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Dynamic Properties of Soil

e Solil is a three-phase material

< Interaction of phases under applied static/cyclic load
« Low strain and deformations/displacements

« Soil mass shaking under wave propagation effect
- Large strain and deformations/displacements
o Flow of soil mass during landslides or liquefaction

olid
Liquid

Air
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Dynamic Properties of Soil

e Necessity to investigate dynamic soil properties
< Ground response analyses
< Liquefaction evaluation studies
< Seismic design of various structures
< Seismic requalification

e \What are dynamic soil properties?
< Influences the soil behavior under dynamic loading
- Strain-dependent Shear modulus
= Strain-dependent Damping ratio
= Liquefaction parameters
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Dynamic Properties of Soil

I CYCLE1 ICYCLE2 | CYCLE3 SHEAR STRESS
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e Strain-dependent shear modulus
< Modulus of rigidity
= Shear stiffness of material and its decay
e Strain-dependent damping ratio
< Rate of decay of oscillation of seismic wave
= Dissipation of seismic energy
e Liguefaction parameters

< Cyclic Stress Ratio (CSR) and excess Pore-water Pressure Ratio (r,)
= Liquefaction phenomenon

BACKBONE CURVE

« Reduction in shear strength of soil under undrained shearing

« Increase in pore pressure and a consequent reduction in effective stress
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Strain-dependent Shear Modulus

e Hysteresis loop and Backbone curve

< Effect of cyclic shear strain amplitude on shear modulus
- Backbone/Skeleton curve: Line joining the peak shear stress at each cycle of
shear strain corresponding to the cyclic strain amplitude of each cycle

o Characteristics of the backbone curve

> Initially linear, First yield, Strain hardening, Ultimate Strength, Ductile Limit, Strength
loss, Residual strength and Complete failure

= Secant shear modulus: Line joining the origin and various points of the
backbone curve

Fa Ultimate
Strain strength Ductile limit

Hardening *

Strength loss
First yield e—| Residual strength

Initially
linear Complete failure

.
-

D




13-02-2025 DP_ATAL, GESRI, 2025

Modulus Reduction Curve

e Secant shear modulus and Backbone curve b e
« Varies with cyclic shear strain amplitude Gl ""Bacclmne
- Low strain amplitude D ' y >
e Gge. IS high
= G, reduces with the increase in the strain amplitude Y

< Slope at the origin of backbone curve G )
- Largest value of G,

« Referred as Maximum Shear Modulus (G,,,,,)

e Modulus reduction curve

< Modulus ratio (G../G,,,) '
Tc log vy
- Gsec/Gmax = lat Ve = 0
= Modulus ratio decreases at higher cyclic shear strain amplitudes

= Modulus reduction curve - Describes the degradation of shear modulus with
the increase in the cyclic shear strain amplitude
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Liguefaction

e Liquefaction
< Phenomenon at which shear strength decreases

» Effective stress (0')= total stress (0) - pore pressure (U)

e Types of Liquefaction
- Based on soil type and shear stress condition
< Flow liquefaction or flow failure
= Soil become weak and flow like water
= More pertaining to the cohesionless soils
- Both excess PWP and axial deformation reaches their threshold
< Cyclic mobility or strain softening
= Soil becomes soft but does not exhibit significant deformation
= More pertaining to the cohesive solls

- Axial deformation may not reach the threshold even when the excess PWP
has reached its threshold
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Manifestation of Liguefaction

e Seed and Lee (1966)

Compression 15
. . atog =
10 T 68T KN/m
€ 3
E a etog =0
o«

-, ataog =
Extenilon —15 . 687 kKN/m?
)

Hatog =0
5 -t
3 E
E.z At Og ™
€ 4 +68.7 kN/m?
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Evaluation of Liquefaction Potential

e Cyclic Stress Approach (Seed and Idriss, 1971)

< Earthquake-induced loading expressed in terms of cyclic shear stresses
< Compared with the liguefaction resistance of the soil

< Cyclic shear stress: Teye = 0.65 T,
— amax
Tnax — g Oyl

8.« — peak acceleration of seismic wave (in g)
o, = total vertical stress
ry = stress reduction factor

e Cyclic Strain Approach (Dobry et al. 1982)
< Earthquake-induced loading is expressed in terms of cyclic strain

< Cyclic strain (y) = 0.65% OvTd

Gy=y,,
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/ Factors influencing Dynamic Properties

e From the literature it has been observed that the dynamic

properties of soils significantly influenced by many factors
like: I ]

T T
15
201 4
18 30
0CR=1-8
1 e s0 M
PI=200 100
50100 1 gwt -
15 ‘\\ // 200
F o

0CR=1-15 0,

< Soil type

G /Gpax

< Plasticity index

DAMPING RATIO, A (%]

< Cyclic strain amplitude -

< Relative density i_o mmm e ﬁ;ffﬁ
< Frequency of loading cycle §_25_§§
< Effective confining pressure § %—T“
< Overconsolidation ratio
< Number of loading cycles ;

== Seed & Idriss (Avg)
A Sand-Silt

47 —e==Sced & Idriss (Avg)

Damping ratio (%)

® sand
+ Sand - Silt
— Sced & ldriss (Lower)
0+ - - T - . .
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1

Shear strain (%) Shear strain (%)
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Factors influencing Liquefaction Potential

e Liquefaction potential affected by many factors

< Cyclic stress ratio i . \-3 e :
< Initial shear stress condition i — -
< Shear strain amplitude w | %"' | .-..., m......-:%
% Relative density S -
< Fine content — ,,:, o .,.,:,

