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Introduction

gOIL systems are normally composed of solid, liquid and gaseous phases.
The composition and character of these phases vary from soil to soil. In

this paper, the discussion and the analysis are limited to Heavy Clay or
pure cohesive soils.

The penetration process such as the pile driving or soil cutting or
soil loosening for soil reconditioning purpose affects the soil properties by
remoulding soft and fine grained soils. It produces a basic type of defor-
mation, intrinsic only in multi-dispersed systems. Deformation of soil
and ground is accompanied by changes of structure and porosity, move-
ment of individual particles, and flow of water and gas.

The first part of the treatment of the penetration process terminates
with the development of the penetration function that is, the law of soil
resistance to penetration. The second and properly thermodynamic part
is concerned with the energies involved. An important portion of these
is the external work required for the penetration and this will be very
helpful in estimating the energy required or the horsepower needed in
driving a pile or in soil-cutting or loosening process.

With respect to the type of energy exchange involved, the penetration
process of a soil system involves in the conversion of mechanical energy
to heat energy : Mechanical work is applied to the system and heat is
created ; but the efficiency of this operation is affected by further
densification : only a portion of the total work is changed into internal
energy and heat, while another noteworthy portion is used up in the
fragmentation of component particles of the system.
Analysis and Development of Theories

Considerable work, both past and present, has been devoted to the
study of soil wheel interactions as related to sinkage or penetration process
in soil. Since theory has proved inadequate to describe the sinkage of
footings, various empirical relations have been developed, the most often
used for vehicle flotation being that of Bekker (1956), which can be
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Or more generally,

(f )" -e>
where, p — Load per unit area of the plate or area of the pene-trating plunger,

z = Sinkage of plate or plunger below the surface,
k = Constant,

AT = Dimensionless coefficient.
constants and functions of cohesion and friction angle ofkc, k(£

soil respectively, “a” is an approximate length dimension for the loading
being considered. The pertinent length is usually the smallest one
associated with the loaded area. In the case of tire, it appears that the
tire width should be used for “a”, and this has been the usual practice in

the early soil-penetration analysis. The first phase of a penetration
diagram of soil or ground being penetrated with a plunger is sometimes
observed as a straight line section, which is an approximation with N equal
to “one” in Equations (1) and (2).

are

A more general relationship between load and deformation of soil
is based on the so-called contact theory of soil strength. In accordance
with this theory, M.N. Troitskaya (1968) proposed the following equations
for determining the stress “p” in relation to the magnitude of relative
deformation, A=z// (/=EquivaIent height of deformed layer), during
penetration in a closed volume,

P = Pc (eLX-1)

During shear, p = ps ( l —eLx)
During simultaneous penetration and shear,

•••(3)

...(4)

Pc (eL*~l ) ...(5)P = Ps
Ps+Pc eLX

where, ps = Limit of bearing capacity of the soil in psi, or kilos/cm2

pc = The initial hardness in psi, or kilos/cm2

L = Relative coefficient of stiffness (Dimensionless value).
Y.V. Katsygin (1968) showed by experimental verification that all

the above equations had limited application. However, with the help of
examination and experimental results, he established the following
hyperbolic function to govern the law of soil resistance to penetration •

p = p.t*n h(L * ) ...(6)

where, p0 = Limit of bearing capacity of soil psi, or kilos/cm2,
k — Coefficient of volume compaction of soil, pci,

or kilos/cm3,
z = Penetration in inches, or centimetres.
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Determination of “k” and “p ” in Equation (6) (Katsygin, 1S68) If
Pi is the stress corresponding to a penetration Hlt and p2 is the stress
corresponding to a penetration Hz , and if J72=2Hlt then

and k = tanh 1 (*)PiPo = HiV 2p1/pa-l
This p0 is plotted against corresponding CBR in Figure 1 for the heavy
clay at different water contents.

