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CHAPTER

Properties of Soil

2.1 Introduction

Matter may exist in nature in three different states, viz., solid, liquid and gaseous. A soil mass in its
natural state may consist of all three phases. The basic ingredient is the solid grains which form the soil skeleton,
while the intermittent void spaces are filled up by either air, or water, or both. Thus, a soil mass in its natural state
may be considered a three phase system.

2.2 Phase Diagram
e Soil mass is in general a three phase system composed of solid, liquid and gaseous matter.
e  The diagrammatic representation of the different phases in a soil mass is called the “phase diagram”.
e A 3-phase systemis applicable for partially saturated soil whereas, a 2-phase system is for saturated

and dry states of soail.
e Onphase diagram volume is written on the left hand side and weights are written on right hand side.

v, Air W= 0
v Vv =VW Water Wy,
g - - 1
% Vi Water Wy |W v - v \w
b KN VS "
Solids Ws
Vs Solids Wy

3-Phase (partially saturated condition) 2-Phase (saturated condition)
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Where, V. = Volume of solids
%4 Volume of water ; _
w V,=V, Air w,|= 0
v, Volume of air
V' = Total volume —_1 —+
W, Weight of solids v,
. Solids Ws
W, = Weight of water
(W,=0) = Weight of air Y v

W = Total soil weights 2-Phase (Dry condition)

Note: There can also be 4-phase diagram of soil when frozen water particles one also there is soil mass.

o Various important relations can be defined on the basis of phase diagram.

2.3 Some Important Definitions
1. Water content (w):

W:mxwo

e There is no upper limit of water contenti.e. w>0
e  Generally, fine grained soils have higher water content than the coarse grained soil.
2. Voidratio (e):

A
VS
e There is no upper limit of void ratio i.e. €2 0.

e Void ratio of fine grained soil is greater than coarse grained soil.

3. Porosity (n):

e =

n=" %100
v

Porosity can’t exceed 100% i.e. 0 < n < 100%.

Note: In comparison to porosity, void ratio is more of frequently used because volume of solids remain
same whereas total volume changes or volume of solids is more stable parameter than volume of soil.

4. Degree of saturation (S):

S=—%x100

e (0<5<100%.

e for perfectly dry soil, s = 0.

e for perfectly saturated soil, s = 100%.

e for partially saturated soil 0 < s < 100%.
e V=V +V,



5. Air content (a,):

6.

7.

8. Specific Gravity

Civil Engineering

a, =

Percentage air voids (n,):

Unit weights:

(@) Bulk unit weight (y)

Where,

(b) Dry unitweight (v,)

e Dry unit weight is the measure of denseness of sail.
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EX‘IOO
Vv,

v

a,+S=1

EX‘IOO
%

n.a,

'Y:

w_ W, +W,,
%

V,+V, +V,

W = Total weight
V = Total volume

_WS
Yd—V

e More dry unit weight means more compacted soil.
(c) Saturated unit weight (y,,,)

(d) Submerged or Buoyant unit weight (Y)

Y, =Ysat ~Tw

’
. Rm@thY=-§vwz

sat

Ysat = V
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® Specific gravity of soil solids (G) is the ratio of the weight of a given volume of solids to the weight
of an equivalent volume of water at 4°C.

G=

We s

* Apparent or mass specific gravity (G,)
Mass specific gravity is the specific gravity of the soil mass and is defined as the ratio of the
total weight of a given mass of soil to the weight of an equivalent volume of water.

m

_W _x
Y  Yw

NOTE

Soil in submerged condition will be in saturated state whereas soil in saturated state
need not to be in submerged state. For example: Soil mass below water table is submerged
as well as saturated whereas soil mass in capillary saturated zone is in saturated condition

only.
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A saturated sample of clay has a volume of 0.224 x 10-4 m3 and weighs 0.0367

kg. After over drying, the volume is 0.140 x 104 m3. The weight of dry soil is 0.0232 kg. Water content

of saturated sample will be
(a) 58.18%
(c) 45%
Ans. (a)
As we know that,

s =

Volume of water in 1 m3
degree of saturation will be

(a) 40%

(c) 60%

Ans. (b)

As we know, Degree of saturation, S =
Vv, =
v, =

Thus, S =

weight of 1950 kg having 1 m3 of soil mass.