< Plasticity index

1000 0.4 LA T T T 11T T
00se
_ 035 L ediur
I B Dense s
= = | <
= 100+ E 031 = . &
= o 2
2
£ N :
E 2 025 | -
2 10 4 E 02 —
= 6]
& o —o—o
~ 0.15 | —
(CSR =0.128) - -
[0 = 100KPa. f =0.1Hz]
| T T T T T T 0.1 ] 1l 11 1
0 10 20 30 40 50 60 70 : 1 10 100 1000

Silt Content (%) Plasticity index of fines
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e Strain-dependent shear modulus and damping ratio
e Cyclic stress ratio and Number of cycles for liquefaction

FDP_ATAL, GESR], 2025

Dynamic Properties of Soil
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Different Strain Levels of Dynamic Loading

e Low strain range (< 0.001 % or 103 %)

< Elastic theory applicable

= Do not generate nonlinear stress conditions
< \Wave propagation problems
< Foundation of machines

e High Strain range ( > 0.01 %)
< Dynamic behaviour is non linear
< Permanent deformations (plastic)
< Significant volume change

e Intermediate strain levels (~10-2 %)
< Response starts beginning non-linear

FOPATAL GESR, 20056
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Tests to Evaluate
Dynamic Soil Properties
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/ Field Tests
Low strain tests (< 0.001%) High strain tests (>0.001%%)
Source produces a pulse of waves, whose times Various other mechanisms of creating
of arrival are measured by receivers disturbance

v’ Seismic Reflection Test (SRT)

v/ Seismic Refraction Survey (SRS)

v’ Cross-Hole Test (CHT)

v Down-/Up-hole Test (DHT/UHT)

\/Suspension Logging Test (SLT)

v’ Seismic Cone Penetration Test (SCPT)

v Steady-State-Vibration Test

v Cyclic Plate Load Test (CPLT)

v Spectral Analysis of Surface Waves (SASW) Test

v Multichannel Analysis of Surface Waves (MASW) Test

v Seismic Cone Penetration Test (SCPT)
v/ Standard Penetration Test (SPT)

v/ Dilatometer Test (DMT)

v/ Pressuremeter Test (PMT)

v/ Block vibration test

v Cyclic Plate Load Test (CPLT)
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|_aboratory Tests

Element Tests Model Tests
Low strain tests (< o.001%) “;Shake Table Test
v Resonant Column Test Tilt Table Test
v/ Ultrasonic Pulse Test v/ Centrifuge Test
v Piezoelectric Bender Element Test
High strain tests (> 0.001%) » Selection of type of equipment
\/Cyclic Simple Shear Test or method depends on
v’ Cyclic Torsion Test < Range of strain of interest

v/ Cyclic Triaxial Test < Problem to be analyzed at hand
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High Strain Field Tests
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Standard Penetration Test (SPT)

o Characterization of in-situ soil shear strength
< Standard Penetration Test (SPT) — Soils with granular composition
< Several correlations between N-value and V: Imai and Tonouchi (1977)

/V

Vs =Gmax / »

V, = 91N 0387

CROWN SHEAVE(S) OR PULLEY(S)

TYPICALLY 25mm (tin)
DIAMETER MANILA ROPE

ROTATING
CATHEAD

! MOUNTED ON
I} HAMMER

TWO LIGHT BEAM
SENSORS AT FIXED
SPACING 762mm
{30 in) APART

2 NSRS T &e
)
7 “15:*/ BORE HOLE

i)
iy
SPT SAMPLER :w

I':Jl 45cm

-

Figure 2-1. Sketch of instrumentation set up to measure fall height,
velocity just before impact, and force in the drill stem.

12

Standard Penetration Test (SPT)
Per ASTM D 1586

£35kg Drop
e i
Repasdtody
FHling 0.7 m
¢ Need to Correct to @ Roforonce
Al ¢ Energy Efficiency of 60%
(ASTMD 4633)
Borekok
,l{_)wakod
"or
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/7 ([Drtve) Samp lor
[Thick o low
Tubde}
0.0.= 50 mm
10, =365 mm |
L= 780 mon }
LIS ||
2A T
1 2 i
Y- = 2
Fa € %4 SPT Resistance N-wiluc)
3 g B Firsinecement or “Blow Courts” is otal
32 » Sl (‘-;a . Tl : nurrber of blows to drive
gg £ ;g Second ncrement sacrpler last 300 mm (or
H e 23 blowes per foot).
ZOYWer B 2w -
Third incresment

Split Barrel Sampler

3
76. 247 (6U0.96 cm .
3/4" (6.2 mm) / ¢ ! | Water port 1/16" dia
(19 mm]\Lq 8 Acme threads per inch ,
g ] ) N A R ///
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B g > || section tubes to give full diameter
) A P Y, WWWWZ’,’,’LW s
| 3/8"(34.93 mm) .o A Thread for
1" i . 3/4" dia steel ball |- op pipe
(38.1 mm) Tool steel drive shoe chisel (19 mm) or A rmrs

point tempered at edge

Sampler head

Ball check valve

Rubber seat

Thin wall

sampling tube \

./

Thin Shelby
Tube Sampler
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Seismic Cone Penetration Test (CPT)

e Characterization of in-situ cyclic shear strength of soll

< In-situ Cone Penetration Test (CPT) — Soils having fine contents
= Skin friction, End bearing resistance and pore-water pressure

i (MPa) f; (kPa) u; (kPaj)
w20 30 40 w00 zoo 300 0 1000 2000

----------------------------------

_______

...............

