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ENCE 3610
l Soil Mechanics

' Lecture 12: Shear Strength Theory
Methods of Determining Shear Strength Properties




Review of Soil Strength

Tension in soil is seldom (if

ever) used Two questions we need
Even rock is seldom used in to ask with soil strength
tension What constitutes soil
All appllcanons of soil as an

engineering material are in strength?

compression | How to we test for it?
The most important failure

mode to consider is shear The two are not

failure | unrelated, but they are
Lhtﬁg ii?rpsrtéggﬂg‘tgf the soll not identical either
determine

The way shear strength acts in
a soil depends upon the soll

type



Types of Tests for Shear Strength
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Direct Shear Test z*

Top platen —————»EZZ7Z2 A A,

Porous stone % 5 Spil speéimen : %
The most “obvious” way "™ I IS
to test for shear strength

Failure mechanism in
direct shear test is
different than in most
actual soils
Reproducibility is
problematic A A
Is used in some cases, . .
but not the most .

common test for shear
strength

Section

A

T e e e s

Plan

Figure 3-1 Basic Elements for a Consolidated Drained Direct Shear Test Along
with Example Data Collected for One Test Specimen



Triaxial Test

® The “reference standard” for soil
shear strength testing
e Elements of the test

O

Specimen, usually 1.4”
diameter for cohesive sails,
2.8” for cohesionless ones
Wrapped in a rubber shroud
to prevent water flow from
load cell

Load cell, filled with water,
pressurised separately from
specimen

Piston which applies axial
pressure to specimen
Provision (or not) for drainage
of water at base of cell;
specimen tested saturated

O

® Types of Triaxial Tests

Consolidated-Drained (CD)
tests: pore water in specimen
is allowed to drain during the
test.
B  Usually done with
cohesionless soils
® Can be done on
undisturbed, compacted
or remoulded soils
Consolidated-Undrained (CU)
tests: no drainage is allowed
during the test
®  Usually done with
cohesive soils
Unconsolidated-Undrained
(UU) tests: the basis for the
undrained shear strength of
cohesive soils



Consolidated
Drained
Triaxial Test
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Figure 3-2 Basic Elements of a Consolidated Drained Triaxial Test Along with
Example Data Collected for One Test Specimen
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Figure 3-3 Basic Elements of a Consolidated Undrained Triaxial Test Along with
Example Data Collected for One Test Specimen



T [ |

Load cell
e Measures deviator Caf
force %
( Cell pressure = O3 EE |
Axial Strain
Uncon8011dated \W v f Unsaturated
. N /
Undrained N e f : 5.
. . \ /
Triaxial Test \ / +
N / c -
\ 4 t O3 g a'y
N /
\ /) A Saturated
N / .
N / $u =0
Ny / i
\, f S=¢ / \
‘ -

O3 ag (o )

Figure 3-7 Basic elements of a UU Test Apparatus with Sample Data for a Single
Test



Use of Mohr's Circle to Determine
Failure Envelope
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Shear Envelope for Multiple
Effective Stresses (0,)

Assume that the smaller

principal stress o, is:
Horizontal Stress
Confining Stress

Assume that the larger
principal stress o, is
Vertical Stress

Then the o, stress is the

effective stress of the soil

Vertical stress o, includes
effective stress and
foundation loading

These conditions will be
different in some situations, &
but illustrate the significance R

of varying o,




Shear Failure in Cohesionless and
Cohesive Soils

F 3

3
Shear Strength, 1 Shear Strength, T

Cohesion, ¢

(a) Normal Stress, G, Normal Stress, o,

(b)

Figure 2-18. Graphical representation of shearing strength.

v



Typical for Cohesive Soils k-

Situ: ¢ =0,c, >0

MOHR PLOT OF UU TESTS

FINED COMPRESSION TEST [

SHEAR STRESS T

-

AV

MOHR ENVELOPE FOR LU TESTS

P

Typical for Cohesionless Soils:
¢, = 0, ¢ > 0 (but effects from

overconsolidation must be
considered)

— Iriaxial Shear
Test
Relationships
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Shear Strength
Purely Cohesionless Soils

Shear strength of
cohesionless soilsisonly < . /., g;_"f’ang ’

developed with the tm & p
presence of effective Cof o

stress ( From dracned {es'.[-s)

