.6859 1.34 0.606l1 | 07459 1.84 0.6316 | 0.7692 4,40 0.6599 | 0.7943
0.36 0.3687 | 0.4950 0.86 0.5478 | 0.68Y8 1.36 0.6075 | 07472 1.86 0.6323 | 0.7698 4.80 0.6610 | 0.7951
0.38 0.3808 | 0.5092 0.88 0.5515 | 0.6933 1.38 .6089 | 07485 1.88 06329 ; 07704 5,50 0.6623 | 0.7963
0.40 0.3923 | 0.5226 0.90 0.5551 0.6970 1.40 0.6103 | 0.7498 1.9¢ 0.6335 | 0.7709 8.00 0.6646 | 07978
0.42 0.4032 | 0.5352 0.92 0.5585 | 0.7u04 142 0.6116 | 0.7510 1.92 0.6342 | 0.7715 10.00 0.6653 | 0.7989
0.44 04137 | 0.5470 0.94 0.5618 | 0.7036 1.44 06129 | 07522 1.94 0.6348 | 0.7720 15.00 0.6661 | 0.8004
0.46 0.4236 | 0.,5582 0.96 0.5649 | 0.7067 1.46 06142 | 0.7533 1.96 0.6353 | 07726 20.00 06663 | 08148
0.48" 0.4330 [ 0.5687 0.98 0.5679 | 0.7096 1.48 06134 | 07544 1.98 0.6359 | 0.7731 50.00 0.6666 | 0.8571

Note: 1) Intermediate values of the factors can be dctermined by linear interpolation.
2) The influence factors: a, - for clay

a; - for sand

SAMPONIIS SUTUIDIZY -Y DT YO JSHIY [ D10

61



20

Getaneh Tereffe

Table 4. Influence factor a for the centroid of entire stress area due to a uniform load on a strip area

i’
m:—

b

Value Of n=x,/b

0.51

0.75

1.0

1.25

1.5

2.0

25

3.0

3.5

50

7.5

HE

0.00

b

= 4]

= 4]

o

v sl

ot

ot

o

b

X0

a

o

0.25

04837

0.6271

0.6520

0.6590

0.6619

0.6643

(6652

0.6657

0 6659

0.6065

(LGOS

0.0616

0.50

0.4427

0.5698

0.6190

06391

0.6488

0.6573

0 6604

.6028

0.6638

0.6654

06000

0.60649 |

0.75

0.4046

0.5205

0.5813

0.6126

0.6298 | 0.6466

0.6541

0.6580

0.6604

L6637

(b 6653

0.6658

1.00 .