20 { - o

Silt with sand
and clay layers

_________________
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: Vane Shear (VST)

e Characterization of in-situ soil shear strength

< Soils with significantly low undrained shear strength
- Field Vane Shear Test

Jn
j;

l I ' L]
3 Fnim ek, Hiln 3, RasEra owdi 4. Mot la sarsihn
8 vans 5 G grslamHnuiEs O m 10 vushsn msduM T_ pans
i A s felen priom. T__ s Pl e
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Dilatometer and Pressuremeter Tests (DMT and PMT)

o Characterization of in-situ soil strength

< Dilatometer: Steel blade having a thin, circular
expandable membrane mounted on one face

< Pressuremeter: Cylindrical probe having a
flexible membrane with guard cells at both ends

< Pushed into the ground and the membrane is
expanded using air

< Soil parameters
- ¢,, K,;, OCR, c,, k, soil stiffness

cylindrical

@® Material Index: I, = (p, -p)(p, -u,) probe
® Dilatometer Modulus: Er =34.7(p; - p.)
® Horizontal Stress Index: Ky =(p,-u,)/0,’

> I, < 0.6, clay

> 0.6 <[, <1.8,silts
> I, >1.8. sands

60 mm dia. flexible
steel membrane
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Block Vibration Test

e Block Vibration Test (IS 5249: 1992)
< Estimate the dynamic properties

- Coefficient of elastic compression (C)

= Young’s modulus (E)

- Damping Ratio (&)

Az_

a, (mm/sz)
) Ar? 12

AMPLITUDE, mm

4-0

@
®

~
.
o

1-0

-

PEAK AMPLITUDE

1 *ﬂl L

20 25 30
FREQUENCY, CPS
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Dvnamic Parameters of Foundation Soll

/

o Coefficient of elastic compression of soil C - 4r* fnzzm
< f_, = Natural frequency (Hz) . A
< m = Mass of the block, exciter and motor (kg.s?/m)
< A = Contact area of the block with the soil (m?)
o Coefficient of elastic compression for actual foundation
< A, = Area of the foundation

|
Ul C\/ﬁ A5|_<10m g‘ Xm g_fz_fl
K —
Cy =C,-10, A >10m? gt _"J__!r_ﬂ

e Damping coefficient of soil

< Half-power bandwidth method L f2_Ifre |f
FREQUENCY, CPS
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Dvnamic Parameters of Foundation Soll

e Modulus of elasticity of soll

< C, = Coefficient depending on L/B ratio C. — E « Cs
2 B, L = Width and Length of the block u- 2\ ./
o, —_— . 9 H g 1 (1_ lLl BL
< 1 = Poisson’s ratio of soil
C, (Barkan, 1962) Poisson’s ratio
L/B C, Types of Soil | Poisson’s ratio
1.0 1.06
15 1.07 Clay b
2.0 1.09 Sand 0.30 t0 0.35
3.0 1.13
50 199 Rock 0.151t0 0.25
10.0 1.41
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Horizontal Block Resonance Test

e Oscillator direction and Transducers position are changed

Motor oscillator
assembly

Concrete é For V test

(M 150) ‘6 Acceleration
\ transducers
.\ [

NN\

‘\Y\\\\\\'\\“‘g ‘

\\\\\Q\\\\\\\\\\\\\\\g

74 ODepth to |
T 7/ selected
For H %
0.70m test %
L 77,
< Amplitude of horizontal vibrations a. (mmfsz)
< Coefficient of uniform elastic shear A~ Ax” f*
2 r2
871,
C,. = as — _
r r=M, /M, Ip=3.461/M,,

(o +fo)i\/(Ao +1o)* — 4ol
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Low-Strain Laboratory Element Tests

Determination of G,
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Resonant Column Test

e Typical characteristics
< Solid / hollow cylindrical specimen
< Subjected to harmonic torsional or axial loading
- Electromagnetic loading system
= Frequency / amplitude controlled
- Random noise / impulse loading

Schematic of RC device

To torsional-shear

= drivar or motor
Al *
“a'w

Dynamic
1 oscillator

Forceftorque
transducer

.-
e

WA (\:‘
X \

<

= ,"», @ |
g

/’\,"‘?A! - @‘

/
4
/

) A — s
y - ¥,
>+ @)

)

_Specimen

Z

- A

Ugeiot

Excited at the bottom and the
response is picked up at the
top (velocity or acceleration)

Driving force is applied on the

top & response pickup is also
placed on the top

Free-Free

Fixed-Free
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Resonant Column test

e Basic principle
< Excite one end of a confined cylindrical soil specimen by means of
torsional or longitudinal excitation S

To torsional-shear

N drivar or motor

e Measurements
< Resonance frequency and Amplitude of vibration
< Estimate the fundamental mode resonance frequency

Forceftorque
transducer

e Based on resonating frequency

< Determine wave propagation velocities and strain amplitudes using the
theory of elasticity from the measured values

=V, or V, depending on longitudinal or torsional excitation
< Evaluate the dynamic moduli and damping ratio
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Free-Free Conditions

/

e Source and receiver at the other ends of the sample

e Longitudinal excitation |

top (velocity or acceleration)

se is picked up at the

< Longitudinal wave velocity

Free-Free

T T
< Dynamic low-strain elastic modulus

E=4f2pl?
Torsional excitation wn L

VC — wnL _ 27 fnl— _92 fnL VC _ \/E .0l PEAK AMPLITUDE
yo

AMPLITUDE mm
» w
o <
T 1

[
)
1

(-]

