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ENCE 3610 Soil Mechanics()-

L Rain cloud )

Precipitation
Lecture 6

Evaporation while falling
Groundwater I

From o¢ean

3 River or
i, loke
lable._ R T e S
ey percﬂhimnﬂ_ -:-.-'T";:—?'Th_',.* ST
—r-a.-....._""__f'-—--',-:.‘_; s Sdiny h—f|-—l_.‘:‘__\.‘-"'____"“'_-_"'ru ot f !
Sammsaa s

- ke
""__'1‘

— i
S T T e w--"'b...* *--w'-"":—"‘"r_:f s - - oters

Loyl et R _-'Fj"_"""""':-"‘i-f o ar e I e

R S B s S\ A— qu— g— S B e e e 2 “::"'.,1“" -ﬁ-.a.?.'-g...&-: .f—""'—i ==
- ' N e i =

O S i e Cﬂ-nf|n|ng beds ity it LI L L Z ; Rt Bl
7 S S I~ 7 T
N S S A G i do— e S S— S—— S S— A i




Hydrologic Cycle
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Aspects of Hydrology

A relatively small amount of the earth's water (<1%) is

contained in the groundwater, but the effects of this water
are out of proportion to their amount

The permeability of soil affects the distribution of water both
between the surface and the ground mass and within the
ground mass itself
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Hydrostatic Condition

It the water is at rest (i.e. when there is no flow of the water), the pressure in the water is determined by the depth of the point considered
with respect 1o the water surface. As shown by Simon Stevin, a greal engineer [rom The Netherlands in the 16" centiry, the magnitude of the

]

Figurce 4.3: Hydrostaric water pressure depends upon depth only.

o |

—

water pressure on the bottom of a container filled with water, depends only upon the height of the column of water and the volumetric weight
of the water, and not upon the shape of the container. see Figure 4.3. The pressure at the bottom in each case is

P = Yud. (4.1)

where ~,, 18 the volumetric weight of the water, and d 1s the depth below the water surtace. The total vertical force on the bottom is ~,dA.




Changes in Groundwater Level

Hydrostatic assumption is useful for many cases;

however, it was necessary for the water to somehow

move to get there

Reasons for changes in groundwater level and location
Seasonal variations; variations due to drought, heavy
rains, etc.

Addition of artificial structures and elements to
landscape

Reservoirs, dams, and artificial river channels
Construction site excavations
Drawdown due to well water, drains, etc.



Permeability

Definition

The property of soils that allows water to pass
through them at some rate

This property is a product of the granular
nature of the soil, although it can be affected
by other factors (such as water bonding in
clays)

Different soils have different permeabilities,
understanding of which is critical to the use of
the soil as a foundation or structural element



Theory for Moving Water

* Bernoulli's Law * Variables
2
1% — h=head at a given point
h=—+ P, Z ara SEnp
20y — v=specific discharge
— Kinetic Component * Sometimes referred to as
— Pressure Component the seepage velocity, but
— Gravitational (Potential) this is in reality different
Component _ _
* In reality, an energy balance of — g=acceleration due to
the soil as it flows through the gravity
ground a
-« Kinetic component can usually — p=pressure
be ignored _ eneF : :
— Example: a 1 ft/sec velocity only Y unit Welght of fluid
produces 0.015 ft head — z=position in gravity

difference for water
*  We will ignore losses in the soil

field



Constant Hydraulic Head 1n Still
Water

As an example, consider the pressurized tank in Figure 6-1b. Piezometers have been
set at two points in the side of the tank and the water rises in the piezometer above the
elevation of the tank due to the pressure in the tank. The pressure head (4, ) is the
height that the water rises above the point of interest and the elevation head (4. ) is the
height of the point of interest above the datum that has been set below the tank. The
total head (4, ) is the combined heights of 4, and 4. and is the total height that the
water rises above the set datum. Since there is no flow within the tank, 4 is constant
throughout the tank although %, and k. vary with elevation.