Development of Energy Function of the Penetration Process
Employing the original definition of mechanical work, the work

performed is the product of the force acting at the system boundaries and
the translation of the boundaries in the direction of the force. The
differential of the work is then :

dw = pdv—pAdz

= A £ p0 tanh (^— 2 ) .. .(7)dwor

where, A = Area of the penetrating plunger. If a boundary translation
process moves the system from state 1 (Penetration is “zero”) to state 2
(Penetration is “z”) then, Equation (7) gives :

w = A. . log, cosh z ^So, penetration energy per unit area of penetration is :

los- cosh (irO
Here, £ is in kilos-cm/cm2 or, E is in pound-inch per square inch.

This E is plotted against z in Figure 2 for heavy clay at different water
contents.

...(8)

<.

In accordance with the energy principle, all energies involved in a
process are conserved. Converting the mechanical energy to heat energy
(Alfred Holl, 1969),

.. .(9)wjJ = Me A t

M = pV= p( Az ),
p = Mass density (specific gravity),

c = Specific heat capacity,

At = Rise of temperature,

J = Joule’s constant,

where,

and l//=2‘34 x 10-3 that is, one kilogram-metre mechanical energy will
produce 2'34xl0~s kilo-calori of heat.

From Equations (8) and (9) E/J= pzc At
If E is in pound-inch per square inch, then, E' = E/J=4’15 x 10'8 £', . .(11)

= Kilo-calori per sq centimetre.

. . .(10)



Unsoaked C B R %
FIGURE 1 : CBR versus p„ and CBR versus q« for heavy clay (C.H.).

If p is in gram per cubic centimetre,
= 270 gm/cc for heavy clay,

c = 0-20 kilo-calori/kilogram, °c for heavy clay,
Then from Equations (10) and (11),

E'
A t (°c) — ...(12)T37 X 10

Figure 2 gives the relationship between A* and z for the heavv clay
at different water contents.

Test Data
LL = 55
P/ = 28
SL = 10; 57=16-8

Heavy clay :
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FIGURE 2 . Energy-temperature-penetration relationship of heavy clay (C. H.).

100 percent finer than 01 mm and 43 percent finer than 5 p

1 -98 inch diameter, and 3 sq cm area or,
5 cm diameter, and 19-2 cm2 areaCBR plunger :

(for penetration test)

6 in. diameter, or 15‘24 cm diameter
5 layers, 25 blows/layer,
10 lbs Hammer @ 18 in. drop, or 4‘54 kilos
@ 45’72 cm drop

CBR mould :
(Preparation of

specimen)
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TABLE I

Heavy clay at 30 percent water content yd= 91 pcf, or 1,456 kilos/in3

<?u = 17 Psi. or 1-1.9 kilos/cm2

= 3-8 percent

= 2-7 grams/cc

= 0-2 kilo-calori kg °C

Unconfined compressive strength

Unsoaked CBR

p (mass density)

c (specific heat capacity)

k tanh(i r z ) plc=p°
,anh ( TO 2 )Penetration

“ z” (inch)
zLoad p‘ po

( psi ) (calculated ) ( psi )

21-50-375 0-358230-05
0-630 37-80-750380-10

48-61-125 0-810470-15
54-31-500 0-905540-20

1-87560 57-20-9540-25
58-72-250 0-978640- 30

2-625 59-40-990670-35
59-73-000 0-995700-40

1 in. = 2-54 cm ; 1 psi = 0-07 kilos/cm2.

Calculation

Pi = 38 psi,
or 2'66 kilos/cm2

p2 = 54 psi,

or 3'78 kilos/cm2

Zi = (MO in. or 0’254 cm

z2 = 0‘20 in. or 0'508 cm

Pi = 4.2 kilos/cm2

= 60 psi (ultimate bearing capacity)

Po =
\f Pi

x = tanh-1

2 Pi — 1

4 2^-
_ 1 = 0.75

Pi

k =^ x = 60
X 0.75=450 lb/cu in.0.10Zl

or 12* 6 kilos/cm3.
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TABLEIA
Energy and temperature rise calculated from the experimental data in Table I.