(a) 150kg/md

(c) 1905 kg/m3

Ans. (b)

As we know that,
'de/ =
solids  —
'de/ =

80%
25%

(b)
(d)

ﬂxwo
W,

S

0.0367 —0.0232 = 0.0135 kg
0.0332 kg

0.035

0.0232

x 100 =58.18%

of soil is 0.30 m3 and the volume of air is 0.50 m3. The

37.5%
44.6%

(b)
(d)

V—W><1OO
V,

v

0.30m?
V,+V,=05+03=08m
03

—x100=37.5%
0.8

What is the dry unit weight of soil when, weight of water is 230 kg in total soil

1720 kg/m?®
1675 kg/m3

(b)
(d)

Wso/ids x 100
%

1950 -230 = 1720 kg

@:1720 kg/m?

G,<G

Groc = Goreg X

Generally ‘G’ is used but not G, because 'y’ is relatively stable as compared to y.
Specific gravity is reported at 27°C, but if the temperature is different then standard temperature
then it may be converted using the relation.

YW(T°C)

w(27°C)
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2.4 Some Important Relationships

V n
W, = V.= —— = e =
B sTirw T e 2.n 1+re 1-n
Gy, 1+ w) (G+Se
3. Se=wG 4. y= 1+ e) = 1re w
G+ e Gy
G-1 Y
R Sy SRR
9. v _(1=n)Gry 10, = ——
1+wG ’Y_W(1+W)_i
i Gs

An over dry soil mass has mass specific gravity of 1.5 g/cc. If bulk density of
soil in its natural state is 2 g/cc. Then water content in natural state will be

(a) 50% (b) 25%
(c) 100% (d) 33.33%
Ans. (d)
As we know that,
I
T hw
and vy = 2g/cc
v, = 15g/cc
= Y = Y1+w)
= 2 = 1+wx15
|
= S R
= w = %x100=33.33%

If the void ratio of soil is 0.67, water content is 0.188 and specific gravity is
2.68. The degree of saturation of soil is:

(a) 25% (b) 40%
(c) 75% (d) 60%
Ans. (C)
From equation
eS = wG,
where, e = 0.67,w=0.188
Gy = 268
= 067xS = 0.188x2.68
S = M:O.BZ or 75.2%

0.67
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A soil sample having void ratio of 0.5, its porosity shall be close to

(a) 0.33 (b) 0.47
(c) 0.78 (d)y 1.28
Ans. (a)
As we have, n = .

1+e
and e = 05

05 1

"= Y505 3

= n = 0.33

Which of the following represents the void ratio of soil sample whose porosity
is 0.452.

(a) 0.264 (b) 0.561
(c) 0.729 (d) 0.825
Ans. (d)
As we know, e = % and n=0.452
o = _0452  _ aous
1-0.452
e = 0825

Note: VVoid ratio of the sand lies between 0.6 to 0.7.

A sample with a volume of 45 CC is filled with a soil sample. When the soil is
poured into a graduated cylinder it displaces 25 CC of water. When is the void ratio of soil.

(a) 0.50 (b) 0.60
(c) 0.70 (d) 0.80
Ans. (d)

45CC

Volume of soil solids (V) = 25 CC
V-V,=45-25=20CC

Thus, e = ﬁ=@=0.8

vV, 25

Total volume (V)
Volume of water displaced
Volume of voids in soil (V,)

If the degree of saturation of soil is given by 67.87%, what is the air content?

(a) 10.5% (b) 20.25%
(c) 82.11% (d) 40.43%
Ans. (C)
As we have the relation
a+$S =1
S = 06787

1-0.6787
0.32110r32.11%

Ly
v
o
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2.5 Determination of Various Soil Parameters

2.5.1 Method of determination of water content:

1. Oven Drying Method
e Simplest and most accurate method
e Soil sample is dried in a controlled temperature (105-110°C)
e Fororganic soils, temperature is about 60°C.
e Sample is dried for 24 hrs.
e For sandy soils, complete drying can be achieved in 4 to 6 hrs.
e Water content is calculated as:

w=N2=Ws 1009
where, W, = weight of container ; W, = weight of container + moist sample
W, = weight of container + dried sample ; Weight of water = W, - W,

Weight of solids = W, - W,
2. Pycnometer Method
e Quick method
e Capacity of pycnometer = 900 m/.