a) Definitions b) Example and Calculations
At Point A
Elevation head: h,,=¥8'
- 10' Ty i Pressure head: hpa=2'
hp-A Pressure: Up = hp_'A {(yw)
v Us = (2')(62.4)
- &' Up = 124.8 psf
A h Total head: hea= hza+ Npa
p-B hea = 8+2' = 10'
g - -GS At Point B
S5 = = = f=lBud L8
a8 hy § 3 hea = Nes Eioation head:  hyg= 4
E - 4 E B=—4 h,, Pressure head: h,s=6'
Pressure: Ug = hpg (vw)
I up=(6')(62.4)
h, - 2 hos Us = 374.4 psf
Total head: hig = hzg+ hps
hig=4'+6"'=10'
—Datum (z=0) Y| Lo Datum (z=0) \ A

Figure 6-1

Example of the Components of Hydraulic Head




Specific Discharge

* The specific discharge
does not refer to the
actual velocity going
through the pores of the
soll

* It refers to an average
velocity of a fluid flow
through a given area,
basically ignoring the
presence of the pores

— g=flow through a cross-
sectional area of soil

— A=cross-sectional area of
soil



Hydraulic Gradient

* Equation: * Head at any point:
. Ah
i=— =21
V

— i=hydraulic gradient
(dimensionless)

— Ah=change in head from one * For purely horizontal flow, z is
point to anf{ther - constant and the hydraulic
— Al=change in position from one gradient is expressed perfectly

point to another (distance)

* Equation presented in
differential form (see Verruijt

as shown on the left

* For vertical flow, gravity affects
the hydraulic gradient and this

text) )
— This indicates that hydraulic ESER 19 29 ELER (D
gradient can and does vary consideration during vertical

continuously in the soil flow



Underground Flow

Flow generally driven by lake, river, etc.
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Darcy’s Law

 Variables

— k=coefficient of
permeability

— I=hydraulic gradient >
* Assumptions ;

— Laminar Flow

* Generally applicable in
soils due to low fluid flow
velocities

* Laminar flow generally

exists when i1 < 5 and Re
<1

— Soil is saturated




DISCHARGE VELOCITY, cm/sec

10 - 11 11T T 1 TTT1T T 1 TTTT.
TURBULENT FLOW
v ¥ ki
'( \\
- & ~
TRANSITION
R=Y0p
I
0.1 pt i K
[ 9% -
- LAMINAR FLOW ¢ }
B v = ki -
0.1 ] 11 L1l ] 1 L1l l 11 L 11
0.1 1 10 100
AVERAGE DIAMETER OF SOIL PARTICLE, MM ’
FINE MEDIUM COARSE FINE [ COARSE
SAND GRAVEL
Figure 2-3. Boundary between laminar and turbulent flow determined

using Reynolds number for temperature of 20° C

(prepared by WES)




Coefficient of Permeability or
Hydraulic Conductivity

Definition k= j otk Yk é

N Vi

Physical permeabilit
Unit weight of fluid
Kinematic viscosity of fluid

Dynamic viscosity of fluid

Absolute Permeabillity is significant with soils
when different fluids are considered



Detailed Aspects of Permeability

* Kozeny-Carman
Relationship

3
n

[1-n)°
— Difficult to determine

permeability reliably
from this relationship

— Shows that a major
variable in permeability
IS the diameter of the
particles

K=cd*

* Seepage velocity

_ v
V=—
n
— Relationship between
the specific discharge
and the actual seepage
velocity in the soil pores

— Shows the impact of
porosity (as does the
Kozeny-Carman
relationship) on
permeability



