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Abstract

A comprehensive series of triaxial tests were performed on granular materials to study into
anisotropy in small strain stiffness (elastic Young’s modulus), Poisson’s ratios and some of the
factors affecting small strain deformation characteristics. A variety of air-dried materials were
used: coarse-grained to fine-grained, subround to subangular, and loose to dense. The first
series of tests used a large rectangular-prism specimen (57 cm x 23 cm x 23 ¢m). Elastic
parameters defined for principal strain increments in vertical and horizontal directions were
evaluated by applying small amplitude cyclic principai stress in each direction while keeping the
other principal stress constant. The tests utilized an automated loading system. For each
specimen, the stress state was varied systematically along various stress paths, and smali-
amplitude cyclic loads were applied at each stress state. Another series of triaxial tests were
performed by using a smaller specimen (7.5 cm diameter and 15 cm high) to study into the
effects of cyclic prestraining, aging, loading frequency (in the range of 0.005 to 2 Hz) and
creep on the small strain deformation characteristics.

The axial deformations were measured locally and externally by using a pair of Local
Deformation Transducers (LDT) and a set of proximeters, respectively. For a large triaxial
specimen, lateral strains were measured also locally and externally by using, respectively, four
pairs of LDTs at three levels of a specimen height and one pair of proximeters at the mid-
height of the specimen. For a smaller triaxial specimen, radial strains were measured locally by
using six small proximeters, three on each side of the specimen. Both cyclic loading tests with
very small to medium strain amplitudes and monotonic loading tests were carried out on over-

consolidated, presheared, cyclically prestrained and virgin specimens.

The following conclusions were obtained:

1. The small strain stiffness of granular materials is inherently anisotropic in that the vertical
Young’s modulus is larger than the horizontal Young’s modulus and the lateral elastic normal
strain is larger than the vertical elastic normal strain in isotropic compression. They exhibit

transverse isotropy in deformation.

2. Elastic Young’s modulus is rather a unique function of the normal stress in the direction of

the major principal strain increment for which the elastic Young’s modulus is defined.



Therefore, the granular materials become inevitably anisotropic as the stress state tecomes

anisotropic (stress system-induced anisotropy).

3. Elastic Poisson’s ratio defined for horizontal strain increment caused by vertical strain
increment (vy4) increases, within a narrow range, with the increase in the ratio of vertical-to-

horizontal stresses.

4. As the principal stress ratio exceeds 3 to 4 while the stress condition approaches the failure
condition in triaxial compression or extension, both Young’s moduli defined for vertical and

lateral elastic strain increments decrease at a constant value of vertical or lateral stress.

5. As a result of cyclic prestraining (CP), elastic deformation characteristics of sands become
more anisotropic in that the elastic Young’s modulus, compared to the respective values
measured prior to CP, increases or exhibits the same value at and near the maximum axial
stress during CP, while it decreases at and near the minimum axial stress during CP. Damping

of sands decreases considerably by CP.

6. The plastic strain increment decreases drastically by cyclic loading along a fixed stress path,
but the deformation does not become totally elastic even after the application of a large
number of cyclic loading when the amplitude of deviator stress is relatively large. Deformation
during a relatively large cycle of isotropic reloading and re-unloading does not become totally

elastic either.

7. The Young’s modulus and damping of sand at small strains do not change largely by the
change in loading rate unless the loading frequency is very low (below 0.05 Hz). Damping
ratio at small strains of a virgin specimen increases largely when the loading frequency

becomes below 0.05 Hz, while Young’s modulus decreases slightly.

8. Elastic deformation properties for sand appear at the restart of loading from any stress state
during monotonic loading after the plastic deformation component (related to creep) is allowed

to occur.



Acknowledgment

First and foremost, T wish to express my heartfelt appreciation to my supervising professor,
Professor Fumio Tatsuoka of the University of Tokyo, who not only ensured to the providence
of a conducive academic atmosphere and availed himself whenever I wished to consult with
him, but also went a long way in motivating me positively.

I also wish to thank Professors Tkuo Towhata and Hideyuki Horii, and Assoc. Professors
Fumio Yamazaki and J. Koseki, all of the University of Tokyo and the membhers of the
examination committee, for their comments and suggestions in preparing this thesis.

My appreciation also goes to the staff: Dr. Y. Kohata, Dr. Takeshi Kodaka, Mr. Takeshi
Sato and Ms. Michie Torimitsu of the Geotechnical Engineering Laboratory of the Institute of
Industrial Science, University of Tokyo. Dr. Y. Kohata and Mr. T. Sato, assisted me greatly in
automating the large triaxial sysiem. Mr. T. Sato’s assistance in assembling and explaining both
mechanical and electronic components of the Testing apparatus used in the investigation
reported in this thesis has been vital. Ms. M. Torimitsu handled the administrative aspects of
the final version of the thesis. Dr. T. Kodaka assisted me greatly in preparing sumiaary of this
thesis in Japanese. I wish to express my gratitude to my feliow graduate students of the
Geotechnical Engineering Laboratory of the Institute of Industrial Science, University of
Tokyo, for the diverse ways in which they assisted me during the course of the testing program
and the preparation of this thesis.

Special appreciation goes to my family for their support, understanding and encouragement
during the study. It is to them — my beloved wife Lima, daughter Lamiya and son Loveen—
that 1 dedicate this thesis.

There are numerous other people who assisted me in various ways. To all those people 1
hereby wish tu expiess my thanks.

Funding for the graduate work reported in this thesic was provided by the Ministry of
Education, Science and Culture, Japan.

Finally, but not least, I would like to express my sincere gratitude to Bangladesh University

of Engineering and Technology (BUET) for granting me study-leave to pursue the research.

iii



List of the figures

Chapter 2:

Fig. 2.1a: Large triaxial apparatus used in the present study. '

Fig. 2.1b: Large triaxial specimen with local strain measurement.

Fig. 2.1c: Details of lateral LDT for local strain measurement.

Fig 2.2a: Block diagram of the electro-pneumatic loading system for cell pressure.

Fig. 2.2b: Block diagram of the servo-hydraulic loading system for axial load.

Fig. 2 3a: Principle of the algorithm for some typical stress paths control.

Fig. 2.3b: Block diagram of the software program.

Fig. 2.4: Typical test results to demonstrate the performance of the automated control system
in achieving monotonic loading along some stress paths and cyclic loading: a) AK=0 stress
path with K=0.37, b) AK=0 stress path with K=1.0, ¢) Ao,=0 stress path with 6,=1.665
kgflem?, d) Ao,=0 stress path with 0,=04=1.0 kgf/cm® €) Cyclic variation of o, f)
Controlling Ac,=0 stress path during HCI.,, and g) Variation of o, in a VCL test.

Fig. 2.5: LDT at working condition to measure vertical strains in a triaxial specimen.

Figs. 2.6: Details of the internal connections at the heart of a 4-gage type LDT with (a) front
face, and (b) back face.

Fig. 2.7a: The connections of the e.r. strain gages (4-gage type) in the Wheatstone bridge.

Fig. 2.7b: Typical external connector for input-output communication.

Fig. 2.7c: The LDT with two-gage method.

Fig. 2 8: Block diagram of the data acquisition system for LDTs.

Fig. 2.9: Resolution of the combined system of an A-D card and an AC amplifier.

Figs. 2.10: Typical relationships between axial stress and axial deformation in voltage (RV)
during one cycle of vertical CL test at isotropic stress states: (a) o.= 2.0 kgf/cm?®, and (b)
o= 4.5 kgflem’.

Fig. 2.11: Typical calibration characteristics of an LDT.

Fig. 2.12a: ‘Creep’ of LDTs during a long-term consolidation.

Fig. 2.12b: Relationship between elastic force exerted by LDT strip on the hinges and axial
deformation of the LDT (tested by Kim, Y .-S.; 1992).



Fig. 2.12c: Variation of the output voltage (in RV) with time for one minute at a standstill
position of LDT.

Fig. 2.13a: Typical ‘error-curve’ for a given calibration characteristics of an LDT.

Fig. 2.13b: Variation of R (= ec,/€,) with €, (current axial strain) along a calibration curve of an
LDT.

Figs. 2.14: Typical small unload-reload deformation cycles for (a) (£)s1=0.143%, and (b) (€)sa
=0.00476% along a typical calibration curve of an LDT.

Fig. 2.15: Errors in stiffness measurement by the use of LDT in measuring small strains.

Fig. 2.16a: Calibration characteristics of LDT by the conventional method and the finer
displacement step method.

Fig. 2.16b: Comparison of the performance of LDT in measuring small-strain stiffness by using
two calibration methods.

Fig. 2.17: Long-term stability of LDT at submerged condition under pressurized water in

measuring small-strain Young's modulus (tested by Mukabi, JN_, 1995).

Chapter 3:

Fig. 3.1: Test program for vertical and horizontal CL tests at different stress paths
(0.550,/0v<2.0).

Figs. 3.2: (a) o.~¢&, and e~e, responses in a typical vertical CL test, (b) o,~¢, and g,~¢;
responses in a typical horizontal CL test performed on SLK1V specimen.

Figs. 3.3: (a) ov~¢, and ey~e, responses in a typical vertical CL test, (b) oy~¢, and &~
responses in a typical horizontal CL test performed on TCK1A specimen.

Figs. 3.4: Comparison of >xternal and local (a) &, during a vertical CL test, and (b) &, during a
horizontal test performed on SLK1V specimen.

Figs. 3.5 Comparison of external and locai strains during K=1 consolidation on SLKI1V
specimen (a) for &, and (b) for e,

Fig. 3.6 Ec/(Emax)iniiai~(€v)sa relations for different materials (Ticino sand was tested by
Teachavorasinskun (1992)).

Fige 3.7: Typical relationships obtained from TYKO02 specimen between (a) E./f{e) and the
number of cycle (N), (b) Ew/fle) and N, and (c) Ey/f{e) and the riumber of LDTs.



Figs. 3.8: Relationships between volumetric strain (€.,1) and &, during isotropic stress states of
specimens (a) TYK1A, TCK1A and HGK1A for Cycie i, (b) SLK1A and SLK1V for Cycle
1, (c) TYK1A, TCKiA and HGK1A for Cycle 2, and (d) SLK1A and SLK1V for Cycle 2.

Figs. 3.9: Relationships between tangent moduli (L., Ls) and mean stress (om) during K=1
loading for (a) SLK1V, (b) SLK1A.

Figs. 3.10: Relationships between dey/de. and 0, during reloading along K=1 stress path.

Figs. 3.11: Comparisor. of (a) local strains during K=1 loading, (b) Young’s moduli in two
orthogonal horizontal directions.

Figs. 3.12: Relationships between E./f(e) and Ey/f(e) and 0. along isotropic stress states for
specimens of (a) Toyoura, (b) SLB sand and (c) Hime gravel and Ticino sand.

Fig. 3.13: Relationships between I (=1-EvE,) and A (=(ex-£,)/(€r-€)wer) in the K=1 stress path.

Fig. 3.14. Effects of loading frequency on Young’s modulus E,.

Chapter 4:

Figs 4 la~i: E\/f(e)~o. and Ey/f(e)~0, relaticns for different out-plarie stresses performed on
specimens (a) TYK1A, (b) TYISD, (c) TYK02, (d) TCKI1A, (e) HGKIA, (f) HGKOA, (g)
SLKIA, (h) SLK1V and (I) SLKOA.

Fig. 4.1j: The relationships between E. / E; and o, / oy, of different specimens.

Fig. 4.2a: Relationships between E./f(e) and o along AK=0 stress paths.

Fig. 4.2b: Relationships between E, x K™ / f{e) and o, and Ew/f{e) and oy along AK=0 stress
paths.

Fig. 4.3a: Relationships between the ratio of measured to predicted E, (based on o
dependency of E,) and oy along AK=0 stress paths.

Fig. 4.3b: Relationships between the ratio of measured to predicted Young’s moduli E, (based
on O, dependency of E,) and oy, along AK=0 stress paths.

Fig. 4.4a: Relationships between the ratio of measured to predicted Young’s moduli E, (based
on o, dependency of E,) and o, along AK=0 stress paths.

Fig. 4.4b: Relationships between the ratio of measured to predicted Young’s moduli E, (based
on o, dependency of Ey) and oy, along AK=0 stress paths.

Fig. 4.5a: Relationships between the ratio of measured to predicted Young’s moduli and o./3,

along TC at o,=04=1.0 kgf/cm® of TYKO02 specimen.

vi



Fig. 4.5b: Relationships between the ratio of measured to predicted Young’s moduli and a/o,
along TE at 6,=04=1.0 kgf/em® of TYK02 specimen.

Figs. 4.6: Relationships between Poisson’s ratio and stress ratio for specimens (a) TYK1A, (b)
TYKO2 and (¢) TYISD.

Figs. 4.7: Relationships between Poisson’s ratio and stress ratio for specimens (a) HGK1A, (b)
HGKOA and (c) TCK1A.

Figs. 4.8: Relationships between Poisson’s ratio and stress ratio for specimens (a) SLK1A, (b)
SLK1V and (c) SLKOA.

Figs. 4.9: Relationships between normalized G, and normalized stress level for specimens (a)
TYKIA, (b) TCK1A, (c) SLK1A and (d) HGKI1A.

Fig. 4.10: Schematic diagram of stress path to investigate integrated elastic strains.

Figs. 4.11: Relationships between (a) d(Ae.)/(Ag,).. and h (=the length of the side of a square
stress path), and (b) d(Ag,)/(Acn)uve and h for different values of Io.

Figs. 4.12: Relationships between (a) d(Ae,)/(A¢.).e and h (=the length of the side of a square
stress path), and (b) d(Aen)/(Aen)ave and h for different values of vy.

Figs 4.13: Relationships between (a) d(Ae,)/(Ae.)s. and h (=the length of the side of a square
stress path), and (b) d(Aen)/(A€n)ave and h for different values of m.

Chapter S

Figs. 5.1: The relationships between (a) q (=0.-01) and &, (b) volumetric strain (€.;) and &,
during TC on Toyoura and Ticino sands specimens.

Figs. 5.2: q~¢. relationships of Toyoura and Ticino sands specimens at small strain levels up to
(a) e,= 0.10%, (b) &.= 0.01% and (c) &,= 0.005%.

Figs. 5.3: The relationships between (a) q (=0,-04) and ., (b) volumetric strain (&.01) and &,
during TC on Hime gravel specimens.

Figs. 5.4. q~e, relationships of Hime gravel specimens at small strain levels up to (a) &=
0.10%, (b) &,= 0.01% and (c) &,= 0.005%.

Figs. 5.5: The relationships between (a) q (=0.-o4) and e., (b) volumetric strain (&.0) and &,
during TC on SLB sand specimens.

Figs. 5.6: q~¢, relationships of SLB sand specimens at small strain levels up to (a) &= 0.10%,

(b) £.= 0.01% and (c) &= 0.002%.



Figs. 5.7 q~¢, and ex~&. relationships of TYISD specimen to demonstrate the existence of
bedding error in g, and membrane penetration error in ¢, during TC at small strain levels up
to (a) &, (LDT)= 0.10%, (b) &, (LDT)=0.01%.

Figs. 5.8: o.~¢, relationships of typical unload-reload cycles during TC on SLISD specimen at
(a) low stress level, (b) at high stress level.

Fig. 5.9: Definition of elastic Young's modulus E°.

Figs. 5.10: The relationships between the normalized E° (=E.) and stress ratio (o/o) during
TC performed on specimens (a) TYISD, (b) TYKOD.

Figs. 5.11: The relationships between the normalized E® (=E,) and stress ratio (o./c%) during
TC performed on specimens (a) SLISD, (b) SLKOD.

Figs 5 12: The relationships between the normalized E° (=E.) and stress ratio (/o) during
TCs performed on specimens (a) TYK 1A, (b) TCKI1A.

Figs. 5.13: The relationships between the normalized E° (=E,) and stress ratio (o./0,) during
TCs performed on specimens (a) HGK 1A, (b) HGKOA.

Figs. 5.14: The relationships between the normalized E° (=E,) and stress ratio (o./cy) during
TCs performed on specimens (a) SLK1V, (b) SLKOA.

Fig. 5.15a: The relationships between the normalized E° (=E. or E;) and stress ratio (o./c,)
during TC at o,=04=1.0 kgf/cm’ performed on TYK02 specimen.

Fig. 5.15b: The relationships between the normalized E° (=E, or E;) and stress ratio (oy/o.)

during TE at o.=0,=1.0 kgf/cm?® performed on TYKO0?2 specimen.
g g p p

Chapter 6

Fig 6.1a: The triaxial apparatus.

Fig. 6.1b: Block diagram of load-control deviator loading system.

Fig. 6.2a: Block diagram of test program for cyclic prestraining.

Fig. 6.2b: Definitions of E¢,, Eun, and h.

Figs. 6.3: 0,~¢, responses of typical CL tests from TYRA 3 specimen with (a) (£,)sa = 0.002%
and (b) (&,)s4 for CP stress cycle.

Figs. 6.4: o,~¢, responses of typical CL tests from HOSTN1 (CP-1) specimen with (a) (¢.)sy =<
0.002% and (b) (&,)sa for CP stress cycle.

viii



Fig. 6.5a: 0,~¢, and 0,~¢, responses of typical large amplitude CL tests at true virgin state of
HOSTNS specimen.

Fig. 6.5b: Variations of the translation of strain axes (e,, €, and e.,) with the number of
loading cycles during CP.

Figs. 6.6: Relationships between E%/f{e) and o, along CP stress path for specimens (a) TYRA
3, (b) HOSTNS, (c¢) HOSTN1 (CP-1), (d) HOSTNI1 (CP-2), (e¢) HOSTN1 (CP-3), (f)
HOSTNI (overlapping data for CP-1, CP-2 and CP-3), and (g) HOSTN3.

Figs. 6.7. Time histories of the variation of E..a for specimens (a) TYRA 2, (b) TYRA 3 and
(c) HOSTNI1 (CP-1).

Fig. 6.8a: E.q~log((e.)sa) relations (before CP) of the specimens of Toyoura sand.

Fig 6.8b: Normalized E.,~log((e.)ss) relations (before CP) of the specimens of Toyoura sand.

Figs. 6.9. Effects of CP on the relationships between Ey/(Emax)initiat and (€,)sa for specimens (a)
TYRA 2 and (b) TYRA 3.

Figs. 6.10: Effects of CP on the relationships between Eo/(Emax)iniat and (£,)sa of HOSTN]1
specimen for CP stages (a) CP-1, (b) CP-2 and (c) CP-3.

Fig 6.10d: Effects of CP on the shape of the normalized decay curve of HOSTN1 specimen.

Figs. 6.11: Effects of CP on the relationships between Ec/(Emax)initial, Veq and (g,)sy for
HOSTNS specimen.

Fig. 6.12: Effects of the number of loading cycle N at constant stress-amplitude on (&,)sa, Vg
and h

Figs 6.13: Effects of CP on the relationships between veqand (g,)sa of HOSTN1 specimen for
CP stages ( * CP-1, (b) CP-2 and CP-3.

Figs. ¢ 14: Ef cts of CP on the relationships between v and o,/0, along CP stress path of
HOSTNI specimen for CP stages (a) CP-1, (b) CP-2, (c) CP-3.

Fig. 6.15: Effects of CP on the relationships between damping ratio (h) and (g,)sa of Toyoura
sand.

Figs. 6.16: Effects of CP on the relationships between damping ratio (h) and (g,)s4 of Hostun
sand for specimens (a) HOSTN1 (CP-1), (b) HOSTNI (CP-2 and CP-3), and (c) HOSTNS.

Figs. 6.17: (a) o,~¢, and (b) o,~¢, relationships of virgin and prestrained states of specimen
HOSTNS3 in CP stress path.

Figs. 6.18: (a) 0,~¢, and (b) 0,~¢, relationships of virgin and prestrained states of specimen

HOSTNS in CP stress path.



Figs. 6.19: o,~¢, relationships at the start and at the end of CP of specimens (a) HOSTN1 (CP-
1), (b) HOSTNI1 (CP-2), (c) HOSTN1 (CP-3) and (d) TYRA 3.

Figs. 6.20: Variations of (a) axial plastic-to-elastic, (b) radial plastic-to-elastic strains
increments with g, in CP stress path of HOSTN3 specimen.

Figs. 6.21: Variations of (a) axial plastic-to-elastic, (b) radial plastic-to-elastic strains
increment with g, in CP stress path of HOSTNS specimen.

Figs. 6.22a~d: Variations of axial plastic-to-elastic strains increment with o, in CP stress path
of specimens (a) HOSTN1 (CP-1), (b) HOSTN1 (CP-2), (c) HOSTNI (CP-3) and (d)
TYRA 3.

Figs. 6 ?2e~h: Varations of total strain components (e,, & and £,) and elastic strain
components (€%, €% and €°%,) with 0,=0, (=0y) in isotropic stress path of specimens (e)
Toyoura sand (TYK1A), (f) Ticino sand (TCK1A), (g) SLB sand (SLK1V), and (h) Hime
gravel (HGK1A).

Figs. 6.23: Relationships between the stress ratio (R) and the dilatancy rate (D) in CP stress
path for specimens (a) HOSTN3 and (b) HOSTNS.

Figs. 6.24: Rela*ionships between the stress ratio (R) and the prestrained-to-virgin shear strains
rate in CP stress path for specimens (a) HOSTN3 and (b) HOSTNS.

Figs. 6.25a~f: Relationships between tangent modulus (E.,) and o, in CP stress path for
specimens (a) HOSTN3, (b) HOSTNS, (c) HOSTNI1 (CP-1), (d) HOSTN1 (CP-2), (e)
HOSTNI (CP-3), and (f) TYRA 3.

Figs. 6.25g~h: Relationships between Eu/Em and o, in CP stress path for specimens (g)
HOSTN3, and (h) HOSTNS.

Fig. 0.26a: Relationships between the deviatoric stress (q) and ¢, during TC at 0,=0,=0.8
kgf/em’.

Fig. 6.26b: Relationships between the volumetric strain (&.,,) and €, during TC at 0,=0,=0.8
kgf/em®.

Fig. 6.26c: Relationships between the volumetric plastic-strain (€°.,) and q during TC at
0,=0,=0.8 kgflcm®

Fig. 6.26d: Relationships between q and ¢, during TC at 0,=0,=0.8 kgf/cm’.

Fig. 6.26e~f: Relationships between (e) q~¢’.,, and (f) q~ €0 (at low stress level) during TC at
ag,=0~=08 kgf/cmz.



Figs 6.27a~c: q~e, relationships during TC at 0,=0,=0 8 kgf/cm’ for the range of e, up to (a)
1.0%, (b) 0.10% and (c) 0.01%.

Figs. 6.27d~e: €,~&.q relationships during TC at 0,=0,=0.8 kgf/cm’ for the range of &, up to (d)
1.0%, and (e) 0.1%.

Figs. 6.28: (a) Ew/(Ewc)max~10g(es) and (b) Eu/(Eun)msx~log(e,) relationships during TC at
0,=0,=0.8 kgflcm®.

Figs. 6.29: (a) Ewee/(Esec)max~€x and (b) Eu/(Eun)ma—€a relationships up to €,=0.5% during TC
at 0,=0,=0.8 kgf/cm’.

Figs. 630: (a) Ee/(Esec)max~q/qQmax and (b) Eun/(Eun)max~q/qmax relationships during TC at
0,=0~=08 kgf/cmz.

Figs. 6.31: Relationships between (a) Euv/E*™~q/qmax and (b) Eus/E~10g(q/qma) during TC at
0,=0,=0.8 kgf/lem®,

Chapter 7:

Fig. 7.1: Block diagram of data acquisition system.

Fig. 7.2: o,~¢, (e, measured by LDTs) relations for typical cycles with the use of (a) sine-
wave form, (b) triangular wave-form.

Fig. 7.3: Relations of E.q and h for very small strain (i.e., (£,)s4=0.002%) with the number of
load cycles.

Fig. 7.4, o,~¢, (e, measured by GS) relations for typical cycles with the use of (a) sine-wave
form, (b) triangular wave-form.

Fig. 7.5: Relationship between (a) E., and f, (b) h and f at (e,)sa= 0.002% performed on
HOSTNZ2.

Fig. 7.5c: Typical axial load and axial displacement relationships of elastic spring during CL
tests (time-lag concern).

Fig 7.5d: Typical axial load and displacement relationships of elastic spring during CL tests
(filter-concern in the data acquisition system).

Figs. 7.6: o,~¢, (e, measured by LDTs) relations for a typical cycle at each frequency obtained
from HOS12 specimen at neutral stress states of (a) 0,=7=0.8 kgf/cm?, and (b) 0,=2.0

kgf/em?, 0,=0.8 kgf/em’.

X1



Figs. 7.6: Relationship between (c) E° / E°xo,; and f, (d) h and f at (g,)sa= 0.0015% performed
on HOS 12 at different neutral axial stress states.

Figs. 7.6: Relationship between (e) E., /f(e) and f, (f) h and f at (¢,)sa=~ 0.0012% and 0.0038%
performed on HOSTN3 at a neutral stress state of 0,=1 4 kgf/cm?, 6,=0.8 kgf/em’.

Figs. 7.7: Relationships at near virgin state of HOSTN3 between (a) h and (e,)sa, and (b) E.,

and (&.)s..

Fig. 7.8: Typical o,~€, response characteristics during large amplitude axial stress cycles at
virgin state and at steady state conditions.

Fig. 7.9: Comparison of o,~¢, responses during large amplitude axial stress cycle between two
configurations of arrangement of principal measuring devices at steady state conditions.

Figs. 7.10: Relationships at steady state conditions of HOSTN3 between (a) h and (g,)sa, and
(b) Eeq and (&,)sa.

Figs. 7.11: Relationships at steady state conditions (after N=25000 cycles) of HOSTNS
between (a) E., and (&,)s, and (b) h and (g,)sa.

Figs. 7.12: Relationships at steady state conditions (after N=65000 cycles) of HOSTNS
between (a) E.q and (&,)s4, and (b) h and (€.)sa.

Fig. 7.13: Sensitivity of the number of data points per cycle in the evaluation of h and the

resulting relationship between h and (g,)sa at a given frequency.

Chapter 8:

Figs. 8.1: (a) 0.~¢,, and (b) o,~¢, relationships during creep tests performed on HOSTN2
specimen.

Figs. 8.2: (a) o,~¢,, and (b) o,~¢, relationships during creep tests performed on HOSTN4
specimen.

Figs. 8.3: (a) 0,~¢,, and (b) o,~¢, relationships during creep tests performed on HOS12
specirmen.

Figs. 8.4: (a) 0,~¢, and 0,~¢, relationships, (b) time histories of «,, €& and & for the test
segments (0)-(1)-(2) (of Fig. 8.2a) performed on HOSTN4 specimen.

Figs. 8.5: (a) 0,~¢, and 0,~¢, relationships, (b) time histories of ©,, € and & for the test

segments (1)-(2)-(3)-(4) ( of Fig. 8.2a) performed on HOSTN4 specimen.

xil



Figs. 8.6a through i: Time histories of the variation of o,, €, and & during creep tests
performed at different stress states of HOSTN4 specimen.

Figs. 8.7a through i: Time histories of the variation of o, €, and ¢ during creep tests
performed at different stress states of HOS12 specimen.

Figs. 8.8a through i: Time histories of the variation of y and &, during creep tests performed
at different stress states of HOS12 specimen.

Figs. 8.9: Relationships between o, and creep rate in (a) €,, and (b) ¢, for different specimens.

Figs. 8.10: Relationships between (a) E*/f(e) and @, and (b) v and 0./0, of HOSTN4 specimen.

Figs 8.11: Relationships between (a) E%/f(e) and o,, and (b) v and o,/o, of HOS12 specimen.

Figs 8 12: Relationships between E../(Ewc)max and €, for different stress segments (Type 1) of
specimens (a) HOS12, and (b) HOSTN2.

Figs: 8.12° Relationships between (¢) Euwo/(Eswc)max and €., and (d) Eue/(Eun)max and €, for
different stress segments (Type 1) of HOSTN4 specimen.

Figs. 8.13: Relationships between E.o/(E.wc)max and €, for different stress segments (Type 2) of
specimens (a) HOS12, and (b) HOSTN2.

Fig: 8.13d: Relationships between (¢) Euo/(Ewc)max @and €, and (d) Euw/(Eun)msx and &, for
different stress segments (Type 2) of HOSTN4 specimen.

Figs. 8.14: Stress-dilatancy relationships during loading (o, increasing), unloading (o,
decreasing), reloading (o, increasing), creep and delayed rebound for specimens (a) HOS12,
and (b) HOSTN4.

Fig. 8 14c: Stress-dilatancy relationships during loading (o, increasing) and creep for HOSTN2
specimen.

Figs 8.15: (a) g~¢, and (b) &.a~¢, relationships of different specimens during TC at 6,=5,=0.8
kgf/em?.

Figs. 8.16: q~¢, relationships during TC at small strain levels with €, up to (a) 1.0%, (b) C.10%
and (¢) 0.005%.

Figs 8.17: Relationships between E.o/(Ew.)max and ¢, for different specimens during TC up to
(a) the full range of g,, (b) €,= 0 5%.

Fig 8 17c: Relationships between E.o/(Ewc)max and q/qmax for different specimens during TC.

Figs. 8 18 Relationships between (a) Euw/(Eun)max and €, (b) Eu/(Eun)max and q/qmae for

different specimens during TC.

xiii



Figs. 8.19: Relationships between (a) Eus/E® and 10g(q/qmay), and (b) Eus/E® and q/qm for

different specimens during TC.

Xiv



Chapter 1

Introduction

1.1. Background

Elastic deformation characteristics of soil, expressed in terms of shear modulus and bulk modulus
(or Young’s modulus and Poisson’s rato), and material damping in case of cyclic loading, are
important parameters for the design of soil-pavement and soil-structure systems subjected to
cyclic and dynamic loadings. This is because, in most soil dynamic problems, shear stress levels
are relatively low and stresses are repeated, therefore, the elastic deformation stiffness of
geomaterials is one of the most important design parameters. In most usual static loading
problems, on the other hand, the amount of elastic deformation is relatively small compared to
plastic deformation. However, the deformation could be controlled by elastic components when a

foundation is constructed on/in stiff soil and subjected to working loads.

In the past, much of the concern on cyclic loading was focused on the behavior of soils
during earthquake loading. However, in the recent years, much interest has developed in the area
of low-amplitude problems associated with human-made vibrations such as those caused by
vehicular traffic, machine vibrations, pile-driving, and blasting. For these issues, the elastic
behavior of _»ils needs to be understood more deeply. The perceived difference between static
and dynamic moduli is decreasing as stress and strain measurements at small strains in static
loading tests become more accurate. The advent of local strain measuring devices, such as
electro-levels (Burland and Symes, 1992), local deformation transducer (LDT) (Goto et al. 1991),
etc., helped researchers performing static tests to evaluate the true soil stiffness at small strains.
The maximum soil stiffness thus measured is found to agree fairly well with that obtained by
dynamic testing methods (e.g., wave velocity measurements, resonant column tests). Burland
(1989), with the use of the small-strain stiffness value, predicted well the full-scale deformation of
London clay in a real construction site. Bellotti et al. (1989) interpreted the shear moduli obtained

from unload/reload responses in pressuremeter tests on sands based on the maximum shear



modulus and the strain level-dependency of shear modulus. Tateyama et al. (1992) found that
strains induced in an embankment of the railway track under working loads were very small. In
many case histories, the back-calculated values of in-situ Young’s modulus agreed well with that
obtained from the laboratory test at similar strain levels. A number of examples are available in the
literature, such as Jardine et al. (1991), Siddiquee (1995), Tatsuoka and Shibuya (1992),
Tatsuoka and Kohata (1995), and so on, which show the importance and essence of the
measurements of deformation characteristics at small (10°% to 10™) to intermediate (107% to 10°

'94) strains.

However, moduli at small strains (below 107%) from cyclic tests are generally assumed to
be independent of strain amplitude, and hysteresis material damping is often assumed to be a
certain value which is nearly zero. Clear conclusions in this respect have not been obtained
because of the difficulties in measuring accurate stress-strain loops in a cyclic loading test, which
is a key factor in the study of deformation characteristics, particularly material damping, at small

strains.

It is well established that the deformation characteristics of soil are neither linear nor
isotropic. In the field, loading direction (i.e., the principal stress direction) in the ground beneath a
foundation is not fixed in a certain direction either. Therefore, three-dimensional (3-D) analysis
based on the principles of elasto-plasticity is getting popular. For that purpose both plasticity and
elasticity should be dealt with properly. For 3-D characterization of elastic deformation of
geomaterials, their possible anisotropy must be well understood. Stokeo et al. (1991), Bellotti et
al. (1994), and Lo Presti and O’Neill (1991), among many others, did some work in this field by

means of wave velocity method.

The determination of the maximum moduli has become popular in both laboratory and
field tests. The most well known method is to measure the velocity of body wave traveling
through a soil medium, which can be performed both in the laboratory and in the field. However,
the wave velocity measurements are not the only way to determine the elastic modulus of soils.
They are not always the most convenient way either. There are some cases where elastic

properties should be determined by other laboratory soil testing methods. These are:



(a) Stiffness of soil is strain-dependent and the values of G (or E) at larger strain levels cannot be
evaluated from seismic techniques. Strain level-dependency of G (or E) must be determined by
other laboratory tests. The resonant-column apparat''s has often been employed for this purpose.
It has two major limitations: the maximum applicable strains cannot exceed about 10~ and the
number of loading cycles is very difficult to control and too large for many static geotechnical
problems. Therefore, the triaxial and torsional shear apparatuses are often used to obtain the
deformation properties at strains larger than 0.01% but less than 1%. Thus, to obtain deformation
properties for a wide range of strain from about 0.0001% to that exceeding 10% and the peak
strength, it conventionally requires three different specimens: oiie for a resonant-column test
(strains less than about 0.01%), one for a special triaxial or torsional shear test (strains between
0.01% to 1%), and the other for a conventional triaxial or torsional shear test (strains larger than
1%). Since each specimen may have different qualities and properties (i.e., fabric, void ratio,
bedding plane, etc.), it is difficult to construct a reliable overall stress-strain relationship from the
results of these three tests. It is very important, therefore, to obtain the stress-strain relationship

of a given soil from very small strains to failure by using a single specimen.

(b) Static loading laboratory test apparatuses are more widely in use than dynamic ones (e.g.,
ultrasonic wave velocity measurement apparatuses and resonant-column apparatuses). It is
convenient if as many fundamental soil parameters as possible can be determined from a test using

the most commonly used equipment.

(c) For dynamic problems, the modulus and damping at strains less than 0.01% are accurately
measured. However, in many static conventional analyses, much smaller value of the deformation
modulus is estimated and used as the maximum stiffness including the elastic Young’s modulus. In
other words, a large safety factor is always applied to the analysis of the deformation in static
problems, which is not realistic. To change this conventional practice, the first of all, the static test
apparatuses need modifying aimed at obtaining the similar potential as the dynamic test

apparatuses in accurate measurements of the stiffness and damping of soil.



1.2. Elastic Deformation Characteristics Properties of Soils

Deformation of soil is composed of elastic and plastic compcnents, When a material is subjected
to stress change, it is strained. Within some region of stress, the strain responds rather linearly. If
the stress is reduced, the strain decreases reversibly, and upon the complete removal of stress, the
residual strain becomes zero; the material is said behaving elastically. On the other hand, plastic
deformation is always accompanied with slippage at inter-particle contacts, and re-arrangement
and crushing of particles. Mindlin (1949) showed that slippage at the contact between two elastic

spheres must occur even for the smallest tangential force.

It is very difficult 0 measure any elastic property by using a conventional laboratory test
apparatus unless very small strains and stresses can be measured confidently. The elastic
deformation may be considered as the total deformation of a mass of sand if its internal structure
(i.e, fabric) is kept unchanged. Since the changes in structure are mostly caused by the
application of shear force, elastic deformations can be isolated more easily by cyclically loading a
sand specimen under the hydrostatic stress condition than by a conventional cyclic triaxial or
torsional shear test (Hardin, 1978). Elastic strains can also be isolated in static tests by applying
small cyclic shear strains with a strain amphiude less than 0.001% (Chen 1948, and Hardin 1978).
This strain value may be called the threshold elastic strain. Moduli defined for this strain range are
hardly influenced by (1) stress-strain histories that are small enough to maintain the initial fabric,
(2) the type of Ioading (i.e., monotonic or cyclic) and (3) the rate of shearing (dynamic or static),
while the soil deformation at this strain level is recoverable (Tatsuoka and Shibuya 1992;
Tatsuoka and Kohata 1995; Jamiolkowski et al. 1991). This static method has been employed in

this study to evaluate Young’s moduli of sands.

1.3. Testing methods

Field measurements of dynamic soil properties are generally limited to measurements of moduli at
small strains (less than 0 001%), where the moduli are independent of strain amplitude. No
practical field method is available at this moment for the measurements of material damping at any
strain amplitude. Therefore, static cyclic and dynamic laboratory tests are often used to determine

moduli and damping of soil over a wide range of strain amplitude. Field and laboratory tests



results are then combined with engineering judgement to obtain the nonlinear properties of soil in-

situ.

Various laboratory testing methods have been used to determine the deformaticn
properties of soils. In general, there are two basic groups of laboratory testing devices. One group
is cyclic tests, which include (a) cyclic triaxial test, (b) cyclic simple shear test, and (c) cyclic
torsional shear test. These tests are based on the measurements of the stress-strain relationships at
low frequencies where inertia effects can be neglected. The other group is dynamic tests. Tests in
this group are based on measurements of wave or pulse propagation, or the resonance of the
system. The present study belongs to the first group, using triaxial apparatuses, which will be

described in the foregoing chapters.

Dynamic Tests:

In dynamic laboratory tests, high frequency, transient or steady state excitations are applied to a
soil specimen. There are two groups of dynamic tests: one based on resonant methods and the
other based on wave or pulse propagation methods. In general, strain amplitudes associated with

these tests are significantly less than those associated with conventional static cyclic tests.

Resonant-Column Test

A specimen is subjected to dynamic excitation force at a high frequency, while the frequency is
adjusted until the specimen-apparatus system exhibits resonance. The modulus is computed from
the resonant frequency and the geometric properties of the specimen and driving apparatus. The
resonant-column technique was first applied to soil testing by Ishimoto and Iida (1937) and lida
(1938 and 1940). The early version of the device was used for testing soil under isotropic stress
conditions. Hardin and Music (1965) developed a new resonant column apparatus, with which it
is able to carry out a test at anisotropic stress states. In a solid cylinder specimen, shear stress and
strain along the cross-section vary from zero at the center to the maximum at the edge. To reduce
this non-uniformity in shear stress and strain distributions, Drnevich (1972 and 1978) developed a
hollow cylinder resonant-column apparatus, in which the average shearing stress and strain on the

horizontal cross-section are not greatly different from their maximuran and minimum values.



Two specimen configurations have been attempted for the resonant column apparatus: i e,
free-free and fixed-free configurations. The fixed-free configuration has been found better-suited
to this technique than the free-free configuration, since the latter is not perfectly free at either end
and the degree of freedom is not easy to determine (Richart et al., 1970). Type of vibration can
either be longitudinal (for the evaluation of Young’s modulus) or torsional (for shear modulus
measurement). Since driving and motion monitoring systems must be attached to the free end of
the fixed-free arrangement specimen, these change the theoretical end-condition of the specimen.

For a first mode of vibration, the compressive and shear wave velocities can be calculated as:

V.=2nf, /[/3 (compressional)
/ 1

V=2 f, IB (shear)

where {3 and f3; are the functions of inertia force and mass polar moment of inertia of the added
mass, respectively. The resonant column does not provide direct measurement of the element
behavior of soil under tests, since the states of stress and strain vary continuously both with time

and in their distributions within the sample (Jardine et al., 1984).
Pulse Tests

By measuring the travel time of shear or compression waves from their point of origin to a
detecting sensor, pulse wave velocities can be obtained. From these velocities, moduli can be
computed using elastic wave propagation theory. Lawerence (1963) was the first one to use
piezoelectric crystals or ceramics to generate and detect wave disturbances in a conventional
triaxial test cell. Knox et al. (1982) constructed a large scale triaxial device at the University of
Texas and investigated the propagation of body waves under isotropic, biaxial, and triaxial
confinements. Lewis (1990) developed a multi-moduli testing device to determine independently
the constrained, rod, and shear wave velocities in the same specimen. One of the major drawbacks
of pulse tests is the difficulties with the identification and the interpretation of exact wave arrival

times.



Elastic Wave Velocity Method

This is the most popular field method for the evaluation of the maximum stiffness of soils and
rocks. By propagating shear wave (S-wave) and compression wave (P-wave) through soil mass,
the shear modulus, and one dimensional elastic modulus, respectively, can be determined. The
difficulty in measuring wave velocity lies principally in the precise determination of very small
time intervals. The general formulation for calculating the maximum stiffness from the velocity of

propagated waves are:

2 2
d°u »d u

—=V,"— and VL3=L/p (longitudinal wave)
ar- dx”

U _ye® M and Vi=Llp (shear wave)

at- ax’

where p is the mass density and u is the displacement. The maximum shear modulus, Gn.x, can be
directly obtained from the shear wave velocity. However, the longitudinal modulus, L, is neither
the bulk modulus nor the maximum Young’s modulus, En... Rather it is often expressed as: L=
A+G= pVy’, where A= Lame constant. For an isotropic material, L = E / {2(1+v)(1-

2v)}(Teachavorasinskun, 1992), where E is the Young’s modulus.

Wave velocities can be measured in field by downhole, crosshole, or other methods. In the
downhole test, waves are generated by an excitor placed on ground surface, and the propagated
waves are received by receivers which are located at different depths beneath the excitor. In the
crosshole test, excitor and receivers are located at the same horizontal level in at least two
different vertical bore-holes. The velocity of wave is in general dependent on the individual
stresses within the plane of wave travel. The velocity of the wave propagated through the soil is
theoretically the same between the conventional crosshole method with the particle movements in
vertical direction and the downhole methods due to the same mode of small shear deformation.
However, it should be noted that the velocity of the crosshole wave with horizontal particle
movements propagating in different shearing modes is different from the above two methods.
Then, the measured shear wave velocity can be different due to inherent anisotropy and stress-

induced anisotropy by different individual stress components (Yan et al., 1991).



1.4. Damping ratio and its measurements

When a rodof any material is subjected to a state of free vibration (i.e., the vibration after the
causing force has been ceased), the amplitude of vibration will decrease gradually and eventually
disappear. This reduction is caused by internal damping of the material. In the resonant-column
apparatus, the logarithmic decrement (8) which is defined to explain the decay in the amplitude of

the free vibration system is given by:

1 z 2nD
6=Aln“'§“=_‘ T —=21t D
B Oz 1D

where D is the damping ratio, n is the number cycle, Z, is the amplitude of vibration at the first
cycle, and Z,., is the amplitude of vibration after n cycles. Hardin (1965) found that for round
granular materials, the plot between the amplitude and the number of cycle of oscillation in full
logarithmic scale is linear. So the Jogarithmic decrement can be easily defined from the slope of
this line. Another parameter that used to express damping is the decrease in amplitude of vibration
with the increase in distance from a source. This is designated as ‘coefficient of attenuation.’

Damping is often estimated also from the response curve at and near the resonance state.

In a cyclic test, damping can be determined from the ratio of the energy absorbed in one
cycle to the potential energy at the maximum displacement in that cycle. In other words, damping
1s represented by the ratio of the area enclosed by the hysteresis loop to the total area enclosed by
the triangle joining three points: two peaks (the maximum and minimum values) of axial strain

amplitude and the maximum value of axial stress amplitude of that cycle.