Shear strength increases €~ @nalysis

with increasing effective
stress for sand c’=~0

The increase of shear S~ ’%an}ﬁ’
strength depends upon
the internal friction angle
of the soll

B - ana[ys.f.‘fs



Cohesion 1n Soils

True Cohesion Apparent Cohesion
Cementation Negative pore water
Due to the presence of pressure
cementing agents such as Negative excess pore

calcium carbonate or iron oxide
water pressures due to

Electrostatic apd | dilation (expansion)
electromagnetic attractions :

. _ Apparent mechanical
Primary valence bonding forces
(adhesion)

Cannot be relied on for

Occurs primarily during soil strength

overconsolidation



Purely Cohesive Soils

All of the strength of the

soil is developed from the q
cohesion of the soil ¢ =C = U
The strength of the soil is

essentially independent of 2

the effective stress

q, = unconfined L
S =67 tan gﬁﬁ

compression strength £

¢ = cohesion or shear For saturated soils 523/ =0
strength e
DO NOT CONFUSE THE 5; = C,

TWO

- ana(y&as ‘, ¢=O- t}‘na/yﬁc.s



Purely Cohesive Soils

Shear stress, T

lmg?T

Mohr'=s stress
circle

2
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Soils with Both Cohesion and
Internal Friction

|deally soils are either purely cohesive or
cohesionless

This is frequently not the case because:

Composition of soils are mixed (combinations of
sands, clays and silts)

Drainage and/or remoulding of clays produces
conditions similar to drained triaxial or direct
shear conditions



Review of Mohr’s Circle with Both
Cohesion and Friction

Sheor =t ress, T o dure

Normal séress, &
% & ,
7 Mohrs stress circle
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Undrained Triaxial Test Example

Given
a0 AT, (AT -a7)
AT o Yalva -'
3 20 3
- /f‘f-”_'
44U, au,
Ao itiird Deviator
stress stress
AU = - e ~ .
g s 3 fc“ﬂe gecif?;‘f Flnd
fbra :_‘i:‘.-'u-‘?/
foeificient .fin“.-; - AE{'&G‘; ‘-df?_;/]

T |
| = — dlu"r_“'dﬁrh
l.ﬂu 5/4(?5 ,--'J( A 3f !

Dry Cohesionless Soil
Tested to determine @

Confining pressure =
720 psf

Deviator stress at
failure = 600 psf

Pore water pressure
at failure = 496.2 psf

Value of ¢, drained
and undrained



Undrained Triaxial Test Example

Equation for failure Solve for sin ¢
envelope and Mohr's
Circle L (o1 3
1 4+ sing COS @ T N gl g
[ | SIIl @ =
Ul_g?’l—sinab—l_ch—sinqb ’ ccot ¢+ 5(01 +3)
Simplification for c =0 SR EEiel el G =18
. O,—0
5 — o 1 —sing @ =arcsin 1+ &
= . O.T0
= 11 +sing 173




Undrained Triaxial Test Example

Undrained Condition

o3 + Aoy
720 + 600
1320 psf

. 01 — 03
arcsin
g1 + 03

Jresin 1320 — 720
1320 + 720

17.1°

Drained Condition

o3 — Augy

o1 — Auy

720 — 496.2 = 223.8 psf
1320 — 496.2 = 823.8 psf

. (o] —of
arcsin (| ———

. (823.8 — 223.8)
arcsin

823.8 + 223.8
34.94°



Example 2

Given

Granular soil (¢ = 0)
Unit Weight = 19.6 kN/m?
Internal Friction Angle = 35°

Proposed Structure causes
vertical stress to increase 60

kPa at 4m depth

Also consider case where water
table increases to ground
surface

Find
— Shearing Strength 4m below

surface before installation of
structure

Whether soil will shear with
additional load

Whether soil will shear with
additional load and elevation of
water table

Solution
— Simplest way to solve last two

parts is to compute failure
criterion f
* If fis negative, failure should
not occur

* If fis positive, failure will
most likely occur



Example 2

* Formula for failure criterion

* Principal Stresses for two for Mohr-Coulomb failure for

load cases both cohesive and
_ Case 1 cohesionless soils (and mixed
ones too) with principal
* Soil overburden pressure = stresses known
(19.6 kN/m?3)(4) = 78.4 kPa
* 0,=78.4kPa