*e-
Po2 A' c°_Q=k. i . loge cosh

(- 2 > a o EE =lr >°ee cosh y- Z

pound inch per in.2

mPenetration
“z” (inch) * £'=-y =4-15 x10-6 E

k. cal /cm 2

ZE'Coshp* lb/in.
k m-H1- 37x 10-» z w

>
i

O '

(>) : (2) j (3> (6) (7) (8)(4) (5) Z
*3

005 0- 375 80 0-560 34 Ox 10-3

63 0x 10-3

o1-072 0-070 2-3x 10-6 on
UQv.0 10 0-750 8-0 8-6x 10-«1 296 0-262 2096
M0 15 M25 80 0- 560 90.0xl0-31-740 4 480 18- 5 x 10-6

X0-20 1-500 8-0 0 850 28-1 x 10-6 102-5x 10-32-352 6-800 ra>
<025 1 -875 8-0 116-0x 10-33- 340 1-200 9-600 39-7x 10-6 *
ft0-30 2-250 8-0 4-685 1- 540 12 320 51-Ox 10-6

64 2x 10-6

76-2x 10-6

123-3x 10-3 f
5»
"S0 35 2-625 8-0 1-940 134- 3x 10-315-5206-945
n0-40 3-000 8-0 10-068 2- 310 18- 480 140-0x IQ-3 Z—53a1 in. = 2- 54 cm ; 1 lb/in. = 0-178 kilos/cm ; 1 lbs in./in2 = 0-178 kilos/cm2 *
3zo
2oz

vO
J
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TABLE II
Heavy clay at 28 percent water content: yd = 95-5 pcf; unsoaked CBR =5-7 percent

= 1,528 kilos/m3
qu = 24 psi,

= I ‘68 kilos/cm2
Unconfincd compressive strength,

Penetration
“z” ( inch)

Load, pi
( psi )

PiPo= y/ zpi / Pi-i Remarks
(psi)

Here, Pi = 57 psi
= 4 kilos/cm2

p2 = 82 psi
= 5-7 kilos/cm2

Zi —7 0*10 in.
= 0-254 cm

z2 = 0-20 in.
= 0-508 cm

92570-10

820- 20

1 in. = 2-54 cm ; 1 psi = 0-07 kilos/cm2

TABLE III
Heavy clay at 25 percent water content : yd = 100 pcf, unconfined compressive

strength = 1,600 kilos/m3

( qu) = 27 psi = 1-89 kilos/cm2

p = 2- 7 gm/cc; Unsoaked CBR =6-6 percent
c = 0-2 k. cal/kg °C

=p0 t a n h (L z )tanh (^z )k P‘cLoad, piPenetration
“z” (in.) —- z

(psi) Po (calculated) (psi)

0-3960-42045 38-50-05

66 0-676 65-50-8400-1,0

1-26080 0-850 82-50-15

1- 680900 20 0-933 90- 5
980-25 1-100 0-970 94-0

0-30 103 2-520 0-987 95-5
1080- 35 2-940 0 995 96- 4

0-40 112 3-360 0-997 96-6
1 in. = 2-54 cm ; 1 psi = 0-07 kilos/cm2

Calculation
Pi = 66 psi, = 4-62 kilos/cm2 zx = 0-10 in. = 0-254 cm
p2 = 90 psi, = 6-3 kilos/cm2

Po =
z2 = 0-20 in. = 0-508 cm

Pi = 97 psi = 6-79 kilos/cm2

1^ Pi

4 2 P,.* = tanlr1 - 1 = tanh-i (0-68)=0-84 ;
Pi

66k = ^°- x = “gTj- X 0 84 =815 lb/cu in .=23 kilos/cm3zi
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TABLE IIIA
Energy and temperature rise calculated from the experimental data in Table III.