1.5. Factors Affecting Small-Strain Deformation Characteristics of Soils

Hardin and Black (1968) have indicated various factors which influence the maximum shear

modulus of soils as:

Gma'{ mf(()'c,e,H,S‘,To,(:—‘,A,_fal!(b" 7)



where:

o= effective octahedral normal stress,

e= void ratio,

H= ambient stress and vibration history,

S= degree of saturation,

To= octahedral shear stress,

C= grain characteristics: grain shape, size, grading and mineralogy,
A= amplitude of vibration,

f= frequency of vibration,

t= secondary effects that are a function of time,
¢= soil structure,

T= temperature including freezing.

Hardin and Drnevich (1972) investigated these factors affecting the shear modulus and damping
ratio of soils and grouped them into three categories; very important, less important and relatively
unimportant. The five very important factors are strain amplitude, effective mean principal stress,

void ratio, number of cvcles of loading, and degree of saturation.

Again, the degree of influence of each parameter varies from soil to soil. For clean sands,
the degree of saturation and the loading frequency have minor effects on the maximum shear
modulus. Also the overconsolidation ratio, which imparts large effects on clayey soils, has a
negligible effect on the stiffness of clean sand (Teachavorasinskun 1992). Some factors which
were believed to be unimportant in the past are presently going to take an important role: the
effects of stress ratio and initial shear on shear modulus (also on Young’s modulus in this study),
and the effects of grain size on inherent anisotropy in the Young’s moduli (in this study).
Tatsuoka et al. (1979) showed that in torsional shear tests, the shear modulus of a sand specimen
in triaxial compression and extension is not a unique function of the mean effective stress p=
(0,+0,103)/3 for a wide range of strain. Yu and Richart (1984), Roesler (1979), and Yan and
Byrne (1991) reported that the elastic shear modulus of sands depends on the two normal stresses
in the propagation plane than the mean effective stress p= (0y+0;+0:)/3. Jamiolkowski et al
(1991), on the other hand, suggested that the Young’s modulus be only a function of the normal

stress in the direction of the applied normal stress increment.



Much less research has been performed on the material damping than on the shear
modulus of soils. Several investigators (Marcuson and Wahls, 1972a and 1972b; Stokoe and
Lodde, 1978; Isenhower, 1979; Stokoe et al,, 1980, and Ni, 1987) have investigated the low-
amplitude damping ratio (Dmin) by resonant-column tests. They found that Dy, is independent of
strain amplitude below a shearing strain of about 0.001% and. decreases with the increase in the
confining pressure and with the increase in the time of confinement at a constant effective

pressure.

Silver and Seed (1971) tested crystal silica No. 20 sand at shearing strains between 0.01%
and 0.5% using an NGI simple shear device. The shear modulus and hysteretic damping were
found to increase and decrease, respectively, with the number of loading cycles. These changes
with the number of loading cycles were the greatest in the first ten cycles, after which the changes

were relatively small.

Vucetic and Dorby (1991) indicated that the seismic response of soil deposits can be very
sensitive to the variation in small-strain damping. They reported that the range in small-strain
damping ratios of soils found in the literature is from 0.5% to 5.5%. They recommended that, in
an important project, small-strain damping be measured carefully, and more research be needed to

determine the influence of different factors on small-strain damping.

Drnevich and Richart (1970) investigated the effect of dynamic prestraining on shear
modulus and material damping of dry sand by performing resonant-column tests. They cycled a
specimen with a large amplitude of strain (i.e., the single amplitude shear strain up to 0.06%),
then reduced the strain amplitude to a value (say, 0.005%) to measure the shear modulus.
Prestraining at relatively higher strain levels produced significant increases in shear modulus and
damping ratio at relatively smaller to very small strain levels without any significant change in
void ratio. They attributed the increase in stiffness to enlargement and improvement of particle
contact areas. However, there was no chance to acquire data below 1000 cycles because the
number of cycles required to resonate the specimen at a frequency in the range of 30 to 60 Hz is
larger. Teachavorasinskun (1992), on the other hand, showed by performing triaxial tests that the
elastic Young’s modulus of sand is insensitive to cyclic prestraining, but the damping ratio

decreases drastically as an effect of cyclic prestraining. He applied cyclic prestraining of a large
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number of cycles (as large as 500,000 cycles) at a single amplitude axial strain varying in the
range from 0.03% to 0.1%, and measured the elastic Young’s modulus and damping ratio at the

neutral stress state (isotropic or anisotropic) about which cyclic prestraining was applied.

Each external loading source for a soil-pavement or soil-structure system can be largely of
different pattern and varying, which result in loading frequencies to be varied widely: ranging
from very low frequency of about 0.05 Hz or below (such as ocean storm waves) to high
frequency of above 100 Hz by machine vibrations. In general, soils subjected to cyclic loading
typically experience higher rates of loading or strain than they do when characterized as
monotonic. Therefore, proper understanding of the effects of loading rate on the deformation
characteristics of soils has become an important issue. Researchers do not feel comfortable with
this issue since no apparatus is currently available that can be used uniquely to investigate the
rate-dependency phenomenon in the entire range of frequency of interest. Laboratory and field
testing techniques have limitations in frequency characteristics in their measurements: the
resonant-column apparatus is operable in the frequency range typically from 20 to 150 Hz, the
torsional shear apparatus and triaxial apparatus are typically below 10 Hz, and the wave velocity
methods are up to 400 Hz. Most of the previous works, such as Bolton and Wilson (1989),
Graham et al. (1983), Kim and Stokoe (1995), Shibuya et al. (1995) and so on, were performed
using simple shear, torsional shear and resonant column apparatuses. A few works using triaxial

apparatus (e.g., Tatsuoka and Kohata, 1995) have been reported in the literature.

1.6. Objectives of the Present Study

The purpose of this study is to characterize the small-strain stiffness of granular materials under
general stress conditions by using triaxial specimens. Materials tested are dry granular soils; grain
size is varied from fine-grained to coarse-grained, while the particle shape is varied from subround
to subangular, and the density of specimen is varied from loose to dense. Anisotropy has been
investigated by direct measurements of Young’s moduli in both vertical and horizontal principal
stress/strain directions. Effects of cyclic prestraining and loading frequency on the elastic
deformation properties are also critically investigated. To accomplish these purposes, the study

has been divided into the following objectives.
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1. To develop a methodology for the evaluation of elastic properties in both vertical and
horizontal directions by measuring stresses and strains in triaxial testing system. Emphasis is given
on the direct measurements of strains, free from any potential errors. For that purpose, some
modifications in triaxial testing system are inevitable. On the other hand, complete
characterization of elasticity of soil needs evaluating the elastic parameters at various stress states,
which can be attained by following different stress paths and by rotating principal stress
directions. To accomplish this with reasonable accuracy, an automated loading system is

inevitable.

2. To examine extensively the performance of the measuring transducers, especially the Local
Deformation Transducers (LDTs), in measuring the small strain stiffness. In this research, LDTs
are extensively used to measure both vertical and lateral strains; the measurements are essentially
free from many potential errors which are inherent in the conventional method. However,
potential errors could come from other sources, such as slope-error in the calibration

characteristics, creep, and/or insufficient resolutions and accuracy.

3. To investigate the existence of inherent anisotropy in small strain stiffness as typically measured
at isotropic stress states. Their possible link with grain characteristics of particulate materials,

strength and deformation anisotropies are to be sought.

4. To investigate the dependency of elastic Young’s moduli on stress states at general stress states

and, hence, to characterize the stress system-induced anisotropy.

5. To investigate the effects of stress ratio on elastic Young’s moduli during triaxial compression

and triaxial extension tests.

6. To investigate the effects of cyclic prestraining on the stiffness, anisotropy in elastic Young’s
modulus, Poisson’s ratio and damping ratio of granular materials. Natural soil deposits have been
somehow subjected to some degrees of cyclic prestraining by seismic, traffic, wave, and/or

machine vibration loadings.
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7. To investigate the effects of loading frequency on the deformation characteristics of sand. Test
results could severely be affected, especially damping at higher frequencies in triaxial system, by
time-lag of any type if exists between the recorded responses of strains and stresses. For that
purpose, the data acquisition systems of strains and stresses and their measuring devices need to

be verified.

8. To investigate whether granular material exhibits elastic behavior upon the restart of loading

from any stress state during shearing after allowing creep deformation to occur at that stress state.

1.7. Organization of this Thesis

A brief review of literature on testing methods for determination of small-strain deformation
properties of soils is presented in this chapter (Chapter 1). Then, factors affecting deformation

characteristics of soils are discussed.

A large triaxial testing system is described in Chapter 2, along with the modifications
required for the characterization of elastic deformation properties of soils. An automated system
of loading in both horizontal and vertical directions, the principle of automation, and the
performance of this system are also described. Manufacture of LDTs, its major components,
modification of its components aimed at improving its performance in the last five years, and its
performance in the measurement of very small strain stiffness are described. The performance of

LDTs are evaluated in terms of its resolution, accuracy, and workability.

Theoretical background, based on the theory of elasticity, for evaluation of elastic
deformation properties from small-strain amplitude unload/reload cycle is described in Chapter 3.
Inherent anisotropy in elastic Young’s moduli observed at isotropic stress states and elastic

deformations observed during isotropic reloading and re-unloading is presented.

Chapter 4 described investigation into the dependency of elastic Young’s moduli on stress
states, the characterization of stress system-induced anisotropy in elastic Young’s moduli, and a
new cross-anisotropic elastic model based on expenmental results. Hypo-elasticity, based on the

observed elastic parameters, is also described.



Effects of stress ratio during triaxial compression and triaxial extension tests are described
in Chapter 5. Results obtained from tests using a load-control and a displacement-control loading
systems are compared. Elastic Young’s modulus (evaluated from a typical unload/reload cycle)

for higher shear stress level is redefined.

Effects of cyclic prestraining on elastic Young’s modulus, damping, Poisson’s ratio and
deformation characteristics are described in Chapter 6. A small triaxial apparatus, which was used
to obtain test results described in this chapter and Chapters 7 and 8, is also described. Effects of
long-term consolidation on moduli and damping ratio are presented. The result of analysis based
on the proposed cross-anisotropic elastic model is presented to show whether a granular material
could exhibit a true elastic response during an unload-reload cycle of a relatively large stress
amplitude after an application of a large number of cyclic prestraining at that amplitude, and

during isotropic stress states.

Effects of loading frequency on stiffness and damping ratio are described in Chapter 7.
Various attempts aimed at identifying the existence of any time-lag between the pair of measured

strains and stress, which could severely affects final conclusion, are also described.

Investigation of whether a granular material exhibits elastic behavior upon the restart of
loading at any stress state during shearing is described in Chapter 8. Creep behavior of sand
during shearing, effects of previous stress histories on the elastic deformation properties, and
dilatancy rate during loading, unloading, re-loading, creep deformation at a constant stress state

(during both loading and unloading) are also presented.

Finally, a summary and conclusions of this work with associated recommendations for

future studies are presented in Chapter 9.
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Chapter 2

An automated triaxial testing system and the performance of LDTs
2.1. Introduction

In most usual static loading problems, the amount of elastic deformation is relatively small
compared to plastic deformation. However, deformation can be governed by elastic
component when a foundation is constructed on/in stift soil and subjected to working loads.
On the other hand, in most dynamic loading problems, shear stress levels are relatively low and
stresses are repeated, therefore, the elastic deformation stiffness of geomaterials has been one

of the most important design parameters.

Complete characterization for elasticity of soil needs evaluating the elastic parameters at
various stress states attained by following different stress paths and by rotating principal stress
directions. An advanced triaxial testing system (Tatsuoka 1988) is capable of controlling stress
paths of, for example, constant mean stress Ao,=0, constant vertical stress Ac.=0, and
constant horizontal stress Aoy=0 covering a wide region in both triaxial extension and
compression stress states. Small-amplitude vertical cyclic loading (CL) with Acgy=0 and
horizontal CL. with Ao,=0 are convenient for evaluating elastic parameters — vertical Young’s
modulus (E,), horizontal Young’s modulus (E;) and Poisson’s ratios — directly from
measured elastic deformation properties of a soil specimen. Some of the stress paths stated
above need both the axial load and the cell pressure (p=03,) to be controlled simultaneously.
Besides, when the inside volume of a triaxial cell is very large (as the ore used in this study)
and it is filled with air, fast variation of cell pressure as that of the deviator load (i.€., 0.-0}) is
difficult. Along a stress path that needs o, to be controlled, therefore, a sufficient time is
required o attain a steady state for each step of loading (or unloading). The use of an
automated systern is essential, therefore, to ascertain a uniform rate of loading, to provide
sufficient consolidation time at a given stress state, to minimize the deviation from an intended
path, and above all, to avoid the tedious, time consuming work of manual control and its

negative effects on the test result.
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So far, several different types of automated triaxial testing systems have been developed
by various researchers. Among others, Ampadu and Tatsuoka (1989), Atkinson (1985) and
Pradhan et al. (1989) automated their systems in such a way that an intended stress or strain
path is achieved by computer-controlling through one channel feed-back looping scheme for
pneumatic pressure loading of o, while straining the specimen at a contrelled constant rate of
axial deformation. On the other hand, Bishop and Wesley (1975), Li et al. (1988) and Sheahan
and Germaine (1992), among others, developed auto-loading systems, which can control o,
and oy individually or synchronously to achieve a specified stress or strain path. The former
type of control is simpler, but this study used the latter considering that it can control a wider
range of stress paths as employed in the test program. This paper describes the automated
triaxial testing system using a large specimen and shows several typical test results concerning

anisotropic elastic deformation properties of sands.

2.2. Description of the triaxial system

The larger triaxial apparatus which has been in use in the authors’ laboratory at the Institute of
Industrial Science, University of Tokyo, was modified for the purpose of the present study
(Fig. 2.1a). Unlike many other conventional triaxial systems, a) the axial load is measured with
a load cell inside the triaxial cell to eliminate the effects of piston friction (Tatsuoka 1988), b)
various stress-path tests including anisoiropic consolidation can be performed by auto-
controlling o, and o, and c) axial and lateral deformations which are free from the effects of
bedding error and membrane penetration are measured directly on the specimen surface by
using local deformation transducers (LDTs) which were developed by Goto et al. (1991). A
provision was made also for long-term lubrication, as suggested by Goto et al. (1993), to

minimize the effects of end restraint at the cap and pedestal.

An external displacement transducer and two proximity transducers were also used to
measure the displacement of the loading piston and the cap. Two proximity transducers were
used to detect lateral movement of the specimen lateral surface. Although these external axial
and lateral strains included, respectively, the effects of bedding error and membrane
penetration (in case the lateral pressure is changed), these were measured to cross-check the

general trend obtained from local strain measurements. A pair of vertical LDTs and four pairs



of lateral LDTs were used as shown in Fig. 2.1b. Fig. 2.1c shows the details of a pseudo-hinge
attached on the specimen surface at one end of a lateral LDT. To use lateral LDTs, it is
imperative to use a specimen having rectangular cross-section. Tatsuoka and Kohata (1995)
and the preliminary results showed that the shape (i.e., non-circular) and size of specimen have
little effect on the deformation behavior at small strains. A larger number of lateral LDTs were
used assuming that the lateral strain distribution could be less uniform in both lateral and

vertical directions of the specimen compared with the axial strain distribution.

An electro-pneumatic loading system (Fig. 2.2a) was used to apply the lateral stress (o).
Deviator load (i.e., the axial load in excess to that applied by o,,) was applied by using a servo-
hydraulic loading system (Fig. 2.2b) (Tatsuoka 1988; Li et at. 1988). From the functional point
of view, the automated system consists of four components; (1) the geotechnical component
unit (i.e, a triaxial apparatus and a specimen), (1) a data acquisition unit which consists of
transducers, the data conditioning unit and two analogue-to-digital (A/D) converter cards, (ii1)
a micro-computer, and (iv) a feed-back control unit which consists of a digital-to-analogue
(D/A) converter card, an actuator and an electro-pneumatic (E/P) transducer. The data

conditioning unit is armed with dynamic signal receivers, amplifiers and filters.

The micro-computer uses two feed-back control channels; one for the actuator of a
servo-hydrau’ . system for axial load and the other for an electro-pneumatic (E/P) system for
the lateral pressure. Both channels can transmit commanding signals individually or

synchronously.

As mentioned earlier that Fig. 22a shows the details of the electro-pneumatic loading
system, where a high pressure line from an air compressor is fed into a 8 kgf/cm® capacity
regulator to maintain steady pressure in the supplied air. The E/P transducer, whenever
receives a commanding signal (or signals) from the computer, converts it into the equivalent
air-pressure maintaining a static equilibrium on the torque bar seated inside the E/P transducer.
As the air-flow capacity of E/P transducer is relatively small, it was increased by using a 1:1

volume boaster while not changing the pressure value.
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Fig. 2.2b shows the working principle of the servo-hydraulic loading system. It is a 50
tonf capacity servo loading system manufactured by Shimadzu Corporation, Japan, bearing the
commercial name Servo-Pulser Jackey System. The sub-control system receives driving or
input signals from the micro-computer and conveys it to the servo-amplifier in the load control
module which was employed in the present study. The serva-amplifier, based on the prefixed
maximum capacity (20% of the maximum capacity was used in this study), feeds signals into
the servo-valve for the actuator. The servo-valve finally converts the signals into the equivalent
axial load by allcwing pressurized liquid, to a certain quantity, to enter the upper or lower
chamber of the actuator, accordingly, depending on the compressive or tensile nature of

current load increment.

2.3. Accuracy of Stress Control annd Measurement

The accuracy of stress path control and stress measurements depends mainly on the control
and measurement systems used. The accuracy of the feed-back control unit is determined
largely by the bit precision of the D/A converter. The E/P transducer, for example, was set to
control a full range of 8 kgf/cm® pressure over a 10 volt (V) range through a 12-bit D/A
converter. Therefore, the smallest controllable pressure in this system is (8/10)*(10/2'%)=0.002
kef/em® The accuracy of the measurement system, on the other hand, depends on many
factors: the resolution of transducers, the extent of errors involved in the measurement, the
amplification capacity of transducer signal, and the bit precision of A/D converter. Use of
LDTs and an internal load ce!l helps in restricting the present issue to the last two factors. A
number of lateral LDTs with a gage length of 18 cm, for example, were set to measure a
maximum deformation of 2.5 mm over a range of -3.2 to +4.4 V. When small strains are to be
measured, the output voltage is amplified ten times before being fed into the 12-bit A/D
converter. The smallest detectable displacement is, therefore, (2.5/7.6)x (10/2"%)x (1/10)=
0.0008 mm (assuming linear calibration characteristics), equivalent to a lateral strain 4.4*107
(cm/cm), which is sufficient to capture elastic deformation properties of a sand specimen.
Similarly, for the purpose of measuring small strains during cyclic loading tests, the resolution
of the inner load cell transducer should be high enough. The measurable smallest axial load
without the secondary amplification is, however, as large as 4.8 kgf, which is equivalent to

axial stress of 0.009 kgf/lem® for a 23cm x 23cm square cross-section of the specimen. With



this resolution of load cell, at best 15 to 20 discernible data (considering axial stress only)
would be available during an unload/reload cycle being applied to measure stiffness for small
elastic deformation, which has been considered insufficient. This problem was overcome by
amplification of the output voltage ten times before being conditioned by filter and digitized by
A/D converter. This amplification was made after the output voltage was shifted to a small

value, if necessary.

The resolution of the entire system is governed either by the resolution of the measuring
system or by the resolution of the control system or by the convergence criterion used in the
stress path control subroutine, whichever the larger. Table 2.1 shows the resolution of the

control and measurement units used in this system.

2.4. Operation of the System

The output from the internal load cell was defined as zero when the deviator load at the top of
the specimen, which is denoted as LC, is zero;

LG
o, =(7,,+—Z— 2.1)

it

where A, is the current cross-sectional area of the specimen. In the automated system, any
desired stress-path, hence stress state, is achieved by varying the axial stress (o) and the
lateral stress oy (=p) in the desired manner. Since the response of internal load cell, which is
free from bearing friction of the loading piston, is used throughout, the measured o, by Eq.

2.1) does not need any correction.
y

Eq. (2.1), which is valid whether o, is greater than or less than oy, implies that the
vertical stress o, is dependent on o and LC. Therefore, the working principle of automation is
that a stress path with varying o, needs both o, and oy to be controlled simultaneously, which
is traced by imposing many small steps of loading. In each step, a very small increment or
decrement of Aoy, is first applied, which is followed by incremental feed-back to the deviator

load until the stress state returns to the intended stress path.



Stress paths employed in the present study are 1) isotropic and anisotropic consolidation
stress path, AK=0 (K=a/cy,), 2) constant vertical stress path, Aa,=0, 3) constant mean
principal stress path, A0,=0 (0n,=(0,t20,)/3), 4) constant lateral stress path, Aoy=0, 5)
vertical cyclic loading stress path with Ac=0, and 6) horizontal cyclic loading stress path with

A0 =0,

In the o,-n, plane (Fig. 2.3a), consider a specimen at a stress state 1(ay), o) on the K=1
line. During loading along this path, suppose that an incremental voltage provided to the E/P
transducer increases the lateral stress by Ao, Because the cross-sectional area of the piston
rod is less than A, and the piston bearing friction exists, the corresponding increase in o, is less
than Ao, Therefore, the new stress state would be m(Ouy, Onm) rather than 2(o.,, Oy) on the
K=1 line, where Omn=01 and 0.n<0,»>. Based on the difference between the measured and
desired stress states, 0.»-O., the feedback deviator load is increased or decreased by a finite
value through the actuator. Keeping o, unchanged, this operation continues until the
difference, 0y-Owm, reduces to a tolerable limit. A next increment of oy, is then applied, which
is followed by the procedure described above. It continues until the current lateral stress o,

reaches to a given target value, ULT.

This algorithm was used also for anisotropic consolidation with minor modifications; the
stress state 1" or 2” (on stress path K= 0.75 or 0.50) moves to the stress state m’ or m” by the
application of Aoy, then a deviator stress increment is applied to reach the stress state 2" or 2",
As Ao.=0 and Aoy=0, one can obtain K= AoyAo, = Aow (AowtALC/A,) from Eq. (2.1),

where ALC is the incremental deviator load. This provides;
1
ALC/A, = Ao, (? - 1) (2.2)

It is worthy to mention that ALC is the quantity measured with the internal load cell. The
equivalent actuator load must be larger than ALC due to piston friction, etc. For the same Ady,
according to Eq. (2.2), feed-back to the deviator stress after each increment or decrement in

the lateral stress is more-or-less inversely proportional to K. Therefore, to limit the iterative
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scheme within a specific time, the incremental value for feed-back needs to be increased as K

decreases.

The method described above can be used also for stress paths Ao,=0 and Ax,=0.
Controlling Acy=0 stress path is rather straightforward and is achieved by allowing deviator
load to increase or decrease continuously by a finite step until o, reaches to a given target
value. Stress path control for vertical cyclic loading (CL) is the same as that for a monotonic
loading test with Acy=0. The only difference is that the axial stress o, is varied sinusoidally
with time in a cycle. Similarly, horizontal cyclic loading (CL) is applied by varying o, in a
triangular wave form at a constant o, The effect of using two different wave forms, sinusoidal
and triangular, is considered negligible. In the present study, loading frequencies for vertical
and horizontal CL tests were 0.1 and 0.0067 Hz, respectively. Horizontal CL is not possible to
apply as fast as vertical CL because of an inherently sluggish response of pneumatic loading

system, the large triaxial cell size and the feed-back iteration scheme.

2.5. The Software Program

A program, HOQ.BAS, was written in BASIC, which consists of two major parts (Fig. 2.3b);
a Control routine and a Performer routine. The Control routine consists of two main sub-
control routines; CONTINUE and MULTI.TEST. It (the Main, Fig. 2.3b) first initializes A/D-
card, D/A-card and other necessary internal variables, and transfers the control to
CONTINUE. The subroutine CONTINUE actually does all the manageria! action for the
Control routine. It receives the value of on-screen control-flag, MULTI (0/1), from the
operator to a take decision whether a test series will be performed as one-test-per-time basis
(MULTI=0) or as a continuous process (MULTI=1). In the former case, CONTINUE will
then receive on-screen test variables such as PATH (to define the stress path), ULT (the target
stress), K (=aw/0. for consolidation stress path), and so on, depending on the type of test to be
followed next. After confirmation and re-confirmation of the variables, the control is
transferred to ‘Performer routine.” For MULTI=1, on the other hand, the control is transferred
to another sub-routine, MULTLTEST, to perform a series of unattended continuous tests.

This routine reads test variables of one test from an input-file, transfers the control to



‘Performer routine’ for performing the test, reads test variables for the next test when the
control returns, and so on until the end of input-file appears. To get commands to be executed

next, the control is transferred to the operator via CONTINUE routine.

The Performer routine finally materializes a specific test into reality. It consists of sub-
routines for different stress path tests and CL tests. Each sub-routine can be activated by
assigning a specific value to the flag PATH. Thus, Performer routine transfers the control to
the specific subroutine according to the value of PATH to have the specified test performed.
The control returns to either CONTINUE or MULTLTEST subroutine depending on the flag
value MULTL

2.6. Performance of the automated system

Partial vacuum was applied to the specimen before the mold was dissembled and was replaced
by the equivalent cell pressure before the automated system was being in use. Figs. 2 4a~g
show typical test results which demonstrate the typical performance of the system in achieving
monotonic loading along different stress paths and cyclic loading, obtained from a test on
dense Ticino sand (e=0.58). Ticino sand is a poorly graded, silica-dominant sand. Its physical
properties are; G,=2.68, Dsp=0.502 mm, €,.,=0.96, and e,,;=0.59. While following stress paths
such as AK=0, Ao,=0 and Ao,=0, the vertical stress was adjusted so that the variation was
within +0.0C5 kgf/cm®, which determines the overall accuracy of the system. The accuracy for
AK=0 stress path was within AK = +0.003, while it was within Ao, = =0.005 kgf/cm’ and Ao,
= +0.006 kgf/em’ for the stress paths Ac,=0 and Ao,=0, respectively. Fig. 2 4e shows the
cyclic variation of the horizontal stress obtained from a horizontal CL test performed with
Ao.=0 for the purpose of evaluating the elastic Young’s modulus E, in the lateral direction,
while the variation of o, in the same test is shown in Fig. 2.4f Fig. 2.4g shows the variation of

Ao, in a vertical CL test.
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2.7. Performance evaluation of LDTs for the use in Triaxial tests

The small strain behavior of soil is of great importance in various geotechnical engineering
practices where pre-failure ground deformations are considered. In particular for the case of
relatively stiff soils (e.g., dense sands and hard clays) and soft.rocks, strain levels in the ground
under working load conditions are less than about 0.1% (e.g., Burland, 1989; Jardine et al.,
1991, Tatsuoka and Kohata, 1995, Tatsuoka et al., 1995). On the other hand, precise
determination of soil stiffness at strains less than about 0.1% is difficult to achieve in routine
laboratory triaxial tests. In triaxial test, conventional external measurements of specimen
deformation of hard soils and soft rocks can include large effects of the compliance of the
loading system and load measuring system as well as the so-called bedding error at both ends
of specimen, resulting in the underestimation of the true stiffness. For a triaxial specimen,
therefore, it is crucial to measure ‘local strains’ to exclude those potential errors. A number of
local strain measuring devices have been developed in the past two decades, such as
electrolevel gauge by Burland and Symes {1982) and Jardine et al. (1984), Hall effect
transducer by Clayton et al. (1986, 1989), non-contact type proximeter by El-Hosri et al.
(1981) and Hird and Yung (1987, 1989), and local deformation transducer (LDT) by Goto et
al (1991). In many laboratories, it is now possible to measure with confidence axial strains

smaller than 0.01%.

Seismic methods have been popular in evaluation of the elastic deformation properties of
geomaterials (e g., Stokoe et al., 1991; Bellotti et al., 1994). However, the maximum Young’s
modulus (Ema) of a given geomaterial under given conditions in the range of 0.001% of a
single amplitude axial strain evaluated by applying small unload/reload cycles is comparable to
the corresponding value obtained by field body wave velocity measurements (e.g., Tatsuoka
and Shibuya, 1992; Tatsuoka and Kohata, 1995). This finding is in agreement with the fact
that the deformation characteristics at those small strain levels are essentially recoverable and
strain-rate independent in triaxial tests on clays, sands, gravels and artificial and sedimentary
soft rocks (Tatsuoka and Kohata, 1995; Tatsuoka et al., 1995). Consequently, the advent of
those local strain measuring devices allows geotechnical engineers to measure elastic

properties of geomaterials for a wide range of shear strains and stresses up to the peak failure
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condition (Tatsuoka and Kohata, 1995), which is very important for proper modeling of

geomaterials.

Since the first use in the Geotechnical laboratory of the Institute of Industrial Science, the
University of Tokyo, LDTs have been improved continuously. This section summarizes
improvements to LDTs made after the publication of Goto et al. (1991). The sensitivity (or
resolution) of LDT measurements has increased noticeably by those improvements. On the
other hand, measuring elastic deformation properties in the course of triaxial compression
testing by applying a series of small unload/reload cycles has become the standard testing
procedure in the Geotechnical laboratory (IIS) (Tatsuoka et al. 1994a, 1994b). For this type of
testing, hysteretic properties of LDTs should be minimized. Axial strain is obtained by
substituting the responses of LDT in voltage observed during each unload/reload cycle into the
respective calibration curve (i.e., the nonlinear relationships between the output voltage and
the axial compression for a given LDT established for monotonic loading). Therefore, elastic
Young's moduli evaluated from small axial strain amplitudes may include errors due to the

hysteresis effects.

Discussed herein are recent developments in the structure and calibration procedures of
the current version of LDT, the resolution and the largest measurable axial strain, the
hysteretic characteristics, and the durability when used in pressurized water, together with

some limitations (Scholey et al , 1995).

2.7.1 Structure of LDT and Data Acquisition System

Reliable small-strain values can be obtained only by a good combination of sensitive
transducers (e g, LDTs) and a stable high-resolution data acquisition system. The instrument
consists of a pair of thin phosphor bronze strain-gaged strips bridging a given gage length as
shown in Fig. 2.5. Each strip is in contact with the surface of a specimen at each end of the
gage length, and is balanced by its own elastic force against a pair of pseudo-hinges that are
attached to the surface of a specimen Axial deformation of a specimen causes relative

displacement of the hinges, and thus the arching of the strips. Bending of each strip is detected
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by small electric-resistant strain gages attached to both sides of the strip. The output can be

related directly to the axial deformation of the specimen.

2.7.2 Materials for LDTs

(a) Heat-treated phosphor-bronze strip: Normal bronze (i.e., untreated) cannot withstand axial
buckling without permanent deformation, but heat-treated phosphor-bronze strip does. This
highly elastic behavior is imperative for the reliable use of LDT since its working principle is
based on the elastic buckling deformation of the carrier strip. Stainless steel is not used
because its carbon content, even in the smallest quantity, accelerates corrosion by carbonation

with the oxygen present in air or water.

The gage length varies with the specimen size (i.e., the specimen height for axial strain
measurements). Table 2.2 is the list of sizes being used successfully at the Geotechnical
laboratory (I15). The width and thickness and, hence, the self-weight should be as small as
possible within the operational limit. Therefore, the width should at least be just sufficient to
provide an area for electric resistant strain gages (e.r.s.gs.) and terminals to be attached at the
central height. Elastic force during buckling exerted by the strip on the pseudo-hinges
increases with the increase in the thickness and the width. The effect of elastic force is usually

negligible.

(b) Electric resistant strain gages (er.s.gs.): Table 2.3 lists the foil type e.r. strain gages
manufactured by Kyowa Electronic Instruments Co., Ltd., Japan, that are in use for LDTs.
The carrier matrix uses a polyimide resin that provides superlative adhesion and moisture-
proof properties. The extra thin backing guarantees a high flexibility so that accurate strain
measurements are possible within the entire measuring range up to a nominal strain limit equal
to 5% at the room temperature. Other important catalogue technical properties are: operating
temperature from -196 to +150°C and a fatigue life of 2*10° cycles at a strain level of = 1500

ue (micro-strain).



Normally, an individual e.r. strain gage is affected not only by changes in gage strains but
also by changes in resistance caused by temperature variations. For LDTs, the sources of
‘temperature-induced apparent strains’ are of two types: (a) the temperature effect on the
carrier strip, i.e., the effects of length change of the carrier strip appears as strain directly in the
measurement, and (2) the temperature effect on leadwire resistance. These problems can be
solved essentially by means of a full Wheatstone bridge (as has been done for LDTs). The
former problem has also been overcome by the ‘self-temperature-compensating’ (S-T-C)
capability engineered into each er.s.g.. By S-T-C, the temperature coefficient of resistivity of
the e.r. strain gage’s resistance eiement is compensated for the coefficient of linear expansion
of the object being measured (i.e., the LDT strip) so as to reduce the temperature change-
induced strains of the object. The e.r. strain gages with this S-T-C capacity which have been
developed for the use with stainless steel are currently in use for LDTs (Table 2.3) Phosphor-
bronze has a coefficient of linear expansion equal to =16ue/°C, which is similar to that for
stainless steel (ie., +18ue/’C). As a result, the apparent strain due to temperature changes
becomes much smaller to the order of =1 0pe/°C. However, the effects of temperature change
cannot be totally eliminated because of the curved shape of LDT at working condition (as

described later).

Two or four e.r. strain gages are used for each LDT (Table 2.2). Previously, each of all
the LDTs with a length range from 6 cm to 50 cm used four e.r. strain gages, since the two-
er strain gage type is less sensitive than the four-gage type under otherwise the same
condition. However, the latest version of LDT with a length of 6 cm or 8 cm utilizes two e.r.
strain gages, one in compression side and the other in tension side. This new configuration is

based on the following facts;

(1) The output from e r.strain gages for a given normal strain to be measured is proportional to
the ratio t/I, where t and | are the thickness and length of each phosphor-bronze strip,
respectively. Therefore, with a constant t, LDTs become more sensitive with the decrease in
length. At the same time, the elastic force increases, whiclk may increase the creep deformation
of adhesive and rubber membrane at each pseudo-hinge. Therefore, it is required to reduce the

width of a strip, which results in a reduction in the area available for attaching e.r. strain gages.
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(1) Due to the recent advantages in the e.r. strain gage technology in addition to the point

described above, a sufficiently high resolution can be realized by using only two active gages.

When four active er. strain gages are used, they are connected to each other via
terminals to form a Wheatstone bridge (see Figs. 2.6 and 2.7). When two active er. strain
gages are used, two additional dummy resistors (120Q2) — feigning gages — are used to form
a full bridge (Fig. 2.7¢). A pair of dummy resistors D1 and D2 is placed either inside or outside
the triaxial cell Even when the temperature is different between the pairs of active e.r. strain
gages (Nos. 1 and 2) and the two dummy resistors, the effect of this difference on the output

of the bridge is theoretically none. The bridge formation and purpose will be described later.

(c) Adhesive: To obtain high quality data, er strain gages must be firmlv fixed to the
measurement material — the LDT strip. The optimum adhesive should be selected depending
on the measurement material, the material of the carrier matrix (of the micro-e.r. strain gages)
and the specific measurement conditions. Adhesive Kyowa CC-33A has been used as the
cementing agent for LDTs. It is a single-component cyanoacrylate with the operating
temperature from -196° to +120°C and clamping pressure in the range of 0.5 to 1.0 kgf/cm’
(50~100 kPa) to be applied with a thumb. A curing time of about one minute at the room
temperature, which is usually followed by post-curing for about four hours at the room

temperature without clamping pressure.

(d) Gage terminals: Gage terminals, as denoted by solid circles in Fig. 2.6b, are used to
connect e.r. strain gages to instrument leadwires. They prevent force exerted directly to the
e.r. strain gage if the leadwires are slightly pulled. Kyowa T-F7 with the operating temperature
is -196° to +120°C is suitable terminal for foil-type e.r. strain gages, since the dimensions are
very small, the weight is very light, and the applicable adhesive is also CC-33A. For a four-
gage type LDT as shown in Figs. 2.6a and b, four gage terminals on each side (eight terminals

in total for each LDT) are used.
(e) Protective coating: Sealant KE47RTV or KE45RTV (manufactured by Shin-Etsu Chemical

Co, Ltd., Japan) is usually used, together with surface treatment agents (Primer FA and FB),

t0 seal the e r. strain gages and gage terminals. The sealant is a silicone compound, which has
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high heat resistance and outstanding elastic properties (rubber springiness). The primers are
used to ensure a good contact between phosphor bronze and silicone sealant. The water-
proofing properties of the sealant keeps the e.r. gages and terminals from coming in contact

with cell water and thus facilitates the under-water use of LDTs.

(f) Leadwires: As the electric resistance of the leadwires connecting the e.r. strain gage and the
measuring instrument greatly affect the accuracy of the measurements to be taken, they should
be of minimum length. Another consideration, which is unique for LDTs, is that the instrument
leadwire should be as small in diameter and as light in weight as possible. Since the wire is
attached on and hangs from the heart of the LDT (Fig. 2.5), even a slightest disturbance
caused by air, vibration, etc. can result in shaking of the instrument leadwire under working
condition. This eventually disturbs the measurement by desultory voltage output. This inherent
problem for LDTs, which is more serious for the shorter and the lighter LDTs, has been
greatly reduced recently by using an ultra-thin sophisticated type leadwire Table 2.4 compares
the two types of leadwires. The use of the new type leadwire, instead of a conventional
relatively thick type, greatly improves the performance of short LDTs. Long LDTs, however,
do not exhibit any problem with the use of conventional thick type leadwires. The
improvement demands some sacrifice; that is, the use of thin leadwire increases the electric
resistance in series, since the resistance is inversely proportional to the diameter of wire.
However, the problem becomes serious only when a LDT undergoes a wide temperature

variation (about 10°C or more) during testing.

2.7.3. Manufacturing of LDT

Manufacture of LDT is outlined below with reference to one with four e.r. strain gages.
Preparing phosphor bronze (PB) s:rip: It consists of cutting a PB strip into a desirable length,
smoothing and shaping the edges with a fine file, and filing the central part with fine-grained
sand paper. Fats, oils and dirts are removed from the surface of the strip by wiping with a

gauze having absorbed acetone (i.e., a volatile solvent, which dissolves oils and fats) firmly in

one direction.
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Fixing e.r. strain gages on the PB strip: Four gage terminals are arranged into a 2x2 matrix and
glued by using an adhesive (Kyowa CC-33A) slightly off-centered within the width of the PB
strip. Two e.r. strain gages are arranged side-by-side across the length of LDT strip and their
back faces are affixed to the PB strip by using the same adhesive, also slightly off-centered but
in the opposite direction to the gage terminals (Fig. 2.6a and b). After allowing sufficient time
(at least four hours at the room temperature) for full strength mobilization of the glue, the
similar procedure on the reverse side is followed. Fixing e.r. strain gages is the most important

step to ensure:

* a very good contact between the PB strip and the e.r. strain gages so that the conjugate will
functiun as an itegrated unit, and
* ‘no slackness’ to both the er. strain gages and the PB strip while bonding; for that, they

must be glued to each other under perfectly unstretched and unbended conditions.

Wiring: To avoid confusion, the strain gages and terminals are named (or numbered) as shown
in Figs. 2.6a and b. As mentioned earlier, four e.r. strain gages (or two strain gages plus two
dummy gages) are connected into a Wheatstone bridge (Fig. 2.7a). For that purpose, each e.r.
strain gage is connected by soldering to two adjacent terminals (one near terminal and the
other far terminal) on the respective face (tension or compression) of a PB strip. The e.r. strain
gage No. 1, for instance, is connected to the terminal B’ (near one) with the outer gage lead
and to the terminal A (far one) with the inner wire; for the latter, the central part of the gage
leadwire is covered with teflon tube for safety purpose. Then each corresponding terminals

bearing the same lettered-name (primed and unprimed) are short-circuited (e.g., A and A").

The instrument leadwires from the terminals A, B, C, and D are then connected to, for
example, a 7-pin receptacle (i.e., a plug, PRC03-12A-10-7M-10, Tajimi Musen Co., Ltd.) as
shown in Fig. 2.7b. The receptacle is to be connected to a dynamic strain measuring device for

input-output purposes.

As the gage leadwires and the instrument leadwires become longer, variations in leadwire

resistance caused by temperature changes (as augmented by the variation in length) may occur



in the form of apparent strain, resulting in measurement error. By adopting a Wheatstone

bridge, such temperature influence can largely be eliminated.

Coating: After cleaning the surtace of application (i e., the central part of LDT containing e.r
strain gages, terminals, connecting leadwires, the tie of leadwires, etc.), the primers are spread
on that area. When they get dry, silicone (KE47RTV or KE45RTV) is applied as final coating.
It has sufficiently high flow property to spread by itself to the edge of the strip as well as to

cover the interested small but important parts.

2.7.4. Data Acquisition System

Fig. 2.8 shows the block diagram of the data acquisition (DA) system for LDTs. The LDT’s
bridge is energized by 2V AC supply from a dynamic strain amplifier, which is Kyowa DPM-
600 series, through the input terminals A and C (Fig. 2.6a). The AC amplifier receives
continuous output signals through the bridge terminals B and D, measuring the signals in terms
of voltage, which is controlled by the gain (i.e., the amplification ratio) and zero-shift value. As
each LDT has a particular non-linear relationship between the axial compression and the
output (i.e., calibration characteristics, CC), the gain values must be preset and fixed once the
CC has been determined. The gain should be set at a proper value so as to obtain the optimum
resolution depending on the maximum axial deformation to be measured. A calibration signal
[CAL], 100~200ue, can be used occasionally to confirm the gain value. Zero-shifting can be
made arbitrarily when necessary as described below. A DC amplifier is used to increase the
gain value exactly ten times to increase the resolution, which is necessary to measure very
small strain increments. In that case, zero-shifting often becomes necessary, but this shift-value
should be recorded to use later tc get back the actual voltage before zero-shifting. In order to
eliminate unwanted high frequency noise components involved in the input to the DC
amplifier, the AC ampli.ier is armed by a built-in low-pass filter. A cut-off frequency equal to
10 Hz is used for LDT. The output from the DC amplifier is directed to another low-pass filter
(33 Hz cut-off frequency) to increase a signal-to-noise ratio. Finally, data is fed into a 16-bit
micro-computer through a 12-bit A-D card, which is set for a voltage range of -5 to +5 V. The
other line from the DC amplifier is connected to a digital voltmeter (Fig. 2.8), which is used

for visual purposes, particularly during zero-balancing and zero-shifting.



2.7.5. Resolution of LDT

The evaluation of the resolution (and hence sensitivity) of an LDT is an essential but a
nainstaking task as the system of LDT incorporates an AC amplifier and an A-D card, both of

which have their own resolutions, which may control the actual resolution of the LDT.

Before evaluating the resolution of the whole measuring system of LDT, it is necessary to
evaluate the smallest resolutable voltage (or deformation) during sampling data through a DA
unit. Fig. 2.9 shows the variation of voltage output with time at an arbitrary setting of an LDT
at a standstill condition. The output voltage was expressed in terms of the resolution voltage
(RV) of A-D card, which is 10 V/2'? = 2.441 mV. Pseudo-hinges of LDT were fixed directly
on a rigid steel plate by using high strength glue. The normalized voltage is always an integer
and varies within the range of 0 to +1 RV (or 0 to -1 RV). In other words, a combination of an
AC amplifier and an A-D card exhibits a resolution of 1 RV with an accuracy of =1 RV. The
values of resolution and accuracy were confirmed as exactly the same as those for the A-D
card according to the manufacturer. Therefore, it is clear that the resolution of A-D card (1
RV) is the governing factor when that of AC amplifier is smaller. Consequently, an AC
amplifier should possess a resolution higher than or at least equal to 1 RV, which can be set by
adjusting the gain and vernier of the AC amplifier. Therefore, in any case, the resoluticn of an
LDT (more precisely, a system comprising of an LDT, AC amplifier and A-D card) would be
nRV, where nz1 (an integer). The e.r. strain gages used in manufacturing an LDT possess an
infinite resolution. Even so, one cannot get a vaiue of n less than unity because of the lower-

bound resolution, 1 RV.