® A conical cap provided with a 6 mm diameter hole at the top can be screwed on to the glass

bottle.
® Used when specific gravity of soil solids is known

® Let, W, = Wt. of empty dried pycnometer bottle
W, = Wt. of pycnometer + Soil ; W, = Wt. of pycnometer + Soil + Water
W, = Wt. of pycnometer + Water.

TTTT
>
—-
[0}
=
111
TTTTT
>
—-
[0}
=
1111

w
Now, water content w = WW %100
S

Weight of water = (W, - W,) — W,

(1)

If from W, the weight of solids W, could be removed and replaced by the weight of an equivalent

volume of water, the weight W, will be:

We s _ s
W4=W3 WS+GYW'YW |:.VS—YS andG—YW
G
G-1

From (1) and (2) W=|:(W2_W1).(GC; 1J—1}><100%

S

(Ws -W,)
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e Inview of the difficulty in removing entrapped air from the soil sample, this method is more

suited for cohessionless soils where this can be achieved easily.

e Pycnometer method is suitable for coarse grained soil but if it is used for fine grained sail

then instead of water kerosine should be used because kerosine has good wetting
properties.

Calcium carbide method/rapid moisture method.

The water content of the soil is determined indirectly from the pressure of acetylene gas formed.
CaC, + 2H,0 —» C,H, T+ Ca(OH),

The instrument used in this method is called moisture tester.

The pressure of the acetylene gas produced acts on the diaphragm of the moisture tester. The

quantity of gas is indicated on the pressure gauge. From the calibrated scale of pressure

gauge, the water content is determined. The water content based on dry mass (w) is given by

This is very quick method but may not give accurate results.

Sand Bath Method

quick, field method

used when electric oven is not available.

soil sample is put in a container & dried by placing it in a sand bath, which is heated on
kerosene store.

water content is determined by using same formula as in oven drying method.

Torsion Balance Moisture Meter Method

quick method for use in laboratory.
Infrared radiations are used for drying sample.

Radiation method

Radioactive isotopes are used to determine the water content of the soil.
Radioactive isotopes material such as cobalt 60 is used in this method.

Neutrons are released by the radio active material which got scattered in the presence of hydrogen
atom of water and loses energy. The loss of energy is directly proportional to the quantity of
water presence in the soil.*

28 20 20 N 28 N 2 72 2 72 2 72
R vy N - - N
\ ¢ N ! \
1 \ . N P
D Soil  _ |
Lot ' I~ .
[<— Steel casing , : U Steel casing
A- o~ N - . B
N - .
—_— - ? - ¢ —
c | —_ Hydrogen atoms of ——» Detect
apsule ; . — > ||
psule water in-soil I etector
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e Principle: The torsion wire is prestressed accurately to an extent equal to 100% of the scale
reading. Then the sample is evenly distributed on the balance pan to counteract the prestressed
torsion and the scale is brought back to zero. As the sample dries, the loss in weight is
continuously balanced by the rotation of a drum calibrated directly to read moisture% on wet
basis.

2.5.2 Determination of Specific gravity of soil solids

e Pycnometer method is used.
® Instead of pycnometer, Density bottle (50 ml) or Flask (500 ml) can also be used.
Let, W, =Weightofempty pycnometer ; W, =Weightof pycnometer + soil sample (oven dried)

W, = Weight of pycnometer + soil solids + water ; W, = Weight of pycnometer + water
EWatE §Wateé
sl e
G B Gt
w, W, W, w,
G= W - W, G Wi

W, —W, + W,

NOTE

—1

Specific gravity values are generally reported at 27°C (in India)

2. If T°C is the test temperature then Sp.Gr. at 27°C is given by,
Unit Wt. of water at T°C

= Greox—
Goric = “TC” Unit WE. of water at 27°C
3. If kerosene (better wetting agent) is used instead of water then,

W,
= —— XK [K=Sp.gr
G AT X K [K=Sp.gr. of Kerosene]

4. G can also be determined indirectly by using shrinkage limit

2.5.3 Methods for the determination of in-situ unit weight

1. Core-Cutter Method
® Used in case of non-cohesive soils.
® Cannot be used in case of hard and gravelly soils.

® Method consists of driving a core-cutter (Volume = 1000 cc) into the soil and removing it, the
cutter filled with soil is weighed. Volume of cutter is known from its dimensions and in situ unit

weight is obtained by dividing soil weight by volume of cutter. y = v V= %DZH
® [f water content is known in laboratory, the dry unit weight can also be computed.