Typical Values of k

Type of soil

k (m/s)

gravel

sand

silt

1072 —
10-6 —
10—% —

10—t
103
10—6

clay 1010 — 108
Table 5.4, Characteristics pertinent to embankment and foundation construction.
N 1 + T
Major Divisions Latler Symbol Name Value for Embankments Permeability Compaction Characteristics Standard MSH o Value for Requirements for
Centimeders Per Maxizoum Tnit Dry - -
Second Weight Pound Foundations Seepage Control
Halching | Color £ca) P d’f_“ : _°‘[‘_" :
er Cubic Foo
ay @ & @ ) © 0 ® ) 10 an 02
om Well-graded gravels or gravel-sand | Very stable, pervious shells of dikes T Good, tractor, rubber-tired rofler, steek) : s Good beating value Pesitive cntoff
GW : ! . ko> 40 125 133
& Red mixtares, Hitie of o fines and dams wheeled roller
Ciravel ap ) i’z?mly gruc_icd gravels or gravel-sand | Reasonably stable, pervious shells %10 Good, tractor, mbbec-tired rotler, 115 123 Good bearing value Pesitive cutoff
and o mixtuecs, kitte or no fines of dikes and dams sieel-wheeled rofler
gmv_eiiy Sily gravels, gravel-sand-sil{ Reasonably stable, not particulashy Good, with close control, rubber- Good bearing value Toe trench to none
sofls Uik mENRres suiled 1 shetls but may be used for k=107 10 107" lsired rofler, sheepsfoot roller 120135
Yellow . impervions cores or blankets
Coarse- ae Clayey gravels, gravel-sapd-clay Faely stable, may be used for k=100 10 Fair, rubber-tired roller, sheepsfoot 115 - 130 Good bearing value None
grained RLXIUEeS LEN PEEVEQES COres roller
soits W werp Well-graded sands or gravelly sands, | Very stabte, pervious sections, stope s 107 Giooed, tractor 1104 130 Gaod bearing value Upsiream blanket and toe
1 Red fitde oF no fines prodection requized N drainage or wells
Sand P 13":‘:’ Poarly graded sands or gravelly Reasonably stable, may be used in k> 107 Goud, tractor 0 - 120 Gead 10 poot bearing value Ups:&ream blanket and toe
3] sands, fitle or ap fines dike secting with flat stopes depending on deastty drainage ov wells
and D idr . Fi i3 -
sandy Siity sands, sand-silt mixtures Fairly stahle, not particularty sulted Good, with close control, rubber- Gaood 10 poor beariog value Upstreain blanket snd tog
soils M to shells but may be uwsed for imper- kw1010 107 |tired roller, sheepstoot rofler 1Hp-125 depending on density drainage or wells
Yellow vious cores or dikes
Clayey sancis, sand-sHt mixtures Fairly stable, may be uscd for imper- ] —& i Fair, sheapsfoot rolfer, mubber-tived Good fo poor bearing value None
sSC N k=107 10 B0 105 - 125
viows core for flood-contred struciures olier
Inorganic silts and very finc sands, Poor stability, may be used for . Gond 10 paor, close control essential, Very poor, susceptible to ‘Toe trench 10 none
ML rock flour, silty or clayey finesands, embankments with proper control kn 10710 307 | rubbertived roller, sheepsfoot roller 95120 liguefaction
Silts ar clayey silts with slight plasticity
and Greep  |Inorganic clays of low to meditm Stable, impervious cores, and - P Fair to good, sheepsfoot rollet, Good 10 poor bearing value None
clays L plasticity, gravelly clays, sandy clays, [blankels k=" t010 ruliber-tized roller 95~ 170
LL<50 silty clays, tean clays
Fine- a1 Qrganic silts and organic silt-clays of [Motsuitable (or embankments k= 1074 1o 100 | FRit 1o poor, sheepsfoot roller 80— 100 Fait 1o poor bearing vaite, Nene
gmfz"d - fow plasticily may have excessive sefiiements
soits
Inorganic silts, micaceous or Poor stability, cote of bydraulic fill - o [Pooriovery poor, sheepsioot roller Poor bearing value None
N MH distomaceocs fne sandy of silly dam, net desirable in rolled £l kw107 10 10 T 95
S‘EE‘ sois, elastic silts constriction
clays cx 7 Blue Inorganic clays of high plesticity, fat [ Fairstabality u\lmh ﬂal_s_lopcs,_!hm = 10 % 10 107 Fair 10 poor, sheepsfoot roller 75108 Fair to poor bearing value None
11 »50 '/ clays cares, blankeis, asd dike sections
o Z’: (}rgnlni‘c clays o§ mt?dium o high Not sujtable for embankments k=1 010? Poot 1o very poor, sheepsfoot rotier 65160 Very poor bearing value None
VoA Masticity, organic silts
e
s
Highly organic soils Pt e Crange  [Peat and other highly organic soils Not used for construction Compaction fof practical Remove from foundations
-
franad