Figs. 2.10a and b show a typical response in » sine-wave form cyclic loading (CL" test
(load-controlled) performed on a large specimen of dry Toyoura sand (57 cm high and 23 cm
x 23 cm in cross-section) isotropically consolidated at stress states .= 2.0 kgf/lcm?® (196 kPa)
and 4 5 kgflcm® (441 kPa), respectively (Fig. 2.1b). Toyoura sand is a fine-grained, sub-
angular, quartz-dominant Japanese sand with Dsy=0.16 mm, U.=1.46, €,,;,=0.61, €n.x=0.97 and
G,=2.64. A pair of vertical LDTs of 50 cm long were used to measure locally axial strains. The
single amplitude axial strains were 0.0014% (at 0.=2.0 kgf/cm®) and 0.001% (at G=45

kgf/em®) for Fig. 2.10a and Fig. 2.10b, respectively. For convenience, axial stresses were
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plotted directly against axial strains in terms of voltage output (in RV), which had been
amplified 10 times. Arbitrary zero-shifting has been made in both axes directions. The shift
values were, for instance in Fig. 2.10a, +210 RV along the horizontal voltage axis equally for
both loading and unloading, and +0.02 kgf/cm’ along the axial stress axis for unloading only. It
can be seen that the LDT was able to respond for very small increments of axial strain. This
point can be noted from the data obtained when the loading rate was small at and near the two
extreme stress condition (see the encircled data in Fig. 2.10a and b). At these locations, data
was sampled even at an interval of 1 RV. At other locations, where loading rate was high and
non-uniform, data was sampled at a regular interval of 3 to 6 RV (see the data in the dotted
polygon). Note that sinusoidal wave-form cyclic load was applied at a frequency of 0.1 Hz
during which loading rate (absolute value) was varied between 0 to 1885 kgf/cm*/minute. As
data passes through an A-D card, which has an accuracy of =1 RV, one may expect two
dissimilar (unequal) data at a particular standstill position of an LDT (Fig. 2.9). Considering
this, it can be said that LDTs can respond to a displacement which is equivalent to at least 2
RV. The scatter in the data shown in Figs. 2.10a and b are due to not only these factors (i.e.,
the resolution of LDT, accuracy of A-D card - AC amplifier system, and the loading rate) but
also the resolution of the axial load measuring system. The latter factor is equally important to

accurately measure the stiffness of specimen at small strains.

Showing the equivalent axial strain (e.a. strain) to 2 RV as the resolution of LDT is more
appealing in the performance evaluation of LDT in small strain behavior of geomaterials. Since
the calibration curve of an LDT is non-linear (Fig. 2.11), the e.a. strain also varies with the
slope (=dy/dx; Fig. 2.11) as the output voltage varies with the change in deformation of LDT.
For that, ‘nominal’ axial strain (N) based on a fictitious linear calibration curve joining the two
extreme ends of the actual calibration curve could be a good way for representation. In such a
case, the range of variation due to non-linearity must be defined. Nominal axial strain (N) can
be defined as

IN = 2RV *{dy/dx) ... *(1/LL)*100% (2.3)

linear

where the entities LL and (dy/dX)inear Stand for the length of LDT (more precisely the gage

length) and the slope of fictitious linear calibration curve. Using LL=105 mm and
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(dy/dx)iinear=0.38 (see Fig. 2.11), the resolution of LDT becomes 0.0018% nominal axial strain
(without amplification). The actual equivalent strain can be obtained by replacing (dy/dx)incar
of Eq. 2.3 with dy/dx, the actual slope at a given point. The value of dy/dx varies in the range
of 0.18 < dy/dx < 0.59 for the calibration curve shown in Fig. 2.11. Therefore, the maximum
resolution of the LDT is equal to 0.00085% of axial strain (without amplification). A better
resolution (less than 0.0005% of axial strain without amplification) can be obtained by utilizing
the full scale output voltage (-5 V to +5 V) for the same deformation range. For example, Fig.
2.11 utilizes 5.7 V, out of full scale range of 10 V, to measure a 2.2 mm total deformation. If
the total 10 V range was utilized, the resolution could have become 0.00085*(5.7/10)% =
0.00048% of axial strain. It can be achieved by adjusting the gain and the zero-shift of the AC

amplifier.

In the foregoing discussion, the assumptions that have been employed implicitly are: (1)
there was ‘no creep’ deformation in the rubber membrane and the glue which was used to fix
the pseudo-hinges on the membrane; (2) the rotation at the hinge was perfectly smooth. Since
both the phenomena may be interrelated, it is not easy to evaluate the effect of each factor on
the measured deformation. An attempt was made to evaluate the combined effects with time
(herein it will called as ‘creep’) at different ‘standstill positions’ on the calibration curve (Fig.
2.11) of an LDT (10.5 cm long). ‘Standstill positions’ were -1.424 V, +3 882 V, and +6.056
V (on the extended part of the calibration curve). At each ‘standstill position’, two tests—
Type 1 and Type 2, which are defined in Fig. 2.12a—were performed after each ‘resetting’ of
the LDT. That is, after each test the LDT had been removed from the hinges by the ‘catching
fish® method and after a while, it had been re-anchored against the hinges immediately before
the next test was started. The hinges were fixed once at the beginning of these tests. Fig. 2.12a
shows the variation of voltage output with time at different standstill positions of the LDT. To
bring the results into one plot, curves for +6.056 V and +3.882 V standstill positions were
shifted down along the voltage axis for amounts of +4.259 V and +7.426 V, respectively. For
convenience, Type 1 and Type 2 tests at different standstill positions will be called by the
names given in Fig. 2.12a. Test group Type 1 (chronologically V,, Vi, V,) was performed first
and was followed by the test group Type 2 (chronologically Vi, Vi, Vi3).
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The test results show the following trends. (a) ‘Creep’ exists and increases with time for
both types (Type 1 and Type 2) except for test V;. The maximum creep strains (£¢)max, Which
was defined as 100*the maximum creep deformation/gage length, are indicated for each test in
the figure. (b) At a given elapsed time, creep for Type 2 tests (i.e., Vi (i=1~3) series) is larger
than the corresponding one for Type 1 tests (i.e., V; series). This result indicates that the
observed creep deformation is largely due to the creep deformation of the latex membrane. (c)
Creep rate is quite high (for example, average rate was 0.00024%/minute in test Vi;) at the
beginning of a test for a couple of hours, after which the rate decays out gradually. Fifty
percent of the total creep occurs within an hour immediately after setting an LDT. After about
two hours, the creep rate becomes very small (for example, average rate was
0.00004%/minute in the second couple of hours in test Vi3). (d) The values of (€. )max for test
series V;; and V; are in the ascending order of Vi3>V»p>Vy and Vi>Vo>V) respectively,
which indicates that creep increases as the elastic force imparted by LDT on pseudo-hinges
increases. The elastic force imparted by an LDT after having been set against the hinges does
not change largely by further deformations of the LDT (Fig. 2.12b). Before recording any
data, the LDT should be allowed to set in position against the hinges for at least about 60
minutes so as to allow the initial creep (about 50% of (€c)max, Fig. 2.12a) to occur. This time
duration is usually required after setting the LDTs on a specimen and before starting any test
(cyclic or monotonic) on that specimen. In most tests in the Geotechnical laboratory of IS,

about an half-day is allowed between the set of LDTs and the start of test.

With the effects of creep, the measured strain will be underestimated during compression
test and overestimated while following an unloading (swelling) stress path. In a cyclic loading
(CL) test, loading and unloading stress paths follow sequentially. Therefore, creep strain may
bring about some errors in the measured soil parameters (especially, damping) evaluated by CL
tests. To examine this problem, a similar test of Type 2 of Fig. 2.12a was conducted with the
same LDT, which was only about 60 minutes after the set of the LDT to the calibration table.
Fig. 2.12c shows the variation of output voltage in RV (after amplified 10 times) with elapsed
time at an arbitrary position of LDT during the calibration test. Data was recorded for one
minute, a long duration compared to the time used to apply one cyclic load to evaluate small
strain soil parameters. The creep was about 3 RV (total 4 RV of which 1 RV could be due to

accuracy of A-D card; see Fig. 2.9), which produced an apparent axial strain increment of as
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small as less than about 0.0001%. The problem of creep will have to be investigated more in

details.

2.7.6. Effects of Temperature Change on the LDT Output

The dimensions of a specimen change upon temperature changes. Usually, this change cannot
be detected correctly by LDTs, since LDTs may have a different response against temperature
change. This is due to many factors, which include: (a) the change in the length of the PB strip
due to temperature change which can be compensated partially by the e.r. strain gauges by
means of S-T-C mechanism (described earlier), and (b) the change in the bending strain in
LDT due to temperature change; differential temperature coefficients between soils and metal
(i.e., PB strip) and temperature effects on membrane (especially the part of membrane between
the hinges) are attributing to erroneous bending strains. This second factor can be illustrated
by the following case. Suppose the dimensions of a test specimen are nearly insensitive to
temperature changes, which means nearly no change in the gauge length of LDT. Then,
temperature changes cause the length change in a LDT strip resulting in the change in bending
strains in the LDT strip, which certainly does not reflect zero strains in the specimen. For this
reason, tests should be performed in a temperature control room for accurate strain

measurements by using LDTs.

The changes in temperature in the specimen and LDT strips may be caused not only by
the changes in the room temperature, but also by introducing water into the triaxial cell which
has originally a different temperature. Therefore, the LDTs should be left for a sufficient
duration (until the temperature in the triaxial cell stabilizes) after having been set on the
specimen lateral surface, and after introducing the cell water. This procedure may also help the

rate of creep deformation at the hinges to become negligible before starting any soil test.
2.7.7. Small Strain Behavior of LDT
Fig. 2.11, as mentioned before, shows typical calibration characteristics (the relationship

between the axial compression and the output voltage) of a 10.5 cm long LDT. The calibration

method was the same as described by Goto et al., 1991 (see the figure inset in Fig. 2.11). That



is, the displacernent was applied at the one end of the LDT by using a micrometer at a 0 05
mmV/step. The load-unload relations exhibit visible but small hysteresis. Calibration coefficients
are usually obtained by fitting unload-reload data together by defining a unique two-degree
nonlinear curve as represented by an equation given in Fig. 2.11. Fig. 2.13a shows the
corresponding typical ‘error curve’ of the LDT. Deformation error at a given state, e.,, was
defined by the difference between calibrated and real displacements from Y=0.0 mm divided by
the length of the LDT in percent and plotted against the output voltage. For example, the
calibrated displacement Y during loading was 0.1 mm (Fig. 2.11) and the deformation error
was 0.008% (Fig. 2.13a). The true compression of LDT between the hinges at that state was
0.1-(0.008*10.5%10)/100 = 0.0916 mm. Note, however, that the most important is the errors
involved in the measured axial strain as the ratio to the true axial strain e,, which is obtained

as:

R €, (cd-rd)/gl cd-rd
3 rd /gl rd

a

(2.4)

where the entities cd, rd and gl are defined in Fig. 2.13a, and ¢, is the current ‘true’ strain
depending on the origin defined on the calibration curve (Fig. 2.11). Fig. 2.13b shows the
relationships between R and ¢, defined with the origin at point a during loading shown in Fig.
2.13a. Errors in a strain increment between the given two points can be obtained from the
difference between the corresponding values of R. The largest error will be involved at and
near the beginning and ending parts of the calibration curve. In the actual tests, however,
LDTs are used to measure axial strain increments not from the point a, but from another point,
for example, a’ or b, and not to the end point h, but to another point, for example, f or g. In
these cases, the errors are much smaller, for example, the errors between the points a" and ¢ is

not larger than 1% of the measured total actual strain increment of about 1.2%.

The evaluation of errors in a small strain amplitude applied during a unload-reload cycle
is one of the important parts of this study, and needs another type of analysis. In an actual test
on a soil specimen, the maximum Young’s modulus (Ems) or equivalent Young’s modulus
(Eeq) is evaluated usually by applying a small strain amplitude cyclic loading. The deformation

characteristics of LDT during such a unload-reload cycle is usually assumed to be similar to
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the calibration curve obtained by a large load/unload cyclic test (e.g., Fig. 2.11) However,
there exists a noncompatibility between the real and the simulated variations in LDT

deformation, which is different from strain-errors described in Figs. 2.13a and b.

The behavior of LDT during a small unload/reload cycle was evaluated directly by
applying a series of small-amplitude cycles to an LDT in the range of 0.004~0.15% of single
amplitude axial strain, (¢)sa at arbitrary locations of the respective calibration curve. An LDT
was set against hinges on a calibration table (Type 1 test, as described in Fig. 2.12a). Similar
tests were performed using other LDTs having different lengths. Fig. 2.14a and b show typical
results for a 10.5 cm long LDT, where the average values of (g)sy, were 0.143% and
0.0048%, respectively. The axial displacement was plotted against the output voltage. Two
types of errors can be observed; drift error by a nearly parallel shifting of calibrated variation
from the real data, and the slope-error. Drift error does not have any effect on the measured
strain amplitude, but the slope error directly affects the measured stiffness. For example, for
the case of the data shown in Fig. 2.14b, the use of the slope of the calibrated curve equal to
0.32114, compared to the correct value of 0.31945, leads to an under-estimation of (1-
0.31945/0.32114)*100 = 1.38% of the correct stiffness. Note that the error in the stiffness
measurement depends on the compression of the LDT (i.e., Y values in Fig. 2.11). The largest
error for each different (€)s value obtained from similar CL tests using LDTs having different
lengths are shown in Fig. 2.15. In all cases, the correct stiffness is under-estimated. The error,

however, does not exceed 2%.

To date, LDTs have been calibrated by an incremental displacement method, where in
each step, an axial displacement of 0.5 mm for a 50 cm long LDT or 0.025 mm for a 10.5 cm
long LDT is applied. The corresponding strain increments are 0.05% for a 10.5 cm long LDT
and 0.1% for a 50 cm long LDT. This strain increments could be too large to obtain the actual
calibration curve for a small strain range. To examine this point, a 50 cm long LDT was
calibrated by fine steps, 0.02% axial strain per step, which was five times finer than the usual
method. Fig. 2.16a shows the calibration characteristics (set 1), together with the another
obtained for the same LDT by the conventional method (set 2). The calibration coefficients do
not show any appreciable change that could be attributed as a meaningful improvement over

the conventional method.
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For a small unload-reload displacement cycle with (£)s4=0.0075% (Fig 2.16b), the
overall calibrated relations obtained by set 1 and set 2 calibrations showed a negligible change
in the slope; one could observe an 1.39% error in the stiffness measurement by the new
method (set 1; fine stepping method), whereas it was 1.41% by the conventional method (set
2). Therefore, it can be concluded that the size of the displacement increments in the
calibration method is not responsible for the errors involved in the small-strain stiffness
evaluation. It seems that these intrinsic hysteresis behavior of LDT may come from effects of
wiring, soldering, sealing, etc. at the central part of LDT, and/or imperfect movement at the

hinges.

2.7.8. Workable Range of LDT

It is desirable to measure locally the axial strains as large as possible, since the effect of
bedding errors does not necessarily decay as the axial strain increases. Lo Presti et al. (1995)
used LDTs to more than 3% of axial strain without any damage to the LDTs. However, the
use of LDT for more than 2% of axial strain (with full-scale calibration; -5 to +5 V) needs
sacrificing the accuracy and resolution, in particular for the measurements of very small-strain
behavior. For example, Tables 2.5a and b show the relationship between the measuring range,
the corresponding resolution based on 2 RV and the theoretical maximum number of data
points that could be discernible during an unload-reload cycle with (g,)sa= 0.001% by the use
of two LDTs (a 50 cm long LDT and a 10.5 cm long LDT). The calibration curves shown in
Fig. 2.11 and Fig. 2.16a were used for this evaluation. The analysis shows that the use of a 10
time DC amplifier is imperative while evaluating small-strain stiffness since the number of
discernible data points during a small unload-reload cycle greatly decreases with the increase in
the measuring range. The type of wave-form and frequency also have an influence on the
number of data discernible. Strain-controlled CL tests at a very small constant strain rate can
provide the maximum number of discernible data points, while stress-controlled sinusoidal CL
tests, on the other hand, provide the minimum number of discernible data because of non-
uniform loading rate in each cycle. Besides, large axial deformation of LDT may affect

phosphor-bronze strip, which could impair performance by increasing hysteretic behavior.
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2.7.9. Lateral LDTs

One of the latest development of LDT for the use in a triaxial test is its successful use for
lateral strain measurements. For this purpose, the soil specimen should have a rectangular or
square cross-section. Fig. 2.1b shows such an instrumented. triaxial specimen. In total eight
lateral LDTs at different heights were used to measure lateral strains along the lateral faces of
the specimen. The principle of strain measurement is the same as that of vertical LDTs except
the supporting hinges. Fig. 2.1c shows the details of a hinge for a lateral LDT. Usually, lateral
LDTs are set at the central width (or breadth) of a specimen, excluding 1.5~2.0 cm space at
either ends. Like vertical LDTs, any change in the gage length between the hinges in course of
testing is detected by small e.r. strain gauges. Therefore, measured strains are free from any
membrane penetration errors. Lateral strain at any instant is the average of strains obtained
from the eight LDTs. With the use of lateral LDTs, the evaluatior: of reliable values of
horizontal Young’s modulus (E;) directly from the deformation properties of the particulate
materials is possible by applying small amplitude horizontal CL test at constant axial stress

Typical results will be presented in Chapters 3 to 5.

2.7.10. Durability of LDT under Pressurized Submerged Condition

Sealant CC-33 A has been used to seal electric components of LDT at its central part of length
to impart water-proof properties. Typical long-term performance of LDTs under pressurized
cell water can be observed in Fig. 2.17, which shows the influence of consolidation time for a
duration of 41 days on E. of a stiff clay specimen (Mukabi, 1995). The test was performed
on a saturated over-consolidated (OCR= 1.86) specimen (11.5 c¢cm high and 5.0 cm in
diameter) of Osaka Aminity Past (OAP) clay at an effective consolidation pressure of o. =
3.68 kgflem’ (361 kPa) with effective principal stress ratio K = 0.53, while the back pressure
was 2.0 kgf/em® (196 kPa). The specimen was retrieved from a depth of 79 m below the
ground surface by means of a Denison sampler. The En. values was evaluated at different
consolidation periods by applying strain-controlled small unload-reload cycles with (g,)s4 <
0.001% under drained conditions. The LDTs were completely immersed into the pressurized
cell water. The Enac value reached to a stable value within a couple of hours almost at the

same time when the specimen attained 100% consolidation state (t,00). Differences in the Epax
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values measured by using LDTs and a gap sensor were due to the bedding error since the gap

sensor measured the axial compression between the specimen cap and pedestal.

2.8. Summaries

(1) A triaxial testing system is automated to study into the anisotropic deformation
characteristics in the small strain range of geomaterials using a large rectangular-prism
specimen. Stress states can be changed along stress paths with a constant value of either axial
stress or lateral stress or mean principal stress or stress ratio. Small amplitude vertical and
horizontal cyclic loading tests while keeping the other principal stress constant can also be

performed with this automated system.

(2) The details of the manufacturing method of local deformation transducer (LDT) have been
described together with its components that are essential for high performance of LDT. Some
aspects of the behavior of LDT also were outlined. Resolution was observed at least 2 RV,
where RV is the resolution of a 12-bit A-D board currently used in the data acquisition system.
For a full scale maximum strain range of 2%, the current version of LDT is able to detect a
strain as small as 0.0005% and 0.00005% without and with, respectively, ten times
amplification of the output from the AC strain amplifier. The hysteresis of LDT was not totally
negligible. However, the effect does not become a serious problem for usual purposes. While
evaluating small strain stiffness during otherwise monotonic loading, an LDT was observed to
under-estimate stiffness by a maximum of about 2%. This error was found un-related with the
present calibration method of LDT. An LDT with a full-scale axial strain range more than 2%
was found unfavorable in evaluating stiffness at very small strain range (say, (£,)sa < 0.001%),
since the number of discernible data could decrease largely with the increase in the maximum
measuring range. The effects of creep deformation of glue and rubber membrane were found
noticeable immediately after the set of LDT, but became negligible after having been left over-
night. The effect of creep on small-strain stiffness was found negligible. LDT can also be used
to measure local lateral strains, which are free from membrane penetration errors, of a triaxial

specimen having a rectangular prismatic cross-section. The performance of LDT under
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pressurized cell water for a long duration (about 41 days) was observed to be satisfactorily

stable.
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Table 2.1: Resolution of the control and measurement systems

Secondary Control system Measurement system
amplification E/P Actuator | Lateral Vertical Axial Lateral
transducer load LDT LDT stress stress
(times) (kgficm?) | (kgflem’) | (m/m) (m/m) | (kgflem?) | (kgflem?)

[kPa] [kPa] [kPa] [kPa]

1 0.602 0.0045 4.4*10° | 6.8*10° 0.009 0.002

[0.2] [0.44) [0.9] [0.2]

10 s - 4.4%107 | 68*107 | 00009 | orless

[0.09]

Table 2.2: List of the dimensions of LDTs used in IIS

Triaxial specimen size Width x Length x Thickness | Number of electric-resistant
[diam. (mm) x height (mm)] | (mm x mm x mm) strain gages on one LDT
35 x 80 3.0 x60 x 0.20 20r4
50 x 100 3.5x80x0.20 2or4
75 x 150 3.5x 105 x 0.30 4
4.0 x120:20.30
100 x 200 4.0x 170 x 0.30 4
4.5x170 x 0.30
300 x 600 50x500x%x1.0 4
6.0x500x1.0
Table 2.3: List of the electric resistant strain gauges.
Gage type Resistance | Gage | Dimensions: mm Remarks
factor | Gage Grid | Matnx | Matrix
(2) | length ! width |length | width
KFG-1N- 120 2.1 1 0.68 4.2 1.4 Narrow
120-C1-16 grid
pattern
KFG-2N- 120 2.1 2 0.84 53 1.4 Narrow
120-C1-1# grid
| pattern
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Table 2.4: Comparison of the properties of leadwires.

Conventional type

New type

Physical description

Overali largest
diam./wire"
Weight/meter length
(4-wire)
Cross-sectional area
(4-wire)”

Four-wire shielded. Besides,

each wire has teflon protection.

0.7 mm
4.0 gf (excluding outer shield)

0.5 sq.mm

Four-single wires. Each
is shielded by teflon.
0.35 mm

1.2 gf

0.05 sq.mm

¥ cross-section is not circular
? supplied by the manufacturer

Table 2.5a: Availability of the number of discernible data based on resolution (50 cm LDT)

Full scale Resolution in No. of data discernible in one complete
displacement percent of nominal | cycle of (£,)s4=0.001% based on
axial strain, resolution of LDT (2 RV)

range (mm) based on 1 RV Without With 10 times
amplification amplification

S (.= 1%) 3.5%10" 6 57

10 (e, = 2%) 7*10* 3 28

12 (e,=2.4%) | 8.3*107 3 24

15 (£,= 3%) 10.5*10™ 2 19

Table 2.5b: Availability of the number of discernible data based on resolution (12.5 == LDV,

Full scale Resolution in No. of data discernible in one complete
displacement percent of nominal | cycle of (¢,)s4=0.001% based on
axial strain, resolution cf LDT (2 RV)

range (mm) based on 1 RV Without With 10 times
amplification arplification

1 (£,=0.95%)|5.16* 107 4 38

1.50 (e,= 1.4%) | 7.75*10™ 3 26

2.25 (e.= 2.1%) | 8.72*10° 3 24

3 (e.=2.9%) [ 11.62*10° 2 17

4 (e,=3.8%) |15.4*10° 1 13
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HPL: High pressure line Input signal from computer

!
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: E/P
Aur pressure transducer
compressor \ regulaior Booster Trnaxial
HPL cell
, .

Details of electric-to-pneumatic loading system

Fig. 2.2a: Block diagram of the electro-pneumatic loading system for cell pressure.
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Fig. 2.2b: Block diagram of the servo-hydraulic loading system for axial load.



Vertical stress, O,

48

ULT P A A
A
K=0.75
. -
‘ 2" =1
k=05 /:
2'
fy M
o E— 10 /. 2,
: m' }= feedback for K=1 loading]
l.' . - m
O l-sof fo o eann
: 1 P
o .
O, O

Lateral stress, O,
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Fig. 2.3b: Block diagram of the software program.



= 0374
L 0372
B 0370
I 0368
M 0366

~ 1.004
Q'_: 1.002
I 1.000
0.998
0.996

K

1.675
1.670
1.665
1.660
1.655

o, kgflem?

1.010
1.005
1.000
S 0.995
0.990

o, kgf/cm2

49

o (a) AK=0, K=0.37

] L 1 1 1 ! 1 1 | a 1

1.0 1.1 1.2 1.3 1.4 1.5
C o (b) AK=0, K=1.0

1 ) | 1 1 ! | 1 | I 1

1.0 1.1 1.2 1.3 1.4 1.5

A R

| 1 | 1 | 1 | ! 1 L |

—
w
—
(e,
—
~
—
(o]

1.9 2.0

Ao =0,0,=1.0 kgf/cm

T [ T I T l 1

1.0 1.1 1.2 1.3 1.4 1.5
Lateral stress g, kgf/cm2

Fig. 2.4: Typical test results to demonstrate the performance of the automated control system

in achieving monotonic loading along some stress paths and cyclic loading: a) AK=0 stress

path with K=0 37, b) AK=0 stress path with K=1.0, c) Ao,=0 stress path with 6,=1.665

kgf/em?, d) Ac,=0 stress path with 6,=04=1.0 kgf/lem?,
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Fig. 2.4: Typical test results'to demonstrate the performance of the automated control system
in achieving monotonic loading along some stress paths and cyclic loading: e) Cyclic
variation of oy, f) Controlling Acv=0 stress path during HCL, and g) Variation of o, in a
VCL test.
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Fig. 2.5: LDT at working condition to measure vertical strains in a triaxial specimen.
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Teflon tube protection PB strip
Front face (iension side)
(a)

(b) Back face (compression side)

Figs. 2.6: Details of the internal connections at the heart of a 4-gage type LDT with (a) front
face, and (b) back face.
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Fig. 2.7c: The LDT with two-gage method.
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Fig. 2.9: Resolution of the combined system of an A-D card and an AC amplifier.
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Fig. 2.12b: Relationship between elastic force exerted by LDT strip on the hinges and axial

deformation of the LDT (tested by Kim, Y .-S., 1992).
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Chapter 3

Inherent Aunisotropy in the Elastic Deformation of Granular Materials

3.1. Introduction

Deformation and strength characteristics of most soils are not isotropic in many respects. Most
geotechnical problems are three-dimentional (3-D), for which elasto-plastic analyses are getting
popular. For these analyses, both plasticity and elasticity should be dealt with properly. For 3-D
characterization of elastic deformation of geomaterials, their possible anisotropy must be properly

accounted for. It can be classified into the following three categories;

a) inherent anisotropy produced when deposited in air or under water, or when compacted,
b) stress state-induced anisotropy developed by current anisotropic stress-states; and
¢) strain history-induced anisotropy produced by dominant shear (monotonic or cyclic) strain in a

certain direction.

Symes et al. (1984) showed that for sand specimens produced by pluviation in water and
subsequent vibration, the initial stiffness in the loading direction decreases with the rotation of
major principal axis direction from 0” (i.e., the vertical direction) through 45° to the horizontal
direction. Ko and Scott (1967), Parkin et al. (1968) and Siddiquee (1994) showed that the
deformation of sand specimens produced by air-pluviation subjected to hydrostatic compression is
anisotropic with strains in the lateral/radial direction (e,) being larger than that in the vertical
direction (e,). Inherent strength anisotropy of sand specimens has been investigated by many
researchers. For air-pluviated specimens of Silver Leighton Buzzard (SLB) and Toyoura sands
tested in drained triaxial compression, the strength of a specimen with 8=0° (i.e., the pluviation
direction and the major principal stress direction are the same) was always stronger than that of a
specimen with 8=90° (i e, the pluviation direction and the minor principal stress direction are the
same), while strain value at the same shear stress is always smaller for a specimen with 6=0°
(Arthur and Menzies, 1972; Oda 1972a and 1972b). This finding was substantiated by Oda
(1981), Tatsuoka et al. (1990) and Park and Tatsuoka (1994) in plane strain compression tests on

a number of sands including Tovoura sand.
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Particle orientation in air- or water-pluviated cohesionless soil has been investigated by
many researchers. Parkin et al. (1968) investigated the orientations of the long axes of grains in a
thin section by impregnating air-pluviated samples as formed with resin, and by using
photographic enlargements of vertical and horizontal sections.. They observed that the maximum
dimension tended to be aligned in the horizontal plane and was symmetrically disposed about the
vertical axis. Oda (1972a, 1972b) and Symes (1983) also confirmed that there was a strong
horizontal bias to the long axis directions of the grains and the directions of inter-particle contact
planes, which makes a air- or water-pluviated specimen softer and weaker when compressed in

the horizontal direction.

On the other hand, inherent anisotropy in elastic deformation characteristics are not well
understood. Among the previous works by wave velocity measurements, Stokoe et al.(1991),
Bellotti et al. (1994), Lo Presti and O’Neill (1991) showed that elastic deformation characteristics
of granular material produced by pluviation in air are inherently anisotropic. They showed that at
isotropic stress states, the elastic Young’s modulus in the horizontal direction (Ey) is always larger
than the vertical value (E.). These results are apparently not consistent with the anisotropy in

deformation characteristics at relatively large strains and peak strength as described above.

Inherent anisotropy observed in the elastic Young’s moduli is described in this chapter.
The investigation was carried out in large triaxial square-prismatic specimens of cohesionless soils

by measuring local strains.

3.2. Theoretical Background of elasticity

For an elastic body, strains g; defined from a stress-free condition are related uniquely to stresses
oy that is, strains are stress-path independent. A general anisotropic body has 36 independent

elastic constants. When there exists a potential energy function, such as
W=f0u deg =f0u Cywdou (3.1a)

then the compliance matrix Ci; becomes symmetric (i.e., Ciju= Ciy;). This is because

ey =0W/d0,; Cp =3¢ J.‘I/aoy =3:W/80080 K (3.1b)
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g, =0W/ec,;  C,, =0, /d0,=03"W/do ,é0, (3.1¢)

Such a material is called a hyper-elastic body, which has 21 independent elastic constants. On the
other hand, when only strain increments de;; are related uniquely to stress increments doy; that is,
de;; are independent of the path of stress increment, de;; are related to doy as de;= Cyjudo, this
material is called a hypoelastic body. Generally, C;y is a function of current stress state 0. When
strains g; obtained by integrating de;; becomes stress path-independent, the hypo-elastic body is an
ordinary elastic body. Generally, €; are stress path-dependent for most soils. In this case, de;=
Ciju.doy 1s not a total differential, which means that de;; can be integrated partially only when a

stress path is defired. This is the case with granular materials.

Most of the granular materials deposited naturally or artificially, or compacted vertically
exhibit cross-anisotropic deformation properties, which are symmetric about the vertical axis
Cross-anisotropy requires only six elastic parameters for the characterization. The incremental

relationship between stress and strain (Hooke’s law) is:

5 T e o6 0 sy
€ XX Eh Fh Ev XX
-v i v,
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Yy E, Ep E Yy
68 e Vv :vi _l 0 0 0 &} e
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6Y 'th 6t

X 0 0 0 0 . 0 X
6Y G, Sy

1

Xy 0 0 0 0 o Vaa) y

L E,

(3.1d)
where the stress and strain increments are referred to rectangular Cartesian axes x(=h), y(=h), and
z(=v) with the z axis being vertical; E, and E, are the vertical and horizontal elastic Young’s

moduli; Vun, Vin, Vi are the Poisson’s ratios; Gy, is the shear modulus.

When we can assume that for small stress increments Acy;, the potential strain energy

AW= f A 0;d(Ag;j) exists, then the compliance matrix becomes symmetric, which requires

va/E.=vi/Ey. Accordingly, five individual constants are left to be determined. Note that it has not
been verified that the function AW always exists for a given soil element under a given stress-

strain condition. Furthermore, even if the function AW exists for a given small stress increments
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Aoy, this does not mean that a potential strain energy function AW’ also exists for larger stress

increments A0’;;.

In a given uncemented soil, the Young’s moduli, E, and E,, within the elastic threshold
strain, depend on the following factors:
* the soil state expressed by a combination of current void ratio (e) and the current stress state
(o),
* the soil fabric reflecting the depositional environment and post-depositional processes such as

aging, diagenesis, cementation, etc.
g

It is the objective of this investigation to characterize inherent and stress-induced
anisotropy in the elastic deformation properties of cohesionless soil as observed at very small
strains in the case where the axes of symmetry for both types of anisotropy are identical (i.e., air-
pluviated sands under triaxial compression and extension stress conditions). In this case, Eq.(3.1d)

becomes:

3 v, )/ v, /
o I oo,
T -2ve /. 1/
68 v //’Eh A Ey 60\1 (32)

The matrix in Eq. 3.2 is unsymmetric, because the stress and strain vectors used in Eq. 3.2 have
not been chosen in such a way that the product of the corresponding stress and strain increments

gives the input work increment.

Elastic parameters can be obtaired by static triaxial cyclic loading (CL) tests with a single
amplitude principal strain (g)sa less than about 0.002% (Hardin 1978, Jamiolkowski et al., 1991,
Taisuoka et al,, 1994a, 1994b; Tatsuoka et al., 1995). In this strain range, moduli are hardly
influenced by stress-strain histories that are small enough to maintain the initial fabric, type of
loading (montonic or cyclic), wave-form during cyclic loading and rate of shearing (dynamic or
static) (Tatsuoka and Kohata, 1995, Jamiolkowski et al, 1991). For vertical CL tests at constant

lateral stress (i.e., Aoy=0 and Ao,=0), Eq. 3.2 provides:

E,=Ao /As,,and v, =-Ag, /At (3.3a)
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For horizontal CL tests at constant vertical stress (i.e., Ao,=0 and Acy=0), Eq. 3.2 provides:

E,=(1-v,,)Ac,/Ae,, and Ae  /Ae, =-2v, [(1-v,,) (3.3b)

The two parameters, v, and E, (Eq. 3.3a) can be determined from vertical CL tests. On the other
hand, E, cannot be determined only from horizontal CL test without adopting one assumption,
which however will not sacrifice much the final outcome. The assumption used is that vy,="v,y at

isotropic stress state.”
3.3. EXPERIMENTAL SETUP

The tests were performed using a large triaxial apparatus in which a square-prismatic specimen,
23 c¢m in side and 57 cm in height, which can be subjected to a wide variety of stress states by
controlling boundary stresses. Table 3.1 lists the cohesionless materials used in this investigation.
A variety of materials in terms of grain size and particle shape were selected to study into their

influences (if any) on elasticity. The materials are poorly graded.

All specimens were tested at air-dried conditions. The specimens were reconstituted by
pluviation through air, except the one specimen of SLB sand, which was prepared by vertical
vibratory compaction with use of a vibrator. Each specimen was tested at air-dried conditions.
The specimens were reconstituted by pluviation through air, maintaining a constant height of fall,
into a split mold from multiple sieves, except the one specimen of SLB sand. The latter one was
prepared by vertical vibratory compaction with use of a vibrator, which applied vertical vibrations
on the surface of each of 14 layers. The top and bottom ends of each specimen were well
lubricated by the method suggested by Goto et al. (1993). After each specimen was set in the

triaxial cell, a partial vacuum of 0.2 or 0.3 kgf/cm® was applied before any instrumentation.

A load cell that is sensitive enough to measure very small load was placed inside the
triaxial cell. Local Deformation Transducers (LDTs) were used in both vertical and horizontal
directions, running parallel to the principal stress directions, to measure normal strains locally. A
pair of 50-cm long LDTs were set vertical (3 to 4 cm away from top and bottom ends) to measure

vertical strains, €,, and a total eight 18-cm long LDTs were set horizontal to measure lateral
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strains, &, (Figs. 2.1 and 2.2a, Chapter 2). Lateral LDTs (i.e., LDTs used to measure lateral
LDTs) were also set at the center of width (or breadth) of a specimen, excluding 1.5 to 2.0 cm at
both edges. In measuring local strains by LDTs, the specimen ends, which are very vulnerable for
including bedding errors (Tatsuoka and Kohata, 1995, Jardine et al, 1984) in both principal strain
directions, were avoided to include as part of gage length of LDT. Any change in the gage length
of LDT in course of testing is detected by the small electric-resistant strain gauges at the center
length of an LDT. Therefore, the measured strains by LDTs are free from any bedding errors.
Besides, a pair of proximeters were used to measure vertical displacement of the specimen cap
and another pair to measure the lateral displacements of rubber membrane (0.8 mm in thickness)

at diagonally opposite faces of the specimen (Fig. 2.2a, Chapter 2).

To load the specimen along a specified stress path as well as to perform CL test, the
automatic system described in Chapter 2 was used, which controls both a hydraulic axial actuator
and a cell air-pressure. The latter was controlled by using a regulator and an electro-pneumatic
pressure transducer. In each test, vacuum was replaced with cell air pressure before using the

stress path control system.

3.4. TEST PROGRAM

The experimental program consisted of small cyclic loading, both vertical and horizontal, at many
selected stress states. The program consisted of the following steps sequentially:

1. Isotropic compression, or anisotropic compression at a constant stress ratio (K=0y/0.=0.37),
up to a cell pressure of 5.0 kgf/cm’, followed by rebounding to 0.5 kgf/em® (Cycle 1). Another
cycle (Cycle 2) of reloading and re-unloading in the same path mentioned above was applied to
confirm the results obtained from Cycle 1.

2. Isotropic compression up to 4.5~5.0 kgf/cm?®, during which 11 cycles of small vertical CL
followed by 3 cycles of small horizontal CL were applied at various stress states.

3. CL tests were performed at stress states shown in Fig. 3.1 in the sequence of the numbers
indicated.

4. Similar CL tests were performed at different stress states of the same range of o, described in
step 2, but following different AK=0 (in addition to K=1) stress paths, while K was varied in the

range between 0.5 to 0.75. This step was performed for some specimens.
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5. For some specimens, multiple stages triaxial compression (TC) were applied from 0.=0,=C, to
a stress ratio 0,/0y=C; with small unload/reload cycles at various stress states with subsequent
unloading from C; to the previous isotropic stress. The range of C, was varied from 0.5 to 1.0
kgf/cm®, while for C; (=0/0y), it was varied from 3.0 to 4.0.

6. Finally, triaxial compression to failure was performed from the isotropic stress state of
0.=0,=0 8 kgf/cm’.

Par of the results which is relevant to describe inherent anisotropy in the small strain stiffness is

described in this chapter. The rest will be described in the foregoing chapters.

3.5. TESTING METHOD

Each test was performed by using a auto-control testing system in which both vertical load and
lateral stress were controlled independently. Stress path tests such as Ao.=0, Aoy=0, Ac,=0, and
AK=0, together with vertical and horizontal CL tests are possible to be performed by using this
system. The details of the system is described in Chapter 2. To control a stress path, such as
Ac.=0 (also horizontal CL with Ac,=0), Ao,=0 or AK=0, which needs simultaneous controlling
of o, and oy, a very small increment (or decrement) of cell pressure is applied first, followed by
incremental feed back to the deviator load to maintain the intended stress path. For these stress
paths, a finite time, At, is set up for each step of loading. Before proceeding to the next step, At
allows the cell pressure to attain a steady state and/or creep deformation to cease, and o, to be
brought to the intended stress path by feed-back close-loop scheme. Therefore, At prohibits
horizontal CL to apply as fast as vertical;CL. In this investigation, vertical and horizontal CL tests
were performed at constant frequencies (f) of 0.1 Hz and 0.0066 Hz, respectively. Loading rate

effect on the test results was also investigated, which will be described later.

3.6. Resolutions, Errors & Countermeasures

None of the LDTs was used for a full scale maximum strain range of more than 2%. The LDTs
were able to detect a strain as small as 0.00005% (with 10 times amplification) with confidence.
The gap-sensors also possessed the similar resolution. Other principal measuring devices also
possess sufficiently enough resolution to measure small strain stiffness (Table 2.2). Typically, 100

and SO data points were recorded in each hysteresis loop of vertical and horizontal CL,
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respectively. Due to the exisience of small hysteresis, an LDT can under-estimate stiffness by a
maximum of about 2%. Data presented herein is not corrected for this probable under-estimation.
To reduce the effects of creep deformation of glue (used to fix an LDT on the membrane) and
rubber membrane (at the vicinity of hinge shoe) to a negligible value, LDTs were left for at least 3
hours after setting it on the specimen surface. After this treatment, the effects of creep on the
deformation was negligible. On the other hand, load cell did not show any hysteresis in a small
unload/reload cycle, and neither did a small unload/reload cycle show any slope difference with
the calibrated response, which is usually obtained by a monotonic load/unload cycle for the full

scale range.

3.7. Results and Discussions

Specimen designations are listed in Table 3.2. Figs. 3.2a and b show typical responses during one
cycle of small-amplitude vertical and horizontal CL tests, respectively, obtained from the
specimen of SLB sand (SLK1V, Table 3.2). Similar responses for Ticino sand (TCK1A) specimen
are shown in Figs. 3.3a and b. Fig. 3.4a compares externally and locally measured axial strains
from a vertical CL test (see also Fig. 3.2a). Fig. 3.4b compares externally and locally measured
lateral strains from a horizontal CL test (see also Fig. 3.2b). Axial strains are largely over-
estimated Dy external measurements due to bedding error, and the deformation of load cell and
loading piston. A low resolution of exiernal measuring device (external gage located outside of
the triaxial cell) was also partially responsible for the big difference with that obtained by gap-
sensors (GS). Because it was used to measure large strains (say, up to 5%) during shearing and
therefore, it could not measure strain increments less than 0.002%. The lateral strains (Fig. 3.4b)
measured by GS during a horizontal CL test is also unreliable due to two reasons: bedding error
in lateral direction and the rotation of the rods which support the GSs caused by the bending
deformation of the base plate of the triaxial cell caused by changes in the cell pressure. Figs. 3.5a
and b show the effects of bedding error on &, (in vertical direction) and e, (in lateral direction),
respectively, during isotropic compression tests (loading and unloading of Cycle 1) on the same
specimen (SLK1V). The effects of membrane penetration on lateral strain during isotropic and
anisotropic compression tests on SLB sand are also demonstrated in Fig. 20 of Tatsuoka and

Kohata (1995). Herein data obtained by using LDTs will be presented if not specified otherwise.
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From the responses of Figs. 3.2a and b, the elastic parameters (Eqs. 3.3a and b) were
evaluated by linear regression. The strain increments de, and de, were obtained by averaging the
readings of the pair of vertical LDTs and four pairs of lateral LDTs, respectively. The single-
amplitude major principal strain, (€)sa, was less than 0.002% in most of the cases, while in a few
cases, (£)sa exceeded the above value. In the previous studies (e.g., Tatsuoka et al., 1994a), a
large amount of cyclic triaxial tests on various types of sands, in which symmetrical cyclic axial
stresses were applied to isotropically consolidated specimens with increasing (€)sa in steps show
that the value of E, is essentially constant for a range of (¢)s less than about 0.002%. This strain
value may be called the threshold elastic strain. The E, and E, values defined for (g)ss <0.002%
may be called the quasi-elastic Young’s moduli. In the following, however, they will be called
simply the elastic Young’s moduli. The measured values of E, and E, were corrected for (€)sa
whenever it exceeded the threshold elastic strain. In that case, the corrected Young’s modulus,
E.or, was obtained as Ecor = Emcasured /C, Where C is the ratio of Young’s modulus at (g)s4 to that at
(e)sa <0.0C2%. The relationship between C and (g)ss was constructed by using the relationship
between the equivalent Young’s modulus (E.;) and the single amplitude vertical strain (ev)sa
obtained from a series of conventional cyclic triaxial tests on the relevant type of geomaterials
(e.g., Fig. 3.6). The amount of correction was 4% at the largest. To evaluate E,, it was assumed
for Eqs. 3b that vi="“vi=v.y at isotropic stress states” (note that the values of vy, at isotropic

stress states, Vo, for different specimens are given in Table 3.2).

