Lecture 8 Soil Water

Text: Das, Chapter 7.

Subsurface water is found at all depths down to around 12,000 m below the Earth's
surface. Below that depth, all voids are filled by the plastic flow of rocks under
great pressure.

Soil mechanics is concerned with moisture much closer to the surface. In this
region there are two zones, the saturated zone and the unsaturated or aerated
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Saturated Zone: Ground Water

In the saturated zone, all the voids and fissures are filled with water under
hydrostatic pressure, whereas above it the voids contain water and air.

The water table or phreatic surface divides the two zones. The water along this line is at
atmospheric pressure.

Generally if you dig a hole in the ground the water level in the hole defines the phreatic
surface. The water table can very seasonably with rainfall or with irrigation activity.

Where it breaks the ground surface, swamps, lakes and springs occur.
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Unsaturated Zone: Soil Water

In the unsaturated zone, water is bound to soil particles by a variety of
physical and electrochemical forces. It takes energy to extract this water.

Conditions in the aerated zone depend on climate and biology, particularly
recent rainfall, temperature and humidity and the growth activity of plants.

Depending on the degree of saturation, water may be held predominantly by
hygroscopic interaction with soil minerals, or by the capillary action of free
surfaces, or as both static and dynamic storage within the void spaces.
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Capillary Water

Soil water at useful engineering levels of saturation is mainly bound by
capillary forces. Higher levels of saturation are too wet, lower levels too dry.

The capillary fringe occurs due to surface tension in the void spaces above the
water table. The smaller the particle size, and hence voids, the higher the capillary
fringe will be.

Water in the capillary zone is held at a negative or suction pressure. In clays,
molecular forces hold moisture even more tightly than capillary forces can exert. In

silt soils the capillary fringe may exceed 2 m in depth.
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Soil Water Potential

Water potential is similar to Bernoulli's principle in fluid mechanics.
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Potential is measured in terms of total head (H),
which is energy per weight of water. In soil there ,J
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In unsaturated soils, the matric potential is the
largest. In saturated soils, his close to zero
while z is large.
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Potential Tensionometry

Water potential can be measured in the field by a Tensionometer.

A tensiometer consists of a vacuum gauge
connected by a tube to a porous ceramic tip.

The tube is filled with water and is normally
transparent (made of plexiglass) so the water
level within it can easily be seen. The ceramic
tip is permeable, and the water in the tube satu-
rates it.

The tip is placed in contact with the soil in the
root zone. Because the soil is normally not
saturated, water is drawn from the tip into the
soil.

As water moves from the tube into the soil, a
partial vacuum is created and measured by the
gauge. This measurement is not a direct
measurement of soil water content. Rather, it is
a measurement of soil water tension
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Saturated Zone: Hydrostatic Potential

In the saturated zone the soil water potential is dominated by gravity, ie
water under ordinary hydrostatic pressure.

Pore water pressure in the saturated zone is the same as in a body of free water:

P = pgH, = v, Ha,

Where H. is the depth below the water table. This pressure contributes to the total pressure o exerted by the
weights of saturated and unsaturated soil:

0O = 7unsatH + Y sat H,

where H is the depth above the water table. ys« includes the
density of soil and water. o is thus the total pressure
exerted on a supporting structure such as a retaining wall.
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Saturated Zone: Effective Stress

As well as loads on supporting structures, it is often essential to know the pressure
that a soil mass exerts on itself. This requires the idea of effective stress.

As with any submerged object, saturated soil particles are supported by buoyancy. The
effective weight of each particle is reduced by its displaced volume of water:

W=7V -7,V =(7s =)V
The effective pressure that soil particles exert on each other is thus reduced by the same factor:

0" =0—P = ’Yunsa!H T ’YsatHﬂ o ’Yu.'Ha
- 'YunsatH + (7.-30{ o 7u?)Ha

o' is referred to as the effective stress. y' is the
effective unit weight.