Notes: |,

Values in columns ¥ and 11 are [ov guidance oaly. Design should e based on fest resulis,
in column 9, the cquipment tisted will usually produce the desired densities with a reasonable sumber of passes when mossture conditions and the thickness
af{ift are properdy controlied.
incolume 16, unit dry weights are for compacted soil a1 optimun solsture content for standard AASHTO (standard Proctor) compactive effor CB 55.

Soit Classification 5-15
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Figure 2-1.

Darcy's law for flow through inclined soil column
(prepared by WES)




One Dimensional Example

[1lustration
Given Solution
River and Canal, parallel 1,
to each other 4 KA
Ah = 5m 1 — Ah/AL — 5/200
L=200m q=(2)(5/200)(2) x
= 210 1000)
o o midy q = 100 m’/day/km
ind

length

Seepage loss per km of
river-canal length



Methods of Determining Permeability
Coefficient

* Laboratory Methods * Laboratory Tests

— Constant Head Test
i — nstant Head Test
(Cohesionless Soils) Cons

o . ° . f
— Falling Head Test (Cohesive Direct measure o

permeability using Darcy's

Soils) Law
* Empi.ricil Correlations and * Suitable for cohesionless
“Typical” Values soils with permeabilities >
* In-Situ Methods 10X 10% em/sec
— Falling Head Test

* Pumping Tests :
* Indirect measurement of

* Consolidation Tests permeability using time of

* Permeability is the most flow
difficult soil property to * Suitable for cohesive soils
determine accurately with permeabilities < 10 x

1 -4
especially in the laboratory 10 cm/sec



Constant Head Test

The simplest of all methods for ==
determining the coefficient of .
- = Ah
permeability i
This test is performed by //_——_—_—// | =
measuring the quantity of water, I P
Q, flowing through the soil e o
specimen, the length of the soil o
specimen, L, the head of water, -
h, and the elapsed time, t. The AT N
head of water is kept constant e
throughout the test. A ;
o
i
S /

Figure 7.1: Permeability test.



Computation

Compute the coefficient .
of permeability, k for laboratory test: V= kl

k,, = coefficient of

permeability, cm/sec at 20° C

Q= quantity of flow, cm? Q k A h
20

L = length of specimen over

which head loss is measured, t
cm. A 1 e AL
T

R, = temperature correction
factor for viscosity of water

h = loss of head in length, L, SOlVlng 3

or difference in piezometer
readings = h, - h,, cm

A = cross-sectional area of A L R
specimen, cm? I

t = elapsed time, sec. kZO h
AnAt



Sample Case:

Constant Head Permeameter

Given:
Sand Sample
15 cm high
5.5 cm diameter (round)
Test Results

Measured head across
sample: 40 cm

Time of flow: 6 sec.

Amount of water
discharged: 400 cc

Assume test run at 20° C
(no temperature/viscosity
correction)

Find: Coefficient of
Permeability

Governing Equation
g = kiA

Definition of Variables in

Governing Equation
Flow rate g = Q/t
Sample area A = tD?%/4
Hydraulic Gradient i =
Ah/AL

Ah

az || | |

|
I
I
|
|
o o o o o o 0O

L

NS




Sample Case:
Constant Head Permeameter

k

20

- QLR,
hAt

Rearrange Equation

Substitute Variables
and solve:

k= ((4)(400)(15))/
((3.1416)(5.5)(40)(6))
= 1.052 cm/sec



Soil and Water Pressure with
Downward (Vertical) Flow

Over flow 1
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Soil and Water Pressure with