On the other hand, the reliable values of v, and vy, could not be obtained by the present
test program. Rather these (vi and vi,) can be evaluated only by tests in which horizontal stress
in one direction is changed In the present study, however, the horizontal stresses in two
orthogonal directions are always identical. Using a &,~0y response as shown in Fig. 3.2b during a
horizontal CL test, one may be able to make an estim:tion of vy, However, it was not done in this
investigation due to lack of reliability, because o, during a horizontal CL test fluctuated a bit

during feed-back scheme (Fig. 2.4f, Chapter 2).

However for the time being, suppose that the g,~¢, response shown in Fig. 3.2b is
reasonably correct, which indicates Ae/Agy=-0.081. Using the measured values of E,= 5780
kgf’/cmz, E,= 3100 kgf/em?®, and vy= 0.13 (Fig. 3.2a and b), the eneigy conservation principle
yields vin= vi(EWE.)= 0.07. Then Eq. 3.3b yields vi= 1+2vy/(Ae/Aey)= -0.73. Theoretically,
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this value of vy is possible for a material considering the bounding values of the elastic
parameters in 3-D space, which can be obtained from Eq. 3.1 by setting the right-hand-side

compliance matrix product equal to zero as follows (Pickering, 1970):

E, >00
£, >00
-l<v,, <1

(1-v,,)E,/E,>2v,,°

Within the space obtained by Eqs. 3.4, any given material is represented by a point and points in
certain regions represent particular types of material. Now if we assume E,=E, (i.e., isotropic) and
use the same values of the other entities (i.e, E., E,, etc.) as vefore, it will yield vi,=-2.2, which is
impossible to occur. Besides to-date, no evidence can be available in the literature which shows
that a soil may exhibit a negative Poisson’s ratio. Rather the value of v lies somewhere between
0.0 and 0.20 (among many others, Hardin 1978). The assumption adopted to evaluate E, may not

influence the outcome dramatically.

The measured Young’s moduli were stable with the number of loading cycles N as shown
in Fig. 3.7a and b for a Toyoura sand specimen (TYKO02). The variation of the coefficient of
correlation r, a statistical quantity defined as Eq. 3.5 (below), with N is also plotted in the inset to

Figs 32 and b.

r=x E (.\'y) (3.5)

[3E50)

Eq. 3.5 is applied on the data of each cycle of o, ~ ¢, relation (e.g., Fig. 3.2a) with x=g, and y=0,.
For r=+1, all data points lie on the single linear regressed line, which would be the expectable
value for moduli evaluation. On the other hand, r= -1 is the expected value whlie evaluating
Poisson’s ratio from each cycle of data (e.g., &, ~ &, relation of Fig. 3.2a). Therefore, elastic
Young’s moduli evaluation from the data of each cycle can be said to be perfectly positively

(r=+1) correlated since r varies in the range between 0.995 and 1.0 (Figs. 3.2a and b). However,
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while evaluating v, the value r typically varies in the range of -0.75 to -0.9 (negatively

correlated) because of relatively large scatter.

For the cycles applied at a stretch at a given stress state, the E, or E, values never
exceeded =1% of the mean value Fig. 3.7c shows the values of E, evaluated based on the
readings of each of eight lateral LDTs at the fifth cycle for the case shown in Fig. 3.7b. The
scatter of these E,, values is not large. In some cases, however, particularly in tests at low pressure
levels, E value evaluated based on the individual reading from some of the top- and bottom-
height LDTs became larger than 1.1 or smaller than 0.9 of the average of the others. In such
cases, these data were discarded while averaging to define E, value. On the other hand, E. values
evaluated separately by two vertical LDTs never deviated more than +3.5% from the mean value.
This results indicate the existence of the distribution of non-uniform ‘local density’ pockets in
both directions in a specimen. Bhatia and Soliman (1990) reported non-uniform density
distribution. By a computer-controlled image analyzer, they examined thin vertical and horizontal
sections through a series of triaxial specimens prepared by air-pluviation and compaction
methods. They observed that the frequency distributions of void ratio were skewed towards the
denser void ratios. Many others such as Arthur and Menzies (1972) and Kirkpatrick and Belshaw
(1968) also reported nonhomogeneous strain distributicn by radiographic methods. In a stress
controlled apparatus with flexible boundaries where stress is uniform, the material response is

strain which is in no way constrained to uniform.

3.7.1. Inherent Anisotropy: Deformation in Isotropic Stress Path

Fig. 3.8a and b show the relationships between volumetric strain e.q (=g, +2¢,) and &, obtained
from isotropic loading and unloading (Cycle 1) of different granular materials. The volumetric
strain should be ‘hree times the axial strain for isotropic behavior. Therefore, for all the four
materials, deformations of air-pluviated specimens were anisotropic during primary loading with
ey, greater than ¢, (Ko and Scott, 1967; Parkin et al., 1968), whereas the behavior was less
anisotropic during unloading and reloading. The specimens of SLB sand (Fig. 3.8b) exhibited
strong anisotropy, almost to the same extent, in primary loading, unloading, reloading and re-
unloading. Data for reloading and re-unloading was shown in Figs. 3.8¢c and d. Residual strains of

Cycle 1 were neglected during second loading in Cycle 2. Range of 0., during Cycle 2 was from
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0.5 to 5.0 kgf/em?, except for TYKIA specimen in which o, was increased up to 6.0 kgf/em’.
Due to virgin loading from 5.0 to 6.0 kgf/cm’ during Cycle 2, TYK1A specimen exhibited more
hysteresis (Fig. 3.8c). Although denser, the compacted specimen (SLK1V, Fig. 3.8b) was slightly
less anisotropic in virgin loading than the air-pluviated one (SLK1A). But during unloading of
SLK1V, anisotropy slightly increased. The reason could be due to more passive sliding during
unloading, together with elastic rebound as a result of the withdrawal of restraining forces, that

makes the particles interlocked during compaction method.

Figs. 3.9a and b show the variations of tangent moduli L, (in vertical direction) = dp/de,
and Ly (in horizontal direction)= dp/des, respectively, with the mean stress p(=0,,) of specimens
SLKITA and SLK1V, respectively. A similar behavior was observed for the other specimens.
General features observed are:

a) For loading (dp>0), the modulus is larger in Cycle 2 (i.e,, reloading) than in Cycle 1 due to
reduced plastic strains in Cycle 2;

b) For unloading (dp<0), the modulus is similar between Cycles 1 and 2 due to essentially elastic
deformation;

c) For unloading (dp<0), the v~lue of L, is larger than the corresponding value of L, during both
loading and unloading, indicating that elastic deformation stiffnesses at isotropic stress states were
anisotropic;,

d) Stiffness immediately after the start of unloading was affected by continuous creep

deformation;

For first loading, where both elastic and plastic strains are involved, these sand specimens had
greater stiffness in the axial than in the lateral direction. Also for unloading, reloading and re-
unloading, where the strains are primarily elastic (Ko and Scott, 1967, Rowe, 1971), the
stiffnesses were noticeably anisotropic. Therefore, the inherent anisotropy of deformation results
not only from plastic strains but also from elastic strains. Fig. 3.10 shows the relationship between
the horizontal-to-vertical strain increments (i.e., dey/de.) and the confining pressure p(=0m) during
reloading path (Cycle 2) for different materials. The value of dey/de, should be equal to unity for
isotropic deformation. It can be seen that SLB sand (SLK1A) was more anisotropic in all, which
was followed by Hime gravel, Toyoura sand and Ticino sand in the descending order. Anisotropic

deformation increased with pressure level for air-pluviated SLB (SLK1A) sand, whereas it
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decreased slightly for the others with the increase in p. The elastic deformation anisotropy
described are reflected in the small strain stiffness measured by small cyclic loading tests as

described in the next section,

3.7.2. Transverse Isotropy

The lateral strains (e,) measured in two orthogonal directions during isotropic consolidation
(primary loading and unloading) of Ticino (TCK1A) and Toyoura (TYK1A) sands are shown in
Fig. 3.11a, which are typical of the similar test results. In the figure, the &, value measured at a
given stress state in each horizontal direction (x or y) was divided by the corresponding maximum
average value, (en)ma= [ (€y)maxt(Edmax ] / 2, measured at o= 5.0 kgf/cm?®, which is listed in Fig.
3.11a A nearly 1:1 relationship can be observed, which indicates the transverse isotropy in the

deformations of triaxial specimens.

Fig 3.11b shows the relationship of E;, between two orthogonal horizontal directions. The
values of E;, were obtained in each of the two horizontal directions at isotropic stress states (i.e.,
K=1, 0,=0.5~4.5 kgf/cmz) and anisotropic stress states (i.e., 0.5 sow/o, <2.0) under isotropic
stress conditions in the horizontal plane. Therefore, air-pluviated (e.g., TYK1A) and compacted
(SLK1V) depositions of granular materials are transversely isotropic in the small strain stiffness.
This finding is in agreement with that obtained by Stokoe et al., 1991, Bellotti et al., 1994, etc. by

calibration chamber tests measuring body wave velocities.

3.7.3. Inherent Anisotropy in Small Strain Stiffness

In Figs. 3.12a~c, the elastic Young’s modulus have been divided by the void ratio function f{e)=
(2.17-e)*/(1+e) [Hardin and Richart, 1963]. Based on the function fle), the changes in E, or E,
due to the changes in void ratio during tests on a given specimen were less than 1%. Variations of
E./fle) and Ey/fle) for the tested materials obtained from the series of vertical and horizontal CL
tests performed at various stress states along the isotropic stress path are shown in Figs. 3.12a~c

in full logarithmic scale. The following important trends can be observed:
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(a) E, and E, are proportional to o." with m<1.0, or more rigorously to o.™ and ©.™,
respectively. The values of m, and my, for different tests are listed in Table 3.2. It was found that
m,>my, in Most cases.

(b) The m, values were very stable among the different specimens for Toyoura sand (m,=0.49)
and Hime gravel (m,=0.51). For the latter case, m, was independent of initial consolidation stress
ratio (1.e., K=1.0 and 0.37, Table 3.2). On the other hand, m, values varied in the range of 0.45 to
0.51 among different specimens for SLB sand; this variation could be due to the effects of initial
consolidation stress ratio (K=1 or 0.37) and different sample preparation methods. For Ticino
sand, the value of m, was 0.53.

(c) The my, values were generally more scattered than m, values. This is due to that the accuracy
of E, measurements was less than that of E, measurements.

(d) Some degree of inherent anisotropy with E,.>E,, is noticeable. This finding is opposite to that
E,>E. obtained by body wave velocity measurements (e.g., Stokoe et al., 1991, Bellotti et al,
1994). The reasons are not known to the present authors.

(e) For the same void ratio and at the same isotropic stress state, among the air-pluviated
specimens, SLB sand exhibited the largest vertical Young’s modulus E,, while Ticino sand
exhibited the smallest value. On the other hand, Toyoura and SLB sands exhibited the largest
horizontal Young’s modulus E,, while Hime gravel exhibited the smallest value. The ratio of the
largest to the smallest E, values is about 2.0, while that of E, values is about 1.5 (see Table 3.2).
Further, the specimen of SLB sand prepared by compaction method (SLK1V) exhibited a vertical
Young’s modulus that is higher by 11% than that of the other prepared by the air-pluvial method
(SLK1A), while the horizontal Young’s modulus was not affected by the different sample
preparation methods. These results indicate that the elastic modulus of granular materials in
vertical direction is more sensitive to the particle and structure properties of granular inateriais

than that in the horizontal direction.

An attempt was made to correlate the degree of inherent anisotropy in small strain
stiffness “1,” defined as 1=1-Ey/E,, with that of elastic deformation anisotropy (A) during isotropic
re-compression (Cycle 2). The values of “I"” at o.=04=1.0 kgf/em?, which is named after I,, are
listed in Table 3.2 For &, and &, at a given stress state during second loading, A is defined as A=

(en-£.)/(En-£, )rer after initialization of &, and e, to zero at the start of reloading, (en-€).r being the
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value of g,-¢, at a reference o, (here 0,=4.5 kgf/cm?). The relationship is shown in Fig. 3.13.

Although a unique relationship was not obtained, the following trends can be observed:

(1) “I” increases with the increase in A (i.e., with the increase in pressure level).

(2) Coarse-grained soil (SLB sand having Ds;=0.62 mm and Hime gravel having Dsy=1.73 mm)
exhibits significant stiffness anisotropy than Toyoura (fine-grained having Ds,=0.162 mm) and
Ticino (medium-grained having Dsp=0.502 mm) sands. Therefore, inherent anisotropy in small
strain stiffness could be affected by particle size.

(3) Particle shape also seems to have some effect on “I” as the sand consisted in subround particle
(e.g., SLB sand) exhibits more significant anisotropy than a sand having subangular particle

(Ticino sand) although the mean grain sizes (dso) are not very different.

Thus, inherent anisotropy observed in the small strain stiffness may be affected by particle
size, shape, orientation, and so on. This anisotropy (i.e., E,>Ej) is consistent with the observed
elastic deformation anisotropy (e,>¢,) observed in compression along the isotropic stress path. It
is also consistent with inherent strength anisotropy observed by Arthur and Menzies (1970), Oda
(1981), and Park and Tatsuoka (1994). Micro-mechanical studies by Symes (1983), Parkin et al.

(1968) are also in agreement with the present observations.

As mentioned earlier, most of the vertical and horizontal CL tests were performed at
frequencies 0.1 and 0.0066 Hz, respectively. Effects of loading frequency (or strain rate) on the
response during small-amplitude cyclic loading were investigated by performing vertical CL tests
also at a frequency equal to that of horizontal CL tests, mostly under isotropic stress conditions
on some of the specimens in Table 3.2. Fig. 3.14 shows that the effect of different loading
frequencies is negligible except for one case (Hime gravel at 0,=0.5 kgflcm?; see also Fig. 3.12b).
Kim et al. (1991) and Shibuya et al. (1995) observed similar results on granuiar materials and
normally consolidated clay, respectively. It can be concluded, therefore, that the inherent

anisotropy observed in small strain stiffness is not due to strain rate effects.
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3.8. Summaries

(1) Inherent anisotropy has been investigated into the small strain stiffnesses and elastic
deformation in isotropic stress path on large rectangular-prismatic triaxial specimens by measuring
local strains in vertical and horizontal directions. A variety of cohesionless materials, medium-
dense to dense, fine-grained to coarse-grained, subround to subangular, have been investigated.
(2) Materials were anisotropic both in small strain stifinesses with E. being larger than E, and in
elastic deformation with e, being larger than e, in isotropic compression. The degree of inherent
anisotropy increased with the inciease in the degree of elastic deformation anisotropy as the stress
level increases in isotropic compression.

(3) Anisotropy in small strain stiffness seems to be influenced by particle size, shape, orientation,
etc. of the particulate materials. Coarse grained and subround materials were more anisotropic
compared to those fine grained and subangular materials.

(4) All the materials exhibited transverse anisotropy both in small strain stiffness and deformation.
(5) Elastic parameters were independent of frequency of loading (or rate of shear) within the
range examined (i.e, f= 0.0066~0.1 Hz). The observations described above were common to both

air-pluviated and vibrator-compacted specimens.
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Chapter 4

Cross-Anisotropy in the Small Strain Stiffness

4.1. Introduction

For the evaluation of stress state-induced anisotropy, it is essential to investigate into the
dependency of Young’s moduli on the current stress state. That is, how does Young’s modulus in
a particular direction vary with the change of ‘stress state.” Here ‘stress state’ can be represented
by either the mean stress and/or deviator stress, principal stress in the direction of principal strain
increment for which the Young’s modulus is defined, or both. In the early stages of research into
the elastic deformation properties and the stiffness at relatively small strains, many resonant-
column tests, cyclic triaxial tests and torsional shear tests were performed on isotropically
-onsolidated specimens. In mos* cases, the results obtained by these testing procedures were
usually applied to field cases under anisotropic stress states by assuming that the maximum shear
modulus Gr.x and shear moduli at relatively small strains are a function of the mean principal stress
p (=0m) (e 2., Hardin and Black, 1968). Later, it was found that for clean sands, the isotropic
assumption mentioned above is valid only for a small range of the stress ratio (K=ay/0,) in triaxial

compression near the isotropic stress state (Tatsuoka et al., 1979; Tatsuoka, 1985).

Aiso, Yu and Richart (1984) by means of resonant-column tests orn clean sands, and
Roesler (1979), Jamiolkowski et al. (1991), Lo Presti and O Neill (1991) and Stokoe et al. (1991)
by measuring body wave velocities in a large clean sand specimen commonly showed that the
shear modulus in a given plane (say, x-y plane) i1s essentially a unique function of the two
orthogonal normal stresses working in that plane (i.e., the normal stress in the wave propagation
direction and the normal stress in the particle displacement direction), while independent of the
normal stress working in the direction orthogonal to that plane. Note that as shown later, this
finding already indicates the stress system-induced anisotropy of the elastic deformation properties

of sands. This property can be represented as:

(Gm )U =f (0,,01) (4.1a)

or more specifically,
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(Gow), =f(0,) 2(0)) (4.1b)

On the other hand, Hardin (1978), Hardin and Bladford (1989) and later Chang (1994) suggested
that the Young’s modulus defined for elastic principal strain increments in a certain direction be a
unique function of the normal stress in that direction Some data which support stress system-
induced anisotropy of G« and Ema described above have been obtained by measuring body wave
velocities in different directions in a large specimen of sand under controlled anisotropic stress
conditions (Jamiolkowski et al., 1991; Lo Presti and O’Neill, 1991; Stokoe et al., 1991).
Furthermore, Lo Presti et al. (1995) showed that in monotonic loading triaxial compression (TC)
tests with compression being in the vertical direction, the initial Young’s moduli Eq.. of Toyoura
sand and a much more crushabie sand (Quiou sand) are a function of the initial axial stress (,) at
the start of TC loading, while independent of the initial lateral pressure o, for a wide range of

anisotropic consolidation stress ratio ow/oy from 0.46 to 2.04 and from 0.34 to 1.0, respectively.

Described herein are the test results, which were obtained from cyclic triaxial tests on large
specimens of granular materials performed to investigate into the dependency of small strain
Young’s moduli on stress state. Stress system-induced anisotropy of Young’s moduli is described
from the characteristics of stress state-dependency of Young’s modulus, which is followed by a

cross-anisotropic formulation of elastic behavior for granular materials.

4.2. Summary of the Previous Chapter

The investigation was carried out on large triaxial specimens (for dimension see Figs. 2.1a and b)
of four granular materials (Table 3.1). Small strain amplitude vertica! cyclic load (VCL) at Aoy=0
and horizontal cyclic load (HCL) at Ac,=0 were applied by using the automated system (described
in Chapter 2) to evaluate elastic parameters. Elastic parameters were evaluated with the use of
local strains. Local lateral strain (&) and local vertical strain (e,) were measured by local
deformation transducers (LDTs). The strains measured by LDTs in both principal strain directions
were free from bedding errors. Although other strain measuring devices (e.g., gap sensors,
external gages) were used (Fig 2.1a), the data obtained by those will not be presented as they
need corrections for ‘bedding error.” The word ‘bedding error’ is equally applicable to €, and e

measured by using gap sensors and external gages. The resolutions of LDTs, inner load cell to
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measure deviator load and pressure transducer to measure lateral stress (o) were sufficiently high
to capture the respective responses of small unload/reload cycles being applied to measure the

elastic parameters (Chapter 2).
4.3. Dependency of Young's Moduli on Stress States

As discussed in the previous chapier (see Figs. 3.12a to c), the Young’s moduli (E,, E;) obtained

by smali-amplitude CL tests at isotropic stress states can be represented as follows;

E ,=E f(e)o,™ 4.2a

E,=(1-1,).E,.f(e)o,™ 4.2b

where the parameters (E,, I, my, my) for the tested materials are listed in Table 3.2 (Chapter 2),
the entity (1-I).E, is equal to normalized E, (by f{(e)) measured at the stress state of o,=0y=1.0
kgf/em’.

Now, the most difficult work is to apportion the exponent m (i.e., m, and m) while taking
into account properly the effects of major and minor principal stresses at state on Young’s
modulus in a particular direction. Since the factor o, at isotropic stress states can be divisible in
various forms, such as 0,"=0,"".04™ (where, m!+m2=m and m1xm2 =0.0), without violating Eq.
4.2a and b, there could be a number of probable solutions to represent the dependency of Young’s
modulus. Certainly, all of them cannot be valid for general stress paths. Of them the following
forms, which are used by other previous researchers and which were supported, to some extent,
by data for a limited stress paths, will be examined by using the results from a systematic series of

small-amplitude CL tests.

Case 1 dependency: At any stress path, E, and E, are unique functions of o, which can he
represented by Eq. 4.2a and b, respectively.

Case 2 dependency: Young’s moduli are directionally dependent. That is, Young’s modulus in a
particular direction is a function of principal stress in the direction of principal strain for which the

Young’s modulus is defined (Stokoe et al, 1991; Lo Presti and O’Neill). King (1970) and Wu et
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al. (1991) also observed by the wave propagation method that this form of characterization of

elastic moduli holds good also for intact hard rock. The mathematical definition is as follows:

E,=E f(e)o,™ 43a

E,=(1-1,).E,  f(e)o,™ ' 43b

Case 3 dependency: Young’s moduli are functions of all the principal stresses, but their
dependency is more pronounced to the principal stress in the direction of principal strain for which

they are defined. It can be represented by;

E,=E f(e)o, " o,” 4.4a
E,=(1-1,).E,.f(e)o," .0,™ 4.4b
whiere, m1+m2=m (=m, or my) at isotropic stress states. Since m,=m; in most of the cases (Table

3.2), different values of m, and m;, need to be considered to represent E, and E,, respectively.

4.4. Test Results and Discussions

4.4.1. Stress-dependency of elastic Young’s modulus

Small-amplitude CL tests (both vertical and horizontal) were performed at various stress states
(Fig. 3.1, Chapter 3) in the range of 0.5< o/ow= 2.0 to investigate the dependency of small strain
stiffness on principal stresses. The small circular points (both open and dark symbols) in Fig. 3.1
indicate the stress states where small unload/reload cycles of axial stress were applied while
keeping Aow=0. At about two-third of measuring stress points (i.e., open circle symbols)
horizontal CL tests (HCL) with Ac,=0 were performed. Stress states were selected symmetrically
in compression and extension sides along stress paths Ac,=0, Acy=0 and Ac,=0 to obtain a
sufficient variation of Young’s moduli for various combinations of o, and o,. This testing program

can therefore provide the sensitivity of Young’s modulus to principal stresses.

The results obtained from all the tests specimens (Table 3.2) are shown in Figs. 4.1a to i.

The values of E, and E, are plotted after dividing by the void ratio function f(e)= (2.17-e)/(1+e)
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(Hardin and Richart, 1963) to account for a slight varation in void ratio during performing CL
tests at different stress states. Total changes in void ratio for Steps 2 to 5 [see Test Program,
Chapter 3] were very small and are given in Table 3.2. Therefore, the correction for the change in
void ratio was well below 1% of the respective uncorrected Young’s modulus. In the same
figures. the variations of E./f{e) with o, for different lateral stresses ¢, and the variations of Ey/f(e)
with o, for different vertical stresses o, are plotted. In the E,/f(e)~0. relationships, a small scatter
of data for different o, at each o, is noticeable. More significantly, however, E. increases
consistently with o,. Similar behavior can be observed in the Eu/f{e)~oy relations. That is, the
vertical Young’s modulus E. is rather independent of &, while E, is rather independent of ..
Therefore, these data sets support the stress-dependency of Young’s moduli represented by Egs.
4.3a and b. The curves based on these two equations using the respective elastic parameters (m,,
my, Iy and E;) have been plotted in Figs. 4.1a to i, which reasonably fit the data obtained in the

stress range of 0.5< o./ons 2.0.

From Eqs. 6a and b, we obtain,

E, 1 (gv“) (4.4¢)

E, _ 1 (g_) (4.4d)

in which the term 1/(1-1,) represents the inherent anisotropy and the term (o./oy)" represents the
stress system-induced anisotropy. Fig. 4.1j shows the plot based on Eq. 4.4d. For a given
specimen, the vertical offset at o./oy= 1 indicates the effect of inherent anisotropy, while the

variation of E,/E, with &,/c3, represents the effect of stress system-induced anisotropy.

Let us assume that the stress-dependency of Young’s moduli represented by Eqs. 4.3a and
b be true for general stress paths, including anisotropic stress paths (i.e., for AK=0 stress paths
with K=1). If we replace o, of Eq. 4.3a with /K then the following equation, which is paraliel to
Eq. 4.3a is obtained,;
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1
Estl'f(e)'F‘ohm 4.5

Along isotropic stress path (K=1), the quantity 1/K™ becomes unity and Eq. 4.5 becomes Eq.

43a.

To verify the validity of Eq. 4.5, a series of CL tests were performed in some of the specimens of
Table 3.2 along anisotropic stress paths [Step 4; Testing program of Chapter 3]. The value of K
was varied in the range of 0.50~0.70 other than K=1 stress path. In all AK=0 stress paths, the
range of oy was kept constant (i.e., from 0.5 to 5.0 kgf/cm?®) while o, was varied to get the
required variation in K. Fig. 4 2a show typical variations of E./f{e) obtained from a specimen of
SLB sand (SLK1V) with a4 (according to Eq. 4.5) for different K values in full logarithmic scale.
As the value of K decreases (i.e., o, increases), the E./f(e)~ay, relation shifts upward showing the
increase in Young’s modulus with the increase in oy at constant o, The relationships between
E./f(e) after dividing by f{K) and o}, are shown in Fig. 4.2b. The normalization by using f{K) brings
E./fle) values for the different values of K into a unique relation in full logarithmic plot, which is
the same with the relationship between E./f(e) and o, (=0,=04) in K=1 stress path. In the same
figure (i.e,, Fig. 4.2b), the relationships between Ey/f(e) and oy, for AK=0 stress paths are also
shown. A unique variation can also be seen for different constant K (=1.0, 0.70 and 0.5) stress

paths

The parameters [E;, m,, my, Iy] for various specimens were evaluated for different AK=0
stress paths based on Eq. 4.5 and Eq. 4.3b, and are listed in Table 4.1. For a given specimen, slight
variation is noticeable among the sets of elastic parameters, [E,, m,, my, Iy] listed in Table 4.1,

obtained from different AK=0 stress paths. However, the varizticn is very small.

Figs. 43a and b show the relationships between the ‘normalized’ E, and o, where
Young’s moduli evaluated along all the AK=0 stress paths for specimens SLK1V, HGKIA,
TYKIA and TCK1A are used. In Fig. 4.3a, E, was ‘normalized’ by the right hand sidc ierm (r.h.s)
of Eq. 4.5 (similar form of Eq. 4.3a), while in Fig. 4.3b it was normalized by r.h.s. of Eq. 4.2a
(i.e., considering E, is a function of mean stress ¢,). Similarly, Figs. 44a and b show the

corresponding relationships between the ‘normalized’ E, and oy, where E, was ‘normalized’ by the
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r-h.s. of Eqs. 4.3b and 4.2b, respectively. In the normalization, the elastic parameters [E;, m. m,
Io] obtained from K=1 stress path were used for all the AK=0 stress paths. It can be seen that the
more ihe K value decreases, the more the data deviates from normalized unit stiffness line if it is
assumed that the Young’s modulus is a unique function of the mean principal stress o, =
(ov+200)/3. In this case, Young’s modulus is under-estimated or over-estimated depending on (1)
the direction for Young’s modulus being concerned (i.e., E, or E,) and (2) stress paths being
considered. A deviation of 5 to 8% from the measured value may be resulted even if the Young’s

moduli are predicted based on Eqs. 4.3a and b {i.e., Case 2 dependency).

Stress-dependency Case-3 (represented by Eqs. 4.4a and b) was also examined by
performing CL tests (both vertical and horizontal) on a specimen of Toyoura sand (TYKO02) along
the following stress paths sequentially: (a) triaxial compression (TC) from an isotropic stress state
o=c=0y=1.0 kgflem® to 0,/0,=3.5 by increasing o, while keeping o constant with unload/reload
cycles at various stress states, which was followed by unloading to ¢.=1.0 kgf/cm® and (b) triaxial
extension (TE) from o.=1.0 kgf/em’ to 0y/0.=3.5 by increasing o, while keeping o, constant with
unload/reload cycles at various stress states followed by unloading to 0.=1.0 kgf/cm®. Figs. 4.5a
and b show the variations of the ratio of the measured E° {~-L, and E,) values to the predicted
values with stress ratio, while the ratio is set equal to 1.0 when ow/a,=1.0. The Young’s moduli
were predicted separately by using the three probable forms of stress state-dependency (i.e., by
Case 1, Case 2 and Case 3). In the figures, they are represented by the respective number in
brackets For example, the predicted E, by using Case 1 dependency is denoted simply as E, [1].
When predicted based on Eqs. 4.4a and b {Case 3), ml was assumed as 0.8 of the m (=m. or my)
and m2= 0.2m._ Fig. 4 5a shows the relationship obtained for the TC stress path, while Fig. 4.5b
shows the relationship for the TE stress path. Both figures show that the prediction by Case 2 is
by far the best representation of the stress-state dependency of Young’s moduli, which is followed
by Case 3, and then Case 1. Even in Case 2, however, the measured variations of Young’s moduli
at stiess ratios (0v/ay, in Fig. 4.5a and ow/o, in Fig. 4.5b) greater than 2.50 are not predicted well.
This could be related to the ‘damage’ to Young’s modulus at relatively higher shear stress level,

which will be described in Chapter 5.

In summary, the test results indicate that Young’s modulus in a particular direction is

essentially a unique function of the normal stress in the direction of the major principal elastic
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strain increment for which the Young’s modulus is defined. This implies that small strain elastic
moduli and, hence, the initial stiffnesses become amisotropic as the stress state becomes
anisotropic, as represented by Eqs. 4.3a and b. This anisotropy at any given anisotropic stress state

can be quantified by a parameter A, as follows;
4,-0,"[o," (4.6)
4.4.2. Poisson’s ratio

The values of v,y (as defined by Eq. 3.3a; Chapter 3) for all the particulate materials (Table 4.1)
obtained from vertical CL tests were plotted against 0./, in Figs. 4.6a to 4.8c. The values of v,
are obtained based on locally measured Ae. and Ag, by LDTs. As mentioned before, the reliable
values of vy, could not be obtained by the current test program; it can be evaluated only by tests in
which horizontal stress in one direction is changed while keeping the other unchanged. On the
other hand, the values of vy, obtained by using Eq. 3.3b (Chapter 3) (note that v= “v at
is_tropic stress state” was assumed; see Chapter 3) were found much less reliable compared to v,
vaiue because of relatively large scatter in €, during horizontal CL test (Fig. 2.4f, Chapter 2), as

mentioned in Chapter 3. So these data were not used.

It was found that within the investigated stress range, the value of v,;, was not sensitive to
the change in either o, or o, at a fixed o./oy, but vy, increases with the increase in o./o, within a
narrow range of vy, for each specimen. For example, the range of v, was from 0.14 to 0.21 for
TYKI1A and from 0.08 to 0.13 for SLK1A. This tendency is in accordance with the following

theoretical prediction.

The test results shown above indicate that the Young’s moduli E, and Ej can be modeled

reasonably as:

E‘s(Ev)o.(ov/o‘,O)"" 47

48

110



where (Ev)o 2nd (Ey)o are the values of E. and E, when ¢,=0,9 and 0y=0w, respectively. On the
other hand, if the potential energy increment function AW= 1/2.Cjj.Ae;; Aey exists for a hypo-
elastic medium, it requires the following relation (also mentioned in Chapter 3) te be satisfied;

v, /E, =v,. /E, : 49

Adopting 0.0=0w, Eqs. 4.7, 4 8 and 4.9 yield;

i By (B )0,
L 410
Y Lh (Eh)o-oh

When m,= ny=m, as one of the possible relations, we can obtain;

v, =0, EDNED, (0,/0,)" 411
V,, =0y (B E,), (0,/0,)" 412

where v, is the Poisson’s ratio vy, and vy when ov/on, = {(En)o/ (Ev)o} '™ for Eq. 4.11 and {(Ey)o/
(E\)o}™ for Eq. 4.12, respectively. In other words, vy, {(E\)o/(En)o}**, for example, is the Poisson’s
ratio viy=vo at isotropic stress states. For an inherently isotropi~ material, v,, is the Poisson’s ratio
under isotropic stress conditions. In Figs. 4.6a to 4.8c, the relations based on Eq. 4.11 with m=m,
are presented, which fit the data reasonably. The values of m, and v, are given in Table 3.2
(Chapter 3). In the same figures, the values of vy, predicted based on Eq. 4.12 are also plotted
assuming vy, =vo at isotropic stress states” and m=m,. Note that when the particulate materials are
inherently anisotropic, the values of v and v,, are not the same. In case Eqs. 4.11 and 4.12 are
valid, isotropic behavior v,;= vy is obtained when o./oy= {(Ex)o / (E.)o}"™. It may be more
reasonable to assume that vy, is equal to the values of vw=vs at this stress ratio. Further

discussion should be made after experimental data of vy, and vy, are obtained.

111



4.5, Cross-anisotropic elasticity model

So far, several different models of stiffness for elastic strain increments have been proposed.
Duncan and Chang (1970) assumed that the Enax (Young’s modulus) value for elastic axial strain
increments de, in a TC test of sand performed at a certain confining pressure o, is a unique
tunction of oy,. In the model of Lade and Nelson (1987), the Enay value is isotropic with respect to
the direction of the elastic normal strain increment concerned, while it is a function of (I,2+a_J32),
in which 7, and ./, are the first and second stress invariants and « is a parameter which is a function
of the elastic Poisson’s ratio. Its modification for inherently cross-anisotropic materials has been
proposed by Yu and Dakoulas (1992). Further modificatior will, however, be needed to capture

the stress-induced anisotropy of sands.

A stiffness matrix for an inherently cross-anisotropic material was proposed by Barden
(1963) based on theoretical considerations. This model was modified by Graham and Houlsby
(1983) to explain the anisotropic deformation of a natural clay (note that the deformation of clay
analysed by Graham and Houlsby was small, but not of a purely elastic one). In these models, the

stress-system induced anisotropy was not dealt with either.

By compiling the results of the current investigation with respect to the inherent and stress-
system induced anisotropy, and also combined with the models proposed by Barden (1963) and
Graham and Houlsby (1983), the following stiffness matri.. for the elastic deformation of a drained
inherently cross-anisotropic geomaterials (particularly cohesionless soil) under axiaily symmetric
stress conditions (i.e., 0x=0, and T,=T,,=T=0) may be proposed (Tatsuoka and Kohata, 1995) as
shown in Eq. 3.1 (Chapter 3). This stiffness matrix has seven independent parameters; E,, E., Vi,
Vi, Vi, Gon and Gy Of them, five elastic parameters E,, E,, Vi, Viv and vy, at any stress states can
be obtained by knowing Iy, E;, m,, my and vy of a particular materizl and then by using the Egs.

43b(or4.8),43a(or4.7),4.11,4.12 and 4.13 (giver below).

2
V,, =V, 4.12

It was mentioned in Chapter 3 that the assumption given by Eq. 4.13 was used to evaluate E, from

horizontal CL test with Ac,=0.
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From inherent isotropy in the horizontal planes, we can obtain;

G, =E,/{2(1+v,)} 414

The only remaining parameter that cannot be obtained directly by triaxial testing system is
Gu=Gy. Rather it can be evaluated with sufficient accuracy by torsional shear apparatus
(Teachavorasinshun, 1992). However, we can make an estimation of G,, by assuming that in the
case of not very strong anisotropy, as the shear stress increment &, is applied, principal strain
increments are induced in the two orthogonal directions at an angle of +45 degrees relative to the
vertical. In terms of the principal stress and principal strain increments, the following relation is

obtained:
Gh\- =th = E.:sw/{z(] +U0)} 415

where Eys is the Young’s modulus for the major principal strain increments in the directions at an
angle of +45 degrees from the vertical. Here, the same E,s and the basic isotropic Poisson’s ratio
v, are used for these principal strain increments, since in these two orthogonal directions, both the
inherent structure and the normal stress «, are the same with o,=(o,+04)/2. Therefore, the value of

E.s may be assumed as:
EJS‘(E-iS)O'(Gn/GO)M 4. 16a

where (E4s)o 1s E4s when o, is equal to op, which may be assumed as:
(EJS)<)={(Eh)O +(E\')o}/2 4.16b

Figs 4 .9ato d show the relationships between the ‘normalized’ G, which was evaluated based on
the discussions stated above, and the ‘nori.ialized’ stress ratio for the four specimens TYKI1A,
TCK1A, SLK1V and HGK1A, respectively. For each specimen, three stress paths such as K=1,
A0,=0 at o,=1 kgf/em® and Ag=0 at 0,=1.0 kgf/cm’ have been investigated with the maximum
value of major principal stress equal to 5.0 kgf/em’. G can also be evaluated in the following

form of Eq. 4.16¢:
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G, =G, f(e)o, 4.16¢

where m is assumed as (m,+m,)/2 and G, is the shear modulus at o,=1 kgf/cm? at isotropic stress
state (i.e., at 0,=0.=0=1.0 kgf/cm2), which was evaluated based on Eqs 4.15, 4.16a and 4.16b.
Thereafter, G, evaluated for different o, by using Eq. 4.16c may be assumed as ‘true’ shear
modulus. This ‘true’ shear modulus was compared with those obtained for other stress paths, such
as K=1, Ao,=0 and Aoy=0C. For the latter cases, the values of E, and E, for each value of o,
(=(oton)/2) were evaluated by Eqs. 4.3a and 4.3b, and then the corresponding G, was evaluated
using the Eqs. 4.15 and 4.16b (rather than using Eq. 4.16¢). In the Figs. 4.9a~d, G.; values
evaluated for three stress paths, including the so-called ‘true’ values, were normalized by the r hs.
of Eq. 4.16¢ (the same G, and m values were used as those evaluated to calculate the ‘true’
values). In those figures, stress axis was normalized by po, where py=1 kgf/cm’ representing the
pivotal isotropic stress at which G, was nieasured. It can be seen that G, exhibits stress path
dependency to some extent. For materials not inherently strong anisotropic (Toyoura and Ticino
sands), G (normalized) values estimated along Aow=0 and K=1 stress paths fit reasonably with
the normalized unit ‘true’ modulus line, while those evaluated along A=0 stress path exhibit
about 10% under-estimation at the maximum shear stress level (i.e., at ,=5.0 kg,f/cm2 or 0,=3.0
kgf/cm®). On the other hand, for materials which exhibit inherently very strong anisotropy (i.e.,
SLB sand and Hime gravel), Gy, (normalized) values estimated along Ao,=0 stress path exhibit
about 5% under-estimation whereas those estimated along Ac,=0 stress path exhibit about 17%
over-estimation. The larger deviation in Ac,=0 stress path is due to the larger biasness of , to o,

values (rather than ¢,) and due to inherent anisotropy with E,, < E,.

4.6. Stress path-dependency of integrated elastic strains

Elastic strain increments de, and dey in triaxial stress conditions are given, according to the

proposed model, as follows:

de, = V; do, -2/ do, 4.17a
v h

_a _th)// v,/
de, - VE, 90~ Vg 90, 4.17b
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E. and E, are given by Eqs. 4.3a anc! 4.3b, while v, and v.,, are given by Egs. 4.11 and 4.12, and
vi= Vo. Then, the integration of de. und dey, is stress path-dependent; i.e., the integrated elastic
strains Ae, and Ag are not a unique function of the stress states before and after loading (see Fig.

4.10). In the following discussion, m=m, and v4= vi.= vy at 0,=0,, are assumed.

For the stress path A—=B—+C (Fig. 4.10), Ae. is given as’

(Ae)ase = (Aey)an + (Aenc, where

T +AT,
T+ AT, ’_7\; // 2VO doh
(AE‘,) - hv - Y, o= /2
m==f SRS (-1). S E o, ) 6, 418
2v, O mo 1 |

. _ s -1}
1-m!2 (1-1,).E,.f(e) (0,,0,)™"

where h= Aoy/One.

l T,00+A0, dO'v

Ou+ho,
(Be o == [ Vg do,= f(e).E, { o,
1 O 1
Ci-m E, f(e)(0,)"
where r = Ac./0,0. On the other hand, for the stress path A—=D—C (Fig. 4.10), Ae, is given as;

(Ae)anc = (Ae)ap + (Asv)oc , where (Ag)ap = (Ae)sc

4.19

{(1 ) 1}

2v, O ho 1 _{(] i S 1} 420

e 2 (I E @ @ (e

Here, we define the difference in d(Ae,) between (Ae.)anc and (Aey)anc and their mean [(de,).] as

follows:

d(Ae,) = (Aev)anc - (Aev)anc = (Agy)as - (Aey)ne

_ 2V0 Ohﬁ ] — {(T +h)1—m/".‘_ }} ]_ - 1 — 42]
1-m/2 (1-1,).E, f(e)(0,0,,) (I+rn™"

(A& ave = [(Ae)anc + (Ag)anc)/2= (Ae)ac + { (Ae)pe + (Aev)as }/2.
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Then the ratio S,= d(Ag,) / (A&\)ae is Obtained as

lem/2

ﬁ“"").L.(‘h) {osmyath- L L
d(As‘,)‘ 2-m 1-1,\o, (1+r) (1+r)™™-1

(A8 o o 2A=m) Vo (Gh ]-M{(Hh)"’"":-]} PR !
2-m 1-1,\0, t+n)™ [la+n' -1

Similarly, for strains in lateral direction, we obtain the ratio S, as:

m/2

3 I-
s _2(71:m)}’01\1_— 10)( ‘.ﬂ_) {(}+r)l""’2—l}][1~ 1 _ ]1-,..
€,) _ 2-m Vo \Ou i (1+h) (a+m =1 493

(424 )0 1_“"")"0('“10)(;°)|M{(1+r)“”’2~1}1+ ' !
2-m 1-v, \o, A+ {1 +h) -1

Note that when the ratio S;= d(Ae.) / (Ae\)ae (and Sy) is equal to zero, the material is a general

Q

Q

elastic body, while the ratio is non-zero, the material is a hypo-elastic one. In this case, the ratio S,

and Sy, are functions of h= Aow/ay and = Ac./oyg and others (i.e., Iy, ng, m, etc.).