1 fn1

. =——="-l = S -
« Shear wave velocity nrz o, o

L
20 % 30
FREQUENCY, CPS

< Dynamic low-strain shear modulus 5 o
G=4f;pL

i i E
Poisson’s ratio u=—-1
’ #=5G
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Fixed-Free Conditions 5

Driving force is applied on the

 Source and receiver at the same end of the sample oo

Fixed-Free

e Longitudinal excitation Ws _ ALy _ o0, (ALIW a (radians)
% Wave velocity at modal vibrations W Mg e o
= A > Cross-sectional area of the sample 0.5 0.66
L 27fL 0.7 0.75
- L - Length of the sample o — Lpl= 2 | 0.86
-y > Unit weight of soil Ve Ve i A
- m —> Mass of the attachments on the top of the specimen 10 1.43
< Longitudinal wave velocity 27 f,L
VC = o «.ol PEAK AMPLITUDE
< Dynamic low-strain elastic modulus £ 2ol
2 22| |2
2 fnL fo L g ¥Or
E:pvgzp( n j =39.482°1 :
CZ CZ 1.0}
1) 1 1 fn L I ]
0 15 20 a5 30 35

FREQUENCY, CPS
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i Fixed-Free Conditions

e Source and receiver at the same end of the sample

o Torsional excitation Jg
_ _ _ —=qlana
% Wave velocity at modal vibrations  [Im
__| Driving force is applied on the
= J, = Mass polar moment of inertial of the soil specimen o
= J.. = Mass polar moment of inertia of the attachments Hixed-Free
oL 27t L P
= = n >
Vg Vg =
\ \\ . \"_,,,-‘f"/ Muss = m
%+ Shear wave velocity.  2zf L AR\ \“* Pl momentof
VS — \\ '\\\ N\
a T
< Dynamic low-strain shear modulus
Soil colunm —,
2,2 N
_ 2 piL ol o of ‘*
G = pvg =39.48 5
a X
| .
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Direction of elements tip and
soil particle movement

-

Zero voltage
.
Direction
of shear wave | + voltage \\ / r/ - voltage

~ Bender Element Test

propagation

e Bender elements

< Bonded piezo-electric materials

- The element bends due to contrasting expansion and
contraction due to passage of voltage (transmitter)

- Similarly, a lateral deflection of the bender element produces
voltage (receiver)

XX Bearing plate

tpk-pk

10 0.1
|“i | —— Input ]
\? — Output

5 k © wkpk ] g5
o TS
s )
(=] o]
E =3
£ 3

54 [

L2
10 R — IOVS — p t2
0 1 2
Time (ms) pk_ pk
]
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e Shear modulus

FDP _ATAL, GESR], 2025
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Ultrasonic Pulse Test

2 L2
1:C

Barium titanale

receiving crystal

sending transducer

Vertical load

= —Pulse n

Aluminum piston

e Lucite facing
t = Hﬁm-::lm::n
L L —5
i | - lirasonic waves
Barium titanate ——

Aluminum piston

Received pulse
p——., — . i
n—".l'—l.l_.l—'i"—.lﬁ——"-r T Lo ﬂﬁfl"ﬂﬁ{:’ﬂph

elby tubing, 76.2 mm diameter
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High-Strain Laboratory Element Tests
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~— Cyclic Triaxial Test

H| Data acquisition
8| and control

e Salient features S = 7
<+ Test device consists of the standard triaxial | i S |
testing equipment extended with a cyclic i il i
axial loading unit Monloni
= Cell pressure can also be applied cyclically
- Isotropic or anisotropic initial  stress W N
conditions i L chamber
- Determination of strain-dependent shear
modulus and damping ratio =

- Determination of liquefaction potential and
liquefaction parameters

e Code:
< ASTM D3999 (2011)
% ASTM D5311 (2011)
% BS 1377-8 (1990
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Cyclic Torsional Simple Shear Test

e Salient features

< Torsional loading of a cylindrical soil specimen
to generate shear stress

= Can impose cyclic shear stresses on horizonta
planes with continuous rotation of principal stress

axes

< Similar to Resonant Column test under torsion

< Estimate shear stress v/s shear strain for different
values of Torque to get the hysteresis loop

= Estimate the shear modulus and damping ratio

Shear stress, T

Th=

3T

1

27

E

> — r13

J

External 3| % Internal
pressure — 3| = pressure
— -

R

i3 4
A A
5 P . (i
Axial stress Torque
= ->
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/ Cyclic Simple Shear Test

e Salient features D,+/D7 ~ depiacoment.
% A short cylindrical specimen is / CI/JQZE?EZ'L
restrained against lateral expansion. . i -

5 Soil

- By applying cyclic horizontal shear
stresses to the top or bottom of the| -—wrc=<:

Horizontal

specimen, the test specimen deforms like | "ioag cel
the element of soil subjected to vertically
propagating S-waves.