_ Y
1+ w

Vo
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2. Sand Replacement Method

3. Water Displacement Method

Jar
Used in case of hard and gravelly soils.

A hole in ground is made. The excavated soil
is weighed. The volume of hole is determined
by replacing it with sand. Insitu unit weight is
obtained by dividing weight of excavated soil

Sand

with volume of hole. Tap Conical top

This method is adopted in construction of . /‘/Tray
. |

highways. V2 : RO

Hole formed by
taking out soil

Suitable for cohesive soils only, where it is possible to have
a lump sample.

A regular shape, well timmed sample is weighed. (W,). It is coated with paraffin wax & again
weighed (W,). The sample is now placed in a metal container filled with water upto the brim. Let
the volume of displaced water be V, . Then volume of uncoated specimen is calculated as,

vV = VW—(LZY_M)
p

W.
where v, = unit wt. of paraffine wax and bulk unit wt. of soil y = 71

2.6 Index properties of soil

Index

Index properties are those properties which are used for the identification and classification of

soils and determining the engineering behaviour of soil.

Index properties include indices which help in determining the engineering behaviour such as

(@) Strength (b) Load bearing capacity (c) Swelling and shrinkage (d) Settlementetc

properties are divided into the types:

1. Soil grain properties

Depends on individual grain size of soil mass.

Most important grain properties are:

(a) Grain size distribution: By sieve and sedimentation analysis.
(b) Grain shape: Bulky, flaky shaped etc.

2. Soil aggregate properties

Soil aggregate properties depends on the soil mass.
The various soil aggregate properties are:

(@) Unconfined compressive strength (q,)).

(b) Consistency and atterberg’s limits.

(c) Sensitivity

(d) Thixotropy and soil activity

(e)

e) Relative density

S.No. | Type of soil | Index property

1. Coarse soil | Particle size, grain, shape, relative density

2. Fine soil Atterberg’s limit, consistency, UCS, Thixtropy, activity
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2.7 Particle Size Analysis
IS classification

S.No.| Type of soil Particle size Remarks

1. | Boulder > 300 mm Not considered as soil

2. | Cobbles 80 mm - 300 mm

3. | Gravel 4.75 mm - 80 mm

4. | Sand 0.075 mm - 4.75 mm
(a) Coarse sand 2mm -4.75 mm Coarse soils
(b) Medium sand | 0.425 mm -2 mm
(c) Fine sand 0.075 mm - 0.425 mm

5. | Silt 0.002 mm - 0.075 mm
(a) Coarse silt 0.02 mm - 0.075 mm Fine soils
(b) Medium silt 0.01 mm - 0.02 mm
(c) Fine silt 0.002 mm - 0.01 mm

6. | Clays <0.002 mm

Particle size analysis

1.

Coarse sieve of
(Size > 4.75 mm)

Sieve analysis

e Grain size distribution curves

% Finer

Curve (1): Well graded soil-almost all size of particle are available

Particle size analysis

Sieve analysis

(for coarse soils)

(when fines are small)

100
90
80
70
60
50
40
30
20
10

0

0.001

Fine sieve of
(Size < 4.75 mm)

Sedimentation analysis
(for fine soils)

l

Dry process

|

Wet process

(when fines are more)

Pipette method

y graded

fa)

Q-

—~Gap-gr

/

ell grade

7

L

= 7

0.01

0.1 1

10

Particle size (mm) — logarithmic scale

Typical Particle size distribution curve

MRDE ERSY

Hydrometer method

Curve (2): Poorly or uniformly graded (coarse) soil very less range of particle is present which is
coarse in nature.
Curve (3): Gap graded soil: In this case, some of the particle sizes are missing.