Upward (Vertical) Flow

Constént head

=

e
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Example of Upward Flow

A constant-head permeameter is shown. The soil is ho-
mogeneous, isotropic, and saturated.

v
¢
7m
A\ 4 [T
drain / ]
soil sample v 3m
q__1m
2 m

datum ———-F SEEAD
g J)

The pressure head at point B in the soil sample is most

nearly
(A) 6.00 m Modified From Verruijt:
(©) 667 m Ap =yz(1 - i)

(D) 6.75 m (z downward positive)



Example of Upward Flow

Solution of Upward Flow Problem: The head at the base of the soil sample is 74+ 3+ 142 = 13m. The head at

Equation from Verruijt (modified slightly): Enetop of the soil samplelis simply S,

Compute the hydraulic gradient with upward flow:

Ap=~z(1—1i
P =1z ) ) AH 13-3 7
i=1l———-1=1- =—-=-2333
Remember that z is downward positive. Hydraulic gradient 7 is the same sign < 3
as the d11".ect10n of the flow, i.e., if upward, negative, if downward, positive. Bhom e Dotiam upgen.
Rearranging,
A AH =-2(1-(-2.333)) = —6.667
S0 AH =2 (1—4)
! and thus
Solving for the hydraulic gradient,
Hp =13 —6.667 = 6.333
4 AH
LT D We can also compute from the top:
AH=1(1-(-2.333)) =3.333
|
and again

Hp =3+ 3.333 =6.333



“Quick and Dirty” Method for
Upward Flow Problems

A constant-head permeameter is shown. The soil is ho-
mogeneous, isotropic, and saturated.

The head at the top of the soill
(Point C) is 3 m (neglect resistance
due to flow in free water)

The head at the bottom of the soil I
(Point A) is 13 m, same assumption
as above

The change in head between
Points A& C=13-3=10m

The head varies linearly between
Points Aand C

By linear interpolation, the head at
B=13-(2)*(10)/3 =6.33 m

Can also be computed from Point
C, 3+(1)*(10)/3=6.33 m

9

The pressure head at point B in the soil sample is most
nearly

(A) 6.00 m
(B) 6.33 m
(C) 6.67m
(D) 6.75m




Falling Head Test

A clay sample is enclosed by a
circular ring, placed in a container

i

filled with water. 2 Th,
The lower end of the sample is in i

] . . STANDPIPE —=f
open connection with the water in the M—
container, through a porous stone he

|1
h

below the sample.

At the top of the sample it is
connected to a thin glass tube, in

which the water level is higher than
the constant water level in the
container.

OVERFLOW

|

Because of this difference in water
level, water will flow through the (a)
sample, in very small quantities, but

sufficient to observe by the lowering

of the water level in the thin tube.

In this case the head difference h is
not constant, because no water is
added to the system, and the level h,

is gradually reduced to h..




Computations

/ A
Compute the al, h
coefficient k=—I|In— (R,
of permeability, k At \ hf )

a = inside area of standpipe, cm?

A = cross-sectional area of specimen, cm?

L = length of specimen, cm

t = elapsed time (t. - t,), sec

h, = height of water in standpipe above discharge level at time t_, cm
h; = height of water in standpipe above discharge level at time t,, cm

R, = temperature correction factor for viscosity of water obtained
from , degrees C.



Falling Head Permeameter Sample
Problem

Given: Clay Sample
Sample Diameter: 2.5”
Sample Thickness: 17

Standpipe Diameter: 1.7
mm

Initial elevation of water = h
32 cm

Time of Test = 395

- - - -

seconds

Final elevation of water =
30 cm

Find T
Coefficient of Permeability |

of clay



Falling Head Permeameter Sample

Problem

Governing Equation

L a h
k = ln[‘)]
tf — to A hf
Definition of variables in

governing equation

1

A= Lap?
4

a= lﬂdj

4

Substitution of defined
variables

2
. L d02 h{hoJ
tf_tO DO hf

Substitution of input
guantities

2.54 0.17° [32)
k = ; In| —
395 -0(2.5x2.54)" \30

k=2974 x10 °cm/ sec




Questions?
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