When h=r and 0,0=0, the relations between S, (and S) and h=r are obtained as shown in
Figs. 4.11 through 4.13. While keeping the other variables constant, Figs. 4.11a, 4.12a and 4.13a
show the relationships between S, and h=r for different Iy, vo and m values, respectively. On the
other hand, similar relationships between Sy and h=r are shown in Figs 4.11b, 4.12b and 4.13b.
From these figures, the following trends can be observed. Granular materials exhibit hypo-elastic
deformation characteristics in a finite strain range. Hypo-elasticity in &, direcion (Fig. 4.11a)
increases with the increase in the degree of inherent anisotropy in the small strain stiffness I, (=1-
EW/E.), but contemporarily it decreases in g, direction (Fig. 4.11b). In both &, and &, directions
(Figs. 4.12a to 4.13b), at a constant I, hypo-elasticity increases with thc increase in m and v,

values while the either is held constant.

116



4.7. Summaries

(1) Stress-dependency of Young’s modulus is critically examined for three cases: Elastic Young’s
modulus is i) mean stress dependent (Case 1), ii) directionally stress-dependent (Case 2), and (iii)
dependent on both principal stresses (Case 3).

(2) Large volume of data shows that the elastic Young’s modulus is rather a unique function of the
normal stress in the direction of the major principal strain increment (Case 2). Case 1 and 3 types
of dependency of Young’s modulus may underestimate or overestimate the true values depending
on the stress path being followed and the magnitude of stress states.

(3) Poisson’s ratio (v.n) was observed to increase within a narrow range with the increase in stress
ratio (0./0y).

(4) Based on the experimental observation, a cross-anisotropic elastic model has been proposed
and evaluated. In the model, G, is estimated based on the elastic parameters [E,, Iy, m,, m;] for
different stress paths and is observed that G.y is stress-path dependent for the materials which
show strong inherent anisotropy in Young’s moduli.

(5) Elasticity of granular materials is of hypo-elastic type. Hypo-elasticity increases in both
principal strain directions with the increase in v, and m values; it increases in the ¢, direction with

the increase in Iy, but at the same time it decreases in the g, dir .ction.
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Table 4.1: List of the elastic parameters obtained from AK=0 stress paths.

Material | Specimen | K=aw/o, | 'E, my s my
name (kgf/em?)
1.00 2030 0.490 0.096 0412
Toyoura | TYKTIA | 0.70 2016 0.457 0.071 0.408
sand 0.50 1990 0.463 0.071 0.410
1.00 2890 0.474 0.363 0.440
SLKI1A 0.70 2790 0.486 0.485 0.460
1.00 2806 0.506 0.552 0.471
SLB SLK0OA 0.75 2715 0.493 0.531 0475
sand 1.00 3220 0.446 0.462 0418
SLK1V 0.75 3198 0.440 0.454 0.437
0.50 3107 0.404 0.423 0.443
1.00 2075 0.512 0.380 0.452
Hime HGK1A | 0.75 2011 0.514 0.349 0.424
gravel 0.50 2027 0.501 0.344 0.438
1.00 2188 0.514 0.440 0.490
HGKOA |0.75 2175 0.503 0.440 0.510
0.50 2113 0.515 0.427 0518
Ticino 1.00 1510 0.53 0.000 0.440
sand TCKIA |[0.70 1471 0.54 0.003 0.456

' E,=E,; fle) (1/K™).op™ (along AK=0 stress path)
b i Eh = (1-[0).E1.f(€).0’hmh

118



(E,or E,)/ fle) (kgf/cm?)

Fig28.org/stress/D1

119
4000
! o}, (kgf/cmz) Toyoura sand
3500 - ® 1.0 (TYK1A)
i A 1.25
1.50
3000 v 1.75 Ev‘:EI.f(C).UVm" @ ee="T
L e 20 \ .____,--!"
0k 8 amatX B
20 . ST §oooe &
- [N RN Si
2000 é ,,,,,,,,, o\
: \ 5
- E,=(1-1)) E,.fle).0,™ o, (kglem')
1500 - o 100
©c 1.50
i A 200
1000 1 - 1 1 |
1.0 1.5 2.0

Fig. 4.1a: E/fle)~ov
TYKIA specimen.

(o, 0or G;) (kgf/cmz)

and Ey/fle)~oy relations for different out-plane stresses performed

on



Fig33.org/stresa D1

120
4000
i o, (kgf/cm?) Toyoura sand
. 350 F = 1.0 (TYISD)
(o]
g L A 1.25
b * .
T 3000 | 132
: i v . EV=E]_f(e)_O'vmv .
S‘_)'.’ ° 20 7 TN e
<2500 - ‘ \ ‘‘‘‘‘ .o g ...........
o e g .......... PR
D N TR~ TR
> 2000 - . R AT
N B ...... \ Ov (kgﬂcmz)
1500 Eh=(1'10)~81-f(e).0’hmh o 1.00
B o 1.50
A 200
1000 - ] 1 1 1 1 " 1 " | ;
0.75 1.00 1.25 1.50 1.75 2.00 2,25

(o, 0ro,) (kgflem?)

Fig. 4.1b: E/fle)~o. and Ey/f(e)~o relations for different out-plane stresses performed on
TYISD specimen.



(E,or E,)/ f(e) (kgf/cm?)

Vigls ergwrens DI

121
4000 -~ -—
- Toyoura sand
3500 | (TYKO02)
i o, (kgflem?)
3000} = 10
A 1.25
" e 150 E =E,.fle).o,™ Lo
2500 - v 175 \ .-
L e 20 . ’_"_'- T B minme
2000 |- P Bt 8-
_ o, (kgflem?)
1500 | @\\ O 1.00
E,=(1-1,).E,.fle).0,™ o 150
I A 2.00
1000 | 1 | 1 |
1.0 1.5 2.0

(o, or 6,) (kgflem?)

Fig. 4.1c: E /f(e)~0, and E, /f(e}~0, relations for different out-plane stresses performed on

TYKO2 specimen.



(E, or E,)/ fle) (kgf/em’)

Fig29.org/stress/D i

122
4000
i Teing sand
3500 | -
] Gh (kgﬂsz)
3000 = ] 10
A 125
[ & 150
2500 F w175 .- E.~E, £e).0,™
- \« ......
R E:::.:::::.‘g
...I':gil ......... @ o
| "'BI::‘ ....... s
1500 - g"nd .... \ D 100
! Eh=(l-lo).E,.f(f:)_ohmh o 100
A 200
h l l 1 1 1
1.0 . ;

(o, or g,) (kgflem?)

Fig. 4.1d: E/fle)~oy and Eyfle)~0n relations for different out-plane stresses performed on

TCK1A specimen.



A

Fig22. org/stress/D1

123
4000 —
o, (k f/cmz)
h (X8 E =E,.fle).0,™
L] 1.0 e
G_\ 3500 e A 1-25 - .— -
g 4 1.50 =l
&= ’ e _
S 3000F ¥ 1.75 ”,/ Hime gravel
- * 20 ® o? t (HGK1A)
\3 i & o"V
‘b‘ -
~ 2500 - et
u&c - e A" o, (kgf/cm’)
O 4
ol 2000 ' o 1.00
~ ] B o 150
P A 2,00
1500 T s
g
s E,=(1-1,).E,.fle). crh"“h
1000 Nl 1 i 1 | = 1 1 |
1.0 1.5 2.0 2.5 3.0

g, or Oy (kgf/cmz)

Fig. 4.1e: EJ/fle)~o. and Eyf{e)~oy relations for different out-plane stresses performed on

HGKI1A specimen.



(E,or E,)/ f(e) (kgflem?)

4000

3500

3000

2500

2000

1500

1000

Fig2d.org/stress D1

124
oy (kgf/cmz) e
n 1.0 Ev’:Ei.f(C).va‘" - ’.' -
A 125 L
* 150 ‘, -
v L75 s . Hime gravel
e 20 ‘i " Y (HGKOA)
A
! E,=(1-)).E,.Re).0,™
\ \\ o, (kgf/cmz)
&8 o 1.00
JUREE o 150
Ao . A 2.00
l 1 l 1 I § l 1 l
1.0 1.5 2.0 2.5 3.0

(g, 0r 0,) (kgflem?)

Fig. 4.1f. E /f{e}~O, and E,/f(e)~0, relations for different out-plane stresses performed on

HGKOA specimen.



Fig27 org/stress D1

5000
[ = (kgf/cmz) —
4500 + u 1.0 15
= - A 125
N i . E =E .f(e),(j m, L
S 4000 * 1.50 v~ ¥ N “ -
E‘) [ w175 . ...
s 3500 - . 20 . " 'c .
S i Y
E 2000 = ' .«
3 i 2(1-1 )E f(e)o. m,
o 2500 F E, B 1
ov N - L
< L e % .......... Ay 2
~2000 fyoe b
o
| o 1.00
o o 1.50
- A 2.00
1000 : 1 | 1
1.0 3 -

(o, or o) (kgf/cm?)

Fig. 4.1g: E/f(e)~o. and Eyf{e)~0, relations for different out-plane stresses performed on

SLK1A specimen.



(E,or E)/ f(e) (kgflem?)

5000

4500

4000

3500

3000

2500

2000

1500

1000

Fig23.org/stress D1

126
cjh(kgf/cmz)
= 10 E~E; Re).o,™ '
A 125 \ »
* 1.50 ”'ﬂ .

v 1.75 '..l-. |
. 20 .....~' Ov(kgﬂcrrl)
! o 1.00

O 1.50
E,=(1-)) E,.fe).0,™ R
g
B SIREEES e
By s
SLB sand (SLK1V)
Vibrator compacted
| . | l l
1.0 - .

(0, or 6,) (kgflem®)

Fig. 4.1h: E /f(e}~O, and E, /f(e)}~O), relations for different out-plane stresses performed on

SLK1V specimen,



5000

4500

4000

3500

3000

2500

(E,or E,)/ fe) (kgf/em®)

2000

1500

1000

Fig26.or/stress D1

127
Oy (kgf/cm?) —
A (SLKOA)
A 1.25 EV=E]-ﬂc)-UVn1V !‘ L B
® 150
v 175 ' —“-"‘
® 20 A
2y |
i ‘_"— Ov(kgﬂCm)
o 1.00
] T o 1.50
E,=(1-1)).E,.fle).0, 9 1
5\@ ........... A
..... B
o
1 B . | |
1.0 - "

(Ov or O’h) (kgf/sz)

Fig. 4.1i: E/fle}~o, and Eyf(e)~0, relations for different out-plane stresses performed on

SLKOA specimen.



E, /B,

Figd9.org/stress D1

128
>3 TYKIA
. }: Toyoura
| © TYKO2
& TCKIIA : Ticino v
56/ A SLKIA Stress system-induced anisotropy
A SIKIV }. -
| v SLKOA ' v
® HGKIA
25 Y O HGKOA}i Himte A
A
A
i 0
O » &
20 A
|
v 2 Inherent anisotropy =1/ (1-1;) o
15 — A g B. o
u o .
i s S o c 2
© o
1.0 0% =%
o8 8o . , ,
i g Perfectly isotropic material
05 | L | 1 1 1 |
0.5 1.0 1.5 2.0
g,/ o,

Fig. 4.1j: The relationships between E /E, and 0,/0, of different specimens.



FigO% org/ek 1 w/D1

E, / {f(e)*f(K)}, E,/fle) (kgflem?)

129
7000} OF
_SLKIV :.fl
5000 AT e gt
- o ,.."-, A
2 - K=0.5 et .
E 'l. - L] ‘='-
2 CERRRC LA
- ‘_.° K m,
~ e '.‘\
3
&= RN K=1.0 ®m 1.00 045
4 050 040
Vibrator compacted specimen
1000 ] 1 U SR T | 1 1 1
0.5 2 5
o, (kgf/em®)
Fig 4 2a: Relationships between E./f(e) and o}, along AK=0 stress paths.
7000
I SLK1V "
E\, K m,, o :
» A
® (.75 0.44 [ |
" | A 0.50 040 ] .
: : \ = 8 _
i 5
- | ] o
e O
|
0 N
2000
H E, K my
0O 1.00 0.42
A O 0.75 0.44
A 0.50 0.44
1000 1 1 ' PR | ! 1 4.
0.5 1 5

o, (keflem?)

Fig. 4.2b: Relations between E./{f(e)xflK)} and o, and Eyfle) and o, along AK=0 stress
paths.



gl S ary'sireee Dt

130
]
HGKI1A SLK1V TYKIA TCK1A
K K K K
12 ® 100 m 100 A 100 v 1.00
Z [ o o1 o o018 A 075 v 075
o X 0.50 X 0.50 + 0.50
O i
[t
. R . o . . ... - -----R----- .. ...
& 10 3 222§y Bo= A gy
- b3 X 4
. i
o5
0.8
1 1 1 1 ! | L | )
0 1 2 3 4 5

2
| o, (kgf/lcm®)
Fig. 4.3a: Relationships between the ratio of measured

dependency of E.) and oy along AK=0 stress paths.

to predicted E. (based on oy

1.4
0.,=(20,+0,)/3
- + N
+
1.2 X # % » + +
- x
* *
EPE i ¥ A g bV 6 \v/
o N 8 8 5, 8§ o
’q'j 10 beseseifos ' l. .‘ ...... Wieialf i 5 i ...........
= 10 ’ s34 fa g 4
E‘LJ— -
~
LL3> HGKI1A SLK1V TYKIA TCK1A
08 - K K K K
® 100 m 1.00 A 100 v 1.00
I O 075 o 0.75 A 075 v 075
X 0.50 * 050 + 0.50
06 1 | 1 J 1 1 1 | 1
0 1 2 3 4 5

o, (kgflem?)

Fig. 4.3b: Relationships between the ratio of measured to predicted Young’s moduli E, (based

on o, dependency of E,) and o, along AK=0 stress paths.



Fig)7 errereas D1

131
- 12
O..C.‘
Py B *
(0]
= & 3 g
TSR O J| SRRRTE ﬁ» ---- IRRRER b - T : """ 5 """"""" 8 """ g """
=
_T: HGK1A SLK1V TYKIA TCK1A
u\f 05 L K K K K
® 1.00 B 1.00 A 100 v 1.00
o 075 0 075 5070 v 070
X 0.50 X 0.50 + 0.50
1 [l ! 4 1 1 1 | 1
0 1 2 3 4 5
3
o, (kgflem?)

Fig. 4.4a: Relationships between the ratio of measured to predicted Young’s moduli E, (based

on oy dependency of Ey) and o, along AK=0 stress paths.

1.4
HGKI1A SLK1V TYKIA TCK1A
- K K K K
® 100 m 1.00 A 100 v 1.00
12+ o 075 o 075 A 070 v 0.70
X 0.50 ¥ 0.50 + 050

E’h/ { (I'I())-El-f(e). O'mmh }

n
1.0 _8 ...... g ..... ‘g ..... ! ...... : ...... ! ..... 'aEEREEE g ...... a ......
o 0 Q
X Y X Q - X ¥ v
4 +
0.8 |- + " ¥
0.6 L 1 v | 1 | 1 1 1
0 1 2 3 4 5

o, (kgflem?)

Fig. 4.4b: Relationships between the ratio of measured to predicted Young’s moduli E,, (based

on o, dependency of Ey) and o, along AK=0 stress paths.



Fig M4 ory/aressD1

132
w14
=) 2
2 i TCat 0,=1.0 kgf/cm E, [1]
£ )/
i%)
CEJ) 1.2 +
S
>- -
°
5 1.0
s
) s
a.
2
xe 0.8
g
5 :
%21
o
(8]
£ 06 F
o
<
= TYK02
S 04 ! . ! . L :
< 1 ) 3 4
& o,/ o,

Fig. 4.5a: Relationships between the ratio of measured to predicted Young's moduli
and 0,/0; along TC at 0,=0;=1.0 kgf/em? of TYK02 specimen.

1.4
;5;' | TEat 0,=1.0 kegflem?
=
@ 12 Ey, 3] Ey [1]
=
=3
o F
>
B 10
hs
-O =
2
Q.
S 08}
e
L
— o
=0
%2}
<
S 06
2 | E, 117
o TYK02
o 0.4 1 1 | 1 1 1
= 1 2 3 4
& o,/ 0o,

Fig. 4.5b: Relationships between the ratio of measured to predicted Young's moduli
and ¢1,/0, along TE at 0,=0,=1.0 kgflem” of TYK02 specimen.



Fig32org/stress D1

133
® Expt. data TYKIA
0.20
S
P
0.15
\ ] N ! ' 1 \ ] : 1 i 1 i ] 2
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
a,/ o,
® Expt. data TYK02
mase . =Vl V2
0.20 + vh 70 h PY
S
b
0.15
L 1 1 1 1 | 1 | 1 | 1 1 1 | 1
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
o,/ oy
® Expt. data TYISD
0.20 . .o .
predicted v,
0.15 i
! 4[. n | n 1 ’ | 1 1 ! | ! 1 1

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
o,/ oy
Figs. 4.6: Relationships between Poisson’s ratio and stress ratio for specimens (a) TYK1A, (b)

TYKO2 and (c) TYISD.



0.20

0.15

v\rh

0.10

0.20

0.15

0.20

0.18

0.16

Vvh

0.14

0.12

134

Fig31.org/stress/D1

® Expt. data
Vp = Vo(0/0,) ™

predicted V, ,

-
-
-
-

-
-
-

] 1 1 1 | ) 1 1 1 L 1 L 1
0.50 0.75 1.00 1.25 1.50 1.2 2.00
o,/ g
(b) ® Expt data HGKO0A
: "TmT V= Volo /o™ ?
S

predicted v,

predicted v, ,

L 1 1 | L | L |

o .-° - »
- ' | L 1 s 1 ) 1 ! 1
0.50 0.75 1.00 1.25 1.50 1.75 2.00
o,/ o,
® Expt. data

0.50

0.75 1.00 1.25 1.50

o, / o

1.75 2.00

Figs. 4.7: Relationships between Poisson’s ratio and stress ratio for specimens (a) HGK1A, (b)
HGKOA and (c) TCKI1A.



Vvh

Vvh

V\'h

Fig30.org/stress/D1

135
0.15
® Expt. data (a)
RGN .
0.10 |-
SLKI1A predicted v, |
0.05 1 | 1 1 1 1 1 | 1 | n 1 1 1 1
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
ov/oh
f;:dlcted Vi o (b)
0.15
." °
0.10 |- ® Expt. data
_ 2
SLK1V Bl PRl (AL
1 [ L 1 1 l 1 1 1 [ 1 l 1 l 1
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
o,/ o,
022 L ® Expt. data (C)
v — m\/2 _v’.
L v v.(0. /O .-
vh ol v/ h) ® P &
0.20 +
0.18 |-
0.16 +
B ® ..
014 1 | 1 1 1 | L 1 1 | 1 1 1 1 1
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
o,/ o,

Figs. 4.8: Relationships between Poisson’s ratio and stress ratio for specimens (a) SLK1A, (b)

SLK1V and (c) SLKOA,



Figd0.org/sresa D1

136
1.2
Toyoura sand (TYK1A) (a)

o D FeseaBvames Boreinin Edwacain s 1 (— 2 Oesoss Y s T e T o T

ol 1.0 = H 29 8----@----0-----0

=3 A A

+ i & A A

=

T 08

£

206 F

= stress path

) - G, =826 kgf/cm? B AK=0 (K=1)

O"s' 04 - m=045 0  Ac,=0 (at 6,=p,)
o,=(0,t0, )2 Ac =0 (at 0, =p,)
pr(;=1.0‘1’<gf/cm2 Y v o

02 ! 1 1 | 1 | 1 1 1 |
0 1 2 3 4 5
On/Py O/ P o G4/ P
1.2
| Ticino sand (TCK1A) (b)

91,:\ 10 ._.....S ..... a. _ 8 ..... E.....E] ..... RRREEE n....ﬂ ..... U ..... B. .....

& 4 A A

= A

¥ - 4 A

£

T 08}

g

E_ i

D

o 0.6

&

© G, = 650 kgflem® m AK=0 (K=1)

C_')'S 04 - o1 =10, 485 m] A0h=0 (at Oh=p0)

| o, =(0,+0, )2 & Ao =0 (at o,=p,)
py= 1.0 kgf/em

02 1 | 1 | 1 | 1 | 1 |

0 1 2z 3 4 5

O/ Py 0/P g O,/ P

Figs. 4.9: Relationships between normalized G, and normalized stress level for specimens (a)

TYKIA and (b) TCK1A.



Fig2! org/sress D1

137
1.2
SLB sand (SLK1V)
— A ] o O O O 0 0
Q 10 —----0----- Beeee. E.- B .,----- [ P D .----- [ -,-----
a o Iy
¥ X & a4
£ A A A
T 08 |
=
e
— 06 = ™~
= G, = 1095 kgf/em® stress path (€)
O [ m=0435 B AK=0 (K=1)
o 04 1 o0,=(0,+0,)2 O Ac,=0 (at 6,=p,)
L py=1.0 kgf/cm® & 80,70 (at 0,=py)
0.2 1 1 1 i 1 | 1L 1 1 1
0 1 2 3 4 5
Om/Po O/ P o Gy/ Py
1.2
| Hime gravel (HGK1A)
= A g O 0o o o o o
o 10 peesesllbeansfnanss E----I ----- - Wil emss B _iitl AALELE
=) o 8 &
- - A A
£ NN
T 08
=]
= (d)
g 0.6 +
L2 | G, =736 kgflem’
© B AK=0 (K=1)
= =040 O Ac,=0 (at 6,=p,)
o 04r o, =(0,+0, )2 h h™¥0
i 5 & Ao =0 (at 0,=p,)
po= 1.0 kgf/em
0.2 L 1 1 | L | ] ] ! |
0 1 2 3 4 5

On/ Py /P On/ Py

Figs. 4.9: Relationships between normalized G, and normalized stress level for specimens (c)
SLK1A and (d) HGKI1A.



138

o
(Ovt+ACy, OhtACH)
after loa\ding
D \‘1 &
< Oho »>
/' A B
(O\‘O’ C)FhO) O
before loading
0.0 !
0.0 <h

Fig 4.10: Schematic diagram of stress path to investigate integrated elastic strains.



0.0
o -0.1
Z
w}
2 oo
= -0.2
w,‘)
<]
R
"lf -0.3
>
)
-0.4
-0.5
0.0
-0.1
#:
< -0.2
= -0.3
il
<
W)
-04
-0.5

Figs. 4 11: Relationships between (a) S_ and h (= the length of the side of a square stress path)

Fied6 org/mrsen D1

139

more hvpo-elastic
Toyoura sand

I,=0.0
(a) 0.10
0.20
vy=0.17, m=0.48, 0,;/0, ;= 1.0
030
1 i 1 1 ] 1 i | 1
1 2 3 4 b
h=r(=Ac, /Ao ,= Ao,/ Ao,,)
0.30
0.20
0.10
4 I,=00
more hypo-elastic
(b) V,=0.17, m=0.48, 0 /0, ,~ 1.0
1 | 1 1 1 1 1 1 1
1 2 3 4 5

h=r(=Ac,/Ac ,= Ao,/ Ac,,)

and (b) S, and h for different values of I,




0.0

S, =d(Ae,) / (Ae,),,.

>
e
w..-'-.
2

— -0.2
=
%
4
S

o ~

p =03
o=
v

-0.4

-0.5

Figs. 4.12: Relationships between (a) S, and h (= the length of the side of a square stress path),

Fia T org/ sresn D1

140
1
- more hypo-elastic
i v, =0.10
0.17
B 0.20
| 1,=0.10, m=0.48, 0,,/0,,= 1.0
1 l L l 1 l 1 l 1
0 ] 2 3 4 5
h=r(=Ac,/Ac,=Ac,/Ac,,)
v, =0.10
0.17
0.20

more hypo-elastic

u
- (b)
I 1;=0.10, m= 0.48, /0, (= 1.0
1 l 1 l 1 J 1 l 1
0 1 2 3 4 5

h=r(=Ac,/Ac = Ao,/ Ac,,)

and (b) S, and h for different values of v,,.



S, = d(Ae) / (Ae),,.

d(Ag,) / (Agp),e

S, =

Figs. 4.13: Relationships between (a} S_ and h (= the length of the side of a square stress path),

0.0

-0.1

0.4

-0.5

0.0

FiaJt ong/sresa D1

141
B more hypo-elastic
i 0.40
0.45
B m = 0.48
| 1,=0.10, v;=0.17, 0,,/C,= 1.0 (a)
1 I 1 1 1 1 1 1 !
0 1 2 3 4 5
h=r(=Ac, /Ao ,=Ac,/Ac,,)
0.40
- 0.45
m=0.48
more hypo-elastic
1,=0.10, v4=0.17, 0,,/0;,= 1.0 (b)
1 1 B 1 1 1 It [ ! 1
0 1 2 3 4 5

h=r(=Ao./ Ao ,=Ac, / Aoy,)

and (b) S, and h for different values of m (= m,).



Chapter 5

Effects of stress ratio on Young’s modulus for elastic strains during shearing

5.1. Introduction

The Young’s modulus E° of cohesionless soils for elastic major principal strain increment (de;) in
a certain direction is a rather unique function of the normal stress in the direction of de,". Similar
results have been observed in various types of static tests (e.g., triaxial tests, plain strain
compression tests, torsional shear tests, etc.) and dynamic tests (e.g., body wave test, resonant
column test, etc). Corresponding to the above, the value of E° defined for axial strain increments
in very small unload/reload cycles applied during a triaxial compression (TC) test at a constant
lateral stress increases with the increase in the axial stress (Kohata et al. 1994). On the other hand,
under a constant mean stress (i.e., ov+0o,= constant), the shear modulus G decreases as the
stress ratio ./0y, approaches to the peak values [i.e., (0./01)r and (ow/0.)] in a torsional shear test
and a torsional resonant-column test at a constant confining pressure (Tatsuoka, 1985; Yu and
Richart, 1984). The reduction of G,;° evaluated under anisotropic stress conditions from elastic
shear wave velocity measured through a 30-cm large triaxial specimen of undisturbed gravel
(taken by means of in-situ freezing method) was even larger at higher stress level (Nishio and
Tamaoki, 1990). Yet, they showed that when the principal stress ratio was less than about three,
the reduction of G, was rather small. In this chapter, the variation of E* mostly during a TC test

bringing a sand specimen to failure was experimentally examined.
5.2. Testing Procedure

In total thirteen preloaded specimens of four granular materials (Toyoura sand, Ticino sand, Hime
gravel and SLB sand), each having a height of 57 cm and a 23 cm x 23 cm in square cross-
section, were used for this investigation. Table 5.1 lists the test specimens with some results
obtained from TC tests. The specimen SLK1V was reconstituted by vibrator compaction. All the
others were prepared by air-pluviation. LDTs were used to measure axial strains, €., free from

bedding error as well as lateral strains, &, free from membrane penetration error. Each specimen
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was first subjected to one or two unload/reload cycles along isotropic (K=ow/0,=1) or anisotropic
(K=0.37) stress path with lateral stress (oy) varying in the range between 0.5 kgf/cm? to 5.0
kegf/cm®. Subsequently the specimen was subjected to vertical and horizontal very small cyclic
loading (CL) tests at several stress points along the various stress paths: AK=0, Ac,=0, Agy=0
and Ao,=0 (Chapter 3 and 4). Finally, each specimen was sheared (displacement-control test) to
failure by TC at 0,=0,=0.8 kgf/cm® while applying very small unload-reload cycles at several
stress states to determine elastic parameters. Two specimens, TYKOD and SLKOD, were sheared
to failure from anisotropic stress state (i.e., K=0.37 and o= 0.8 kgf/cm?). Before final shearing,
all other specimens except TYKOD, SLKOD, TYISD, SLISD and HGISD (Table 5.1) were also
subjected to stress-control shearing by TC with unload/reload cycles at different stress states from
an isotropic stress state (e.g., 0.5, 0.8, and/or 1.0 kgf/cm’) to a stress ratio R (=0./ay,) equal to 3.5

to 4.0 (safely below the peak).

In all specimens, the stress states along a given stress path were varied by using the
automated system described in Chapter 2, except for TYISD, TYKOD, SLISD, and SLKOD. For
the specimens stated latter, stress states were varied manually by controlling o, and o,

simultaneously.
5.3. Test Results and Discussions

Figs 5.1 to 5.6 show the stress-strain relationships during TC shearing of the test specimens listed
in Table 5.1. Of them, Figs. 5.1a, 5.3a and 5.5a show the relationships between the deviatoric
stress q (=0,-04) and the axial strain &,, while Figs. 5.1b, 5.3b and 5.5b show the corresponding
relationships between the volumetric strain &, (<&,+2€;) and &,. q~¢, relationships at lower to
very small strain levels are shown in Figs. 5.2, 5.4 and 5.6. For example, Figs. 5.2a, b and ¢ show
the q~e. relationships (corresponding to Fig. 5.1a) for &= up to 0.1%, 0.01% and 0.005%,
respectively. The value of &, of each specimen was measured by using LDTs up to 1.25~1.5% of
axial strain, while the rest was measured by external gauges. On the other hand, &, was measured
by lateral LDTs. Table 5.1 lists the peak strength for each specimen in terms of internal friction
angle dmax [= arcsin{(oy-0n) / (0,+0h) }max]. The initial void ratios of the specimens were measured
at a confining pressure of 0.2 or 0.3 kgf/cm®. Assuming this difference has negligible effects on

the test results, the following trends are noticeable.
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(a) For a given material, ¢max increases with the decrease in the void ratio. Three specimens of
Toyoura sand (TYISD, TYKOD and TYK1A) and three specimens of Hime gravel (HGISD,
HGKOD and HGK1A) show the similar trend.

(b) Despite similar void ratios, the specimens of SLB sand exhibit noticeable difference in ¢may; the
difference was about 2 degrees at the largest. The reason for this was not clear. On the other
hand, SLK1V and SLK1A showed similar peak although they were reconstituted by different
methods.

(c) Volume change of specimen was dilative (i.e., €. 1S negative) in all cases except the very
initial part in some cases.

(d) Preloading (along complicated stress paths) increased linearity in the stress-strain relationship

(Figs. 5.2¢, 5.4c and 5.6¢).

Figs. 5.7a and b show the effects of bedding error and membrane penetration error during
TC performed on TYISD specimen for the axial strain ranges up to &= 0.12% and 0.01%,
respectively. The q~eg, relationships are plotted for &, measured by both LDTs (locally) and gap-
sensors (GS) (externally). In the same figures, the respective e,~¢, relationships are also plotted,
where the values of g, were measured locally by LDTs and externally by GSs. The lateral strains
measured along the planar surface of specimen by LDTs are free from the bedding (i.e., membrane
penetration) error effects, but those measured with GS placed in the direction normal to the
specimen surface involved bedding error. Figs. 5.7a and b show that despite a large size of the
specimen, the externally measured strains (both vertical and lateral) are unreliable, and the effects
of bedding error due to membrane penetration is not negligible even during TC at a constant
confining pressure. Membrane penetration error is usually more severe in a test when the
confining pressure changes (e.g., isotropic consolidation test, horizontal CL test) and the coarser
the material the larger the error. The effects of this error during consolidation test are described in

Tatsuoka and Kohata (1995).

Small Strain Stiffness During TC

Though the primary loading curves (as seen in Figs. 5.1 to 5.6) may be noticeably affected by
preloading, it is considered that the behavior during small unload/reload cycles are not. Figs S 8a

and b show two typical o,~¢, relations in unload/reload cycles at lower and higher stress levels,
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respectively, of SLISD specimen (see Fig. 5.5a). During a typical unload/reload cycle, the
unloading and reloading parts at low shear stress level (Fig. 5.8a) are indistinguishable, whereas
the difference is clear at high shear stress level (Fig. 5.8b). The latter behavior is due to the
involvement of noticeable plastic/creep strains. This phenomena was observed more-or-less in all
cyclic test data. Therefore, the slopes of unload/reload variations were obtained separately by
linear regression for the same amplitude of vertical stress for unloading and reloading. Further, the

true elastic Young’s modulus E° was obtained as illustrated in Fig. 5.9, namely;

E ‘= 2 I( l/,EHFJ(’L’d + ].'/Errlnad) (5 ])
This is obtained from the following Eqs. (5.2) to (5.4). For an axial stress change Ao, the elastic
strain amplitude is:

Ae,=Ac [E* (5.2)

When the same plastic axial strain increment Ae,” is involved during unloading and reloading, the

axial strain increments are obtained, respectively, as:

(AE" )uulpad = AE "e - AE\’P =AOV/Eunload (53)
(AE" )wlmd = AE\'E + AEVP i AOV/Erel'oad (54)

The values of E° (=E.), Eunioad @and Ecioaa for each test were normalized by dividing the Young’s
modulus for elastic axial strains obtained from the empirical relationship established based on the
results of the small cyclic tests performed at a range of stress ratio 1/2 < o./oy < 2.0 (Chapters 3
and 4),

E‘=E fle)o,” (5.5)
where fle)= (2.17-e)*/ (1+e), and E, and m are the elastic parameters given in Table 5.1 for each
specimen. The normalized (after being divided by the right hand side term of Eq. (5.5)) Young’s
moduli are plotted against the stress ratio o./0y in Figs. 5.10a and b for specimens TYISD and
TYKOD, respectively, and in Figs. 5.11a and b for SLISD and SLKOD, respectively. In each case,

the variation of a constant Young’s modulus E°, which was the initial Young’s modulus at the
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start of shearing, divided by the corresponding value of E° from Eq. 5.5 was also plotted for
comparison. The following trends may be noted:

(1) The difference between the measured values of E,njad and Ereinas becomes more noticeable as
o./oy, increases probably due to the involvement of larger creep deformation in an unload/reload
cycle. This result suggests that the use of E,ni0.d Overestimate the true Young’s modulus E°,

(i) The measured Young's modulus E° increases with o,/oy to its maximum value at a certain
level of o./oy, followed by a noticeable decrease. Therefore, Eq. (5.5) overestimates the elastic
Young'’s modulus E* measured during TC as approaching the peak stress state.

(ii) Use of constant E° is unrealistic, and is always under-estimating the true Young’s modulus.

Load-control TC tests with very small unload-reload cycles (also load-control) at various stress
states were performed on the rest of the specimens listed in Table 5.1 to investigate into the

effects of the following factors on the E°~0,/0, relationship:

* the mode of loading (i.e., load-control or displacement control).
» the initial stress state from which TC was performed.

« the creep rate during shearing.

Each specimen was subjected to load-control multi-stage TC tests. Each stage included a TC test
starting from an isotropic stress state (Oy) to a stress state at ./0, equal to 3.5 to 4.0, followed
by unloading to the previous isotropic stress state Oy, The specimen was loaded (or unloaded)
isotropically to the new oy to perform the next stage TC, and so on. For the first stage, Oy was
0.8 kgf/cm?, then it was 1.0 kgffcm?, and at last, it was 0.5 kgflem’. Six cycles of very small axial
stress amplitude unloading-reloading (without loading to virgin state) were applied at various
stress states during each TC. At each stress state, a specified time, forty seconds, was allowed to
elapse right before the application of the unload/reload cycles that helped reducing the creep
effect (if any) on the measured E°. All the above tests during a given TC were performed
continuously at a single run by using the automated system described in Chapter 2. During
shearing, load was applied at a constant rate of 0.05 kgf/cm®/minute, while very small CL tests
were performed at a frequency of about 0.1 Hz. After the completion of load-control multi-stage
TC tests, each specimen was brought to the neutral stress state at 6,=04=0.8 kgf/cmz. The load-

control system was then replaced with the displacement-control system to continue the final
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shearing to failure (and also to apply the unload/reload cycles on the way). Tests were performed
at a constant rate of axial straining of 0.03%/minute during which no time was dedicated to creep

deformation to occur.

Figs. 5.12 through 5.14 show the relationships between the measured Young’s modulus E°
divided by the E° value obtained from the empirical equation (Eq. 5.5) and the stress ratio (0./oy).
Of them, Figs. 5.12a and b show the relationships for TYK1A and TCK1A, respectively; Figs.
5.13a and b for HGK1A and HGKOA, respectively, and Figs. 5.14a and b for SLK1V and
SLKCA, respectively. The following trends can be observed.

(i) TC loading of previous stages had little effect on the E° values evaluated at the current TC
stage. However, in some cases, E° at a given stress state decreased by a maximum of about 7% of
the initial value, but ever though the respective measured E°~o, relationship follows essentially

the empirical rule of Eq. (5.5) with the current value of E° at a reference o,.

(i) The measured E°~0./0y relationships obtained from two modes of loading (load- and

displacement-controlled) are very similar to each other.

(i1) The measured E*~o./0y, relationships are very similar during TC at different oy,. That is, E°
increases with o,, attains a maximum at a particular o,/0y, (which is around at 3 to 4), and then
starts decreasing due to the effects which can be termed as ‘damage.’ Damage is probably due to
a microscopic change in the fabric as that the number of inter-particle contacts in the axial
direction decreases drastically as approaching the failure state. The effects of damage on E* were
very clear when deformation became large near the peak state in the displacement-control tests.
Because of safety purpose, load-control shearing was not continued tor large deformation at near
peak stage where damage in E° should be significant; otherwise failure of such a large specimen
during a load-control test could be catastrophic with subsequent damage to the measuring
de sices. Nevertheless, in some instances (e.g., Fig. 5.14a), initiation of the damage to E° can be

seen more-or-less at the same stress level as was observed from a displacement-control test.

Figs. 5.15a and b show the relationships between the normalized E° (=E, or E;) and the

principal stress ratio obtained from the specimen TYKO2 that subjected to both vertical and
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horizontal very small CL tests at a given stress state during load-control triaxial compression and
extension tests. The preloaded specimen was sheared first in triaxial compression (TC) from
0.=0,=1.0 kgf/cm2 to 0./0,=3.5 at a constant on. After unloading to 0.=0,=1.0 kgﬂcmz, the
specimen was subjected to triaxial extension (TE) up to 0i/0,=3.5 at a constant o,=1.0 kgf/cm’.
During TC and TE, six vertical unload/reload cycles at constant o, and three horizontal
unload/reload cycles at constant o, were applied at each of the various stress states to evaluate E,
and Ey, respectively. For evaluating E,, the Poisson’s ratio vy, was assumed a constant (= 0.163),
which was equal to the average of v, values measured along the isotropic stress path (Chapter 3).
Fig. 5.15a shows the relationship between normalized measured E° (=E. or E;) and o./0,, during
TC, where E, was normalized by Eq. (5.5) and E, by dividing it with ‘Ej at o,=0,=1.0 kgf/em®
(since according to the empirical equation (Eq. 5.5), E, is independent of the variation of o,
during TC). On the other hand, Fig. 5.15b shows the similar relationship during TE. The
normalized measured E° was plotted against 0w/0,; here, the measured Ej values were normalized
by dividing it with Ey= E,.fle).oy™ — a similar form of Eq. 5.5. For Ey~cy variation, E,=
Ew/fle)=1595 kgflem? at 0,=04=1.0 kgf/cm® and m= m,= 0.453. The value of E, obtained during
TE was divided by ‘E. at 0,=0,=1.0 kgf/cmz’ (since E. is independent of the variation of oy
during TE).

Like E\~0./0; relationship during TC, E, also increases with oy during TE; the rate of
increase in E,, gradually decreases as ow/o, approaches to peak, E, attains the maximum at around
oW/0, =3.0 beyond which E,, starts decreasing. Damage to E;, during TC at constant oy, (similarly
E. during TE at constant o,) was also observed at the same stress level where E, during TC (E,
during TE) starts experiencing. In both cases, the rate of damage was less than that occurred to

the Young’s modulus in the direction of the major principal stress.

Dominating plastic behavior at higher stress levels could be the major reason for damage
to E°. In all cases, the damage to Young’s modulus was invariably observed at a major-to-minor
principal stress ratio in the range of 3 to 4. If we look back to Figs. 5.1a, 5.3a and 5.5a, it was the
range of stress ratio (i.e., 0./0= 3 to 4 for TC) at which plastic strain started increasing at a high
rate for all the stress-strain curves, beyond which the stress-strain relationships became more
non-linear at an increasing rate. It is likely that continuously re-orientation of grains associated

with large plastic strains keeps going on while destroying the initial fabric. Alone creep

148



deformation is not responsible for the observed damage as similar trends were observed even after
allowing major portion of creep to occur at a given stress level before the evaluation of E°. On the
other hand, plastic flow also occurs simultaneously in the minor principal strain direction as plastic
major strain increases, which can be realized from the rather linear &.~¢, relationships shown in
Figs. 5.1b, 5.3b and 5.5b. As a result, E° (either E;, or E,) evaluated in the minor stress direction
during either TC or TE also experienced damage, to some extent, at the similar higher stress ratio

where E° value in the major principal directions was damaged.

5.4. Summaries

(1) The peak angle of friction of all the specimens (medium dense to dense) of all four particulate
granular materials is observed to vary in a narrow range of 4 deg. (i.e, dma= 40 10 44 deg.).
Within this narrow range, the specimens of Toyoura sand and Hime gravel exhibit a tendency of
increasing ¢n.x With density, However, SLB sand shows that ¢ can be varied for about © deg.
for a given void ratio.

(2) Linear elastic range in the stress-strain relationships during TC was observed to increase as a
result of preloading,

(3) Young’s modulus E° defined for elastic major principal strain increments de,” is found to
increase with the normal stress in the direction of de,°. However, the rate of increase in E°
diminishes gradually as the major-to-minor principal stress ratio during TC and TE exceeds 3 to 4,
and eventually E° starts decreasing as approaching the failure.

(4) Young’s modulus in the minor stress direction during TC and TE also exhibits the similar
tendency. That is, according to the model for elastic Young’s modulus discussed in Chapter 4, the
Young’s modulus E in the direction of o is independent of increase in the major principal stress
o, during TC and TE. However, this rule holds good up to a similar major-to-minor principal
stress ratio (i.e., 3 to 4), beyond which E° starts decreasing due to damage to the initial fabric

caused by large increment of plastic straining,
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Table 5.1: List or the materials.
Material | Specimen | ‘o be ‘e, E, m s
kgflcm® kef/cm? deg.
TYISD 0.2 0.68 0.662 2040 0.49 43.56
Toyoura | “TYKOD | 0.2 0.70 0.691 1920 0.49 42.50
sand TYKIA 0.2 0.64 0.624 2030 0.486 44.64
TYKO02 03 0.65 -- 1820 0.494 -
Hime HGK1A |03 0.51 0.503 2080 0511 40.12
gravel HGKOA |03 0.49 0.479 2188 0.509 42.80
HGISD |[0.2 0.47 — -- - 41.20
SLISD 0.2 0.52 0.516 2875 0.42 43.33
SLB “SLKOD |[0.2 0.52 0.511 2800 0.42 42.70
sand SLK1A 0.3 0.52 0.515 2890 0.474 40.70
ISLK1V |03 0.524 0.518 3220 0.452 40.90
SLKOA 0.3 0.52 -- 2810 0.475 -
Ticino
sand TCKIA 0.2 0.58 0.571 1510 0.530 44 50

*. initial confining pressure at which void ratio (¢) was measured.

® initial void ratic
" void ratio immediately before TC to failure.
¢ specimens were sheared to failure from ,=0.8 kgf/cm2 with K=0.37.
9. specimen was reconstituted by vibrator-compaction.

--: reliable data was not obtained due to ircarumental problem.
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Chapter 6

Cyclic Prestraining and the Elastic Deformation Properties

6.1. Introduction

A scil mass upon which a structure is founded often experiences cyclic 'nading caused by
fluctuations in ioading intensity. For instance, in the case of wave loading on offshore structures,
traffic loading on pavements and heavy machine vibrations on foundations, the number of cyclic
loading is very large although the magnitude of the non-constant component of loading is
relatively small. The effects of a series of small seismic loading may also be included in this
category. In such a case, the effects on the deformation characteristics of soil may not be
negligible. Therefore, cyclic loading should be rationally accounted for whenever it is likely to
improve safety and/or efficiency in design purpose. Each situation will of course be to some extent
unique. Therefore, engineering judgment is required to decide whether, and to what degree, the

effects of cyclic loading phenomena ought to be accounted for.