* By direct substitution

« 0,=60+78.4=138.4kPa
* Casel:f=-64.4 kPa

— Case 2 * Case2:f=-19.4 kPa
* Soil overburden pressure = * In both cases f < 0; however,
(19.6-9.81)(4) = 39.2 kPa Case 2 is closer to failure and
e 0,=39.2kPa thus should be considered

+ 0,=39.2+60=99.2 kPa with greater care



Example 3:
Drained Triaxial Test on Clay

® Given :
o g}(?n)solidated-Drained Solution
D) Triaxial Test on '
Saturated Clay See online _
® Sample 1 presentation on p-
® C(%rg)fipli:ng Pressure g diagrams; best
= a
@® Failure Pressure = way to solve the
200 kPa problem
@ Sample?2
@® Confining Pressure
=160 kPa
Failure Pressure =
383.5 kPa
® Find

@® Cohesion and Internal
Friction Angle



pressure

Only applicable to
purely cohesive
solls

Simplest way to
determine the
“unconfined
compression
strength” and
cohesion (q,/2) of a

cohesive soll



Unconfined Compression Test, Purely
Cohesive Soll

| ForaUC test, o, =q,=2c
|
|
v ‘
A -
I
I
| ~ I
' ¢
P
6,=0 | 6,
(&) (5) 0 ¢
Fig. 24. Diagram of uniaxial Fig. 25. Diagram of wultimat

compression test of cohesive soils stresses at simple compression



Other Methods of Determining

Shear Strength
",.?E:-j{;'ng method Field {ests
Feeld vane Lest &

Pressuremeter test ¢,

Cone Fer:-efrnf’mn{eﬁf Co = Yiote o 9,
Standard penetration test (SPT) (c,)
Weught sounding {est  (c,)




Typical Values for Cohesionless
Soils

a. Relative Density and Gradation

(Data from Schmertmann 1978)

Relative Fine Grained Medium Grained Coarse Grained
Density
D,, Percent Uniform Well-graded Uniform Well-graded Uniform Well-graded
40 34 36 36 38 38 41
60 36 38 38 41 41 43
80 39 41 471 43 43 44
100 42 43 43 44 44 46
b. Relative Density and In Situ Soil Tests
Standard Cone Friction Angle ¢', deg
Soil Relative Penetration Penetration
Type Density Resistance Resistance Meyerhof Peck, Hanson Meyerhof
D,, N, (Terzaghi d., kst (1974) and Thornburn (1974)
Percent and Peck 1967) (Meyerhof 1974) (1974)
Very Loose < 20 < 4 Soss < 30 < 29 < 30
Loose 20 - 40 4 - 10 0 - 100 30 - 35 29 - 30 30 - 35
Medium 40 - 60 10 - 30 100 - 300 35 - 38 30 - 36 35 - 40
Dense 60 - 80 30 - 50 300 - 500 38 - 41 36 - 41 40 - 45
Very Dense > 80 > 50 500 - 800 41 - 44 > 41 > 45




Values of Internal Friction Angle

45 ANGLE OF INTERNAL FRICTION _ -
@ VS. DRY UNIT WEIGHT -
QE’) (FOR COARSE GRAINED SOILS) - -7
8 40 —7
iy RELATIVE DENSITY -~ V/
S G Y
3, ““MATERIAL TYPE
o
< 35
5 - ¢’ OBTAINED FROM
3 ML) 50 %2 1 EFFECTIVE STRESS
= 30 / i SM) -~ T FAILURE ENVELOPES.
" 75 % - 4 APPROXIMATE CORRELATION
8 - —- IS FOR COHESIONLESS
o - MATERIALS WITHOUT
» ) ..01/"—/- -== PLASTIC FINES
2 25
2 POROSITY, n (FOR G=2.68)
0 55 50 45 .Jlm 35 : 30 25 20 15
= OID RATIO e (FOR G.=2.68)
1.2 171 10 90 80 .75 .70|.65 60 85 ! 80 .45 4 .35 30 25 20 15
20 1 1l 1 1 1 ] L 11 L 1 L1 ] Ll ] L1 1 11 1
75 80 a0 100 110 120 130 140 150