< Shear modulus and damping ratio

< Liquefaction parameters for saturated
cohesionless soils

- Pore-water pressure can be measured

// .
specimen

LVDT for horizontal
displacement

—» To volume change device/pore
pressure transducer

&,

Operating strain range
102 % to 5 %
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/ Shear stress, T

Cyclic Simple Shear Test |

e Determination of shear modulus and damping ratio A

b [n]

f V4 Shear strain,
« Plot of shear stress vs shear strain for the cyclic loading 7
gives Hysteresis loop v

G Stress amplitude (AB)

s o % ~ Strain amplitude (OB)
: Iﬁmm S ¥/ ‘ D 1 Avrea of hysteresis loop

0.05 . 0.05 . . : —
% 1 1 1
I e A 7 2(A AOB +A AOB')
-5 ST §,=25kpa 2
x
T(kPa) 7(kPa) § 5.0
54 54 N
Cyclel0 T Cycle 300 | :_:':i " I
" ] € - T Rp=60%
% — 7'(%) \ &, =25 kPa
-0.05 4 009 0,05 / 0.05 : 5+ _ B
I /1 g £+ —— e¥=063%
= — -
L = =
S+ 5T E"
S 2
0 o I - -
2.001 2 .
Cyclic shear strain, y' (%) g “\ T a 0.088%
F ok —~a__ i
__‘_-_‘-‘_-_-_-‘—‘—_
A ).041%
U] L |
10 100 1000
Number of cycles
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Cyclic Triaxial Test Apparatus
at lIT Guwahati
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Wyekham-Farrance Triaxial System

—

@1;\
03/05/2014 1554 3=

‘ SSir-drier Unit E

S

Axial LVDTs Radial LVDT
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~ Specification of the Equipment/Instrumentation
e Specification of instrumentations: working range

< Actuator operating frequency range : 0.01-10 Hz

< Measuring capacity external LVDT: 0-50 mm

< Pressure transducers: 0-1000 kPa

< Triaxial cell capacity: 0-2 MPa

< Submersible load cell: 25 kN

- Working pressure range: 0-2 MPa

< On-sample transducers (LVDTSs)
= Water submersible transducers
= Measuring capacity of both axial and radial deformations: 0-10 mm
= Working pressure range: 0-3.4 MPa

= Working temperature range: -20°C to +125°C
« Least count = 0.001 mm
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Triaxial Cell

‘1 L Triaxial cells allow testing of specimen sizes 38, 50, 70,
\» 100 & 150 mm diameter

'\  Five pressure ports

—> Two for pore water pressure
—>Two for back pressure
—>One fill/empty

2\ | » :
VI 1
| . | 477 g e

—

¥ -« Maximum working pressure of triaxial cell 2000 kPa
-_—— |« The cell is equipped to accept the following:
—>On sample transducers
—>Bender elements
—>Mid height pore water pressure transducers
—>Submersible load cells

—> Suction top caps
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Applied Waveforms

e |nvestigate any vibration problem using regular waveforms

Sine

=
-

Triangle Square

e User defined irregular seismic waveforms

This allows the input of user defined or imported
waveshapes

User waveform cell — for loading in a pre-defined
wave shape file

A wave shape file is a .udw file, which is created
using the program ‘UDW Generator’ that
accompanies the software.
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Dynatriax and Compact Dynamic Controller (CDC)

e The DynaTriax is a pneumatic system, which requires clean dry compressed
air delivered at 800 kPa continuous running pressure

< A source of de-aired water is also required for saturating the specimen

The CDC unit is the hub of the cyclic triaxial system

» All test information is entered into the software
* This information is sent to the CDC

Test routine
Information

Gathering data

| \ompact Dynamic
Controller

Personal
Computer &
Software
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DRIVING UNITS

Input and Output from the CDC

PC & Software

Axial Force

Actuator

. Axial Displacement
Triaxial Frame P
Back Pressure Back Pressure
N/OFF Val
ON/OFF Valves Volume Change
Volume Change —

_— Pore Pressure

MEASUREMENTS
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_oad / Displacement Actuator

e Salient features
< Double acting
< Digitally controlled
< Fitted with LVDT transducer £ 15 mm

e Requires air power supply
< 800 kPa continuous running pressure

e Designed for static/dynamic tests

< Resular and Irregular loadings
- Stress controlled tests
- Strain controlled tests
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: Ailr Receiver Unit and AVC

e Cell pressure and back pressure are controlled by digitally controlled valves
with the transducers mounted adjacent to the valve

% The valves are mounted on air receiver unit with air filter to ensure clean air is
supplied to the valves

e Automatic Volume Changer (AVC) Unit
< The volume change transducer is controlled by the software
< Measurement of volume change during a test



13-02-2025 DP_ATAL, GESRI, 2025 1

~ Pressure Transducers

o Three pressure transducers

< Two of them are for control and data
acquisition
= Cell and back pressure.

< One for measuring pore water pressure

* Pore water pressure is measured at
the base of the triaxial cell using a
pressure transducer
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On-Sample Transducers

e Two axial and one radial Hall-type displacement transducers

Gauge leng_fh

Radial LVDT3
Rubber band

(b) Eedom—u——34 |

[l £|
€ Submersible load cell
ll Top cap
Mounting block
A
Rubber membrane
Compn gty = Radial LVDT
On-sample LVDT1 5| On-sample LVDT2
L i Rubber band
| I'( Pedestal
| || of on-sample LVDTs
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Various Stages of Cyclic Triaxial Test

e Methodology of conducting a Cyclic Triaxial test
< Sample preparation
< Saturation stage
< Consolidation stage
< Shear loading stage
« Post tests processing

e Handout for conducting a Cyclic Triaxial Test Is available in
Researchgate

< https://www.researchgate.net/publication/331858999 Cyclic Triaxial H
andout A Handout to Perform Cyclic Triaxial
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Dynamic Characterization of Brahmaputra Sand
and Red Soll using Cyclic Triaxial Test

100 -

< Materials
= Types of soil: cohesionless and cohesive soil gy %5

—O—RS f

Partial liquefiable zone

1+~ = Most liquefiable zon

« Brahmaputra sand (BS) and Red loam soil 5 | |
(RS) of Assam region % 60 :
% 40 I‘,
< Methodology and Type of tests N X
- 5 o _ ]
- Cyclic triaxial tests 20 :
1 /
« Regular excitations 1
1E-3 0.01 0.1 1 10