Bearing pressures on the soil itself are
determined by the effective stress, while
structural pressures on any other element are
given by the total stress o.
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Saturated Zone: Effective Stress

The bulk, saturated and effective unit weights of soil can be compared by the
formulas developed in an earlier lecture:

Saturated soil:

G +e
’Ysat - ’Yw 1 +e
Unsaturated (bulk) soil:
1+ w G + Se
prmm . p— j— 1
Vo G‘Yu1+e Yo T T e < Vsat @8 S <
Effective (buoyant) soil:
- B B (G +e 1)
Y = Y sat Yw = Yw 1 +e
G -1
= Yo <

These formulas are used to calculate pressures of different kinds on structures and soil
foundations. This is used not only in structural loading but in soil loading for consolidation
and compaction, both of which depend on contact pressures between soil particles.
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Permeabillity

Text: Das, 2010. Principles of Geotechnical
Engineering Ch 7

Soils are permeable due to the existence of interconnected voids through which water can
flow from points of high energy to points of low energy.

The study of the flow of water through permeable soil media is necessary for estimating the
quantity of underground seepage under various hydraulic conditions, for investigating
problems involving the pumping of water for underground construction, and for stability
analysis of earth dams and earth retaining structures that are subject to seepage forces.
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Groundwater Flow

Bernoulli equation and headloss

Bernoulli's equation is of limited use in groundwater flow. The total head is
not constant, due to high friction losses in pores and capillary pathways.

However, a soil strata of constant porosity characteristics will show a constant
rate of headloss or hydraulic gradient.
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Groundwater Flow

Darcy's Law

Still considering only soils with constant porosity characteristics, we can
define the hydraulic conductivity k of a solil in terms of a constant hydraulic
gradient / :

— ki — — kﬁ The minus sign gives a +ve velocity for
V= o do decreasing head, ie -ve hydraulic gradient.

v is the discharge velocity, defined as the average flow velocity in the direction of
groundwater flow. This is less than actual flow velocities, which take long random
pathways through the pore space while moving in any overall direction.
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Groundwater Flow

Darcy's Law

Given the hydraulic conductivity k (a property of each distinct soil stratum)
and a known head difference H over a flow path length L, the flow rate
through a unit area of soil can be estimated:

H H
Q—kAf _kf (for A=1)
k has the units of velocity, since the hydraulic gradient is dimensionless.

Hydraulic conductivity varies over a wide range for different soil types:

Soil Type k cm/sec h,
Clean gravel 100-1.0 — by
1
Coarse sand 1.0-0.01 flow rate Q = - K A (hy-h,) /1
Fine Sand 0.01-0.001 wmit: LT
Silty clay 0.001-0.00001 "The velocity of flow is proportional fo the

Clay <0.00001 hydraulic gradient"”



Hydraulic Conductivity

Constant Head Permeameter

Hydraulic conductivity is measured by direct tests of flow rate for an observed
head loss over a known path length. If the head difference is kept constant
the measurement is known as a constant head permeameter test.
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1. Flow is established with constant head and
flowrate.

2. A volume V of water is collected over a
measured interval t

3. Flowrate Q = V/t = Avt = A(ki)t = Ak(h"/L')t

VL' B QL'

4.thus k = —
Ah't2  Ah't

A Is the cross sectional area of the
flow chamber
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Hydraulic Conductivity

Falling Head Permeameter

An alternative arrangement tests for conductivity over a range of hydraulic
gradients by allowing the head to fall as flow occurs, ie a falling head
permeameter which drains over a finite interval:

Cross-sectional
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Hydraulic Conductivity
Pumping Test

It may be possible to test soil permeability directly in the field, with all local details of variability
accounted for, by a pumping test.

This requires that the water table be accessible by pump wells: 1. Pump flow is established

with constant head and
flowrate.

' Draw-down curve 2. The head at two
- during pumping observation wells ri and r-
¥ are recorded.

3. The conductivity k is
proportional to the flowrate:

Qln (2
b= R
77( 1 2)

(this theory depends on

aquifer stratification, see

tmpermeable layer ] Test well B Observation wells more examples in the text)
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Hydraulic Conductivity
Ranges and indications of k

Soils can be classified to a limited extent by hydraulic conductivity. The
classification system below uses pore size as a classification correlated with
drainage and soil type. The range of suitable test methods is also indicated.