03693

0.4781

0.5445

0.5836

0.6075

0.6329

0.6451

0.6517

0.6557

0.6613

06642

0.6652

1.25

0.3375

0.4409

4.5101

0.5546

0.5838

0.6172

0.6343

0.6439

0.6499

0.6584

0.6630

0.6645

1.50

0.3093

0.4081

1.4784

0.5264

0.5597

0.6002

0.6221

(3.6349

0.6430

0.6549

0.6014

0.6637

1.75

0.2850

0.3792

0.4494

0.4998

0.5361

0.5826

(6090

0.6250

0.6354

0.6508

0.6595

0.6627

2.00

.2636

0.3535

0.4231

0.4748

0.5134

0.5647

0.5953

0.6144

1.6270

0.6463

0.6574

0.6614

2.50

0.2285

0.3105

0.3776

0.4300

0.4712 1 0.5295

(.566Y9

0.5917

0.6U87

0.6359

B.6324

{16585

3.00

0.2011

0.2762

0.3399

0.3916

0.4337 | 0.49062

(.5387

0.5681

.58

06242

3.50

0.1794

0.2483

0.3085

0.3587

0.4007 | 0.4654

0.5114

(0.5445

0.5688

0.6114 |

0.64065
00398

0.6550
0.6511

4.00

0.1617

0.2254

0.2821

0.3305

0.3718 | 04373

0.4850

0.5215

0.5480

0.5979

0.6325

0.6466

4.50

0.1472

0.2062

0.2597

0.3061

0.3463

0.4118

(G.4614

U499+

U287

0.5840

06246

0.6417

5.00

0.1350

0.1899

0.2404

0.2848

0.3239 | 0.3886

0.4390

0.4784

D.5095

0.309%

5.50

0.1246

0.1760

0.2237

0.2662

0.3040 ) 0.3676

0.4182

0.1586 |

0.39509

U.5557

0.6162
0.6074

06363 |
0.6307

6.00

0.1157

0.1639

0.2092

0.2498

0.2863

0.3486

0.3990

0.4399

0.4732

0.5416

G.5934

0.6247

6.50

0.1080

0.1534

0.1963

0.2352

0.2705 | 0.3313

0.3813

0.4224

0.4504

.5278

0.3892

06185

7.00

0.1012

0.1441

0.1850

0.2222

0.2562 | 0.3155

0.3648

0.4060

(14405

0.5142

0.5798

06320

7.50

0.0953

0.1359

0.1748

0.2106

0.2333

0.3010

0.3496

0.3907

0.4253

{).5010

05704

0.6034

8.00

0.0900

0.1286

0.1657

0.2000

0.2317

0.2878

0.3356

0.3763

il

{14882

0.560Y

(1.5986

8.50

0.0852

0.1220

0.1575

0.1905

0.22i0

0.2756

0.3225

0.3628

(13976

0.4758

0.5515

0.5917

2.00

0.08069

01160

0.1501

01818

02113

0.2644

U.3103

03502

J.3348

{),4639

0.5422

0 5847

9.50

0.0770

G.1106

0.1433

0.1738

0.2024

0.2540

0.2990

U.3384

L3728

0.4523

0.5329

0.5776

10.00

0.0735

0.1056

0.1371

0.1665

0.1942

0.2444

02485

0.3272

03613

0.4412

0.5238

0.5706

10.50

0.0703

0.1011

0.1314

0.1598

0.1866

0.2354

0.2786

1.3168

03506

0.4305

01,5148

0.5635

11.00

0.0674

0.0970

0.1261

0.1536

0.1756

0.2271

0.2653

0.3069

0.34u3

0.4202

0.503%

0.5504

11.50

0.0647

0.0932

0.1213

01479

0.1731

0.2193

0.2607

0.2970

0.33006

04104

0.4972

0.5494

12.00

0.0622

0.0896

0.1168

0.1426

0.1670

0.2120

0.2525

0.2888

0.3215

0.4008

0.4857

0.5423

12.50

0.0598

0.0864

0.1i27

0.1376

0.1613

0.2052

0.2448

0.2805

03127

0.3917

04894

0.5354

13.00

0.0577

0.0333

0.1088

0.1330

0.1560

0.1988

0.2376

0.2727

0.3044

0.3829

0.4723

0.5285

13.50

0.0557

0.0805

0.1051

0.1287

0.1511

0.1928

0.2308

0.2052

0.2966

(L3745

1.4643

0.5217

14.00

0.0538

0.0778

0.1018

0.1246

0.1464

0.1872

0.2243

0.2582

0.2891

0.3664

0.4566

0.5149

14.50

0.0521

0.0754

0.0986

0.1208

0.1420

0.1818

0.2182

0.2515

0.2819

0.3586

0.4490

0.5083

15.00

0.0504

0.0730

0.0956

0.1172

0.1379

0.1768

02124

0.2451

0.2751

0.3510

04110

0.5017

15.50

0.0489

0.0708

0.0928

0.1138

0.1340{0.1720

1.2069

0.2390

10.2686

0.3458

0.4344

0.4953

16.00

0.0475

0.0688

0.0901

0.1106

0.1303

0.1674

0.2017

0.2332

0.2623

.10.3368

0.4274

0.4889

17.00

(.0448

0.0650

0.0852

0.1048

0.1235

0.1590

0.1919

0.2224

14.2507

0.3237

0.4140

0.4705

20.00

0.0384

0.0558

0.0733

0.0%03

0.1068

0.1382

0.1676

0.1952

0.2211

1.2894

0.3776

04418

30.60

0.0260

0.0379

0.0500

0.0619

0.0736 | 0.0961

0.1177

0.1384

(,1582

12129

{1.2RY5

0.3514

50.00

0.0158

0.0231

0.0306

0.0380

0.0455

0.0597

0.6737

00873

0.1006

{1385

U.1935

9.2456

100.00

0.0079

0.0117

0.0155

0.0193

0.0231

0.0300

0.0380

0.0433

0.0526

0.U737

0.1072

0.1386

200.00

0.0040

0.0059

0.0078

0.0097

0.0117]0.0155

0.0193

0.0231

0.026Y

0.0381

0.0562

0.07537

Noie: Intermediate values of the lactor can be determined by linear intcrpolation.
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Numerical Examples

Comparing the total thrust values using ‘Summation
Aethod' and the Proposed Formulae.