Curve (4): Poorly graded or uniformly graded (fine) soils very less range of particles are present
which are fine in nature.
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STUDENT'S ASSIGNMENTS

Q.1

Q.2

Q.3

Q.4

Q.5

Q.6

Which of one of the following gives the correct
sequence of decreasing order of densities of
a soil sample?

(a) saturated, submerged, wet, dry

(b) saturated, wet, submerged, dry

(c) saturated, wet, dry, submerged

(d) wet, saturated, submerged, dry

Which of the following correctly defines the

term activity of clay?

(a) Plasticity index / % of clay

(b) Plastic limit / liquidity index

(c) UCS/cohesion

(d) Strength of remoulded sample unconfined
compressive strength of undisturbed sample.

The difference between maximum void ratio
and minimum void ratio of sand sample is 0.30.
If the relative density of sample is 66.6% at
the void ratio of 0.40, then the void ratio of the
sample at its too rest state will be

(@) 0.40 (b) 0.60

(c) 0.50 (d) 0.75

A sample has natural moisture content w, void
ratio ‘€', specific gravity of solids ‘G,". The bulk
unit weight of soil ‘g’ is given by (y,, is unit
weight of water)

(1-w)Gyy,, (1+w)Gyy,,
1-e 1-e
(1+w)Gyy,, (1-w)Gyy,,
© 1+e (d) 1+e

If the specific gravity of the soil sample is
represented by G, and void ratio is ‘¢’, the
hydraulic gradient is expressed as

G, -1 G, +1
@) 1+e ©) 1-e
1-G, 1+ G,
© 1+e (d) 1+e

[SS-JE-2007]

Uniformity coefficient of well graded sand is

(a) lessthan 2 (b) greatherthan?2

(c) greaterthan6 (d) None of these
[SS-JE-2008]

Q.7

Q.8

Q.9

Q.10

Q.11

Q.12

P(%)

MRDE ERSY

If the plasticity index of soil mass is zero, the
soil is

(a) Clay
(c) Sand

(b) Clayed silt
(d) Silt
[SS-JE-2012]

Coefficient of curvature for a well graded soil
must be in the range:
(@) 0.5-1.0
(c) 40-5.0

(b) 3.0-4.0
(d) None of the above
[SS-JE-2010]

The moisture content of a soil, below which

the soil volume becomes constant, is called

(a) Liguid limit (b) Plastic limit

(c) Shrinkage limit (d) None of the above
[SS-JE-2010]

A soil has a liquid limit of 45% and lies above
A-line when plotted on a plasticity chart. The
group symbol of the soil as per is soil
classification is

(a) CH (b) CI

(c) CL (d) ML  [ESE-1997]

The value of porosity of soil sample in which

the total volume of soil grains is equal to twice

the total volume of void would be

(@) 75% (b) 66.66%

(c) 50% (d) 33.33%
[ESE-2000]

The standard plasticity chart by cassagrande
to classify fine grained soil is shown in the
figure

Aline

W, (%
20 35 35 L%

The area marked P represents:

(@) Inorganic clays of high plasticity

(b) Organic clays and highly plastic organic silts
(c) Organic and in organic silts
(d)

d) Clays [ESE-2016]
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Q.13

Q.14

Q.15

Q.16

Q.17

Q.18

(
(b
(

(d

(a)
(©)

The mass specific gravity of a fully saturated
specimen of clay having a w/c of 40% is 1.88.
On overn drying if mass specific gravity drops
to 1.74 then the specific gravity of clay will be
(@ 1.95 (b) 2.90
(c) 2.67 (d) 2.85
[DMRC-JE-2018]
Soil samples A and B have void ratios of 0.5
and 0.7 respectively. If 1.5 m® of soil sample A
and 1.7 m® of soil sample B are mixed to form
sample C having a volume of 3.2 m?, which one
of the following correctly represents the porosity
of sample C ?
(@ 0375 (b) 0.60
(c) 1.66 (d) 2.66
In Casagrande’s liquid limit device, the material
of the test specimen is harder than the standard
rubber. This hardness indicates that the liquid
limit, plasticity index, flow index and toughness
index, respectively, of the specimen, are
a) more, less more and same
) same, less, same and more
c) less, less, same and less
) less, same, less and more

Which one of the following is the water content
of the mixed soil made from 1 kg of soil (say A)
with water content of 100% and 1 kg of sail
(say B) with water content of 50%7?