A'(°c)=
E =£f log, cosh (± z )

(lb-in./in2.)
P„2 E, _ loge cosh

(£* )
mPenetration

“z” (inch)
k £'=-y-=4-1.5x I 0-6 E

(K. cal/cm2)

zcosh E’z k T~.Po -lb/in. 1- 37x10-3 z M
H
c(1) (2) (3) (6) (7) (8)(4) (5) z--0-05 0 420 11-6 1-04 4 x 10-6 58 x 10-3 O1 090 0-090 nm
•VJ
/0-10 0840 11- 6 3-75 15x 10-6 110 x 10-30-3251- 382

Z1 2600-15 1.1-6 0-685 7-94 33 x 10-6 160 x 10-31 -907
1-6800 20 11- 6 49 x 10-61020 11-80 178 x 10-32-777 rr:

>
0-25 2- 100 11-6 68x 10~616-501-425 198 x 10-34-144 *o0 30 2-520 11 6 6-269 21-30 88 x 10-6

108 x10-6

128x 10-6

1-835 215 x 10-3 --<0-35 2 -940 116 26-002-2559- 506 225x 10-3 I
tn3 3600-40 II 6 2-6801.4-430 31-00 235x 10-3 Zn-a1 in. = 2 54 cm ; 1 lb/ in. = 0-178 kilos/cm ; 1 lb-in./in.2 = 0-178 kilos-cm/cm2

<1zn
H
0z
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TABLE IV

Heavy clay at 23 percent water content: yd = 100-5 pcf ; Unsoaked CBR =12-5 percent

= 1,608 kilos/m3

qu - SO psi

= 3-5 kilos/cm*

Unconfined compressive strength,

PiPo = RemarksV2 P1/P2-1Load, pi
( psi)

Penetration
“2” (in.) ( psi )

Here, pt = 125 psi
= 8-75 kilos/cm*

Pi = 1-70, psi
= 11.-9 kilos/cm3

Z! = 0-10 in.— 0-254 cm
z2 = 0 20 in.

= 0-508 cm

1831250-10

1700-20

1 in. = 2-54 cm ; 1 psi = 0-07 kilos/cm2

TABLE V

Heavy clay at 21 percent water content : = 98 pcf ; unsoaked CBR =14 percent

= 1.568 kilos/m3

qu = 55 psi

= 3-85 kilos/cm2

Unconfined compressive strength.

po P±.Penetration
“2” (in.) Load, pi

(psi) V2 PilPi—1 Remarks
( psi )

010 1.40 206 Here, px = 1 -40 psi
= 9-8 kilos/cm2

Pi — 192 psi
= 13-44 kilos/cm2

2 j = 0-10 in. ;
= 0-254 cm

z2 = 0-20 in.
= 0-508 cm

0-20 1.92

1 in. = 2-54 cm ; 1 psi = 0-07 kilos/cms



PENETRATION PROCESS IN HEAVY CLAY—ENERGY FUNCTION

TABLE VI

Heavy clay at 19 percent water content : Y(j = 94 pcf; Unsoaked CBR=18-5 percent

= 1,504 kilos/m3

<7u = 67 Psi
= 4-69 kilos/cm*

P - 2-7 gm/cc
c = 0-2 k . cal/kg°C

153

Unconfined compressive strength,

PU=Po tanh(y- r )
(calculated) °(psi)

Penetration
“z” (in.)

kLoad, Pi ,anh(^0—. z(psi) Po

K 0-345 0-335 106-01150-05
190-00-6000-6901850-10

0-765 243-01-0352350-15
280-00-8801-3802750-20
29801-725 0-9383000-25
307-00-9682-0703200-30
314-00- 9842-4153400- 35
316-00-9922-7603500-40