» Strain-controlled (y = 0.015-7.0%) Praticle size (mm)
» Stress-controlled (CSR = 0.05-0.3)
« lrregular excitations

» Stress-controlled (Bhuj, Tezpur and Kobe
earthquake motions)
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: Test Parameters
_

0.015, 0.045,0.075, 0.15, 0.30,0.45,0.60,0.75, 1.0, 1.5, 3.0

¢ CyC I i C S h e ar teSt 30 100 1 0.045, 0.075, 0.15, 0.30,0.45,0.60, 0.75, 1.5

. . 150 0.045, 0.075, 0.15, 0.30, 0.45, 0.60, 0.75
> Strain-controlled tests with
- SBS 60 100 0.5,1,2,3,4 0.15,0.60,1.0,1.5,3.0,4.5
regular loading
50 0.045, 0.075, 0.15, 0.30, 0.45, 0.60, 0.75, 1.5
90 100 1 0.045,0.075, 0.15, 0.30, 0.45, 0.60, 1.0, 1.5, 2.0
150 0.045, 0.075, 0.15, 0.30, 0.45, 0.60, 0.75, 1.0, 1.5, 2.0
50 0.045,0.075, 0.15, 0.30, 0.60, 0.75, 1.0, 1.5, 3.0, 4.5, 6.0,7.0
60 100 1 0.045, 0.075, 0.15, 0.30, 0.45, 0.75, 1.5, 3.0, 5.0, 7.0
200 0.075, 0.10, 0.30, 0.45, 0.60, 0.75, 1.5, 3.0, 4.5, 6.0

D, (%) __
30, 60, 90 50,100,200 0.05,0.1,0.2, 0.3

> Stress-controlled test with @
regular loading oo :

Irregular excitation PGA (g) Relative density, D, (%) Confining depth (m)

Bhuj 0.103
Tezpur 0.360 30 5,10,15
- Kob 0.834
> Stress-controlled irregular Bhui
o o o o Tezpur 0.360 30, 60, 90 10,15
seismic excitation Kabe
Tezpur 0.103 60 10
Kobe
Bhuj
Tezpur 0.360 60 10

Kobe
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Waveforms of Cyclic Shearing

o Regular seismic excitations e b
< Strain-controlled approach

AAAAAN

AXIAL LOAD

< Stress-controlled approach

X

[%e]
[«5)

o Irregular seismic excitation 7
< Bhuj, Kobe and Tezpur strong motions &

CI.)

@)

stress (

VAVAVAVAVAVAYARRY

Controlled

CYCLE1 CYCLEZ | CYCLE3

A

NANAN. AR
VIRVAZV.

PAVN

o' .= 100kPa
104 Irregular excitation
O,
< -104 —— Bhuj motion (0.103g)
a

-20

800 10 20 30 40 50 60
401
0 Hoseamesse s
-40- —Tezpur motion (0.369)
-80 : : : : : ‘
1500 10 20 30 40 50 60

100+
501
0,
-501 — Kobe motion (0.8349)
-100+
-1504 ‘ ; ;

0 10 20 30 40 50 60
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- Typical Result from Strain Controlled Reqgular Excitation

0.25 1.2

] @ (c)

=3 L) l |

0.15 —|
e 0.1 —| =08
= 0.05 B
E |
g 0 <
E 005 =
< g1 £ 04 -

0.15 —

0.2 —| ‘ l ' l

0.25 | : | 0 I I I

0 10 m 30 40 0 10 20 30 40
Numher ofcycles N L f 1
80 80
- (b)

- 40 — - 40 —
2 )
% @
E 0 |'| Ifl ||I| ﬂl IAAfdAn nvﬁVﬂUﬂUﬂV*VdUuU“VIU "NI .E 0
.; JWWWW\JUWWUWWWWWW :
= =
7 u [
S a0 2 40 —

80 | ' | ' | 80 I | | |

0 10 21 20 40 0.3 02 0.1 0 0.1 02 03

Numberofcycks Axial strain (%0)
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Typical Result from Stress Controlled Regular Excitation

Deviatoric stress (kPa)

30

I\J

-10

Output from strain-controlled and stress-controlled tests

Strain-controlled = 0.045%
Stress-controlled CSR=0.1

H I

H““W!‘H!L:..:hm"

- 0.0

v=0.045%
Dr=30%; ¢’ =100 kPa
T T T T T T T T T T T T
0 20 40 60 80 100 120

Number of cycles

0.4

- 0.2

--0.2

04 L

Shear strain (%)

T T
=
[

[
=

s
o

=
=N
Excess PWP ratio (r;)

=
i

&
o

Shear stress (kPa)

€
=]
1

k.
th
| L

=

-
th
L 1

0 5
Shear strain (%)

10
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/ Typical Result from Stress Controlled Irreqular Excitation

410 100
s
S0

' (kPa)