Example 1

Calculate total (hrust on earth-retaining structure
given the following data:

Soil type:- clay
x=r=]m,
H=21im £=7ton (concentrated Load)

Solution

a) 'Summaion Method'

F4 F4 O'J'_]_Wj

~064L =
ERECM e

Calculation interval, A=02H=02x2.1=042m
Calculalion is accompanied by Table 5 and Fig, 7.

o4 =R PP

Table 5: Accompanying Table for total thrust

b) Using Eqs. (3) and (24)

r 1.0
= —=—= {48 }= 0.2601 See Table 1
my fl(H 21 ) ( )

Eyp=mP =02601 x7=182 ton
Z.=a H =0433x21=091m {Sec Table 3 for

a;)
Example 2

Calculate total thrust on earth-retaining siructure
given the following data:
Soil type: - sand
x=r=Im
H=21m P =7ton (concentrated Load)
Solution

a) ‘'Summation Method’

s ~0.85 Py - O’,—=aj-l+aj
(r’ +z’)3 (1+zz) 2
Calculation interval, & =0.2H =02x2.1=042m
Calculation is accompanied by Table 6 and Fig. 8.

2 %) =32P|'2

compulations Table 6: Accompanying Table for total thrust
compulations
z,m g forn/n’ a tor/m’ hm o h ton P
0 0 zZ,m t:l',(z.tm‘w’m1 t!i.tsom’n:l2 hm oih .ton

021 0.863 0.432 0.21 0091 0 [i] 0024 - 0505

0.42 1360 1.112 0.21 0.234 0.21 0.048 0‘ o 0'21 0'034

0.84 1.254 1.327 0.42 0.557 0.42 0.271 _0' ) 0'42 0.305

126 0.843 1.069 0.42 0.449 0.84 0T 0-::9 . 0-42 0-294

L68 0.515 0.679 042 0.285 1.26 0.687 - : -

210 0323 0.418 0.42 0.176 1.68 0.505 0.596 0.42 0.250
210 0.348 0.427 0.42 0.179

&
E_ =) o/ =0021+0234+ 0557+ 0449+ 0285+ Q176=175 tan
L3

Here, centroid may be obtained by sub-dividing the
entire stress area into convenient geometrical
ficures.

Eorth ratgining siruetury
TH- 2im
S

l.
I

Figure 7 Accompanying figure for pressure
computations

1]
Ey = ;4 =0005+034+ 0206+ 0294+ 0250+ 0179=097 ton
=

Centroid may be obtained as illustrated for Example
1, "Summation Method".

Tox 4. i94m

th= retaning sfrurters

Figure 8 Accompanying igure for pressure computations
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by Using Egs. (7) and (27)

r 10
= —=——=048|=0.1404 See Table 1
m =, I[H 21 ] ¢ )
Eq=rP =01404 x T =0.98ton
Z,=a H =05686x2.1=1.19%m (Set Table 3 for ex,)

Example 3

Calculate total thrust on earth retaining structure if a
uniform load of 2 fon/m’, the centre of which is
defined by xp, = /m from the given structure acts on
soil surface, The given load acts on a strip area of
Im width and the height of the earth-retaining
structure, = 2m.

Solution
a) 'Summation Method'

Oy = 2Tq(a —sin a cos 2,0): 2k g,

Where k, = f{x,/b, z/b)- influence factor for lateral

pressure due to uniform load, given by Tsytovich,
1979.
Calculation interval, i = 0.125H =0.125x2 =0.25m
Average pressure for each elemental soil layer
o = SHY

2

Calculation is for a unit length of the earth-retaining
structure and is accompanied by Table 7 and Fig 9.