(a) 66 % (b) 71%

(c) 75% (d) 82 %

Given for a sample of a river sand :
Void ratio at the densest state = 0.40
Void ratio at the loosest state = 1.20

Which one of the following correctly represents
the relative density of a sample prepared with
avoid ratioof 1.0 7
125 %

75 %

(b) 25%
(d) 87.5%

A saturated sand deposite have natural
moisture content of 30%. It was noticed that
the maximum and minimum void ratios are 0.95
and 0.40 respectively. Assume specific gravity
of sand solids are 2.7, the sand deposite will
be classified as
(a) Medium

(c) Loose

(b) Dense
(d) Verydense

Geotechnical Engineering

Q.19

Q.20

Q.21

Properties of Soil
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Two soil samples A and B have porosities n,
= 40% and ng = 60%, respectively. What is
the ratio of void ratio e, : eg?
(@) 2.3 (b) 3:2
(c) 4.9 (d) 94

[ESE: 2004, DMRC-JE-2018]

A clay sample has a void ratio of 0.54 in dry
state. The specific gravity of soil solids is 2.7.
What is the shrinkage limit of the soil?
(@) 8.5% (b) 10.0%
(c) 17.0% (d) 20.0%

[ESE: 2005]

Consider the following properties of clay Xand Y.

S. No. Properties Clay (X) | Clay (Y)
1. LL(%) 42 56
2. PL(%) 20 34
3. Natural W/C(%) 30 50

Which of the days, X or Y experiences larger
settlement under identical loads; is more
plastic; and is softer in consistency?

(@ X, YandX (b) Y, X and X
(©) Y, XandY (d) X, XandY
[ESE: 2009]

STUDENT'S
> ANSWER KEY / ASSIGNMENTS

1.
6.
11.
16.
21.

(c) 2. (a) 3. (b) 4. (o) 5. (a)
(c) 7. () 8. (d) 9. (c) 10. (b)
(d) 12, (@ 13. (b) 14. (@) 15. (0
(b) 17. (b) 18. () 19. () 20. (d)
(c)

) HINTS & SOLUTIONS // , STURENTS o

1. @

_ Gs(1+w)
V= T qye v
For dry soil, w=0
Gsvy
W= qie

and for submerged condition

Ysup = Ysar ™ Yw
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Gy —1 [ 9. [G

+e " Below the shrinkage limit of sail, there is no change

Thus, Ysat > V> Yeny > Ysub in volume.

2. [ [10. [

Above A-ling = Clay,

i 71P o, [e) [e)
Activity of clay = %clay W= .4.5 % (35% < w, < 50%)
= Intermediate plasticity
Higher the plasticity index, higher is the activity. . Group symbol is Cl.

3. [0 1. [C)

€ — €t _ Volume of voids
max min
. %% %% 1
Given, e, — €, = 0.30 n= = =—
and R, = 0.666 Vot Zrl 3
enat — 040 = 3333@
€.y —0.40 (a)
Then, 0.666 = & —— m
0.30 PL(%)
= e, = 0.1948 +0.40 REL e
= e, = 05998~06
cl
[ 4. |G
(Gs—es) cL
9= —F"-"79
1+e v W, (%)
20 35 35
and es = wG, . P lies in the area of inorganic clays of high
Gy (1+w) plasticity.
= 9= e M
13.[Q)
5. [O) w = 40%
Hydraullic gradient (i) v=188
Yoy = 1.74
G- Since soil is fully saturated,
T e At w = 40%
Thus, es = WG,
[ 6. G = ex1 = 0.4 G,
For well graded sand Cu > 6 = e=04G,
For well graded gravel, Cu > 4 G.Y,
and Y= 7
1+e
(©)
G, +e,
Plasticity index of sand is ‘0. and V= g v
B . Jgg . Gat04Gs
. ' 1+0.4G,
For well graded soill,
1<C,<3 = 1.88(1+0.4G,) = 1.4 G,

= G, = 2.901
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