Effects of cyclic prestraining (CP) and consolidation time on the elastic modulus and some
other deformation parameters at relatively small strains of less than, say, 0.1% of granular
materials are still poorly understood. Drnevich et al. (1970) showed that a large number of loading
cycles with a high shear-strain amplitude increases the values of shear modulus and damping ratio
of a clean sand with the greater increase occurring at shear strains which are lower than those
applied during CP, while the increase in the shear modulus and damping due to CP continues with
the number of loading cycles during CP. Tokimatsu et al. (1986) showed that the elastic shear
modulus G« for an aged in-situ sand deposit can be reproduced in the laboratory by applying an
appropriate amount of cyclic loading followed by consolidation for an appropriate period to an
‘undisturbed’ sample that may have been disturbed during sampling, transportation, etc. However,
some other researchers (De Alba et al, 1984; Alarcon et al., 1989; Teachavorasinskun, 1992)
showed that Gmac Of a clean sand is rather insensitive to CP. On the other hand, Hardin et al.
(1972) indicated that shear modulus increases noticeably with consolidation time even for a clean

sand.
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Described herein are the effects of CP on (1) the elastic deformation properties, and (2)
their dependency on the current stress or strain state. The effects of aging on some of those
parameters in the light of the results from a comprehensive series of triaxial tests are also

described.

6.2. Description of the Testing System

The triaxial apparatus used in this study (Fig. 6 1a) is one of the modified apparatuses which has
been in use in the Geotechnical laboratory at Institute of the Industrial Science, University of
Tokyo. Unlike many other conventional triaxial systems, it includes facilities for a) measurements
of axial load by using a sensitive and rigid load cell installed within the triaxial cell to eliminate the
effects of piston friction, b) automated anisotropic consolidation by controlling o, and o
independently, c) bedding-error-free ‘on-sample’ direct measurements of axial deformation by
using local deformation transducers (LDTs) (Goto et al., 1991), and d) local measurements of
radial deformations of dry specimen by using 3 pairs of proximity transducers mounted on an

attachment system.

One proximity transducer and one dial gage were also used to measure the displacements
of the loading cap and the loading piston, respectively. The external strains obtained from the
above may include large effects of bedding error. Radial strains were measured at three heights
(2.5-, 7.5- and 12.5-cm from the bottom) of a specimen (15 cm high and 7.5 cm diameter)
assuming that radial strain distribution could be less uniform in the vertical direction compared
with axial strain distribution. Two sets of proximeters, each set consisting of three, were mounted
on a pair of two-direction micrometer tables so that they can be effectively moved along the
vertical and horizontal directions at any stage of test if required; horizontal movement/shifting is
often required when repeated loading test is performed, since such a test usually brings about large

plastic deformations.
Tests wer. performed by using a stress-controlled loading system (Fig. 6.1b). From the

functional point of view, the system has two basic components: a static pressure component and a

cyclic pressure component, both being fed into from a house pressure unit. The house pressure
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unit consists of (a) an air compressor, which supplies high air pressure; (b) a regulator, which,
based on the maximum pressure, provides constant house pressure from the air-compressor; and
(c) an accumulator and filter tank unit, which filters and then accumulates supplied air. The static
pressure unit, fed by a high pressure line from the accumulator, supplies static pressure via a
regulator to the lower chamber of a double-action Beilofram cylinder. On the other hand, cyclic
pressure is controlled by an electro-pneumatic (E/P) transducer through its two inlets. One inlet is
connected to the high pressure line from the accumulator. The other receives driving signals for
cyclic loading from a control unit. The control unit could be either a software-guided micro-
computer or an auto-function generator. Both control units were used in the present study. The
E/P transducer receives continuous signals, depending on the amplitude and frequency of a cyclic
loading (CL) test, from the function generator or computer; it converts the commanding signals
into an equivalent pressure through maintaining a static equilibrium on the torque bar seated inside
the E/P transducer. Finally, the equivalent pressure after having been amplified in volume by using
another regulator (boaster) is conveyed to the upper chamber of the Bellofram cylinder. A
specimen is directly connected to the Bellofram cylinder through a loading piston. Any change in
pressure, static or cyclic, in the Bellofram cylinder results in the corresponding change in the axial
stress of the specimen. The confining stress was applied by partial vacuum. Using a 12-bit 16
channel analogue-to-digital (A/D) converter card, the data acquired by using the transducers is fed

into a 16-bit micro-computer.

6.3. Test Procedure

A solid, cylindrical specimen (7.5 cm diameter and 15 cm high), was reconstituted by raining air-
dried sand particles through air into a split mold. Regular ends (i.e., non-lubricated ends using
porous stones) were used at both ends of the specimen. A partial vacuum of 0.1 kgf/cm® was
applied to a specimen which was completely enclosed within a rubber membrane before the mold
was dissembled. A free-standing specimen was then consolidated isotropically to a pressure o, (=
0.8 kgf/fcm® for all specimens in this study), at which the specimen dimensions were measured
before any instrumentation. Cyclic loading tests were then performed symmetrically about a

neutral axial stress state.

168



Elastic Young’s modulus (E) was evaluated by applying very small cyclic axial load for
which the single-amplitude axial strain, (&,)sa, was kept within 0.001%. The Young’s modulus of a
specimen of clean sand evaluated at this strain level is observed rather independent of the type of
loading (cyclic or monotonic), rate of shearing (static or dynamic), load-history and the degree of
over-consolidation as long as the initial fabric remains essentially unchanged (Tatsuoka and
Shibu_a, 1992; Tatsuoka and Kohata, 1995; Jamiolkowski et al., 1991). This feature has been
validated particularly by the fact that a Young’s modulus value thus obtained is essentially similar
to that obtained by measuring body wave velocities. So, this value can be considered to be the
maximum Young’s modulus Emx (=E°) which a soil element can exhibit in its current state.
Equivalent Young’s moduli E.; were evaluated from the response during a CL test at constant
radial stress {0;) performed by varying the axial stress amplitude, and hence the value of (,)s.
The range of (e,)sa was varied from 0.001% to a value corresponding to CL with the axial stress
amplitude (CPy) at which the prestraining stress-cycle was applied. The value of E., at (g,)s. less

than 0.001% is the same as Ep,«.

Cyclic loading, including CP, was applied symmetrically about either an isotropic or an
anisotropic stress state at o,= 0.8 kgf/cm®. The loading frequency (f) for CP was in the range of
0.1 to 0.5 Hz, while it was 0.1 Hz in the CL tests performed for evaluating soil parameters. f=0.1
Hz was employed to assist a micro-computer to sample a sufficient number of data-per-cycle for
analytical purposes. A prescribed number of cyclic loading was applied during CP at CP,, for
which the value of (e,)s. was varied in the range of 0.025 to 0.06% (after the CP application) from
a specimen to another. Note that during CP at CPy, on a given specimen, the value of (&,)sa is not

a constant value; rather it decreases with the number of loading cycles.

6.4. Test Program

The tests were performed on specimens of Toyoura (Batch E) and Hostun sands (Table 6.1), both
being fine-grained sand, quartz-dominant and sub-angular in grain shape. Hostun sand is a French

sand provided by Prof. di Benedetto (Ecole Nation: le des Travaux Publics de 1’ Etat).

Test program on a given specimen consisted of CL tests at various amplitudes, which was

repeated at different instants of testing (such as ‘immediately before CP” and ‘immediately after
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P applications), to investigate the effects of cyclic prestraining (CP) on the maximum Young’s
modulus (Ema), the peak-to-peak secant Young’s modulus (E.,), Poisson’s ratio and the damping
ratio. Table 6.2 lists the test specimiens with some test results. Specimen HOSTN1 was subjected
to CP at three stages, which are designated as CP-1, CP-2 and CP-3 (Table 6.2); CP-1 was
appiied first and followed by CP-2 and CP-3, respectively. Effects of aging on Ema, Ecq and h were
investigated by measuring these quantities before and after CP applications for some specimens
(e.g., HOSTNI1:CP-1, TYRA 3, TYRA 2 and TYRA 1). Fig. 6.2 shows the test program
employed in this investigation. Not all the specimens fcllowed all the steps in Fig. 6.2, For
example, the specimens HOSTN1 (CP-1) and TYRA 3 (Table 6.2) were subjected to all the steps,
whereas only the effects of aging on En. (at 5,=0,=0.8 kgf/cm®) before CP application was
investigated in TYRA 1 because the specimen was failed in extension in a few cycles while CP was
being applied about isotropic neutral stress state. HOSTN3 and HOSTNS were used for the
evaluation of the effects of CP and loading rate (or frequency of CL) on E, and h. However, the

latter effect will be described in Chapter 7.

6.5. Test Results

Figs. 6.3a and b show the typical axial stress (0,) versus axial strain (g,) relationships obtained,
respectively, from four small-amplitude and two large-amplitude CL tests performed on a Toyoura
sand specimen TYRA 3. The responses shown in Fig. 63a are those obtained ‘long before’,
‘immediately before’, ‘immediately afte:” and ‘long after’ CP application, while Fig. 6.3b shows
those obtained ‘immediately before’ and immediately after’ the CP application. Figs. 6.4a and b
show, respectively, the similar small-amplitude and large-amplitude cyclic responses obtained from
HOSTNI1 (CP-1) specimen performed at anisotropic neutral stress state (i.e., 0,= 1.4 kgf/cm® and
0~=0.8 kgf/cm®). The elapsed time is defined as the cumulative time initialized at the beginning of
cyclic loading test. Therefore, zero elapsed time indicates that the sample had been consolidated at
the neutral stress state (isotropic or anisotropic) for about an hour before starting any CL test.
Figs. 6.3a and 6.4a show that the responses were essentially linear and recoverabie while the slope
after CP was slightly different from that before CP, indicating an existence of the influence of CP
on the small-strain stiffness. The Young’s moduli evaluated by using gap-sensor (GS)
measurements are slightly larger than the respective value by LDTs (Fig. 6.3a). This would be due

to that the specimen was denser near both ends. The difference is, however, very small. Note that
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this trend is not general, but for a dense sample, the Young’ modulus is usually noticeably larger
when based on local .trains than external strains (Tatsuoka et al , 1995). In particular, the use of a
local gage such as LDT is imperative in triaxial tests on a coarse grained material. In tests to
evaluate the maximum Young’s modulus En.,, the single-amplitude axial strain, (e,)sa, was less
than 0.001% in most of the cases, while in a few tests, it exceeded slightly the above value (but
less than 0.002%). The results of a large amount of cyclic triaxial tests on various types of sands,
in which isotropically consolidated specimens were cyclically loaded with increasing (g,)s4 in steps
(e.g., Tatsuoka et al., 1995), show that the Young’s modulus is essentially constant for (e,)ss less

than about 0.002%.

Figs. 6.3b and 6.4b show the typical o.,~e, relationships for a relatively large strain
amplitude obtained during prestraining cycles, at the beginning and at the end of the application of
a large amount of CP for the same specimens TYRA 3 and HOSTN1 (CP-1), respectively. The
peak-to-peak secant Young’s modulus evaluated from such responses was the Equivalent Young’s
modulus E., It can be see: that although the hysteresis area, and hence the damping ratio (h),
decreased drastically by CP, the peak-to-peak secant modulus E., did not change noticeably. It
should be noted that the o,~¢, responses at the beginning of CP in Figs. 6.3b and 6.4b do not
indicate a virgin state. They are mostly those ~btained at the 10th cycle at that axial stress
amplitude with having the effects ol previously performed CL tests also at the lower strain
amplitudes. Herein such responses will, however, be designated as virgin one if not stated
otherwise. A typical true virgin (i.e., the first cycle) relationship between o, and ¢, and ¢, of
HOSTNS is shown in Fig. 6.5a, together with the similar responses for Cycle 2, 200 and 25000 (at
the end of CP) during CP application at CPy= 0.8~2.0 kgf/cm’ (nominal). In the stress-strain
relationships of each cycle, €, and ¢ were initialized at the start of loading (or reloading). True
values of €, and ¢, at the start of any cycle during CP can bc obtained from Fig. 6.5b. Drastic
changes in the deformation characteristics and the size of the hysteresis loop can be observed even

between Cycles 1 and 2 (Fig. 6.5a).

6.5.1. Axial Stress-Dependency of E, ..

Herein the Young’s moduli evaluated from axial strains measured locally (by LDT) will be

presented. Figs. 6.6a through f show the relationships between the En.x (=E°)/f(e) value and the
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axial stress (0,) for air-dried specimens TYRA 3, HOSTNS, HOSTNI1 and HOSTN3 (Table 6.2)
in full logarithm scale. These En. values were evaluated from the responses of small-amplitude
CL tests applied along and within the CP stress path. The values of E... were measured while
increasing o, (i.e., loading) (Fig. 6.6a) and also while decreasing o, (i e, unloading) (Fig. 6.6b),
and have been divided by a void ratio function f{e)=(2.17-¢)/(1+e) (Hardin and Richart, 1963) to
account for the slight change in void ratio which occurred during the course of testing. In Figs.
6.6b to f, E¥/f(e)~o, relationships, which were obtained from isotropic stress conditions at g,=o;
varying from 0.8 kgf/cm? to 3.0 kgf/em? during both loading (i.e., o, increasing), and unloading

(i.e., 0, decreasing), are plotted for HOSTNS specimen at virgin state.

Due to CP, he E,,«~0, relation was rotated counterclockwise direction. As a result, the
isotropically consolidated specimen of Toyoura sand (TYRA 3), for example, suffered a large
reduction in En,. in the extension side while En.x near the peak axiai stress during CP -as nearly
unchanged. However, the trend was not similar to the anisotropically consolidated (i.e., at o,= 1.4
kgf/em® and o= 0.8 kgf/cm?®) specimens of Hostun sand subjected to CP only in triaxial
compression with CP,, in the range of o, between 0.8 to 2.0 kgf/cm®. That is, HOSTNS5 (Fig.
6.6b) experienced some increase at larger o, while it suffered a decrease at the lower end of o, in
CP stress path. The similar trend can be observed in HOSTN3 (Fig. 6.6g) and HOSTN1 (CP-1;
Fig. 6.6¢), which were subjected to CP with the same CP,, in triaxial compression. Besides, it is
noticeable in case of the looser specimen (HOSTNS; Fig. 6.6b) that within the CPy, range, the
stress range with the negative effect (or decreasing Em..) was more extended (i.e., 0.8<0,<1.6
kgf/cm®) than that for the positive effect (i.e., increasing Enay) (i.., 1.6=0,<2.0 kgf/cm?), which
was opposite to the trend for the other two specimens of Hostun sand. This difference could be
attributable to the fact that the looser specimen, HOSTNS, suffered very large drifts in both axial
and radial strain directions during CP compared to those of a denser one (Table 6.2), and hence

suffered more damage as a result of fabric alteration.

To investigate the effects of CP,, and the location of neutral stress on Eq. during CP,
HOSTNI1 was further subjected to the 2nd (CP-2) and the 3rd (CP-3) stages CP with different
CP,, (Table 6.2) after the completion of the first stage CP (i.e,, CP-1). Figs. 6.6d and e show the
results for CP-2 and CP-3, respectively. Fig. 6.6f is made by overlapping Figs. 6.6c, d and e; For

each CP stage, two plots were drawnm— one for the E°/f{e)~0, relationship obtained at the start of
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CP and the other for the similar relationship obtained at the end of CP. For each plot, E; and m
values are the similar values (or the average values obtained during loading and unloading) as
shown in Table 6.2. It can be seen from Fig. 6.6d (also from Fig. 6.6f) that Young’s modulus
more-or-less increased all through the range of CP,, with the maximum increase at the head of
CP,, and the minimum at the tail. During CP-2, o, was cycled between the peak compression state
at 2.0 kg/cm’ (i.e., major-to-minor principal stress ratio R=0,/0,=2.5) and the peak extension
stress state at 0.4 kgf/em’ (i.e., R=0w/0,=2.0). Therefore, o, was cycled maintaining approximately
an equidistant from both failure states in compression and extension and hence the specimen
suffered deformations which were approximately similar but opposite in sign. As a result, total
deformations (i.e., translation of strain axes) were not significant (see Table 6.2) as would be
expected because of virgin loading in extension stress states for CP-2. This could be the reason of
why En.« values did not suffer any decrease at the extension stress states. Damage in En.x could be
associated with larger deformavions during CP causing destruction to the initial fabric.
Deformations during CP-3 (CPy~= 1.4~0.25 kgf/zm?) were much less (Table 6.2) compared to that
would be expected for R=0y/oy >3.0 in extens'on, because of the previously performed CP (i.e,,
CP-2). Therefore, CP-3 might not bring about any fz2bii: change, which was reflected in Fig. 6.6e

as no noticeable change in En values was observed due to CP-3.

In all cases, CP resulted in the change (decrease or increase) in the parameter E,, where
Emax=FE +f{e)*0.", while increasing the value of the exponent m. Elastic parameters E, and m for
events at the beginning of CP and at the end of CP are listed in Table 6.3; these parameters were
evaluated separately (if applicable) for extension and compression stress-states froin the respective
Ema~0, relation. E; is one of the so-called elastic parameters of granular materials. The exponent
m is another elastic parameter representing nonlinear-dependency of the small strain elastic
modulus on o,. Both parameters depend generally on the fabric, the particle size, shape, angularity
and orientation in a given mass and so on. Therefore, a change in E; implies the change in the
fabric. Before CP, the elastic parameters E, and m in compression stress states differed noticeably
from those in extension stress states (TYRA 3, HOSTNI: CP-2 and CP-3) — producing two
distinct E,..~0, relations. In particular, m is always smaller in TC than in TE. Flora et al. (1995)

observed similar results on a virgin specimen of well-compacted and well-graded gravel.
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As a result of CP, on the other hand, the pair of E, and m were changed further noticeably
compared to their respective values measured before or at the beginning of CP. The Young’s
modulus En. of a granular material depends essentially on the principal stress in the direction of
the major principal strain increment for which the En.c value is defined. By this property, the
elasticity of granular material becomes anisotropic under anisotropic stress conditions (i.e., stress
state-induced anisotropy) (Chapter 4, Stokoe et al., 1991). Therefore, the change in the exponent
m implies a corresponding change in the value of ¢," — which, in turn, affects directly the stress-
induced anisotropy characteristics. Table 6.3 shows that the state of anisotropy was not similar for
extension and compression stress states. Thus, the specimen attained a new state of anisotropy,
which may be called ‘CP-induced anisotropy.” At this state, the pair of E, and m values obtained
separately in extension and compression stress states became rather similar—exhibiting almost a
unique E,,«~0, relation for extension and compression stress states with the value of exponent m
close to unity. This large value of m=1.0 suggests that the elastic deformation characteristic
become more anisotropic at the anisotropic stress states. The conclusion can be obtained,
however, only after both E\~0, and Ey~0, relations are measured and compared before and after

CP.

On the other hand, in the case of test with TYRA 3, in which E..x in TE decreased by CP,
a tendency of partial recovery (i.e., to get back to the previous En.. value that existed before the
application of the latest CP) of En during the post-CP long-term consolidation can also be
observed, which was maximum at the smallest o,. The reason could be a partial decrease of the

effects of the CP-induced anisotropy with time.

6.5.2. Effects of aging on E,.;

Figs. 6.7a through ¢ show the variation of E..« (after correction for the changes in void ratio by
fle)) at a given stress state for the entire time history of each specimen. Two specimens of
Toyoura sand, TYRA 2 (Fig. 6.7a) and TYRA 3 (Fig. 6.7b) at an isotropic neutral stress state
(ie., at 0,=0~=0.8 kgf/cmz), and one specimen of Hostun sand, HOSTNT1 (CP-1) at an anisotropic
neutral stress state (i.e. at 0,=1.4 kgf/cm’, 6,=0.8 kgf/cm®), were tested. The figures show: (a) a
marginal increase with time involving some scatter in Eq. prior to CP application; (b) in the case

of Toyoura sand specimens, a sudden drop (positive damage) by CP of Emax of about 20% in the
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looser specimen, while for HOSTN1 specimen, an increase (negative damage) of about 11% in
Ena« due to CP; (c) partial recovery from ‘damage’ (positive or negative) to the Young’s modulus
in the initial part of post-consolidation period, followed by a very slow increase in E,, with time.

In the tests, void ratio did not change noticeably as given in brackets in the respective figures.

Summarizing the above, it can at least be concluded that the En. values does not change
substantially due to CP applied at strains largely exceeding the elastic threshold strains.
Furthermore, E... value does not increase at a very large rate under sustained long-term

consolidation.

6.5.3. Equivalent Young’s modulus E.,

Fig. 6.8a shows the E.~log(e,)sa relationships of tests performed on three air-dried specimens of
Toyoura sand. The relationships were constructed by using the data obtained by increasing the
stress-amplitude symmetrically about an isotropic neutral stress condition (i.e., 0,=0,=0.8 kgf/cm?)
in steps to a maximum value (ie., 0,=0.4~12 kgf/cmz), which was the range of CP,, for
specimens TYRA 2 and TYRA 3. The E., values are clearly influenced by strain-amplitude and
void ratio. Fig. 6.8b shows the decay curves before the application of CP; here E.q values of each
specimen have been normalized by using the respective Epux (=(Eeq)max) to eliminate the effects of

void ratio. The normalized E.q values, thus obtained, exhibit rather a unique variation with (g,)s..

The effects of CP on the Ecq~log(€.)sa relations are shown in Figs. 6.9a through 6.11. In all
cases, the values of E.q were normalized by the E.. value that had existed immediately before the
particular CP application, (Emax)iniia, €xcept for Fig. 6.10d. Figs. 6.9a and b show such decay
relationships for specimens TYRA 2 and TYRA 3, respectively. Due to CP, E., at a specific (£,)sa
decreased except near and at the strain amplitude (&,)sa before CP corresponding to CPy,, with the
maximum reduction at the smallest (g,)sa. Figs. 6.10a to ¢ show similar relationchips obtained
before and after CP stages CP-1, CP-2 and CP-3, respectively, of HOSTNI specimen. For the
cases of CP-1 and CP-2, the values of E., increased for all values of (g,)sa with the maximum
increase at the minimum value of (g,)ss and vice versa. For CP-3 (Fig. 6.10c), practically
noticeable change due to CP was not observed except the shape of the decay curve. That is, the

slight decrease at smaller (g,)ss and the slight increase at relatively larger (€,)ss (i.€., (€.)54>0.01%)
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made the shape of the decay curve different from the one obtained immediately before CP. Fig.
6.11 shows the similar relationship for HOSTNS specimen, which also shows the negative
influence of CP like TYRA 2 and TYRA 3. It is likely that CP only in TC stress conditions tends
to increase En.« measured at the neutral stress state during CP, while CP symmetrical in both TC
and TE does not. This would be due to that the structure becomes more stable against loading by
CP only in TC, while the structure is repeatedly perturbed when loaded alternately in TC and TE.
The discussion above resembles the effects of CP on the En,. values measured along CP stress
path described in the previous section. That is, the En., value at a given stress state along CP
stress path after CP application, in comparison to the corresponding value immediately before CP
apphcation, seems to determine the relative location of decay curve after CP. That means, for CP-
1 and CP-2 of HOSTNI specimen, the decay curves show an overall increase due to CP, which
was the reflection of the increase of En,. values at the neutral stress states about which CP had
been applied. Similar explanation holds for other cases where the decay curves show an overall

decrease.

The effects of CP on the shape of the decay curve is shown in Fig. 6.10d. For that purpose,
E.q values of each E.q~log((e,)sa) relations of HOSTN1 specimen obtained before CP and after CP
of CP-1, CP-2 and CP-3 stages are normalized by the values of Enm (=(Ecq)mas) Of the respective
relation (i.e., For a particular CP, ditferent E..« values, if so, are considered for before CP and

after CP). The following trends can be observed.

(a) Before CP event, the relationship was unique for CP-1 and CP-2 but for CP-3, the relationship
was more softening, which could be attributable to the weaker response of granular materials in
extension than in compression and that the specimen came closer to extension failure state during

CP-3.
(b) A rather unique relationship was obtained after CP for all the three stages of CP and the
normalized decay curve lies in between the other two sets of decay curves obtained immediately

before CP.

Figs. 6.9b and 6.10a also show the effects of post-straining long-term: consolidation on the

decay relationships. If we call the decrease in the E,.. value due to CP as positive damage (Fig.
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6.9b) and that the increase as negative damage (Fig. 6.10a), partial recovery of stiffness from the
damage due to CP was observed in the post-straining consolidation period. The recovery in terms
of the increment of E.q was rather constant for the range of (g,)sy examined except near and at

(&4)s4 corresponding to CPy, (Fig. 6.9b).

Variation of (e,)sa at a constant CPy, during CP of HOSTNS specimen with the number of stress
cycles N is shown in Fig. 6.12. Some of the stress-strain relations are presented in Fig. 6.5. Here N
equal to 1 indicates the true virgin cycle, which does not include any effects of previous stress
cycles. This relationship was obtained by an automatic stress-controlled system using a micro-
computer. For the given axial stress amplitude, the value of (€,)sa is not a constant value; rather it
decreases sharply in the first few cycles, after which the decreasing rate decreases gradually, and
diminishes at around N=100 cycles. The value of (g,)sa was rather constant for N=100 cycles. This
tendency is more-or-less common to granular materials. This result indicates that for a given
stress-amplitude (confining the discussion for relatively larger stress-amplitude), E., will increase
gradually with the increase in N up to at least 100 cycles. Therefore, the value of E., for a given

stress-amplitude after N=25000 must be larger than that after N=10.

At the same time, for the given stress-amplitude, (e,)sa is also decreasing with N
(mentioned earlier). Therefore, during CP, the E. value for a given stress-amplitude is
continuously moving leftward (i e., towards the direction of lower value of (g.)sa axis) in the decay
curve (i.e, Eq~(¢,)s4) compared to its previous position. Whether the location of E., during
and/or after CP would be above or below the decay curve obtained immediately before CP
depends on (1) the current value of (g,)sa, which is always lower than the previous one, and (2)
the effects of the CP-induced anisotropy in the small-strain stiffness, which may increase or
decrease the E., value. Fig. 6.12 also shows the variations of v¢, and h with N, which will be

describ~d later.
6.5.4. Poisson’s ratio
Fig. 6.12 shows that the equivalent Poisson’s ratio (v.,) decreases with the increase in N for a

constant stress-amplitude (ie., CPy= 0.8~2.0 kgflcm?). The trend is similar to that (e,)s\~N

relation described earlier. The v, value became constant after N~8000 cycles, while (&,)s. attained
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steady state at around N=100 cycles. It indicates that the value of v, may decrease with the
increase in N for a given (g,)sa. This was reflected in the relationships between v, and (g,)sa
shown in Fig. 6.11 for HOSTNS, and Figs. 6.13a and b for HOSTN1. For a given (g.)s4, the value
of v, (evaluated both before CP and after CP) depends on the value of neutral stress about which
CL was applied symmetrically. Besides, CP decreased v.,, while the rate of decrease was larger at
larger (&,)sa and vice versa.. On the other hand, at very small axial strain-amplitude (&,)sa~0.001%,
the effects of CP on Poisson’s ratio was not noticeable. The latter point was investigated further
by analyzing ¢,~¢, data obtained during small-amplitude CL tests performed at various stress states
along the CP stress path. The relationships between the small strain-amplitude Poisson’s ratio (v°)
(for events ‘before CP’ and ‘after CP’) and stress ratio (o./0;) for CP-1, CP-2 and CP-3 of
HOSTNI, respectively, are shown in Figs. 6.14a, b and c. For a given stress ratio, slight
differences can be observed in the values of v° measured before CP during o, increasing (loading)
and o, decreasing (unloading) for the case of CP-1. This could be due to the accumulation of some
plastic strain increments in the measured strains in small cycles applied during loading. Although
data was slightly scattering, a subtle but noticeable decreasing tendency can be observed in the
value of v° at a give stress ratio due to CP. However, the difference at a given o./0, was
practically insignificant. The v°~0,/0, variations were fitted reasonably by the theoretical relation
V= vo.(0,/0,)™ (dotted lines in each figure), where v, being the value of v° measured before CP at
0./0,=1.0 and m being the exponent of E°~0, relation obtained before CP. The values of vy and m
used for each case are given in the respective figures. These results indicate that although the
small-strain stiffness was observed to be changed by CP, the corresponding v° values are very

insensitive to CP.
6.5.5. Damping Ratio (h)

In this investigation, the hysteretic damping ratio (h) was evaluated from each hysteresis loop

(e.g., Figs. 6.3a and b) obtained from CL tes:, which is defined as;
;,,.‘_(_‘}L_) 6.1

where Aw is the area of hysteresis loop (i.e., dissipated energy) and w=w,+w is the elastic work
done during an unload-reload cycle between the maximum and minimum axial stresses (Fig. 6.2b).

A typical relationship between h and N of specimen HOSTNS during CL at CPy; is also shown in
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Fig 612 (mentioned earlier). Continuous decrease in h with the increase in N can be observed.
The rate of decrease was very high at the initial stage of CP, which gradually decreased with the
increase in N. The changes in h become very small at N laiger than 1000. The CP application of a
specified number of cycles at relatively larger CP,, brought about similar effects on h value
obtained by applying symmetric axial stress cycle with amplitude that was smaller than CP,,. The
center of cyclic stresses are the neutral axial stress during applying CP. The results are shown in
Figs. 6.15, 6 16a through c. The relationships between h and {e,)sa of TYRA 2 and TYRA 3
specimens obtained before and after CP are shown in Fig. 6.15. Fig. 6.16a shows similar
relationships of HOSTNI1 (CP-1), while the results of the other CP stages (CP-2 and CP-3), in
addition to those at stage CP-1, of the same specimen are shown in Fig. 6.16b. The effects of
Po.t-CP long term consolidation on the h~(g,)sa relationship is also shown in Fig. 6.16a. The
effects of the amount of prestraining on the h~(g,)s 1 relation obtained from HOSTNS are shown in
Fig 6 16c. The figures show that the effects of CP on damping are very large. In summary, the

following trends can be observed,;

a) For the ‘virgin’ specimen (i e., before the application of particular CP), the value of h increases
very slowly with the increase in strain up to (£,)sa=~0.005% and then it increases very sharply after
(£.)sa exceeds about 0.01%. For HOSTNI specimen, CP-1 had been applied first, which was
followed by CP-2 and CP-3. Therefore, the stage CP-1 must have influenced on the relationships
between h and (g,)ss measured at stages CP-2 and CP-3 (note that stage CP-3 was further affected
by the stage CP-2).

b) CP increases the size of so-called quasi-elastic range in which the value of h is very small; Fig.
6.15, for instance, shows that even at (g,)ss larger than 0.01%, the rate of increase in h with the
increase in (g,)sa was very small after the application of CP compared to that for the virgin
specimen; Particularly, a drastic decrease in the value of h was observed at or near (£)sa

corresponding to CPy,.

c) A larger number of loading cycles during CP results in a larger quasi-elastic threshold strain

(Fig. 6.16¢).
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Therefore, CP has a diminishing effect on the hysteresis damping values. This may be due mostly
to the restructuring of sand particles which occurred during the application of CP. The application
of CP may bring some loose and unstable groups of particles into stable and dense positions at the
micro-level. More stable structure can withstand cyclic reversals without a change in micro-
structure, thus with less energy loss. The test results discussed above exhibits a trend opposite to
that obtained by Drnevich and Richart (1970) They showed that in resonant column tests on
Ottawa sand, damping ratio increases with the increase in the number of loading cycles during CP,
where the increase is greater at the lower value of (g,)s4. On the other hand, Tatsuoka et al.
(1978), Kim and Stokoe (1991), Teachavorasinskun (1992) reported that the damping of sand
decreases as the number of loading cycles increases. Although small, long-term consolidation after

CP further decreases h at a given (¢.)sa (Fig. 6.16a), especially at (€,)s120.008%.

6.5.6. Elasto-Plasticity of Deformation during cyclic loading

Precise separation of elastic and plastic components ot deformation is essential for proper elasto-
plastic modeling of sand deformation subjected to a wide variety of strain history. In this study,
this was attempted by measuring elastic strain increment components frequently during shearing
(as described in the earlier part of this chapter). The importance of the above was confirmed by
comparing the elasto-plastic deformation characteristics of a prestrained specimen with those of a
virgin one. Effects of cyclic prestraining (CP) on the deformation of soil is very important also for
structures subjected to heavy traffic, seismic activity, machine vibration, and other dynamic
loading such as off-shore structures. A large number of loading cycles (of the order of single
amplitude axial strain (¢,)s4=0.02~0.1%) on dry sand has been observed to increase the elastic
limit strain and tangent stiffness both in cyclic and monotonic loadings and to decrease
significantly damping at relatively large strain levels (say, (£.)sa=0.01%), with relatively smaller
effects on the elastic Young’s modulus (E°) (Teachavorasinskun, 1992). Therefore, the
deformation characteristics of a prestrained specimen differ noticeably from that of a virgin one
not because of changes in elasticity but because of large changes in plasticity including dilatancy
characteristics. Modeling of such a prestrained specimen should, therefore, require proper

characterization of those aspects.
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Figs 6 17a through 6.19d show the stress-strain relationships of CL tests along CP stress
path. Of them, Figs. 6.17a, 6.18a and 6.19a to d show the relationships between ¢, and ¢,, and
Figs 6.17b and 6.18c show the relationships between o, and e for virgin and prestrained
specimens. The &, and ¢, axes for the prestrained specimen were shifted arbitrarily. The actual
values of strains (¢, and ¢,) at the bottom ends of the curves for the prestrained specimen (denoted
as S,) are given in Table 6.2, The number of prestraining cycles and the axial stress amplitude CPy,

are also listed in Table 6.2. CP were applied at a frequency fbetween 0.1 to 0.5 Hz.

Elastic strains for the whole stress range of CP,, were obtained by integrating de,"=do,/E°
and de,"=-v° de,*=-v*.do,/E° (v°=v in Fig. 6.14a~c) by using the relations for E° (=E, f{e) o,™) and

V¢ (=vo.(0/o)™?

) (mentioned earlier) together with the respective elastic parameters (E,, m, vo)
listed in Table 6.3 (note; these values are affected by CP). The relationships between o, and the
elastic axial and radial strains (e,%, £°) were arbitrarily plotted with the origins denoted as S, and S,
at the bottom end (e.g., at 6,=0.8 kgf/em’ for HOSTN3) of the respective g,~¢, and o,~¢, relation
for the range of CP. A drastic changes in the o,~¢, and o,~¢, relations were caused by a
substantial reduction in the plastic strain components (g,=¢,-£,°, &"=¢,-¢,") due to CP, while the
o,~¢,° relation changed very slightly. Now we can understand why the stress-strain relations after
CP concave upward with a small hysteresis area. It is interesting to note that the &° and o, relation

happens to be very linear. The hehavior described above is due to the intrinsic elastic property of

sand.

A considerable decrease in the plastic-to-elastic strain increment ratio due to CP can also
be seen from Figs 6 20 through 6.22. The plastic-to-elastic strain increment ratio, both before and
after CP, was larger in the radial direction than in the vertical (i.e., principal strain) direction (Figs.
6.20a and b, Figs. 6.21a and b). The relationships were similar in loose and medium-dense
specimens of Hostun sand, while the plastic strain components were more dominating in loose
specimen (Figs. 6 21a and b). Before CP, the elastic-to-plastic strain increment ratio varied largely
and nonlinearly with o,, whereas after CP, it varied slightly and more-or-less linearly with o,
during loading and unloading. The axial plastic-to-elastic strain ratio varied in much wider ranges
in Figs. 6.20a and 6.21a than in Figs. 6 22a through d, because the responses before CP in the
former cases were based on true virgin state (cycle 1), while in the latter cases, the previous stress

histories (as described in the earlier) had reduced the axial plastic strain component.
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It is important to note that the deformation, in no cases, for the whole range of o, (CPy,)
which was applied as CP has not become totally elastic even after the application of a very large
number of CP stress cycles. On the other hand, cyclic prestraining by 30,000 and 40,000 cycles did
not show any difference for medium dense specimen (HOSTN3, Figs. 6.20a and b), whereas some
differences could be observed between the responses after 25000 and 65000 cycles in loose

specimen (HOSTNS, Figs. 6.21a and b).

Neither was the deformation purely elastic during isotropic reloading and re-unloading
(Cycle 2) for the same range of stresses which was applied during primary loading and unloading
(Cycle 1), as can be seen from Figs. 6.22e through h. The figures show the relationships between
stress (0,=04) and strains (axial strain &,, radial strain €, and volumetric strain &.q). Figs. 6.22¢ and
f show the stress-strain relationships of Toyoura (TYKI1A) and Ticino (TCKI1A) sands,
respectively, whereas Figs. 6.22g and h for SLB sand (SLK1V) and Hime gavel (HGKI1A),
respectively. Tests were performed on large triaxial specimens (Chapter 3). Test conditions are
listed in Table 3.2 (Chapter 3). In each of the figures (i.e., Figs. 6.22e to h), the relationships
between stress and ¢ astic strains (&%, €%, €°..) are shown. Strains, both total and elastic, were
initialized at the start of reloading point. Elastic strains were evaluated by integrating the following

equations:

de, =—"g,--"cg, and de,=-—"0,+—0 (6.1)

In the evaluation of elastic strains, the following rules (as described in the proposed cross-

anisotropic elastic model in Chapter 4) were used:

E,=E, f()o,™; E,=E (1-1,).f(e).0,™;

V\-A=Vo-(0\-/0h)mu §Vh\-=‘vo-(0h/0\-)wz and v,, =v, (6.2)

where the elastic parameters (E;, Io, m,, my and v,) are given in Table 3.2 (Chapter 3) and m=m,
was assumed. The figures (Fig. 6.22e to h) show that in no cases, deformation during isotropic

reloading and re-unloading was totally elastic, except the variation of €. in Figs. 6.22g and h.
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SLB sand and Hime gravel are highly inherently anisotropic in the elastic Young's moduli
(Chapter 3). In both cases, the reloading and re-unloading stress-strain relationships were very
close to each other, but the predicted €°, was less than measured ¢, while it was opposite in the
lateral strain direction. As a result, the predicted €%, and the measured ¢,,; were very close to each

other.

Figs. 6.23a and b show the relationships, respectively, of HOSTN3 and HOSTNS between
the stress ratio (R=0,/0,) and the dilatancy rate (defined as D=-2de,”/de,”). The relation during
loading at the virgin states foliow closely the Rowe’s stress-dilatancy relation R=KD with K=2.95
for HOSTN3 and K=2.7 for HOSTNS, but the other relations do not. Before CP, the relations
approach to the non-plastic volumetric strain increment condition (i.e., D=1.0) for both loading
(do,>0) and unloading (d,<0). The relations after CP show a different trend; during loading
more contractive behavior (D>1.0) with the increase in R=0,/0,, whereas during unloading more
dilative behavior (D<1.0). This behavior is much more complicated than the behavior predicted by

Pradhan and Tatsuoka (1989).

Figs 6 24a and b show the relationships between R (=0,/0,) and plastic prestrain-to-virgin
shear strain increment ratio (PPVS) for specimens HOSTN3 and HOSTNS, respectively. PPVS
decreases for both loading (A0,>0) and unloading (A0,<0), while a large discontinuity along
PPVS axis exists at the point of stress reversal. With the increase in loading cycle (i.e., CP), the
value of PPVS for a given o, gradually decreases in such a way that the o,~PPVS relation for a
particular cycle (during loading or unloading) remains parallel to the similar relation at the virgin

state.

Figs. 6.25a~f show the relationships between the tangent Young’s modulus (En,.=do./de,)
and the axial stress (0,) obtained from the hysteresis curves shown earlier in the previous section
(Figs 6.17a, 6.18a, 6.19a through d). Variation of E.x (see also Figs. 6.6a through f) along the
CP stress cycle is also plotted for comparison. For Figs. 6.25a (HOSTN3) and b (HOSTNS), the
corresponding responses ‘before CP’ were obtained when the specimens were in the true virgin
state, while in the remaining cases, the responses (before CP) were affected by previous stages of
CP, smaller amplitude CL, and/or at least the previous ten load-cycles of the same stress-

amplitude. The values of Ey, during both reloading (o, increasing) and unloading (o, decreasing)
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phases of the virgin specimen (i.e., ‘immediately before CP) were greatly influenced by continuous
plastic deformation (Fig. 6.25f, TYRA 3). The effect of creep was large at the vicinity of the
lowest and the highest stress states during the CP stress cycle (i.e., the segments ef and gh of the
unloading curve while ab and cd of the reloading curve in Fig. 6.25f). That is, due to this creep
effect, the E,,, values observed immediately after reversing the loading direction (i.e., those near
the point a and e) are noticeably larger than the respective elastic Young’s modulus Ena. measured
under otherwise the similar condition. For all cases, the E., value decreases compared with the
respective E.. value both with the increase in o, during reloading and with the decrease in o,
during unloading. These results show that plastic strain increments take place similarly during
reloading and 1nloading, Prestrained specimen, on the other hand, exhibits rather simiiar values of
Eu., at a given @, for both reloading and unloading phases (with the maximum 20% difference
betwen them), while the difference between the corresponding Fu, and Emax values is much smaller
than it is before CP except for HOSTN1: CP-1 (Fig. 6.25¢). This is due to a substantial decrease
in plastic strain increments during CP. Yet the average of unloading E., and reloading E., at a
given o, along the CP stress cycle of the prestrained specimen was lower than the corresponding
value of En. of the same specimen. This difference between the vaiues of E.y and En., is due to
the ratio of plastic-to-elastic strain increment (during unloading and reloading) of the same
prestrained specimen (for instance, Fig. 6.20a) Due to CP-induced anisotropy, the value of E.,, at
a given o, (especially at the lower value of @,) of the prestrained specimen was lower than the
corresponding value of the virgin specimen in spite of reduced plastic strain increments. Fig. 6.25¢
is the best example for CP-induced anisotropy: Eu, for any o, (more-or-less) after CP along the

CP stress path was smaller than that the corresponding value before CP.

The relationships between the ratio Eu/Enax and o, are shown in Figs. 6.25g and h for
specimens HOSTN3 and HOSTNS, respectively. Both Eu, and E.. values were measured at the
same time. The effects of CP on the ratio de,” / de,” are more directly reflected in these relations.
By CP, the ratio E,../Enmay increases for ihe whole range of ¢, during both loading and unloading,
except at the start of loading and at the start of unloading of HOSTN3 specimen. Also, similarly
during loading and unloading, the ratio Eu./Emsx decreases as loading or unloading continues in the

same direction.
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6.5.7. Effects of CP on the monotonic behavior during triaxial compression tests

The results of both virgin and prestrained specimens of Hostun sand tested under the triaxial
compression condition at air-dried conditions are presented and discussed. Cyclic prestraining was
applied at a frequency in the range between 0.1 and 0.5 Hz by constant but different amplitude
cyclic axial load (CPy,). CP was applied symmetrically about a neutral stress state (see Table 6.1),
which was either anisotropic or isotropic with confining pressure at 0.=0.8 kgf/cm’. However, the
subsequent monotonic triaxial compression (TC) tests were started at isotropic stress state (i.e.,
0,=0,=0.8 kgf/cm?). One test was performed on a virgin specimen (HOSTNG6) having a void ratio

€08~ 0.76.