Table 7: Accompanying Table for total thrust

computations
=2k, q. o,
2wk ownd | sowe? | e | ol o
0 0.00 0.00 .
p2s | 017 0.68 03a | 025 { 0.085
0.30 0.21 0.84 07 | 025 0.190

0.86 025 0213
0.74 0.25 0.18%
0.52 025 0.130
0.34 0.25 0.083
0 025 0.055
0.14 0.25 0.035

0.75 0.22 0.88
1.00 0.15 0.60
1.25 0.31 0.44
1.50 0.06 024
1.75 0.05 0.20
.00 0.02 0.08

3
Ey =Y ok =098 on
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Figure 3 Accompanying figure for
computations

by Using Egqs. (13) and (30)

m = filn=x,/b=1Lm=H[b=2)=0.1268

B =2mmgH =2x0.1268x2x2 =101 ton

pressure

(See Table )

Location of the total thrust

Z, =aH =04231x 2=0.846=085m  (SecTabldl fore)

Example 4

Calculate total thrust on earth-relaining structure
given the following data.

Soil type:~ 1% layer: Clay (H; = 1m)
> layer: Sand (Continuous layer)
x=r=1Im
H=H,=2.1m, P=7 ton

a) ‘Summation method”
Calculation interval, & =02H =02x21=042m

Pr
=BPrr—1 =064 v dOL
7 =B ir2+:2i2 ‘H»zzi2 day
7 P
0,4 = By Pr? =0.85 < .....Jfor sand
( 2)3 (l+zz}3

Calculation is accompanied by Table 8 and Fig. 10.

iz
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Table 8: Accompanying Table for total (hrust

computations
zm g tonm’ | g tontn’ hym o ton
0 0

0.21 0.863 0.432 021 0.091
0.42 1.360 L112 0.21 0.234
0.84 1.294 1.327 0.42 0.557
1.00 1.120 1.207 0.15 0.193
1.00 0.744

126 0.687 0.716 026 0.186
168 0.505 0.5%6 0.42 0.250
210 0.348 0.427 0.42 0.179

Em-za,}a, =169 ton

5 £
£ :
£ !
S

"

Figure 10 Accompanying figure for pressure
~ computations

b) Using Eq. (17)
By 1 By "12 "12
+—= 1- +
1+1'|l2 2 l+n:rlz : 2ﬁ+nf’)

ml,Z = oe—
2z 2z
) )
-1
l+1l|2 [26+u§l ]]

2
‘m ar/Hl -l/l =1,

Nz = f/Hz ==1/2.l =0.48

064[ ] ossf 12 [, 1% .
1412 1412 2412}

2 2
043 : 0.48 : - o7
140482 20 +0.48 )
E..Lg -uuP-O.ZA‘B x7=1.73 ton

¢) Using Eq. (20} and Table 1

=0 m =0
k=1
clay U ml = f(r/H, =1)=0.1600

=] mi = fo(r/H, =1})=0.0531

=2
sand U m? = f(r/H, = 0.48) = 0.1404

1.2
F'e r
m= 3ty -t )= bt )2 )=
i=0k=1
0.1600-0+0.1404 - 00531 = 0.2473

Elﬂ,! =mP = 0.2473)(7 =173 ton

Location of the centroid by Eq. {(32)

1 1
Zc=_1—EB|Hl m__i .
F; .f(“' ) m 2 o
- my
i=0,k=1

e ) R 4)}”’”’{%“‘“#

4 2z
3 e L n _H oM SH| m
8 * 22 H zi+8H(l 2)
Mmooy +n3 240 +m 2tn

Here, j=2, ims= j-1=1 and 0,1

Z =; 0.64x1 larr:i'.m'll«-‘.ll s +05+0.85x

02473 2 1 zﬁ +1=|

ll{sxms 1 3x048 ~
4i5+0482i

8 0.8
P Vo2 2
L, o0t S [ P 5 048 2} - 0897m
21 4(“12) 8x2.1 (1+1) s(1+04s

Using Eq. (37) and Table 3:

i=0 a'lj =0

k=1

day | af =sf{r/H, =1)=0.5708
=0  af=flr/H, =1)=07124
k=2

sand § af = f(r/H, = 0.48)=0.5687

Journal of EAEA, Vol 16, 1999
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2
12 E N TS ..
2 = .
a' = z&l,‘;l —a.'t)= &11] *"-711])*&1% '5‘12)= 3
i=0k=1
_ _ _ gE L] o
(0.5708 - 0) + (0.5687 - 0.7124) = 0.4271 - OEK
o: » L o o
Z,=aH =0.4271x2.1=0.897m = LY .- by
s 7K
Example § ﬁl: Jevid;
Calculate total thrust on earth-retaining structure 2
given the following data: -
- 2 +
Soil type: - 1" layer: sand (H; = Im)
layer: clay(continuous layer)
r=p=1m Figure 11 Accompanying figure for pressure
H=H,=21Im P=7 ton computations
a} ‘Summation Method’ b) Using Eq. (19)
Calculation interval, ; = 0.2H = 0.2x 2.1 = 0.42m . Blos,_m __m | B| A A
1 2ﬁ+"12)2 1+"12 -2 _1+"12 l+ﬁ-§
o, = B, Pr? 2 =0.85 Pz for sand . T
w ('2+zz)3_ . (1+a!2)3 m=rfHy =Yl=1, " =rfH;=1{21=0.48
oy 0.85[05+ 1 2 |, o6 17
1= . - -
0 =B Pl =064 Pz . for clay 1 l 2(1+1’)2 1+ 2 148
cz'l'lzi 6-!-125 0432 ]
: =[(1532
. 2
Calculation is accompanied by Table 9 and Fig. 11. 1+0.48

E g, =my P=0.1532x7 = 1.07fon
Table 9 Accompanying Table for total thrust

computations ¢) Using Egq. (20) and Table 1:
Zm aytor/nt_ | _aytom®__| ym aihfon =0 r m=0
o 0 =1

0.024 D21 0.00
021 | 0048 3 s sand | ml = £,(/H, =1)=00531
0.42 0271 0.160 0.21 0.034 \
0.84 0711 041 0.42 0.206 =0 ¢ m = fi(fH, =1)=0.1600
LOO 0.744 078 . D.16 0.11 =2

clay | m?=f(r/H, =0.48)=02601

1.00 1.120

0.982 0.26 0.255 L2
1.26 0.843 . k k 1 1 2 2
L8 0515 0.67 0.42 0.28$ m= EG"H -y )="'l ‘"’0)4"2 —m )"'

E . i=k=1

210 0321 0418 0.42 0.176 0.0531-0%0.2601-0.1600 = 0.1532

i: E 2 =mP=015332x7 =107 tan
Ewll = O'fh‘ =1.08 o
i=l Location of the centroid using Eq.{35),

Journal of EAEA, Vol 16, 1999
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1

Zose———
€ J*LJ(m't R 8 ny
z i+1 ~
i=0,k=]
) g, 5. .}+
2
T R W) 15

2 2
ng O Hp o

)\iB;_H, {3-:1—a.ll-r:.'..rzlui - 1"-.'—a.ir-::l.c;m~l— +
!

B»lh’z{-";-2-ar'f.'4tmu—l-—-—ﬂ

ny, 2 mm;#2(l+n§]+1fg 2(l+n,2)

Here, j=2, iy =j-1=2-1=1and i=0,1

1
Z,=——[0.85x1.00 2 arctan~ -0+ -0
0.1532 n{ 8 1 46 +12F
2
022 4 06ax 2102 preran L~
sﬁﬂz' 2 0.48
0.482

2 "2h+0482| 21 2(1+1’IH
Using Eq. (37) Table 3:

=0 ag = 0
=1
sand | af = f{r/H, =1)=0.7124

i=1 [ af = flr/H, =1)=05708
=2
day | ai=f{r/H,=048)=04330

='=§,§11f+1—ﬂ;) (ﬂ ao) (ﬂz — o )‘

(0.7124-0) + (0.4330-0.5708) = 0.5746
Z,=a'H S05746x2.1=12m

CONCLUSION

The formulas derived for computing total thrust and
its point of application ar¢ much simpler, quick and
are also more accurale compared to the Summation
Method” as demonstrated in the illustrative
examples.

they consider the nature of soil and the type of the
superimposed load whem compared tn  the
conventional way of considering surcharges through

equwal:nthelghtmthedmyofmn.h-mmnmg

For design purpose, the equations derived for
medium stiff clay can be applied to cohesive soils
and the equalions derived for medium dense sand
can be applied to non-cohesive soils.
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