Dry Unit Weight, y, pcf

Figure 8-1 Approximate Relationship between the Effective Stress Friction
Angle and Dry Unit Weight for Various Relative Densities and Types of Soil



Typical Values of Cohesion

Consistency Very Soft  Soft Medium Stiff Very Stiff ~ Hard
qyu = unconfined 0.25 0.50 1.00 2.1'50 d,éﬁ
compression ’ 1
strength, tons ‘
per square fi |
Standard penetra- 2 4 8 16 32
flon resistance, '
N = no. of blows 1
per ft ﬁ
Unit weight, pcf 100-120 110-130 | 120-140 130+
(saturated) ‘ !
Identification Exudes Molded Molded Indented Indented Difficult
characteristics from by light by strong by thumb by thumb to indent
between finger finger nail by thumb
fingers pressure pressure nail
when
squeezed
in hand

Very approximate; for preliminary purposes only



Vane Shear Test

Useful for a quick
determination of shear
stress in situ

Applicable to cohesive
solls

Good for determining
undrained shear
strength
Best if q, < 1 ksf or 50
kPa
Test procedures
ASTM D3573
AASHTO T 223-74




Procedure for Vane Shear Test

H
\(Iasn-? S:g?rugzt573 Undrained shear strength: 3, 4 =5 "ns ;gq For 5=2
( ) In-situ sensitivity: §_ — Sufe _ Tnax
Ly s g 7;‘.:)‘\'
ur, fv
Push in vane Torquemeter
Vane at bottom of
rods borehole
Lower vane
to bottom of
prebored hole
Four-bladed
vane shear
device: i
D=625mm _
H = 130 mm 1 = Blade
— 2 mm height
© s e e o e’ e’
B = Borehole d=4B
diameter
Blade width=D
Blade thickness = e
1. Insertion of vane 2. Within 1 minute, 3. Perform an 4. Measure
rotate vane at 6 additional 8 to residual

deg./minute; 10 revolutions
Measure peak

torque, Timax

torque T for
remolded case

Figure 2-17 Schematic of Vane Shear Test (after Mayne 2012)




Results of Vane Shear Test

e As a general rule, undrained shear
strength cu will increase with Effeciive Undrained =

. : : stress, T sheor strength . |
increasing effective stress. » Y AR .
e This is contrary to many methods i _,l“jf’

in deep foundations, which

assume that c, is strictly a function 5

of soil type and unaffected by Xv

effective stress | \»‘/
II'I

e \We will return to this when we .
discuss driven piles and drilled
shafts ‘

Ir_-fu = Cﬂhﬁlfan{ = D’l;j|
— |

C‘}‘*{fr‘ Cornstant
C %rmf}o



Field Vane Shear Test Calculations

Field Vane Shear calculation
of undrained shear strength:

2T

Cu— _
| D

3

C, = undrained shear strength
T = maximum torque applied

D = edge-to-edge diameter of
vanes

L = length of vanes

Assumes uniform shear
strength distribution

B For most vane shear
apparatuses, L/D = 2

o |
HD'|IL+

Corrections for vane
shear test

Correction for
plasticity index:
w1=17-0.54log PI|
Should only be used
for embankments

Application of
correction factors:

C

u corrected H Cu uncorrected



Correction for Plasticity Index (Applied to
Slopes and Bearing Capacity)

s
a B
m
w o T; ,‘-‘3]- ki -
H% ?-*"
'E'_“-T:ﬁ:"'*» S, Lialdd
A
72 Sufet'qr"’{Su S
1o \ )
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Sensitivity and Vane Shear

Undrained and
undisturbed strength
determined by measuring
maximum torque while
rotating vanes at 0.1
deg./sec.

Remoulded shear
strength measured by
rotating vane about ten
(10) times, then recording
a final torque value

Sensitivity S, =
undisturbed shear
strength/remoulded shear
strength

Table 3-12
Classification of Sensitivity Values (Mitchell, 1976)

Classification Sensitivity, S¢
Insensitive ~1.0
Slightly sensitive clays 1-2
Medium sensitive clays 2—-4
Very sensitive clays 4-8
Slightly quick clays 8—-16
Medium quick clays 16 —32
Very quick clays 32-64
Extra quick clays > 64




Questions?
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