(c) Kobe motion (0.834g)

o ,= 100 KPa, D, = 30%

™

—=

N 71
== | ]
o »-ﬂg)__@_:—-«‘fl ?
25 T, b
oy

Dy =60%, o’ =100 kPa
0.03 < 0.20
. Bhuj motion (0.103g) . 0.15
0.00 s 0.10
Sheéar strain | ’ | L0.05
-0.03! r i syt 0.08
=l o .ﬂLﬂwiiWL‘ \H 0.00 &
-0.06 : : : : . 0.05¢
—_ 0 10 20 30 40 S0 60 1
= 0.03 : 020
< | Tezpur motion (0.103g) 015 &
-E 0.00 Ll 0.10 =
= ~ ¢ ]
-;_0.03- Shear strain . Fu 0.05 i w0, | 0, | (:]Bhuj‘nmtinn{ﬂ.m!;\ 10, | . .
5 h miler 0.00 o : =30 kPa, b, = 30% 12] &= 100 WPa, D, = 30% f{, & .= 150 kPa, D, = 30%
& %% 10 20 30 40 50 o0 & g1 L u
0.03 N 020 = 20 v !
Kobe motion (0.103g) 0.15 E - p .1: ]:
0.004 w Sy - 0.10 & 3 ol ol
0,03 ,r\rnlﬂﬂlﬂ.' . Shear strain _—Tu _ggg o 10 :f:'m::n % s0 0 20 4:“‘;‘? s0 100 0 30 ‘2'(1:?:: 120 130
I ' .
-0.06 T T y r T -0.05 20, , 80 . ) Tepur motion (0.368) 100, ,
o =5 5, D= ™ 2, D, = ] s Sy »
0 10 20 30 40 S0 60 e 504Ps, D, = 30% | G 100KP2, D, = 30 | = 180 KPa, Dy = 304
Time (S} o 40 50
g 5 20 5
= L] 0
-5 =210 H
10 40 504
10 0 L] 40 0 0 40 &0 80 100 -50 -2 0 I B0 TE 100 125 150

£ (KPa)

100, |

73] .= 150 WP, D, = 30%

- ™

50 I8 I\
s f I

[ [

o . ||
.35 = )
50 ‘*ts)
-

204 !
-50-40-30 -20-10 0 10 20 30 40 80

P (kPa)

"y
-5+ -1
-100-80 -60 -40 -20 0 20 40 &0 80 100

P’ (Pa)

00+
=180 -100 -E0 O &0 100 120
P (KPa)
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Evolution of Hysteresis Loop with Shear Strains

FDP_ATAL, GESR], 2025
\\‘\

60

/

20 20 30
|1=0.045% 1 lv=0.075% |
T 20 -
10 — 10 — LT
= = B = 7
- - -
< 7 & b < 10—
- : o,
] - ] - ]
2 Dr=31% | 2 2
T o'e =100 kPa & 1y pre=31% |
S=1Hz c'e=100 kPa| -10 —
. — N=1 . f=1Hz i
-~ N=2
'20 T ‘ T ‘ T ‘ T ‘ T ‘ T '20 T ‘ T ‘ T ‘ T ‘ T ‘ T '20 ‘ ‘ ‘
-0.06 -0.04 -0.02 0 0.02 0.04 0. -0.12 -0.08 -0.04 0 0.04 0.08 0. -0.2 -0.1 0 0.1 0.
Shear strain (%) Shear strain (%) Shear strain (%)
60 40 60
11y =0.45% 7=0.60% 117=075%
40 — 40 —|
7 = 20 %
21 ) 2
£ 20 £ £ 20
= = 04 =
7] 75} v
7 Dr=31% - Prs31%
| ] a'c =100 kPa a'¢=100 kPa
f=1Hz f=1Hz
'20 T '20 ‘ ‘ ‘ T '20 ‘ ‘ ‘
-06 -04 -0.2 0 0.2 0.4 0.6 -0.8 -0.4 0 0.4 0.8 -0.8 -0.4 0 0.4

Shear strain (%)

the 15t cycle itself

Shear strain (%)

Shear strain (%)

0.8

40
7=1030%

g 20

&

é )l

Y

g

= 0

7]
Dr=31%

b o'c =100 kPa
f=1Hz
-20 \ \ \
0.4 0.2 0 0.2 0.4

Shear stress (kPa)

Shear strain (%)

Beyond y = 0.15%, the hysteresis loop attains an asymmetrical shape from
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Evaluation of Shear Modulus
Deviator
stress (ay) 1Emax . zizézt(o;) E 1 -
Axia_1| _
strain (&) m Qﬁ;?# .
Unloading Curve
Symmetrical hysteresis loop  Asymmetrical hysteresis loop
O4.max — Od,min Esec ompression + Esec xtension
E:Gdlgz( d, d, ) E = 1,Comp 2,Ext
(gmax ~ €min ) 2
G = E/[2(1+0)] G =E/[2(1+0)]
G, (kPa) = [523(OCR)* /(0.3+0.7€)](p** x5, ) o, inkPa

(Chung et al., 1984)
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Evaluation of Damping Ratio

Deviator
stress (oq) Emax
A 1
Esec
1
B . Axial
N ” strain ()

v

Symmetrical hysteresis loop

D:leL
Arx  Aa

Deviator
stress (oy)
N\

Od.max [-==m=m=—frmmmmmm e ,

Loading Curve—-

Axial
strain (g)

Unloading Curve

Asymmetrical hysteresis loop

D# _ 1 5 AL(o—a—b—c—d)
r A, +A,+A
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ocal Response using On-Sample LVDTs

~

Local axial displacement

< Soil properties using on-sample
LVDTs '
= On-sample LVDTs measure local
axial strain :
« 50 - cyclic triaxial tests conducted \ = ——
200 - O/,'- 4001 D =90%
= 7 ] o’ =100 kPa
= ' - 0.0005 mm/min
Ay 1501 = 3004 » Local = Global
Py = 0.005 mm/min
g g # Local o Global
$ 100+ Z 200- 1.2 mm/min
5 —4—0.0005 mw/min 3 4 Local 2 Global
E —a—0.005 mm/min = 1
2 504 D =9%%  —e—1.2 mm/min S 1004 = :
o', =100kPa __A_ 00005 mm/min @
— Global strain -.g- 0.005 mm/mn 1 T ity
0 ... Local strain  -.5- 12 mm/min 0 g
0.0 0.2 0.4 0.6 0.8 1.0 1E-3 0.01 0.1 1 10