1 in. = 2-54 cm ; 1 psi = 0-07 kilos/cm*

Calculation-v
Zj = 0- 10 in. = 0 254 cmpx = 185 psi,

= 12-95 kilos/cm2

0-20 in. = 0-508 cmp2 = 54 psi,

= 3-78 kilos/cm2

*2 =

Pi = 317 psi , = 22-19 kilos/cm2
Po = V p2

2 Pi — 1

T

- 1 = 0-69 ;x = tanlr1

P2

k = x = 2,190 lb cu in.
Zl

— 61 kilos/cmI



TABLE VI(A)
Energy and temperature rise calculated from the experimental data in Table VI.

Lf t
4̂

Pn2 A'(°C)=
E'

log cosh Pn2

K
lo^ coshX^O

( lb-in . / in2^.
EPenetration

“z” (in.)
k k

j -415 x 10-6 £
k . cal /cm2

E = E'=(s-0cosh —/c
PoIb/cm 1 *37 x 10-3 z

(3)(2)(1) (4) (6)(5) (8)(7 )

- sa0-345 46-20*05 1-063 0-050 2- 31 1.45x lO"310 x 10-6
>20 - 690 46- 20 10 1 - 248 0-220 315x 10-310-20 43x 10-6
O
tn1 -035 46-20 - 15 0 - 460L - 585 426x10-321- 30 88 x 10-6 O
H
W1 -380 46-20 20 2-115 0 750 34- 70 525 x 10' 3144 x 10-6 a
X
2:
M1-725 46-20 25 1-0602-898 49-00 595 x 10-3204x 10-6 a>2-070 46- 20- 30 4 042 65-001- 400 655x 10-3270 x 1.0-6 r*

O2- 415 46.20- 35 1-7305-641 690 x 10-380-00 332 x 10-6
5c*

0-40 22- 760 46- 2 7-900 2067 9600 725x 10-3398 x 10-6 >r
1 in. = 2 54 cm ; 1 lb/in. = 0-178 kilos/cm ; 1 lb-in./ in2. = 0178 kilos-cm/cm2.
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Summary and Conclusion

The basic assumption of the analysis of transfer of mechanical energy
into heat energy is that the mechanical energy is converted directly into
heat energy. The energy lost due to friction is not taken into account in
this analysis. Only a portion of the total work is changed into internal
energy and heat, while another noteworthy portion is used up in the
fragmentation of component particles of the system. The thermodynamic
part of the analysis is very helpful in estimating the energy required or the
horsepower needed in driving a pile or in soil-cutting or loosening process.

In case of heavy clay in saturated condition, there is a tendency of
the soil mass to flow out besides getting compressed and thus the mass of
soil computed in Equation (9), has to be corrected or can be taken as an
approximate value. Also, since the soil mass contains solid particles as
well as pore water and gaseous phases, the mass quantity M calculated
on the basis of solid phase will be an approximate value. However, this
can be accurately calculated by considering the mass specific gravity of the
three-phase system.

During an increase of deformation of soil by a plunger, the penetra-
tion stress p converges to the determined limit of bearing capacity of soil,
p0 as noted in Equation (6). From the plot of Figure 1, it can be con-
cluded that the ultimate bearing capacity, p„ is equal to 3‘75 qu. For
purely cohesive soil, the unconfined compressive strength qu=2c=2 times
shear strength. So, p0=7 -5c, which is greater than Prandtl’s value,
p0=5T 4c, but close to Golder’s value (1941) developed from experimental
results, p=6 7c (on a square footing). Golder’s value also increases on a
strip footing.

It is easy to show in Equation (6) expanded as a power series that
the known relation p=kz is the first term ; and in the same way in
Equation (8), E=/cz2/ 2 is the first term. The energy function developed in

this paper is limited to the type of soil whose penetration resistance
function is hyperbolic in nature. In Figure 2, one can observe the Energy-
Temperature-Penetration relationship of heavy clay at different water
contents.
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