Table 6.4 lists the specimens with some results. Fig 6.26a shows the relationships between
the deviatoric stress, qQ=0,-0;, and ¢, up to near peak of the all the specimens of Table 6.3. The
axial strains were measured by using a pair of LDTs and a proximeter. After LDTs stopped
functioning (i.e., at around e,=1.5%), &, values measured by proximeter are considered. The
stress-strain relationships for the entire axial strain range measured are affected by the multi-stages
CP. The specimens, HOSTN1, HOSTNS (both prestrained) and HOSTNG6 (virgin), having the
similar void ratios (Table 6.4) show similar peak, which indicates that CP has no effect on the peak

deviatoric stress, Qmax. Teachavorasinskun (1992) observed similar results.

Fig 6.26b shows the relationships between the volumetric strain (e.,= €,+2¢,) and &,. The
amount of maximum contraction is clearly reduced by CP if we compare specimens HOSTNI,
HOSTNS and HOSTNG. Although density is different, HOSTN3 also shows more dilation than
HOSTNG6. Teachavorasinskun (1992) also showed that the prestrained specimens tend to dilate
more than the virgin specimen. Fig. 6.26¢ shows the relationships between plastic volumetric strain
£ and q of HOSTNG (virgin) and HOSTN3 (prestrained) specimens. For comparison, the q~g.ol
relationships are also shown in Fig. 6.26d. The value of £".,y was obtained by the following Egs.

63.

EFW)I' =fdspwvl 5 dE‘Pml-'dE Fa +2‘1’€Pr
L/E pa =d£a -dEea; deta =d()a /E.e (63)

de’, =de ~de®,; de*, =-vde‘,
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No appreciable difference is noticeable between the figures when plotted for the full range of q.
However, the effects of CP on €%, can be seen more clearly than on &.,, when the corresponding

relationships are plotted for smaller range of q (Figs. 6.26e and f).

Figs. 6.27a through ¢ show the q~¢, relationships ai small strain levels, and Figs. 6.27d and
e show the g,~g,, relationships, which correspond to Figs. 6.27a and b, respectively. The &,~£.q
relationship, which corresponds to Fig. 6.27c, is not shown because e, was affected by large
scatter resulting from &, measurements (by proximeters due to low resolution). It is clear that CP
increased the linearity in the stress-strain relationship up to about £,=0.01% (Fig. 6.27c). For a
wider strain range, however, the stress-strain relationships become concave upward due to CP
(Figs. 6.27a and b). This kind of behavior can be observed usually during unloading, and
theoretically also in an elastic material having a tangent Young’s modulus that increases with the
axial stress. That is, as seen in the previous Chapter 4 and also earlier in this chapter that the
elastic Young’s modulus in the vertical (axial) direction of granular material increases with the
increase in the axial stress and due to CP, c¢1 the other hand, the deformation becomes nearly
elastic at least in the stress range of CPy, without the elastic parameters being altered significantly.
It is important to note that HOSTNI exhibits weaker response than the virgin specimen
(HOSTNG6) (Figs. 6.27b and c). It could be an effect of the latest CP (i.e.,, CP-3) during which the
specimen HOSTNI1 came closer to the failure state in extension than in compression. In the cases
of other specimens (HOSTN3 and HOSTNS), the latest CP (or the only CP) was entirely

compression bias.

Fig. 6.28a compares the relationship between the secant Young’s modulus (E..) after
dividing by (i.e., normalization) the maximum E.. (i.€., (Ewc)max) and ¢, (in logarithmic scale). Fig,
6.28b shows the variation of E.,, after normalization by the maximum E., (i.e., (Eun)max) With €, (in
logarithmic scale). The values of (Eun)max and (Ewc)max, together with E° (for prestrained
specimens, the latest E°), are given in Table 6.4. Figs. 6.29a and b show the relationships of
normalized E... and normalized E.,,, respectively, with ¢, at small strain level (i.e., €, up to 0.5% in
normal scale). Figs 6 30a and b compare the relationships of normalized E... and normalized Eu,
respectively, with the stress level, which was defined as the ratio of q to gmax. It is clear that at

intermediate strain and stress levels, the prestrained specimens are much stiffer than virgin

186



specimens. The elastic threshold limit of the prestrained specimens has been enlarged. The concave
upward shape of the stress-strain relationships as observed in Figs. 6.27a and b is reflected in the
Eun and Eg. variations, especially with q/qmax. That is, both Ei, and Ep.x increase with stress level

up to certain range due to elastic deformation characteristics as described before.

A relationship which may be applicable to more general types of stress path (other than the
TC stress path at a constant oy (=0,) would be the relationship between E.., / E* and q/qm.x (Figs.
6.31a and b). The stiffness E° (=E, fle).0,") is the value that was determined by small cyclic tests
along isotropic stress state or along a constant o, (=0.8 kgf/cm?) stress path. Damage to E° value
as the stress level approaches to the peak (Chapter 5) was not considered. Here, the respective
Current E; and m values are used, which were obtained immediately before shearing for specimens
HOSTNI, HOSTN3 and HOSTNS (i.e., the effects of CP-induced anisotropy are included in the
particular specimens). Eus/E® ~ q/qmsx relationship based on the elastic parameters obtained at the
virgin state (i e, obtained before any CP application) for specimen HOSTNS was also shown in
Figs. 6.31a and b. For the virgin specimen HOSTN6, m=0.45 is an assumed value, while E, is
based on a single measured value of E° at 0,=0,=0.8 kgf/cm’. The figures show that although the

trends are different, E,,, / E° decreases with q/qmax in both virgin and prestrained specimens.

6.5.8. Summaries

(a) The elastic deformation characteristics of granular soil become anisotropic as a result of the
application of a large amplitude cyclic axial loading with a large number of cycles (as called CP) in
addition to the stress system-induced anisotropy. That is, CP was observed to affect the
dependency on the axial stress 0, of the elastic Young’s modulus E.. evaluated based on very
small increments of axial stress and strain; The dependency of Em. On o, increases by CP. This
kind of anisotropy may be called the CP-induced anisotropy. As a resuit, Em measured at the
neutral stress state (isotropic or anisotropic) during CP was observed to scatter in the range of

0.78~1.20 time the initial value depending on different stress-strain conditions during CP.
(b) Similar effects of CP were observed on the decay curve between E., and (e,)sa. That is,

E.;~log((g.)s.) relationship after CP was observed to change in that E., increases or decreases for

the whole strain range compared to the corresponding relation obtained immediately before CP.
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Therefore, the shape of the normalized decay curves obtained before and after CP were observed

to become different from each other.

(c) Equivalent Poisson’s ratio at relatively large strains also decreased as a result of CP, while the
Poisson’s ratio (v°) at very small elastic strains (€,)sa (=107 or less) was insensitive to CP. Despite
CP-induced anisotropy observed in the small strain stiffness, CP did not bring about any change in

the dependency of v* on stress ratio (0./c,).

(d) Damping ratio at strains exceeding the elastic limit strain decreased drastically by the
application of a large number of large amplitude axial strain during CP, which leads to the
enlargement of the so-called elastic limit; the limit increased with the increase in the number of

loading cycles during CP.

(e) When the E,,. value decreased or increased by CP, a slight increase or decrease in the E..«
value with elapsed time was observed during post-CP consolidation period, which means a gradual
decrease in the effects of CP-induced anisotropy with time. Similar effect was reflected on the
E.~log((e,)sa) relationship. Damping ratio also decreased slightly during the post-CP
consolidation period. The Em. value increased slightly during pre-CP long-term consolidation

period.

(f) The plastic strain increment decreases drastically with cyclic loading along a fixed stress path,
but the deformation does not become totally elastic even after applying a large amount of CP with
a relatively large amplitude of axial stress cycle. The elastic deformation characteristics are much
more stable compared to plastic deformations, but they also changes slightly showing cyclic strain-
induced anisotropy. Therefore, the deformation of sand cannot be modeled precisely by a simple
elasto-plastic model having fixed range of elasto-plastic behavior which is independent of repeated

loading. The stress-dilatancy relation is also changed by cyclic loading in a complicated manner.

(g) Cyclic prestraining increases stiffnesses (tangent and secant moduli) largely at intermediate
strain (and stress) levels during monotonic triaxial compression (TC) test although the initial
stiffness does not change significantly. Consequently, the E,,. value of a cyclically prestrained

specimen can increase with the increase in the axial stress in triaxial compression. On the other
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hand, even for CP specimens, the ratio of E, to the current elastic Young’s modulus always
decreases with the increase in the axial stress. CP does not bring about any change in the peak

strength.
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3. Vertical LDT
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|
i
i
Specimen

Porous stone
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Fig. 6.1a: The triaxial apparatus.
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Fig. 6.1b: Block diagram of load-control deviator loading system.
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Fig. 6.2a: Block diagram of test program for cyclic prestraining,
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Fig. 6.5b: Variations of the translation of strain axes with the number of loading cycle during CP.
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Figs. 6.6 Relationships between E“/f(e) and G, along CP stress path of HOSTNI specimen for

(c) CP-1, and (d) CP-2.



201

Figl? argCP/D1

4000
HOSTNI1 (CP-3)

Extension
e

Compression

P e 2
0, = 0.8 kgf/em
i 2
CP,, = 0.25~1.35 kgf/cm

Isotropic stress states
(virgin specimen: HOSTNS)

E®/ fle) (kgf/em?)
@
K.

1000
L L: loading
i ] 2 o L(B) U: unloading
(e) o O L{A) B: before CP
i @) ® U(A) A: after CP
] L 1 1 n 1 |
0.2 0.4 0.6 0.8 1 1.5
. 2
o, (kgf/cm?)
4000
HOSTNI
—~ L
=
=2
&=
o0
= |
~ Ll CP-1(B)
0 CP-2(B) .-
— & CP-1(A)
b CP-2(A)
m vt 2
& CP, (kgf/em”)
A ——CP-1(B) 0.80~2.0
1000 ..— CP-3(B) """ CP-1(A) 0.80~2.0
I N / ——CP-2(B) 0.35~2.0
CP-3(A) £ e CP-2(A) 035~20
I N ———CP-3(B) 0.25~1.35
- B: before CP;, A:afterCP  .ouses CP-3(A) 0.25~1.35
500 1 1 1 L 1 1 1 | L
0.2 0.4 0.6 0.8 1 2

o, (kgflem?)

Figs. 6.6: Relationships between E°/f(e) and G, along CP stress path of HOSTN1 specimen
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Chapter 7

Loading-Rate Dependency of Sand Deformation in Cyclic Triaxial Tests

7.1. Introduction

Deformation characteristics of soils are often expressed in terms of shear moduli (or Young’s
moduli) and material damping ratios, which are important parameters in determining the
performance of geotechnical materials under loading condition, and which are necessary to
describe the simple shear behavior of a soil element of known mass. Structural loading could be
static (monotonic or cyclic), transient, dynamic and vibratory in nature. In general, soils subjected
to cychic loading (static, transient, dynamic or vibratory in nature) typically experience higher rates
of loading or strain than systems characterized as monotonic. For example, traffic, machine, wave
and earthquake loadings frequencies tend to be in the range 0.1~20 Hz and produce rates of stress
increase that are many orders of magnitude greater than is under typical static loading conditions.
Hence, the rate-dependency phenomenon cannot be ignored when a wide range of loading
frequency is considered. Accordingly, proper understanding of the effects of loading rate on the

deformation characteristics of soils has become an important issue.

The results from tests on clay by Graham et al. (1983) indicate that a family of stress-strain
curves may be identified, each associated with a specific strain rate, such that a stiffer and stronger
response is predicted for higher strain rates. Shibuya et al. (1995) and Kim and Stokoe (1995)
showed that in cyclic loading tests, equivalent shear modulus of clay is insensitive to rate of shear
straining whereas hysteretic damping increases according to the decrease of shearing rate.
Tatsuoka and Kohata (1995), Kim and Stokoe (1995) also showed that elastic Young’s modulus
(E%) and damping ratio (h) for very small-amplitude cyclic loading (CL) defined for an single
amplitude axial strain (£,)s1<0.001% are essentially independent of strain rate. For sedimentary
soft rock, the undrained elastic Young’s modulus E° is rather insensitive to the change in strain
rate when the strain rate is larger than a certain limit. At higher strain levels, however, a stiffer
response in the stress-strain characteristics can be observed and the rate effect increases as strain
level increases (Kohata et al., 1995). On the other hand, Bolton and Wilson (1989) showed that

the rate-dependency plays very little role in the stress-strain response as well as the strength of
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granular materials. Most of the previous comprehensive works were performed using simple shear,
torsional shear and resonant column apparatuses. A few works using triaxial apparatus (e g,

Tatsuoka and Kohata, 1995) have been reported in the literature.

It is interesting to note that the perceived difference between the static and dynamic moduli
has been decreasing as the accuracy of static measurements at very small strains below 0.0005% is
increasing. In addition, an understanding is growing that strain amplitude and strain rate are key
variables in predicting soil behavior whether the phenomenon is static or dynamic (Burland, 1989,
Bolton and Wilson, 1989; Jamiolkowski et al.,, 1991; Tatsuoka and Shibuya, 1992; Jardine, 1995).
The deformation at strains less than about 0.001% is essentially elastic and almost the same elastic
deformation modulus can be obtained from static (monotonic and cyclic) and dynamic tests. At
strains exceeding the elastic strain limit, however, the stiffness and damping may differ between
static and dynamic tests, which should be explained by the differences in strain level, strain rate,
number of loading cycles and so on, provided stress and strain measurements are sufficiently

accurate.

Described herein is the dependency on loading rate of stiffness (equivalent Young’s
modulus) and damping ratio of sand evaluated by using triaxial specimens. Loading frequency was
varied in the range of 0.005~2.0 Hz. Investigation of E and h in the frequency range of 0.5~1.0
Hz has special importance in earthquake engineering. In the 1995 Great Hanshin Awaji
earthquake, for instance, a significant damage was caused to buildings with a natural frequency

close to 0.5 Hz, even though the ground movements in the surrounding region were quite small.

7.2. Description of the Apparatus

The experimental works were carried out in a modified triaxial apparatus (Fig. 6.1, Chapter 6).
The deviator load was measured by a sensitive load cell placed inside the triaxial cell, local axial
strains free from bedding errors were measured by a pair of LDTs (LDT1 and LDT2) (Goto et al.,
1991) hinged vertically on diametrically opposite sides of a specimen surface, and local radial
strains were measured by using three pairs of gap sensors at three levels of height of the specimen.
Besides, a gap sensor (GS) was used to measure the displacement of loading cap (ie.,

conventional axial strain measurement) of triaxial apparatus. Axial strains evaluated by GS may be
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affected by system compliance and bedding error (Jardine et al., 1984, Tatsuoka and Kohata,

1995).

Confining pressure o, (=lateral stress o) was applied inside the voids of soil particles by
partial vacuum and the deviator load was applied by air pressure through a two-chambered
Bellofram cylinder. The upper chamber of the Bellofram cylinder was connected to a static
pressure line directly from a house of pressure and accumulator. On the other hand, the bottom
chamber was provided with dynamic (or cyclic) air pressure, which is also supplied from the same
house of pressure and accumulator, but regulated by a E/P transducer through a function
generator or a computer. Anisotropic compression (i.e., axial stress o, > ;) stress states can be
achieved by controlling confining pressure and deviator load through ‘static’ pressure line.
However, to achieve an anisotropic extension stress state (o, < «,), firstly a zero deviator stress
state is assured by applying equal air pressure (greater than atmospheric pressure) into the ‘static’
and ‘dynamic’ pressure lines, which is followed by decreasing the pressure in static line compared
to that in dynamic line (for details Tatsuoka, 1988). At any stress state, thus acquired, cyclic
loading (CL) can be applied by the use of the function generator. In this case, based on the scale of
load-amplitude and loading frequency, the function generator controls the dynamic pressure by
sending required pressure-equivalent voltage signals to the E/P transducer, which finally
materializes the pressure application by allowing the required amount of air to move into or move

out of the dynamic pressure line.

Fig. 7.1.a shows the data acquisition (DA) system employed for the principal measuring
devices. Load cell and the LDTs possess identical components in the DA system. On the other
hand, GSs (both lateral and vertical directions) had its own type dynamic signal conditioner
(provided by the manufacturer), while the remaining appliances being the same as LDTs (Fig. 1a).
The accuracy of DA systems used for various transducers is very important for static CL tests
when CL tests are performed at higher frequency f (say, f=0.5 Hz). This is because in case of high
frequency loading (in static tests), the potential error in evaluating damping ratio may come from
the time-lag between recorded stress and strain components. That is, if there is any time delay in
the recorded responses of loads (hence stresses) and deformations during CL, it will directly
influence the measured values of h. However, the influence could be much less severe on the

measured values of E,
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Tests were performed on air-pluviated specimens of Hostun sand. Physicai properties are
listed in Table 6.1 (Chapter 6). Small specimens (15 cm high and 7.5 cm in diameter) having

regular ends with using porous stones at both ends were used in this investigation.

7.3. Testing Procedure and Test Results

Testing program consisted of cyclic loading tests in the axial stress direction (at constant o,) at
various load or strain amplitudes while varying the loading frequency (f) at each amplitude. Fig.
6.2b shows the definition of E.q and h. Each Eq value was evaluated from the peak-to-peak secant
modulus of o,~¢, response of each cycle of CL test, and the evaluation of h needed numerical
integration of hysteresis loop for each cycle. Typically 100~120 data points were recorded in each
cycle of CL test when f < 0.4 Hz, whereas for f> 0.5 Hz, 20~80 data points were recorded in each
cycle. This difference was due to the speed limitation of the computer and the analogue-to-digital

card used in the DA system.

Tests were performed on four specimens of Hostun sand: HOSTN2, HOSTN3, HOSTNS,
and HOS12. rest conditions are briefly described in Table 7.1. The specimen HOSTN2 had
experienced stress histories described in Chapter 8. In brief, the specimen was subjected to stress-
controlled TC test from 0,= o= 0.8 kgflcm® to o,= 2.6 kgf/em® at constant o, followed by
unloading to the previous isotropic stress state. This was done to evaluated the deformation
characteristics during creep and the small strain stiffness at different stress levels, the results are
described in Chapter 8. After that, strain rate dependency of E., and h was investigated for a single
amplitude of cyclic loading, where the single amplitude axial strain (¢,)sa was 0.002% and loading
frequency was varied from 0.03 to 0.5 Hz. Both sinusoidal and triangular wave-forms load cycles
were applied sequentially at a given f. The existence and influences of time-lag were critically

examined in the stress-strain responses.

Fig. 7.2a shows some typical relationships between o, and &, (measured with LDTs)
obtained at the tenth cycle at each of different frequencies when the wave-form was sinusoidal.
The o,~¢, response for each f was shifted arbitrarily along the ¢, axis in order to differentiate them
from each other. Similar results for the use of triangular wave-form are shown in Fig. 7.2b. The

stress-strain relations (Figs. 7.2a and b) were nearly linear and the slopes for different f are very
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similar to each other, while the variations in the area of hysteresis loops are not visible. Fig. 7.3

shows the variations of E.q and h (evaluated by &, of LDTs) with number of the load cycle (N).

On the other hand, the axial strains measured by GS showed noticeably different soil
responses as can be observed from Figs. 7.4a and b for sinusoidal and triangular wave-forms of
CL tests, respectively. Although the slope (i.e., E.,) did not change largely with f, the area of
hysteresis loop grew up drastically with the increase in f. The values of E, and h (evaluated at the
tenth cycle) are plotted against f in Figs. 7.5a and b, respectively. The following trends can be

observed.

(a) Eq is rather independent of f and wave-forms for (e,)sa= 0.002%.

(b) A large difference is observed between the E.q values obtained based on axial strains measured
with LDTs and GS, which can be attributable to the system compliance and bedding error
(Tatsuoka and Kohata, 1995; Tatsuoka et al., 1994).

(c) The value of h measured with LDTs is not very sensitive to the changes in f and wave-form.
Non-zero values of h indicate that the deformation of sand is not totally elastic even at such small
strains.

(d) h values evaluated based on axial strain measured with GS show a very different response,
which is not reliable. The reason will be described latter.

(e) By careful observation of the data based on €, (LDT), it is seen that with the decrease in f, E
decreases and h increases at a very small rate. Further, the values of h are slightly larger for
sinusoidal wave form than triangular wave form, while the effect on E. is not visible. Di
Benedetto and Tatsuoka (1996) attempted to simulate such features by a three-component

rheological model in which a linear spring is connected to Voigt model.

The peculiar strain rate-dependency of h observed based on GS strain (Fig. 7.5b) was
resulted from time-lag between the responses of a strain gauge-type load cell and GS (an
inductance type sensor). This was confirmed by performing a series of CL tests on a nearly perfect
elastic steel spring in place of a sand specimen. Fig. 7.5c shows typical force-displacement
relationships obtained from CL tests with (¢,)sa= 0.03% performed at f= 0.5 and 1.0 Hz. The test
results using LDT showed linear relationships, as expected, for the linear elastic material, whereas

the responses using GS indicated that the spring behaved as if it were not elastic. The reasons for



the abo e would be either or both of the following: (a) a GS may be inherently sluggish or fast in
response compared to those of the strain gauges used in load cell and LDTs; (b) difference in the
data acquisition (DA) systems. The DA systems for LDTs and load cell are exactly identical. That
is, it consists of the main signal conditioner (dynamic signal or strain conditioner) with an activated
10 Hz noise cut-off frequency, a DC amplifier, a filter, an analogue-to-digital card, etc. (Fig. 7.1a).
On the other hand, an inductance type transducer GS works with the density of magnetic flux.
Therefore, the DA system for GS consists of a completely different type of ‘main signal
conditioner’ having different working principles although the rest of the components of the system
(Fig. 7.1a) are identical. Therefore, it can be concluded that the electronic measuring devices to
measure a paii of corresponding stress and strain must be of having the identical types of DA
systems with exactly the identical electrical components in terms of noise cut-off frequency, circuit
resistance, circuit capacitance, and so on. Otherwise the difference will be reflected in the acquired
data as a time-lag, especially at a higher frequency. Hereafter data obtained with the use of LDTs

is represented.

The importance of the use of 32-Hz (cut-off frequency) low-pass filter in the DA system of
LDT and load cell (Fig. 7.1a) is verified by performing two series of CL tests on the elastic spring
at =0.1 Hz with ((,)sa= 0.035% and 0.067%. In one series, the filters were used, while in the
other they were removed before the application of CL. Fig. 7.5d shows the resulting load-
displacement relaticnships. 1t indicates that the use of such a filter to increase the signal-to-noise

ratio in the existing DA system is rather essential for the measurement of both Eq and h.

Dependency of E. and h on frequency f for very small amplitude axial-strain was
investigated at different true virgin stress states in triaxial compression at o= 0.8 kgf/cm”. Tests
were performed on HOS12 specimen. The initially isotropically consolidated specimen (,=3,=0.8
kgf/cm’) was subjected to monotonic axial compression by using an automated (i.e., computer-
controlled) load-control system. Deviator load (i.e., axial load in excess to that offered by
confining pressure) was applied at a constant rate of axial stress (0.125 kgf/cm?/min) by increasing
the axial stress in very small steps. After reaching the desired stress state, the specimen was
allowed to undergo creep while maintaining the constant stress state. When creep rate hecame
negligible (below 0.00001% per minute in the last ten minutes), very small strain amplitude CL

tests were performed to evaluated E.q and h about the current stress state as neutral. At each stress
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state, f was varied between 0.01 to 2.0 Hz, while (¢,)sa was nearly 0.0015%. After completing
tests at a given stress state, the next stress state was achieved, which was followed by similar

experimental procedure as described above.

Figs. 7.6a and b show the stress-strain relationships of typical cycles at various frequencies
obtained when the neutral axial stress was at ¢,=0.8 kgf/cm’ and ,=2.0 kgf/cm®, respectively.
Slope of stress-strain relationship, at a given stress state, seems not to be affected by f, while the
hysteresis loop is largely affected by continuous creep, particularly at the lower f Fig. 7.6¢ shows
the relationships between E° / E° and f, where E®ro; is the value of E, (=E°) at a given axial
stress (neutral) evaluated when f=0.1 Hz. E%o, values at different axial stresses are listed in Fig
7.6¢. The corresponding relationships between damping ratio h and f are shown in Fig. 7.6d. The
most of the data sets shown in Figs. 7.6c and d were obtained at virgin states except one, which
was obtained at neutral stress state o,=1.0 kgf/cm’ (and ©,=0.8 kgf/cm?®) after unloading from the
maximum value of o,. E¢ (=E°) is independent of f, except at lower frequencies (f<0.05 Hz),
where modulus was affected by creep deformation. The higher the neutral stress level, the larger
the creep rate (during virgin loading, Chapter 8). Therefore, modulus decreases with the increase
in stress level at lower f values. The effects of creep is more severe on h values at lower
frequencies. h value increases manifold as the stress level increases with the decrease in frequency,
especially when f<0.05 Hz. At a given stress level, h value tends to increase slightly with the
increase in f when f=0.6 Hz. Very careful observation shows that at a given frequency, h increases

very slightly with the increase in stress level although some scatter can also be observed.

Similar behavior was obseived from HOSTN3 specimen, which was not ‘true virgin’ when
the investigation was done (see Table 6.1). Figs. 7.6e and f show, respectively, the relations of
E./fle) and h with f CL tests were nerformed at an anisotropic neutral stress state (o,= 1.4
kgf/cmz, o= 0.8 kgf/cm?®). During CL tests, (g,)sx value was either 0.0012% or 0.0038%, while f
was varied between 0.005 Hz to 1.5 Hz. Results were very similar to those shown in Figs. 6.7¢
and d. However, in this case, because of the previous stress-history (Table 6.1), neither h nor Eq

evaluated at f<0.05 Hz was affected as severely as HOS12 specimen due to creep.

Figs. 7.7a and b show, respectively, the relations of h and E., with (&,)s1 at different

frequencies. Tests were performed on specimen HOSTN3. The specimen had previous stress
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history of six unload-reload cycles performed with axial stress amplitude from o,= 0.8 to 2.0
kgf/cm? at constant o= 0.8 kgf/em® (Table 7.1). In the figures, Set A and Set B indicate the
configurations of arrangement of principal measuring devices in the analogue-to-digital (A-D)
card. In Set A, load cell, GS to measure €,, LDT1 and LDT2 were connected serially to the A-D
card in the first four channels, while in Set B, the load cell and LDT2 were interchanged, i.e.,
LDT2, GS, LDT1 and load cell were connected serially. Tests with Set A configuration were
performed first and was followed by the tests with Set B configuration. All CL tests were
performed symmetrically about the neutral stress at ,=1.4 kgf/cm’ by increasing the amplitude of
load cycle in steps, while at each step at least elevgn cycles of CL were applied at each frequency
of loading. Frequency at each stage was varied in the ascending order from 0.1 to 2.0 Hz before
proceeding to the next step. Data at each point in Figs. 7.7a and b is the 10th cycle value obtained

at a given stress cycle or (£.)sa.

Fig. 7.7b shows that E., is essentially independent of f for all the values of (&.)ss being
investigated with some exceptions. That is, the values of E, at £=0.1 Hz for relatively larger (&,)sa
(i.e., (£.)sa 20.007%) were observed slightly lower (5% at the largest) that those observed at
higher frequencies at the same (£,)sa. It can also be noticed (Fig. 7.7a) that damping ratio for a
given (£,)sa was slightly larger at f=2.0 Hz than those at lower frequencies when (£,)s4 was greater
than about 0.01%. This could be attributable to the accumulation of slightly larger creep strains in
the measured ¢, during CL tests at lower (f=0.1 Hz) frequency. Set A and B arrangements did not
show any noticeable differences in the measured values of E,, while damping ratio at a given
(£.)sa varied slightly for Set A and B arrangements. The h value measured with Set B arrangement
at a given (e,)sy was lower than that with Set A. It could be because of that the tests with Set B
configuration were performed after those with Set A had been done. Therefore, the differences
could be due to the effects of previously performed CL tests, but it is not due to the time-lag as

described below.

Tests with Set A and B arrangements were performed in order to re-confirm the existence
of time-lag, if any, for the arrangements between the responses of LDTs and load cell although
they had identical DA systems. While sampling data, the micro-computer does it according to the
serial of connections. That is, data of first channel (of A-D card) will be recorded first, which is

followed by second, and so forth. That means, the real time responses for all the principal
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measuring devices at a given instant can never be recorded by the computer. To minimize the
time-lag of this type, it is essential to set the transducers that are directly related to the evaluation
of h as close to each other as possible, which was done in this investigation. That means, the larger
the gap (in term of serial of connections to A-D card) between the load cell and LDT, for example,
larger will be the time-lag. However, time-lag of this type could be a problem only in tests at a
high frequency, and the larger the amplitude, the larger will be the problem. The conclusion with
this respect cannot be obtained from the resuits shown in Fig. 7.7a, since the specimen was not at

steady state.

The importance of ‘steady state conditions’ (Bolton and Wilson, 1989) can be realized
from the above discussions. ‘Steady state conditions’ are defined as those prevailing while the soil
is repeatedly traversing the same hysteresis loop. Therefore to achieve such a state, the same
specimen was then subjected to cyclic prestraining (CP) of a large number of load cycles (40,000
cycles) with nominal axial stress amplitude in the range of 0,=0.35~1.3 kgf/cm’ Axial strain at the
neutral stress (i.e., 0,=0.8 kgf/cm®) was drifted towards extension side for about 0.08% due to
CP. After CP, the specimen was observed to traverse the same hysteresis loop without noticeable
translation along ¢, axis direction. In Fig. 7.8, such an example is shown for specimen HOSTN3,

which will be described later.

Then the test procedure described above (in connection with Figs. 7.7a and b) was
repeated with one exception, i.e., stress-amplitude was gradually decreased in steps after starting
from the maximum amplitude, which was equal to the stress amplitude (CP,,) during CP (i.e., G,
=0.35~1.3 kef/cm®). Fig. 7.9 shows typical o,~¢, relationships during CL tests performed at 2.0
Hz after CP application at the largest axial stress amplitude (i.e., at CPy,). Essentially no difference
can be noticeable from the responses for Set A and B arrangements. Figs. 7.10a and b show,
respectively, the variations of Eq and h with (e,)sa for different f, which was varied as before in
the range of 0.1~2.0 Hz in four steps. It can be seen that both E. and h at a given (¢,)sa are
independent of loading frequency. Differences in h values at a given (g,)sa for Set A and B
arrangements as had seen before were disappeared. Damping ratio increased, as expected, with the
increase in (g,)ss and decreased due to CP (Chapter 6; Teachavorasinskun, 1992) especially at
larger (£.)s4 for a given (g,)sa (as seen by comparing Figs. 7.10a and 7.7a). The values of Ec, on

the other hand, decreased with the increase in (g,)sa; Ecq was not affected by f. These results also
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indicate that noticeable time-lag for the arrangement of electronic devices (e.g., for Set A and B

arrangements) in DA system did not exist at least within the investigated range of frequency.

As mentioned earlier, Fig. 7.8 shows typical o,~¢, responses from relatively large
amplitude CL tests (with axial stress amplitude nominally varying in the range of CPy= 08~2.0
kgf/cm?) performed on the specimen HOSTN3 at virgin stage. A typical characteristics of static
(triaxial) CL test can be observed. That is, the response of CL tests were characterized by the
drifting of hysteresis loop which tended to stabilize gradually with the number of cycles. ‘steady
state conditions’ (i.e., cessation of drifting) were not obtained after six cycles (Fig. 7.8). Drifting
direction was not unique in compression side of &, as can be seen in the figure. It rather depends
on (a) the location of the neutral stress state of CL, and (b) the magnitude of stress-amplitude. The
factors (a) and (b) combinely determines whether a CL test is in the extension bias (i.e., CL in fully
triaxial extension stress state) , in the compression bias (i.e., CL in fully triaxial compression stress
state), or in combined stress state. With respect to a CL test of combined type, if the shear stress
state during symmetric loading comes closer to failure state in TE than in TC, the CL test can be
considered as the one in the extension bias, and the drifting of hysteresis loop will occur to the
extension side along &, axis. Otherwise it can be considered as the one in the compression bias for
which the drifting will traverse with translation to the compressive strain direction along ¢, axis.
The number of loading cycles that were required to reach steady state conditions varied
considerably. The greater the amplitude of load cycle (or, the greater the magnitude of single
amplitude axial strain, (£,)s4), the greater the number of cycles to achieve steady state conditions.
Therefore, to make a comparison of E. and h values for a certain stress amplitude of a given
specimen among different frequencies as well as among different (£,)sa, it is necessary to obtain
steady state conditions at each given stress-amplitude before doing any CL test with that stress-
amplitude. In Fig. 7.8, the o,~¢, responses are shown for CL tests with CP,, in the range of o,
between 0.8 to 2.0 kgf/em’ (compression bias) performed on HOSTN3 after application of a large
number of axial load cycles (25,000 cycles) at o,=0.8 kgf/em®. A nearly perfectly steady state
conditions was achieved as all the hysteresis loops for eleven cycles traversed the same stress-
strain relations without translation in the axial strain direction. During the CP application, the
neutral stress state was at ¢,=1.4 kgf/cm’ and total drift in the axial strain direction was 0.063%

(compression). Note that HOSTNS specimen was also subjected to the similar axial stress load
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cycle at CPy, for 25000 cycles to attain steady state conditions. In this case, total dnft in o,

direction was 0.98%, which was very large due to the loose specimen.

Steady state conditions having been achieved, HOSTNS specimen was subjected to multi-
stage axial stress CL tests with the neutral axial stress at o,=1.4 kgf/cm’ to evaluate Ee and h
values for different (g,)s4 by changing the axial stress amplitude in steps. At each step, f was varied
in the range of 0.1 to 1.5 Hz in five steps. Fig. 7.11a shows the relationships between E., and
(£,)sa, While h~(e,)sa relationships are shown in Fig. 7.11b. Very consistent results, the same as
described before, were observed. That is, the Eq value showed little dependency on f, while the
damping ratio can be seen to increase slightly with the increase in f (specially when f=1.0) when

(£.)sa was greater than 0.01%.

Subsequently, the same specimen (HOSTNS) was subjected to another series of CP of
40,000 cycles (i.e., in total 65,000 cycles) along the previous CP stress path. E.q and h values were
evaluated as before. This time, f was varied in the range of 0.005 to 1.5 Hz in six steps. Figs.
7.12a and b show the E.~(¢£.)sa and h~(g,)sa relationships. Identical results can be seen from the

point of frequency-dependency of E., and h.

Apart from the frequency-dependency, the second stage CP application did not bring about
noticeable changes in the values of h at a given (g,)sa. The E. value, however, observed to
decrease by 4 to 5% at the largest at a given (£,)sa, which may be attributable to the effect of
‘cyclic prestrain-induced anisotropy’ as described in Chapter 6. That is, due to this effect, the
stiffness evaluated at axial stress below the peak axial stress during CP can decrease; the degree of

decrease is larger as the axial stress level becomes lower.

It was consistently observed that the damping ratio of a prestrained specimen (e.g,
HOSTN?3) at a relatively larger (¢,)sa and a virgin specimen (e.g., HOS12) at even (£,)s14s0.002%
increases slightly with the increase in f, especially when f=1.0 Hz. This finding was not due to any
time-lag between the measured axial stress and axial strain. As mentioned earlier, the number of
data per cycle at a given stress or strain amplitude that can be recorded with a computer decreases
with the increase in f We recorded 100 to 120 data points per cycle at a lower f (i.e, f<0.5 Hz),

whereas at f= 2.0 Hz, only 20 to 25 data points were recordable for a typical cycle Since



numerical integration is to be carried out to evaluate h along a closed hysteresis loop of stress-
strain response at each cycle (e.g., Fig. 7.1b), naturally a question may arise whether the
integration scheme is sensitive to the number of data points per cycle, and if so, it may be more
severe for a large stress amplitude load cycle. This point was investigated by considering the axial
stress-strain data set of HOSTNS that had been used to evaluate h and E., values (i.e., Figs. 7.12a
and b) at f= 0.1 Hz as the basic data set. Typically 100 data points per cycle were involved in one
cycle at each (&,)sa. By using a computer program, a relevant number of data was removed at a
regular interval so as to artificially impart the effects (if any) of data points per cycle on the
measured h. In that way, additional four sets of data were regenerated, where data points per cycle
were varied in a range from 20 to 60. Then by using the same integration scheme, h value for each
set of data (including the basic data set) was evaluated. Fig. 7.13 shows the relationships between
h and (£,)sa. At a given frequency, h is not at all sensitive to the number of data points per cycle at
relauvely larger stress amplitude, but it may increase slightly with the decrease in the number of
data points per cycle at very small (g,)sa. Therefore, it can be concluded that the strain rate-
dependency of h that was observed at higher frequencies (in Figs. 7.6d, 7.11b and 7.12b) was not

due to the difference in the number of data points per cycle used for its evaluation.

The reason for the increase in the h value with the increase in f in physical terms is not
understood. This may be explained by a Voigt model, but this model cannot explain the fact that

the E., value was rather insensitive to the changes in f.

7.4. Practical Applications

Firstly we must recognize the limitations of this investigation, in particular, in terms of the range of
strain covered (i.e., (¢.)sa = 0.04%), the soil type being restricted to dry sand, steady state
conditions for a certain range stress amplitude and the large number of load cycles applied during

CP.
The differences in the response characteristics could be very small between dry and

saturated sands for the same strain amplitude and frequency (Wilson, 1985). Tatsuoka and Kohata

(1995) showed that the differences in the stiffness values between the drained and undrained states
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are merely due to differences in Poisson’s ratios. It is likely that the results presented would also

be applicable to cases with the presence of pore water in sands under drained condition.

As far as the loading rate-dependency is concerned, the effects of f on E., can be
considered negligible. Due to CP, E¢q can changed up to 20%. of the value at the virgin state (as
described in the previous chapter), which could be either increase or decrease depending on (a)
(€4)s during CP application, (b) (€,)sa at which E., being measured, and (c) the neutral stress state
about which CP was applied symmetrically. Note that in this study, E., values were obtained by
applying cyclic stress symmetrically about the neutral stress state for CP. Damping ratio, on the
other hand, decreases always drastically as a result of CP (the previous chapter;

Teachavorasinskun, 1992).

The results of this study are applicable to back-analyze the response of ground or soil
structures which have been subjected to various types of cyclic loading. Transient loading
conditions such as explosions and transient soil states such as cyclic mobility or liquefaction are
beyond the scope of this work (specially considering h after CP). Very high frequency (e.g., £=100
Hz) loading that frequently occurs with relatively smaller amplitude tremors during earthquakes
are also beyond the scope of this investigation. On the other hand, large stress amplitude
earthquake, traffic, machine vibration, wave tend to be in the frequency range of 0.01 to 10 Hz.
Structures such as those subjected to traffic loading, those in the zone of high seismicity, offshore

gravity type, etc. fall in that category.

7.5. Summaries

(1) Data acquisition systems consisting of various electronic transducers for a pair of
cerresponding stress and strain must be identical to each other. Otherwise, any difference will be
reflected as time-lag in the acquired data, the effects of which will be severe for damping ratio
evaluation. For example, damping ratio evaluated with axial strain by gap sensor, which is an
inductance type sensor, is found unreliable when used with a strain-gauge type load cell to
measure deviator stress, due to the existence of time lag in the data acquisition systems of load cell

and gap sensor.
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(2) The values of E., and h were observed to decrease and increase, respectively, with the increase
in strain amplitude, as would be expected. The types of cyclic wave-form, triangular or sinusoidal,

used during CL to evaluate Eq and h have no influence on the measured values.

(3) The Young’s modulus and damping of sand at small strains de not change largely by the
change in loading rate except for loading frequency (f) below 0.05 Hz. The viscous effects cannot
be totally ignored. In this frequency range (i.e., f < 0.05 Hz) at a given frequency, damping ratio
can be increased manifold and Young’s modulus can be decreased by 5 to 10% with the increase

in shear stress level.

(4) Before reaching steady state conditions (i.e., at or near virgin state), damping ratio at a given
stress amplitude decreases with the number of cyclic loading. The steady state is reached only after

a large of cycles of loading.

(5) At steady state conditions and also at the virgin state, E., is observed independent of f
whereas damping ratio increases slightly with the decrease in f at the virgin state while it increases
slightly with the increase in f, especially when (&,)s4 is greater than about 0.007% at the steady

state conditions.

254



Table 7.1: List of the specimens with brief description of the tests.

Specimen

€08

* Brief description of tests

HOSTN2

0.70

Pre-sheared at 0,=0.8 kgf/cm’; Neutral stress during CL test was at
0,=0=0.8 kgf/cm’; (g,)sa= 0.002%; Wave-form: Sinusoidal and
triangular; No cyclic prestraining, Frequency (f) range = 0.03~0.5 Hz.

HOSTN3

0.72

Pre-sheared at 0,=0.8 kgf/cm? (six unload-reload cycles between o,=
08t020 kgf/cmz); Neutral stress during CL tests was at 0,=0,=0.8
Ivcg,f'/cm2 ; (€)sa= 0.001~0.04%; Sinusoidal wave; f= 0.1~2.0 Hz,
Investigation at and before steady state conditions.

HOSTNS

0.81

Evaluation of E., and h at steady state conditions, Neutral stress at
0,= 1.4 kgflem?; (£.)sa~ 0.001~0.04%; f= 0.005~1.5 Hz: Sinusoidal
wave.

HOS12

0.72

True virgin specimen; Evaluation of E, and h at various neutral axial
stress states at 0,=0.8 kgflem®; (e,)s\~ 0.0015%; f= 0.01~2 Hz;
Sinusoidal wave.

* All tests performed at a constant o, (=0.8 kgf/lem?).
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Fig. 7.8: Typical o,~¢, response characteristics during large amplitude axial stress cycles at

virgin state and at steady state conditions.
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Chapter 8

Creep behavior of sand in TC test and its effect on the deformation characteristics
8.1. Introduction

A large amount of data presented in Tatsuoka and Shibuya (1992) showed that the deformation of
geomaterials measured at strains smaller than about 0.001% in monotonic loading tests is
essentially strain rate-independent and recoverable (i.e., elastic), and the initial stiffness values at
very small strains determined by static monotonic loading tests are essentially the same with those
determined by the corresponding static and dynamic cyclic loading tests. This indicates that a
consolidated specimen may exhibit linear elastic deformation at that small strain level, which is
independent of the initial stress state; that is, independent of whether the specimen is consolidated
isotropically or aniostropically. This feature is best described by a proper kinematic strain
hardening model (e.g., Jardine, 1992); i.e., a rather fixed small size of elastic zone always exists
around the current stress point on the stress plane and its location is dragged by the current stress
point, while the center of the elastic zone is biased towards the direction of the movement of the
stress point. From the resuits of recent static and dynamic works, it can now be understood that
the linear elastic range is very small for soft or recent sediments, but may become more significant
as a result of compaction, over-consolidation, pre-straining, aging. chemical alteration or
diagenesis. The size of the elastic zone increases in clay with the increase in the duration for which
the stress state remains at the same point (or with the increase in the creep deformation)
(Tatsuoka and Kohata, 1995), and with the increase in the strain rate in the subsequent loading

(Mukabi, 1995).