K (m's) 1 10 10 10° 10°¢ 104°
Drainage good moderate bad
Classification large moderate small very small Hmpervious
Soil type gravel clean sand silt, clayvey sand clay
Direct test pumping test
dipool sounding
constant head
falling head (oedometer)
Indirect test piezocone
oedometer
Correlation grainsize distribution / density density index of clay

http://geo.citg.tudelft.nl/~uffink/syllabusCT3320/part1/0a/0a.html

A pumping test is conducted in the field using exploration well-
drilling equipment or similar. Other indirect tests are available at the

geotechnical specialist level.
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Hydraulic Conductivity

Empirical and theoretical models

There are any number of models and theoretical estimates of k as a function of soil and water
parameters such as porosity and viscosity.

These tend to be less than useful, as in practice individual soils do not match those parameterised
in research. Conductivity is very sensitive to local details of soil formation.

This is not a problem however as a direct measurement of k is usually possible. Serious
geotechnical work would not proceed without such tests.

-log K (cm/sec) -z -1 o 1 2 3 4 5 & 7 8§ 9 10 1
1 1 1 1 1 1 1 1 1 1 1
Fermeability Fervious semipervious Impervicus
Aguifer (300 Foor None
Clean Cleangand or | Very fine sand, silt
201l gravel sand & gravel [oess, loam, solonetz
Feat sirarified clay Unwreathered clay
Good .
Rocks Oilrocks  Sandsone limestone | BTeCCla
dolomite | Sranite

http://www.atmarkit.co.jp/ait/articles/1312/13/news105.html

1823



Hydraulic Conductivity

Homogeneity and Isotropy

A homogenous soil has a roughly constant value of hydraulic conductivity at all locations and depths in
the profile and plan area of interest. This is very rare and cannot be assumed.

An jsotropic soil has the same value of k in any direction from the point of measurement. This also is
rare; most soils are anisotropic in horizontal and vertical directions due to orientations of structure.

Individual soil strata may be approximately homogenous, but drainage lines cross any number of strata
at different depths. Over all strata, most soils are both inhomogenous and anisotropic.
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flow due to strata fracturing and the underlying
impervious bedrock.
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Hydraulic Conductivity

Anisotropic Soils

Calculations of flow across or along stratification layers can be simplified by combination
formulas for average vertical and horizontal conductivities.

These weighted averages are analogous to electrical resistance in parallel or series. The
average horizontal and vertical conductivities k. and k. can be estimated as:

Horizontal Flow: Vertical Flow:
i1 4N <
- T ‘d—' lu
) >V d~ :4. f J,U'L
—-———’V, J‘J J,x * U?
L amme S W P
N— A dy dy Vy
vy a7 B i & S i e T 7 o e R

dh dh  tid; T
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2 but 7 = Uld’sokvzzz
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Hydraullc Conductivity

Example

A soil profile has the following strata:

da =400 mm kn = 0.004 cm/s kw = 0.009 cm/s
ds = 700 mm ks = 0.007 cm/s kv = 0.005 cm/s
dc =900 mm knc = 0.009 cm/s kv = 0.001 cm/s

Calculate average horizontal and vertical hydraulic
conductivities.

E kidi k. — Zdz

> d; >.(di/k;)

kh:

_,,‘g?v T R X, e
https //www facebook com/pages/ArlstotIe Unlversny of 21/23
Thessaloniki/112973115384390



Hydraulic Conductivity

Computer Programs

Hydraulic conductivity design and analysis gets much more complex than this.

Modern geotechnical engineering makes heavy use of computer power to analyse
even routine flow paths for stability.

ENGT350 will make use of the student edition of Geoslope; reasonably advanced
geotechnical software for seepage, slope stability and other problems.
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Readings

Chapter 7, Das.

Internet research: Geoslope student edition software.

Mechanics-BHC-Sutton/9780582089716

Soil hanics

P———
LI T T

http://www.ebay.com/ctg/Problem-Solving-Soil-Mechanics-A-
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