Axial strain (%) Axial strain (%)
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Material Curves for BS and RS

64

/V

a4
£ M
-4 G/Gmax_BS
-2 G/Gmax_RS
-A-D BS
-A-D RS
W

0.01 0.1 1
Shear strain (%)
Evaluated material curves for BS and RS
can be used in further GRA studies

e
1E-4 1E-3

— 30

- 25

-20

Damping ratio, D (%)
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Liquefaction Studies on Saturated BS

e Stress-controlled
regular excitations

CSR =0.2

0.05, 0.1, 0.2, 0.3
0.1,0.2,0.3
0.1, 0.2

0.05, 0.1, 0.2, 0.3

Dy =30%,c'=50kPa, f=1Hz

30

30

NL, NL, 8, 2
100 125, 4, 1.5
200 62,3

NL, NL, 10, 2
50 NL, NL, 30, 3

NL, NL, 50,10

D, (%) me liquefaction | (%)

0.02, 0.02, 0.75, 1.4
0.6,2.5,1.5

1.5, 2.0

0.02, 0.02, 0.5, 1.4

0.02, 0.02, 1.0, 1.0

0.02, 0.02, 1.0, 1.0

Dy =30%,0,= 50 kPa

(SR=02 o CSR=101
| | | ___—CSR=0J05_ | |
< 30 40 5? 60 70 80 9 10
= CSR =0.2 U .
* = 0 —
E D, = 60%, o’ = 50KkPa, = 1Hz y CSR =0 Pr=60%0:= 50 kPa
@ CSR = 0.1 e CSR=01
g passensioes g Ll | | |  __CSR=0.05 _ |
= 60 80 100 2 O 10 20 30 40 50 60 70 8 90 10
’ B l ﬁ
CSR =02 CSR=0.3 U “ .
_ 2] | U“ W CcsrR=02 D = S0 kPa
" Dr—90%, c' —50KkPa, f— 1Hz %Uﬁ‘p M il
05 "’f CSR — 0 1CSR 0.05 01 1K MRS CSR=01
0.0 J.LI': mEpd A0 AR5 A ALEASARARAGRASGELERAR LML B T o o P L e Pt _2 T r T . . . r _,CSR =| 0'05
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 8 90 1(

Number of cycles

Number of cycles
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Liquefaction Studies on Saturated BS

—
e Stress-controlled NL,NL. 8,2 0.0, 0.02, 075, 1.4

0.1,0.2,0.3 30 100 125, 4,15 06,2515
|rregU|ar excitations e 200 62,3 1.5, 2.0
30 NL, NL, 10, 2 0.02, 0.02,0.5, 14
0.05,0.1,0.2,0.3 60 50 NL, NL, 30,3 0.02, 0.02, 1.0, 1.0
90 NL, NL, 50,10 0.02, 0.02, 1.0, 1.0
i i . = Tezpur motion (0.362); D.. = 30%
0.03 Bhuj motion (0.103); D, =30% 015 0.10,— — P (0.36g); D, 0 0.6
o’ =50 kPa Shear strain i 5] ™ a Shear strain
0.00 el sereenemmat o\ A gy smmsares 0.10 0.05 S 0.4
L0.05 0.00
i Te—— T o 2 -
0.03 < b A T—000 _  -0.05] F‘* N7, s
-0.06 : : ".‘ : : 005 0.10 . . . ' ' 0.0.2
=0 030 10 20 30 40 50 6% 3 i 21 00 10 20 30 40 50 60) =
£ U 3 £ X . —— 2 =
;Ef o' =100 kPa /Shear strain E < 0.5 o', =100 kPa I'I I /Shml strain v
= 0.00 02 = 2 0.0 y 1 ;
= v = ] A @
%_0.031 01 £ =05 u =
E / ru a E _1'0_ v
& 0,06 e S E 00 & &-15 . . . . . 0 3
wn 0 10 20 30 40 50 60 e wn 0 10 20 30 40 50 60 &~
0.03 e e——— 0.3 = 2 - 33
=150 kPa ear strain @ 1o’ = a £
/ Na s 5 c \
0.00 0.2 5 0 W Shear strain 2 HH
—1' A
-0.03- 0. e 1
0.03 0.1 N r <7
-0.06 . = : . . 0.0 3 - ' . . . 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (s) Time (5)
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Liquefaction Criteria for Saturated BS

> BS (D, = 30%-90%) liquefy under the following optimum conditions
+ PGA=>0.369
+CSR>0.3
* Vmax > 0.9%0

< Limiting value of y = 0.5% is to be adopted for liquefaction evaluation
study for BS soil at loose condition

< Limiting value of y = 1.0% is to be adopted for liquefaction study for
BS soil at dense condition
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Summary

 Introduced dynamic properties of soils and its influencing factors

e Discussed about various tests available for evaluating dynamic properties
Categories of tests
Various types of high strain field tests
Various types of low strain laboratory element tests
Various types of high strain laboratory element tests

Elaborately discussed cyclic triaxial test
The apparatus and its components
Dynamic characterization of Brahmaputra Sand (BS) and Red Soil (RS)
Liqguefaction Criteria for Brahmaputra Sand
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