The creep vehavior of a granular material, Hostun sand, has been described in this chapter.
A particular emphasis is given to investigate the development of elastic deformation properties at
various stress states during monotonic loading in TC tests. For that, elastic properties are

measured after the creep deformation at a given stress state becoming negligible.

v
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8.2. Test Procedure

Tests were performed on a smali cylindrical specimen (D=7.5 cm and H=15 c¢m) of Hostun sand
by using the triaxial testing system described in Chapter 6. Each specimen was reconstituted by
the air-pluviation method. Three specimens were tested: two medium-dense specimens, HOSTN2
and HOS12, having a void ratio (eys) equal to 0.70 and 0.72, respectively, and the other loose
specimen (HOSTN4) with e3s=0.882 (the subscript of e indicates the confining pressure in
kgf/em?® at which the initial void ratio was measured). Each specimen, isotropically consolidated
by partial vacuum of 0,=0,=0.8 kgf/cm’, was subjected to monotonic axial compression by using
an automated (i e, computer-controlled) load-control system. Deviator load (i.e., axial load in
excess to that offered by confining pressure) was applied at a constant rate of axial stress equal to
0.125 kgf/em’/min by increasing the axial stress in very small steps; the maximum stress level that

a specimen experienced in this testing scheme was well below the peak.

Figs 8.1 to 8.3 show the stress-strain relationships of HOSTN2, HOSTN4 and HOS12,
respectively. Of them, Figs. 8.1a, 8.2a and 8.3a show the relationships between the axial stress
(0,) and the axial strain (g,), while Figs. 8.1b, 8.2b and 8.3b show the corresponding relationships
between o, and radial strain (g). The encircled numbers (e.g., 0, 1, etc.) shown in the figures
indicate the stress states at which the specimens were allowed to undergo creep at constant stress
state, while the number ‘0’ indicating the initial stress. Each axial stress segment (e.g., stress
segment from 0 to 1 or simply O-1, 1-2, etc. in Fig. 8. 1a) generally consisted of the following
steps sequentially: (a) shearing up to the next predetermined o, level (i.e., loading from ‘0’ to ‘1,
for example); (b) allowing sufficient time to reduce the creep rate to a negligible value, while
maintaining the current stress state (i.e., the stress state ‘1’ in the previous example) unchanged
within an accuracy of =0.0025 kgffem? (c) application of very small-amplitude axial CL to

evaluate small sirain stiffness; (d) lo? to the next predetermined o,, and so on.
Besides, a few substeps were included for some specimens in between steps (c) and (d)

aforesaid: (i) unloading to a stress state which was always in compression zone (for instance, the

segment 2-3 of Fig. 8.1, where o, was unloaded from 2 to 3); (ii) allowing creep deformation, if
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any, to occur at the over-consolidated stress state after unloading, which hereafter is called
delayed rebound, (iii) reloading to a o, value, slightly lower than the previously experienced
maximum o, with small amplitude axial unload-reload cycles at different stress states (for
example, such stress states approximately denoted by ‘asteric’ symbol along 3-2 segment in Fig.
8 2a). Note that the specimen HOSTN2 (Fig. 8.1a) was not.subjected to such small-amplitude
unload/reload cycles. Finally, each specimen was sheared to failure from the isotropic stress state
0,=06,=0.8 kgf/em’® at a constant rate of axial strain (ie., 0.14%/min). One virgin specimen
(HOSTN7, e05=0.876) was also sheared to failure at the same loading rate to obtain the

reference. Table 8.1 lists some results.

8.3. Test Results and Discussions

8.3.1 Creep Tests and the Deformation Characteristics

Axial strains (g,) presented in Figs. 8.1 to 8.3 were those measured by using a pair of LDTs and a
gap-sensor (GS). &, measured by GS is generally affected by bedding error and system
compliances (Tatsuoka and Shibuya, 1992; Tatsuoka and Kohata, 1995), which is clearly reflected
in Figs. 8.1a and 8.2a. Hereafter, €, measured by LDTs is presented. Radial strains (g) were

measured by three pairs of GS.

Fig. 8 4a shows the stress-strains relationships in an enlarged scale for test segments 0-1-2
of Figs. 8.2a and b, and Fig. 8.4b shows the time histories of 0,, €, and €, during the same test
segments. Similar stress-strain relationships and time histories for test segments 1-2-3-4 of Figs.
8 2a and b are shown in Figs. 8 5a and b, respectively. In the stress-strain relationships shown in

Figs. 8.1 to 8.3, the following characteristics can be observed.

(a) Time-dependent deformation (i.e., creep) occurs at a constant virgin stress state along loading

(i.e., 0, increasing) stress path.

(b) Time-dependent deformation also occurs at a constant stress state in an unloading (i.e., O,

decreasing) stress path, which is also, by definition, creep but which is called here ‘delayed
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rebound.’ It is so named because it is the recovery of strain during unloading that occurred after

the completion of unloading.

(c) The sand seems to exhibit elastic behavior at any stress state during monotonic loading after
the occurrence of creep deformation at that stress state; the deformation after creep (e.g., loading
from point 1 in Fig. 8.1) appears to be similar to that occurs at the initial part of shearing (e.g,,

shearing from point 0 in Fig. 8.1a).

(d) Over-shooting in the stress-strain relationships (e.g., o, versus €, and o, versus &, relationships
of Figs. 8 1a and b) during monotonic virgin loading may be observed in some instances during
reloading after the occurrence of creep deformation. Here over-shooting means a stiffer response
compared to that occurs during monotonic loading (i.e., without allowing creep to occur). In
Figs. 8.1a and b, such instances are marked at stress states 1 (to 2) and 2 (to 3), where the
corresponding responses without creep are approximated by dotted lines in the respective figures.
This behavior (over-shooting) is similar to the results from oedometer tests performed on clay
(i.e, e~logp’ relationship, where e is the void ratio at a given effective mean stress p’) (Mukabi,
1995). The reason for this behavior could be attributed to the occurrence of creep deformation
that leads to more stabilization of micro-structure by better interlocking. However, the behavior
was not always observed within the investigated range of stress state (for example, segments 2-4

in Fig. 8 3a).

Figs. 8.6a to i show the time histories of 0., €, and ¢, for all creep tests (including delayed
rebound) performed on HOSTN4 (Figs. 8.2a and b). The same numerals are used here as in Figs.
8.2a and b for easy identification of each creep test. For example, in Fig. 8.6a, the alphabet ‘C” of
C1 stands for either creep or delayed rebound test and the numeral ‘1’ stands for the encircled 1
shown in Fig. 8 2a, representing the stress state at which the creep (or delayed rebound) test was
performed. The moment when the respective constant o, stage (creep test) started is indicated by
a horizontal arrow. Similarly, Figs. 8.7a to i show the time histories of o,, €, and ¢, for all creep
tests (including delayed rebound) performed on HOS12 (also see Figs. 8.3a and b), and the

corresponding time histories of shear strain y (=¢.-€,) and the volumetric strain €. (=€,+2¢,) are



shown in Figs. 8.8a to i. In all the figures, the quantities— elapsed time, o,, etc— are initialized
at the beginning of shearing at point 0 of Figs. 8.1 to 8.3. In most of the figures, especially
associated with small strain changes such as Figs. 8. 6a and 8.7a, time histories of ¢, and &, were
replaced by average (i.e., smooth) curves. This is because those time histories were perturbed by
the bit precision of the analogue-to-digital card, which determines the resolution of the

transducers (i.e., LDTS and GS). The following trends can be observed.

(a) Creep rate is quite large at the beginning of each creep stage, gradually decreases with time,

and finally dies out.

(b) The creep behavior mentioned above is similar in major and minor principal strains.

(c) With respect to the axial strain €,, the direction of creep is always in the direction of the recent
deformation. That is, before each creep test, 0. had been increased and therefore, ¢, (the major
principal strain) was compressive during creep. On the other hand, e, —the minor principal strain
during primary loading in TC— was tensile during creep. However, during creep tests, such as
Figs 8.6a, 8.6b and 8.7a, the creep of & was initially swelling type (i.e., tensile) as would be
expected (with the exception of Fig. 8.6a), but after a few minutes the direction changed, and as a
result both the increments of €, and & occurred in the compressive direction. Fig. 8 6a (for
HOSTN4, loose specimen) shows that the creep deformation in g, was compressive (i.e., de>0.0)
right from the beginning of the creep test. Because of this behavior, it is obvious that the rate of
volumetric creep deformation (ev,) became gradually larger than that of y. However, noticeable
difference was not observed in the time histories of y and &, as seen from Fig 8 8a
(corresponding to Fig. 8.7a). Rather, they look much more similar than the time histories of €, and
g. This is due to the relatively small magnitude of ¢, as seen in Fig. 8.7a, which was only about

10% of g, or even less.

(d) The rate of delayed rebound follows the similar behavior as creep does: that is, the rate is

initially large, gradually decreases with time, and finally the rate decreases to a negligible value.
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However, even at the beginning, the delayed rebound rate is very small compared to that of creep

rate at the same stress level.

It has been mentioned that the creep rate is not constant with time. However, for
comparison, the average creep rate was estimated based on. the total creep deformation that
occurred during the first one hour. Fig. 8.9a and b show the relationships of creep rate in axial and
radial directions, respectively, with o,. The creep rate increases non-linearly with the increase in
a,; the rate of increase augments with the increase in the axial stress level. At a given stress state,
the looser the specimen the larger the creep rate of €,. The creep rate of ¢, is insensitive to the

void ratio of specimen.

8.3.2. Elastic Deformation Properties

Elastic Young’s modulus (E®) and Poisson’s ratio (v=v,,) are evaluated from the responses of
very small unload-reload cycles of G, at various stress states, which are approximately shown by
asteric (*) symbols in Figs. 8 2a and 8.3a. Eleven very small unload-reload cycles were applied at
each stress state during overall re-loading (i.e., 0, increasing) and/or overall re-unloading (i.e., G,
decreasing) in a given stress segment; this (the application of very small unload/reload cycles
during overall reloading and/or overall re-unloading) was done to avoid hampering the rate of
creep during primary loading or the rate of delayed rebound during the first overall unloading.
Fig 8 10a shows the relationship between E° /fle) and o, (i.e., E°/fle) ~0,) of HOSTN4 specimen
in full logarithmic scale, while the v~o./o, relationship is shown in Fig. 8.10b. Similar
relationships, i.e., E° /fle)~0, and v~0./0;, relations for HOS12 specimen are shown in Figs. 11a
and b, respectively. In the figures, the bracketed alphabets in the legend indicate the CL group
shown in Figs. 8 2 and 8.3. It can be seen that the elastic Young’s modulus can be modeled as a
function of o,, which was described in Chapters 4 and 6. That is, E°= E,.f(e).0.", where E,=E° at
0.=1.0 kgf/em® and f(e)=1 (or, e=0 82), and the exponent m represents the dependency of E° on
o,. The values of E; and m, along with the fitted variation (dotted line), are given in the respective
figures (i.e., in Figs. 8.10a and 8.11a). On the other hand, the variation of v can be modeled as a

function of stress ratio (0,/a,), i.e., v=vo.(0,/0)™, where vo=v at 0./a=1.0 (i.e., at isotropic
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stress states). The values of vo, E; and m are listed in Table 8.1. The way of modeling the elastic
parameters is exactly the same that has been described in Chapter 4 and 6. Similar dependency of
elastic properties of Hostun sand has been described in Chapter 6. This indicates that preshearing,
which is equivalent to over-consolidation in one-dimensional compression, has little effect on the
dependency of elastic properties. Note that very small unload-reload cycles were not applied in

HOSTN?2 specimen.

8.3.3. Existence of Elasticity in any Stress States During Monotonic Loading

The elastic deformation properties always exist at any stress state during monotonic loading.
However, it can be observed directly only from the deformation characteristics when the strain
level is very small and if the transducers possess sufficient resolutions. At this small strain level,
which is usually called the threshold elastic strain, piastic strain component is negligible compared
to the elastic component. Beyond this elastic threshold strain, the plastic strain component starts
dominating the total strain in a given direction. As the stress level increases and proceeds near
failure, the plastic strain component exceeds the elastic component by manifold. This is why, we
cannot observe elastic deformation properties directly at any shear stress level except at the

beginning of shearing during monotonic loading.

Jardine et al. (1991) shows the existence of elastic zone at any stress state of clay
specimens which has experienced creep deformation at that stress-state. On the other hand, the
initial stiffness of a consolidated (both isotropic and anisotropic) specimen of granular materials
during shearing is found to be similar to the elastic Young’s modulus evaluated by static or
dynamic cyclic test at the same stress level under otherwise similar conditions (Tatsuoka and
Kohata, 1995). This indicates that elastic deformation characteristics can appear at any stress state
of granular materials after some creep deformation. That is, after the creep rate reduces to a
negligible magnitude at a given stress level, the deformation characteristics after the start of

reloading from that stress level may become similar to that of the initial deformation properties.
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To investigate whether the deformation during reloading after creep is elastic, the secant
Young’s modulus (E..) was evaluated for each reloading test segment (Type 1) (e.g., segment 1-
2 of Fig. 8.1a) after initializing 0, and e, at the beginning of each reloading segment. Then, the
value of E.. was normalized by the maximum value of E.. (i.e., (Ewc)max) Of that segment. The
values of (Esc)max and the corresponding v values are plotted in Figs. 8.10 and 8.11 with ‘x’
symbols. Figs. 8.12a, 8.12b and 8.12c show the relationships between E,.. / (Eqc)max and ¢, for
HOS12, HOSTN2, and HOSTN4, respectively. Similar analysis was made for the stress-strain
curves after overall unloading followed by overall reloading (Type 2 segment) (e.g., segment 2-4
for HOS12). The results are shown in another set of figures (i.e., Figs. 8.13a to d). The
relationships obtained from the initial segment (i.e., segment 0-1 of Figs. 8.1 to 8.3) of each
specimen were also plotted in the respective figures for comparison. Fig. 8.12d also shows typical
relationships between ‘normalized’ tangent modulus and ¢, for the different segments of HOSTN4
shown in Fig. 8.12c. Tangent modulus (Eu,) of a given stress segment was normalized by dividing

it with the maximum tangent modulus ((Ewun)max) Of that segment.

Figs. 8.10 and 8.11 show that the initial deformation properties at the start of reloading
after each creep test are very similar to elastic properties (this is the case for the segments 1-2, 4-5
and 7-8 for HOS12j. This point can also be seen from Table 8.2, where E°, (Ecq)max and (Ewn)max
values at different stress states are listed. Figs. 8.12a to d also show that the range of elastic
deformation characteristics is noticeable in all the investigated segments at least for £,=0.001%.
Beyond this elastic strain range, the plastic strain component develops at a faster rate as the stress
segment (segment 4-5 of Fig. 8.1a, for example) moves farther from the initial consolidated stress
state (i.e., from 0). Therefore, after g, exceeds the elastic strain range (i.e., €, <0.001%), the decay
curve (i..e, normalized E..~¢, curve) of segments such as 1-2, 4-5, 7-8, etc. should go below the

corresponding relationship for the initial segment (i.e., segment 0-1) of the respective specimen.

In the other cases with overall unloading and reloading in advance, however, this did not
happen (for example, segment 2-4 of Figs. 8.13). Because in this case, the particular segment
(e.g., segment 2-4) was the continuation of the overall unloading and reloading part of previous

segment (i.e., segments 2-3 and 3-2), and therefore, the initial part of segment 2-4 already
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included plastic strain component. As a result, the (Ewc)mx value measured at point 2 was much
lower than the elastic Young’s modulus as can be seen from Table 8.2. The list (i.e., Table 8.2)
also shows that (Eec)max and (Eun)max Values evaluated at a given stress state are essentially the
same with the elastic Young’s modulus E° (defined for the elastic axial strain) except for those

evaluated at stress states, such as ‘2’ of Fig. 8.2a and 8.3a because of the reason described above.

8.3.4. Stress-Dilatancy Relationship

Figs. 8.14a, b and c show the stress-dilatancy relationships of HOS12, HOSTN4, and HOSTN2
specimens, respectively. In these figures, the stress ratio R (=0./0;) is plotted against the dilatancy
rate D, where D is defined as the ratio of major-to-minor principal plastic strain increments. That
is, D= -2de,” / de,” for loading (i.e., o, increasing at constant o), and for unloading (i.e., o,
decreasing at constant o;) D= - de,”/ (2de,” ), where de,” and de.” are the plastic strain increments
in axial and radial directions, respectively. The elastic strain increments (de,®, de;”) are subtracted
from the total strain increments (i.e., de., de, in Figs. 8.1 to 8.3) to obtain the plastic strain
increments (i.e., de,f, def). For that purpose, de,® and de,° were evaluated as de,"= do,/E® and
de,"= - v.de,"= -v.do./E°, respectively. In so doing, the stress-dependency of elastic Young’s
modulus [that is, E°*= E,.f(e).0,"] and the stress ratio-dependency of v [i.e., v= vo.(0,/0,)™?]
described earlier were considered. The elastic parameters E;, vo, and m listed in Table 8.1 were
used for the evaluation. For specimens HOSTN4 and HOS 12, these parameters are the measured
values (see Figs. 8.10 and 8.11). But for HOSTN2, the exponent m is an assumed value, while E.
and v, are based on the assumed m and a single pair of E° and v values measured at a stress state

0,=0,=0.8 kef/cm?® after performing all the tests shown in Fig. 8 1a.
g p 2 g

In the figures, for each specimen, the stress-dilatancy relationships are plotted for
deformations during: 1) virgin (primary) loading from the initial stress point 0 to the maximum o,
shown in Figs. 8.1 to 8.3; ii) unloading along a typical stress segment (for instance, segment 8-9
of Fig. 8.1a of HOS12); iii) creep tests using loading criteria of D (i.e., D= -2de/ d&,P); and iv)
delayed rebound tests using the unloading criteria of D [i.e., D= -d¢,”/ (2de.”)]. During a creep

test and a delayed rebound test, it was reasonably assumed that the deformations were fully plastic
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(i.e., no elastic strain components). A few deviating data points, which are perhaps owing to lack
of reliability, at the start of loading and/or at the start of unloading were discarded, particularly at
the start of unloading, the deformation is nearly elastic for relatively a large stress increment, and
therefore, the dilatancy data at that stress range is totally unreliable because of the very small
values of plastic strain components. From the Figs. 8.14a to c, the following trends can be

observed:

(a) For the primary loading, the stress-dilatancy relationship (i.e., R~D) is more-or-less linear fcr
the investigated stress range. That is, Rowe’s (1962) stress-dilatancy relation, R= K.D, is valid for
Hostun sand specimens with K= 2.6, 268 and 3.2 for HOS12, HOSTN2 and HOSTN4,
respectively. This indicates that the looser the specimen the higher the value of K. For a given R,

the loose specimen is niore contractant (i e., small D) than the denser one.

T'he value of K depends on the kinematics of particie movement as the soil deforms. K=
W/W,, where W; (=0,.de,’ for loading in triaxiai test) is the plastic work produced bv the major
principal stress and W, (=-20,.de for loading in triaxia! test) is the output plastic work against
minor and intermediate principal stresses. Therefore, the value of energy ratio, K, depends on the
percentage of W, that is dissipated. For energy dissipated by sliding at particle contacts, the value
of K depends on the average orientation of sliding contacts, with respect to the principal stress
directions, and on the mineral friction angle. When deformation takes place in the way that
dissipates the smallest percentage of W, the stress-dilatancy coefficient K has its nunimum value.
The value of K is larger when the shear deformation becomes large, and is the maximum when the
material ceases to change volume as it deforms, which is called the critical state. This discussion

infers that the value of K is likely to be larger for a looser specimen.

(b) The stress-dilatancy relationship during creep is nearly the same as that for virgin loading.
However, some exception can be observed at low stress level, especially in the case of HOSTN4
specimen. Here, the material exhibits relatively larger contractancy (i.e., small D). This behavior
(i.e., large contractant at low stress level of loose specimen) is due to the fact that de, was positive

(compressive) during creep at the same stress level (see Figs. 8.6a, b and 8.7a).
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(c) During reloading (Fig. 8.14a and b), the deformation, at a given R, becomes more dilatant
(i.e., larger D) than that for virgin loading, while the slope K remains more-or-less the similar to
that for virgin loading (except the initial points in Fig. 8.14a). However, as R approaches the
previous maximum value after which the stess state is virgin, the value of D decreases, and

eventually meets the value for virgin loading.

(d) It should be meniioned that the stress-dilatancy relationships for unloading (and for
deformations during delayed rebound) in Figs. 8.14a and b are not plotted directly in a
comparable form to that of loading (n.b., the creep deformation was also categorized as loading).
That is, for unloading, the stress-ratio should be plotted in the inverse way (i.e, 1/R~D).
However, it can be easily seen that in such a case all the data points for unloading would fall well
below and right to the extended dotted line (up to R=0.4) that assumes the R~D relationship of
virgin loading linearly. This indicates that during unloading the deformation is more dilative (i.e.,

the larger D) than that occur at a given R during loading.

8.3.5. Monotonic TC tests to failure

TC tests to failure were carried out at 6,=0,=0.8 kgf/cm” on specimens ITOSTN4 and HOSTNZ
zfte; the completion of tests zhown in Figs. 8.1 and 8.2, For comparison, another TC test was
performed under similar conditions on a virgin loose specimen, HOSTN7. Besides, the result of a
prestrained specimen HOSTN3 (described earlier in Chapter 6) will be compared. Table 8.3 lists
some of the results of each specimen. Fig. 8.15a shows the relationship between the deviator
stress q (=0.-0;) and €, (measured by LDTs), and Fig 8.15b shows the relationship between
volumetric strain ¢ (=€,%2.¢) and €,. In the figures, the accumulated strains at the beginning of
shearing for all specimens have been trimmed. Like prestrained specimens (described in Chapter
6), specimens HOSTN2 and HOSTN4 were not virgin, rather they have experienced creep
deformation at stress levels below the peak, qmax. Even though the maximum friction angle (dmax)

is not affected by this creep deformation (Table 8.3); That is, HOSTN4 exhibited qmax value that

was similar to that of the virgin specimen HOSTNT7 although €, of the latter at qm.x was about
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twofold larger than that occurred for specimen HOSTN4. On the other hand, dense specimens
HOSTN2 and HOSTN3 having similar void ratios also showed similar peak values. With respect
to the valume change characteristics, HOSTN4 became more dilaiant than HOSTN7 (Fig. 8.15b)
because of the eifects of previous stress-histories. Despite substantial difference in void ratios,
HOSTN4 and HOSTN2 showed similar volumetric changes during shearing. Having similar void
ratio, a prestrained specimen (HOSTN3) exhibits much more dilatant behavior than HOSTN2
which experienced creep deformation. Figs. 8.16a, b and ¢ show the relationships between q and
€, at small strain levels up to £,= 1.0%, 0.1% and 0.005%, respectively. The q~¢, relationship of
prestrained specimen became concave upward at lower strain levci due to dominant elastic
deformation (Chapter 6). The deformation characteristic of specimens HOSTN2 and HOSTN4 at
the same strain levels are similar (i.e., concave downward) to that of a virgin one (HOSTN7).
However, previous stress-histories increased the range of linearity in stress-strain relationship

compared to that of virgin specimen HOSTN7 (Fig. 8.16¢) at a very small strain level.

The secant modulus (E..) and tangent modulus (E..) were evaluated for each of the
specimens, and were normalized by the corresponding maximum values, i.e., by (Esc)max and
(Eun)max, Tespectively, that occurred at very small strain level. Figs. 8.17a and b show the
relaticnships between the normalized E... and ., respectively, for the measured full range of €,
and €,=0.5%. Fig. 8 17¢ shows the relationships between normalized E.. and q/qma. On the other
hand, Figs. 18a and b show the relationships between the normalized Eu, and €., and q/Qemax,
respectively. Figs. 17 and 18 show that both CP and previous stress-histories (or creep
deformation and overall unloading) increased Young’s moduli substantially at intermediate stress
as well as strain levels although initial stiffness (or elastic Young’s modulus E®) remains
unchanged during previous stress-histories (Figs. 8.10a and 8.11a). Teachavorasinskun (1992)
observed similar behavior in case of prestrained specimens of granular materials. However, it has
been shown in the previous chapter that E° and hence the initial stiffnesses can be affected by CP.
The Young’s moduli E°, (Eun)max and (Esec)max at 0,=0,=0.8 kgf/cm2 for each specimen are shown
in Table 8.3. The E° values evaluated by small amplitude axial stress cycle right before TC tests

are also listed for comparison. For a given specimen, the three moduli are reasonably similar.
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Figs. 8.19a and b show the relationships between E./E° and q/qm.x corresponding to Fig,
8.18b, where E°= E, fle).0,". Here the respective current E; and m values are used, which were
obtained immediately before sheaing to failure of each specimen. That is, for HOSTN2 and
HOSTN4, E, and m values of Table 8.1 were used; for HOSTN3, the values obtained after CP
application (listed in Table 6.3, Chapter 6) were used; for HOSTN7, m=0.47 was an assumed
value, while E, was based on a single measured value of E° at 0,=5,=0.8 kgf/cm2. The damage to
E® (Chapter 5) as the stress level approaches near peak was neglected. In all cases, E../E°
decreases monotonically with the increase in q/qmax, while the pattern of decrease depends on

stress-strain histories.

8.4. Summaries

(1) For sand, deformation for a given span of time at a constant stress state, known as creep, is
observed to incicase with the increase in the shear stress level during monotonic loading. In such
a case, rate of creep in the major principal strain is larger for a loose specimen, whereas creep rate
in the minor principal strain was observed similar irrespective of void ratio. Direction of creep is
always in the direction of the principal strains that occurred during the recently experienced

loading.

(2) Similar time-dependent deformations occur at a constant stress state also during unloading
(i.e., on an unloaded stress state), which is termed as delayed rebound. However, at a given stress
state, the rate of creep during primary loading is much more higher than the rate of delayed

rebound.

(3) Creep deformation follows Rowe’s stress-dilatancy rclationship (i.e,, R= K.D.), which is
observed during virgin (primary) loading. During unloading (i.e., 0, decreasing at constant o),
material becomes more dilative (i.e., large D) at a given R. Therefore, the stress-dilatancy
relationships during loading and unloading are not identical. Dilatancy rate during delayed

rebound is more-or-less similar to that occur during unloading at the same stress state.
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{4) Elastic deformation properties for gram:lar material is observed to exist at any stress state
during monotonic loading. It can be observed at any stress state only after the plastic deformation
components (related to creep) are allowed to cease. In conventional TC tests, such deformation
properties are masked into relatively very large increments of plastic deformations. This finding
explains why the initial stiffness of an isotropically and an anisotropically consolidated specimen
during monotonic TC test is similar to that obtained under otherwise similar conditions by small

amplitude cyclic loading test.

(5) Elastic deformation properties measured during monotonic loading, unioading, reloading and
re-unloading stress paths follow reasonably the same rules about their dependency as that
observed in the previous chapters; that is, vertical Young’s modulus is a function of axial stress
only and the Poisson’s ratio v (=v.) is a function of stress ratio (=0,/0;). Overall unloading and

reloading and the previous stress-histories have little affect on E and v.

(6) The elastic Young's modulus (E®), initial secant modulus (E..) and the initial tangent modulus
(Eun) during monotonic TC tests are essentially similar. As would be expected, the peak strength
(i.e., bmax) 15 larger for a denser specimen, is observed unaffected by the previous stress-histories.
However as a result of previous stress-histories, the tangent stiffnesses at an intermediate stress

(or strain) level are observed to increase substantially.
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Table 8 1: List of the elastic parameters.

Specimen I €08 E, m i Vo
(kgf/cm?)

HOSTN2 | 0.70 1920 0.47 0.17

HOSTN4 | 0.88 1890 0.47 0.23

HOS12 0.72 1800 0.48 0.14

Table 8.2: List of the measured Young’s moduli at different stress segments.

Specimen | Stress segments a, at the E* (Esec)max (Etan)max
(ref Figs. 1to3) | start of (kgflem®) | (keflem?) | (kgflem?)
shearing
(kgf/can’)
0to1(0-1) 0.80 1740 1755 1725
HOSTN2 | 1-2 1.50 2320 2185 2290
2-4 2.45 2925 1170 1210
0-1 0.80 1500 1490 1505
HOSTN4 | 1-2 1.20 1820 1850 1810
2-4 1.50 2025 870 885
0-1 0.80 1980 2080 2010
1-2 1.20 2400 2320 2460
HOS12 '2-4 1.50 2670 2200 2190
| 4-5 1.75 2880 2745 2770
*5-7 2.00 3070 2990 3030
7-8 2.25 3250 3205 3270

* Reloading of stress segment 2-4 (for example) did not necessarily start from stress point ‘2" (Fig.
8.1 a, for example), rather it indicates that it started from any point in between the stress points 2’
and ‘3’ for 2-4 segment, or ‘5" to ‘6’ for segment 5-7, but neither from ‘2" (for 2-4 segment) nor
from *5" (for 5-7 segment).

Table 8.3: List of some results during monotonic TC tests.

Specimen €08 ¢rrux E (Em)max (Eun)ma,-c
(degree) | (kegflem’) | (keflem®) | (kgflem?)
HOSTN2 [0.701 428 1720 1630 1685
HOSTN3 0.720 43.0 1610 1595 1585
| HOSTN4 | 0.882 36.0 1515 1495 1525
HOSTN7 | 0.878 36.6 1480 1495 1505
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Chapter 9

Summary, Conclusions, and Recommendations

9.1. Summary

A methodology has been described to characterize anisotropy in small strain moduli by using a
large triaxial specimens having a square/rectangular cross section (57 cm x 23 ¢cm x 23 cm). The
system utilizes a very high resolution transducer, LDT, to measure local strains in both vertical
and lateral directions. An automated loading system was developed for the purpose of present
study to control stress states and to apply very small-amplitude cyclic load from which elastic
parameters were evaluated. At a given stress state, cyclic loads were applied in either of the
principal stress directions, while keeping the stress in the other principal direction constant. To
characterize anisotropy in elastic Young’s moduli, a stress state was varied along stress paths of
isotropic, anisotropic, constant vertical stress, constant horizontal stress, and constant mean stress
in a single specimen, while applying vertical and/or horizontal cyclic ioading at a number of stress

states

Reliability of this study depends largely on the accurate measurements of stress-strain
responses at strains below 0.001%. Particularly, strain measurement below 0.001% is a very
sensitive and important issue. Performance of LDTs was investigated critically during the current
research. Some of its components were modified to increase resolution and accuracy, as well as to
improve hysteretic behavior. Its resolution, accuracy, and workability were investigated. Potential
sources of errors, which may affect the measured stiffness, were also examined by providing

special attention to creep behavior of LDTs and calibration characteristics.

Effects of cyclic prestraining (CP) on the deformation characteristics of soils were
investigated by using small triaxial specimens (each 15 cm high and 7.5 cm diameter). CP was
applied with a constant axial stress amplitude for which the single amplitude axial strain was
varied in the range from 0.025% to 0.061%. During CP, axial stress was cycled symmetrically

about a neutral axis, which was either on an isotropic stress state or on an anisotropic stress state.
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For each CP, the number of stress cycle was varied from 25,000 to 120,000 cycles. Effects of CP
and long-term consolidation on the deformation characteristics, damping, stress-dependency of

small strain stiffness were studied.

The effect of loading frequency on the deformation characteristics of dry sand was
investigated by using small triaxial specimens. For that purpose, the performance of the data
acquisition system used was evaluated thoroughly to identify time-lag, if exists any, between a
pair of measured stress and strain under typical cyclic loading test conditions. The loading
frequency was varied from 0.005 Hz to 2.0 Hz, while a single amplitude axial stress during cyclic
loading was varied from 0.001% or below to 0.04%. Tests were carried out on both virgin and
cyclically prestrained specimens. A specimen was prestrained in order to achieve the steady state
condition at which stress-strain relationships at different load cycles traverse along the same

hysteresis loop without translation to any strain axis.

Tests were performed on small triaxial specimens to investigate whether a granular
material exhibits elastic deformation properties at any stress state during shearing. For that
purpose, a specimen was sheared up to a prescribed stress state in triaxial compression at a
number of steps. After each step of shearing, the specimen was allowed to undergo creep
deformation at a constant stress state for a sufficient period of time until the creep rate became
negligible. Loading to the next step of shearing was then restarted. Initial part of the stress-strain
relation after the restart of loading was compared with those of elastic deformation at that stress
state. For that purpose, current elastic deformation properties were also measured after each

creep test.

9.2. Conclusions

9.2.1. Automation and the Performance of LDTs

1 An automated triaxial system has been developed to study into the elastic deformation
characteristics in the small strain range (less than 0.001%) of granular materials using a large

rectangular ~rism specimen. Stress states, in both triaxial extension and compression, can be

changad along stress paths with a constant value of axial stress, lateral stress, mean stress, or
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stress ratio. Small amplitude vertical or horizontal cyclic loading tests, while keeping the other
principal stress constant, can be performed at any stress state to evaluate elastic Young’s moduli

and Poisson’s ratios.

2. Resolution, working range and performance were .critically examined with special
reference to the evaluation of small strain elastic behavior of soil. LDTs that are able to measure
local strains precisely were used successfully to measure lateral strains. LDTs can possess a
resolution to measure strains less than 0.0005% (without amplification). It can underestimate the
maximum elastic modulus measured during a small unload/reload cycle of a given geomaterial but
not more than 2%. LDTs function satisfactorily under submerged conditions into pressurized

water for a long duration (at least 41 days).

9.2.2. Inherent Anisotropy in Elastic Deformation Properties

Q) The elastic deformation characteristics of granular materials are anisotropic both i) in small
strain stiffnesses with E, being larger than E, and ii) in elastic deformation with €, being larger
than ¢, in isotropic compression. The degree of inherent anisotropy in isotropic compression

increases with the increase in stress level.

(2)  Anisotropy in small strain stiffness seems to be influenced by particle size, shape, and
fabric of particulate materials. Elastic deformation characteristics of coarse grained and subround

materials are more anisotropic compared to those of fine grained and subangular materials.
(3)  All the materials tested exhibit transverse anisotropy in both small strain stiffness and
relatively large deformation. The observations described above are common to both air-pluviated

and vibrator-compacted specimens of sand.

(4) Elastic parameters are nearly independent of the frequency of loading (or rate of shear)

within the range examined (i e, f= 0.0066~0.1 Hz).
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9.2.3. Cross-Anisotropy in the Small Strain Stiffness

(1) Stress-dependency of elastic Young’s modulus is critically examined for three cases:
Elastic Young’s modulus is a) mean stress-dependent (Case 1), b) directionally stress-dependent
(Case 2), and c) dependent on both principal stresses (Case 3).. A large volume of data shows that
the elastic Young’s modulus is rather a unique function of the normal stress in the direction of the
major principal strain increment (Case 2). Case 1 and 3 types of dependency of Young’s modulus
may underestimate or overestimate true values depending on the stress path being followed and

the magnitude of stress states.

(2) Poisson’s ratio increases with the increase in stress ratio (0,/0y,) within a relatively small

range.

(3)  Based on the experimental observation, a cross-anisotropic elastic model has been

proposed and evaluated.

(4) Elasticity of granular materials is of hypo-elastic type. Hypo-elasticity, which is the degree
of deviation from elasticity, increases in both principal strain directions with the increase in
Poisson’s ratio at isotropic stress states and m values; it increases in &, direction with the increase

in I,, but at the same time it decreases in g, direction.

9.2.4. Effects of stress ratio on Young’s modulus for elastic strains during shearing

(1)  The Young's modulus E., defined for the vertical elastic strain increment in a small
unload/reload cycle of the vertical stress o,, increases as o, increases in TC at a constant O,
basically following the relation that E, is a function of ¢, (m~0.49). Similar rule holds for the
Young’s modulus Ej, defined for the lateral elastic strain increment in a small unload/reload cycle
of the lateral stress oy during TE when o is increasing at a constant o,. As the principal stress
ratio /03, which is 0./, in TC and oi/0. in TE, exceeds 3 to 4, particularly as the stress ratio is
approaching failure, the value of E, during TC (or E, during TE) starts decreasing relatively to the
value expected based on the relation described above. This relative reduction of E (or Ey) is

considered due to the effect of damage to the fabric by shear deformation.

320



(2)  Corresponding to the above, the Young’s moduli E, and E, are essentially constant when
the values of o, and oy, respectively, are kept constant (e.g., o, during T and o, during TE). As

01/0: exceeds 3 to 4, the E,, value during TC (or E, value during TE) also starts decreasing.

(3)  InTC (at a constant o), after E, and E, start decreasing, the damage to E, is larger than

that to Ej at a given stress ratio, while in TE (at a constant o), the opposite is true.

9.2.5. Cyclic Prestraining and the Elastic Deformation Properties

(1) The elastic deformation characteristics of granular soil become anisotropic as a result of
the application of a large amplitude cyclic axial loading with a large number of cycles (as called
CP) in addition to the stress system-induced anisotropy. The dependency of En.. on o, increases

by CP. This kind of anisotropy may be called the CP-induced anisotropy.

(2) The ratio of the value En.. measured after CP at the neutral stress state (isotropic or
anisotropic) of the prestraining stress path to the respective initial value scatters in the range of
0.78~1.20 depending on different stress-strain conditions during CP. Generally, when the cyclic
stress is symmetrical about the isotropic stress state, the E... value does not change or decreases.
On the other hand, the E,. value tends to increase by CP when the cyclic stress is biased to TC

stress states.

(3) Even when the En.. value changes by CP, the effects of CP on the E. values measured at
larger strains become smaller. Therefore, E.,~log((e,)ss) relationship obtained after CP differs
from the corresponding relation obtained immediately before CP. As a result, the shape of the

normalized decay curves obtained before and after CP becomes different from each other.

(4) Equivalent Poisson’s ratio at relatively large strains decreases as a result of CP, while the
Poisson’s ratio (v°) at very small elastic strains (g,)sa (=10 or less) is insensitive to CP. Despite
CP-induced anisotropy observed in the small strain stiffness, CP does not bring about any change

in the dependency of v° on stress ratio (0,/0y).



(5) Damping ratio at strains exceeding the elastic limit strain decreases drastically by the
application of a large number of large amplitude axial strain during CP, which leads to the
enlargement of the so-called elastic limit; the limit increases with the increase in the number of

loading cycles during CP.

(6)  When the Ena value decreased or increased by CP, a slight increase or decrease in the
Emax value with elapsed time is observed during post-CP consolidation period, which means a
gradual decrease in the effects of CP-induced anisotropy with time. A similar effect is reflected on
the Ec~log((e.)sa) relationship. Damping ratio also decreases slightly during the post-CP
consolidation period. The En. value increases slightly during pre-CP long-term consolidation

period.

(7)  The plastic strain increment decreases drastically with cyclic loading along a fixed stress
path. However, the deformation does not become totally elastic even after applying a large
amount of CP with a relatively large amplitude of axial stress cycle in a fixed stress path. These
results suggest that the deformation of sand not be modeled precisely by a simple elasto-plastic
model having fixed range of elasto-plastic behavior which is independent of repeated loading. The

stress-dilatancy relation is changed by cyclic loading in a complicated manner.

(8) Cyclic prestraining (CP) increases stiffnesses (tangent and secant moduli) largely at
intermediate strain (and stress) levels during monotonic triaxial compression (TC) test although
the initial stiffness does not change significantly. As a consequence, the E., value of a cyclically
prestrained specimen may increase with the increase in the axial stress in triaxial compression
(TC). On the other hand, even for CP specimens, the ratio of E,, to the current elastic Young’s
modulus always decreases with the increase in the axial stress. CP does not bring about any

change in the peak strength.
9.2.6. Loading Rate-Dependency of Deformation Properties
(N Data acquisition systems, consisting of various electronic transducers, may not record a

pair of corresponding stress and strain exactly simultaneously. Any time-lag in the acquired data

has severe effects on damping ratio evaluation. For example, damping ratio evaluated with axial
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strain by using a gap sensor, which is an inductance type sensor, is found unreliable when deviator
stress is measured by using a strain-gauge type load cell, due to time lag in the data acquisition

system,

2) The values of E,q and h were observed to decrease and increase, respectively, with the
increase in the strain amplitude, as would be expected. The wave-form, triangular or sinusoidal, of

cyclic load used has no influence on the measured values of E.q and h.

(3) The Young’s modulus and damping of sand at small strains do not change largely by the
change in loading rate except for the loading frequency (f) below 0.05 Hz. The viscous effects
cannot be totally ignored at lower frequencies. In the frequency range (i.e., f <0.005 Hz) at a
given frequency, damping ratio can increase manifold and Young’s modulus can decrease by 5 to

10% with the increase in shear stress level.

(4)  Before reaching steady state conditions (i.e., at or near the virgin state), damping ratio at a
given stress amplitude decreases with the number of cyclic loading. The steady state is reached

only after a large number of cycles of loading.

(5) At both virgin and steady state conditions, E., is independent of f, whereas damping ratio
increases slightly with the decrease in f at the virgin state while it increases with the increase in f,

especially when (&,)sa is greater than about 0.007%, at the steady state conditions.

9.2.7. Creep Behavior of Sand in TC and its Effect on Deformation Characteristics

(1) For sand, deformation for a given duration at a constant stress state, known as creep, is
observed to increase with the increase in the shear stress level. In such a case, the rate of creep in
the major principal strain is larger for a loose specimen, whereas the creep rate in the minor
principal strain is similar irrespective of void ratio. Creep deformation occurs always in such a

way as that the principal strains do during the recently experienced loading increase.

(2) Similar time-dependent deformations occur at a constant stress state also during unloading

(i.e., at unloaded stress states), which is termed as delayed rebound (or creep recovery). At a
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given stress state, the rate of delayed rebound during primary loading is much lower than the rate

of creep.

(3) Creep deformation follows Rowes stress-dilatancy relationship (i.e., R= K.D), which is
observed during virgin (primary) loading. During unloading (i.e., 0, decreasing at constant o),
material becomes more dilative (i.e., large D) at a given R. Therefore, the stress-dilatancy
relationships during loading and unloading are not identical. Dilatancy rate during delayed

rebound is more-or-less similar to that occur during unloading at the same stress state.

4) Elastic deformation properties for granular material exist after plastic deformation (related
to creep) is allowed to occur at any constant stress state during monotonic loading. In
conventional TC tests, such deformation properties are masked in relatively very large increments
of plastic deformations. This finding explains why the initial stiffness of an isotropically or
anisotropically consolidated specimen during monotonic TC test is similar to that obtained by

small amplitude cyclic loading tests under otherwise similar conditions.

(5)  Elastic deformation properties measured during monotonic loading, unloading, reloading
and re-unloading follow nearly the same rules as to their dependency on current stress state; that
is, the vertical Yorng’s modulus E° is a function of axial stress only and the Poisson’s ratio v° is a
function of stress ratio (=0,/0;). Overall unloading and reloading and the previous stress-histories

have little effect on the values of E and v°.

(6) The elastic Young's modulus (E®), the initial value of secant modulus (E..) and the initial
value of tangent modulus (E.,) at the start of monotonic TC test are essentially similar to each
other. As would be expected, the peak strength (i.€., Gmax) is larger for a denser specimen, and is
observed unaffected by the previous stress-histories. However as a result of previous stress-

histories, the tangent stiffnesses at an intermediate stress (or strain) level increases substantially.
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9.3. Recommendations for Future Research

The small strain behavior sand has been experimentally studied on clean sands. It will be more

realistic if the undisturbed specimen can be tested.

The idea of the CP-induced anisotropy in the small strain stiffness is described without
measuring Young’s modulus in lateral direction. This can be confirmed by the use of large triaxial

apparatus using the automatic control of lcading systems described in Chapter 2.

Stiffness degradation curves, i.e., E.~(€,)sa relationships, are usually obtained based on
E.q values evaluated in axial strain direction. In the three-dimensional prediction analysis, the same
degradation relationships are used for general stress paths. Its validity can be investigated by

constructing similar degradation curve for horizontal direction.
Finally, the author hopes that the huge data and the cross-anisotropic elastic model presented in

this study will guide the researchers and the analysts for a better prediction of ground response

under working load conditions.
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