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                                        ABSTRACT

  Data and  inforrnation on  the cyclic  loading behaviour of  soft  rocks,  especially  behaviour under  irregular cyclic load-
ing, are  very  limited. This  paper  shows  that the present procedure  of  estimating  residual  strain  accumulation  due to ir-
regular  cyclic loading using  a fatigue model  from uniform  arnplitude  cyclic  Ioading can  result  in underestimated  resid-

ual  strains.  Such underestimation  occurs  because the present procedure  fails to take into acceunt  the so-called  P2S
effect  on  the softening  behaviour of  soft  rocks  under  cyclic loading, The  parameter  P2S  is defined as  the  sum  of  the

magnitudes  of  the increments in residual  strains  due to the previous  two  loading half-cycles. When  P2S  is large, a  large
residual  strain  increment can  be expected.  This paper also  shows  that taking the P2S  effect into account  can  improve
the simulation  of  residual  strain  accumulation  due to irregular cyclic loading.
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INTRODUCTION

  The  minimal  settlernents  of  the  piers of  the Akashi  Kai-

kyo Bridge, the longest suspension  bridge in the world,
after  the  1995 Kobe  Earthquake have demonstrated that
soft  rocks  are  competellt  foundation materials  for large-
scale  structures  (Yamagata et al., 1996; Koseki et al.,

2001; Kashjrna et  al.,  2000). To design more  cost-eflec-

tive, large-scale foundations on  soft  rocks,  however, the
deformation characteristics  of  soft  rocks  when  subjected

to large cyclic  loading still have to be understood.  The
forward calculations  of  the settlernents  of  the piers of  the

Akashi-Kaikyo  Bridge  carried  out  by  Kosekj  et  al,  (2001)
and  Kashima  et al. (2000) underscored  this point. In these

calculations,  the actual  settlements  were  overestimated  by
a  factor of  at least 2.5 times (Koseki et al., 2001) and  by
as much  as 8 times (Kashima et al., 2000). While Koseki
et al. (2001) attributed  these discrepancies to overesti-

mated  seismic  accelerations,  among  other  factors, more

empirical  studies  are  still needed  because of  the paucity of

data and  information regarding  cyclic  loading behaviour
of  soft  rocks,  especially  under  irregular cyclic  loading

(Indo, 2001; Salas Monge,  2002; Peckley  and  Uchimura,

2007).

  The  fact that heavily populated metropolitan  areas

such  as Tokyo,  Japan  (Tatsuoka et  al,,  2003) and  Metro

Manila,  Philippines (Peckley and  Uchimura,  2006) are

underlain  by soft  rock  formations and  are known  to be

seismically  active,  is another  compelling  reason  for inves-

tigating  the strength  and  deformation characteristics  of

soft  rocks  under  cyclic  loading, In Metro Manila's  case,

almost  70%  of  the metropolis  is directly underlain  by the

soft  rock  formation called  the Guadalupe Tuff Formation

(GTF). One  boundary  of  this formation  is an  active  fault
that can  generate an  earthquake  with  a  magnitude  of  7.2

(Bautista, 2004), A  paleoseismic study  on  the fault that
was  jointly conducted  by the  USGS  and  the  Philippine

Institute of  Yolcanology and  Seismology or  PHIVOLCS

(Nelson et al,, 2000) indicated a  recurrence  interval of

200-400 years for magnitude  6-7 earthquakes  over  the

past 1500 years.
  In another  paper  by the same  authors  (Peckley and

Uchimura, 2007), which  was  submitted  te this

journal, it was  shown  that under  uniform  cyclic  loading,
longeT loading period  can  result  in significantly  larger
residua]  strains, In this paper,  the behaviour of  soft  rocks

under  irregular cyclic  loading is examined,  starting  with  a

review  of  the prescnt methodology  of  estimating  residual

strain  accumulation  using  a  fatigue model  from  uniform

amplitude  cyclic loading tests.

TRIAXIAL  CYCLIC  LOADING  TESTS

  The  soft  rock  samples,  which  were  tested for this study
and  are  referred  herein as  GTF  samples,  were  obtained

from an  excavation  into the GTF  in Fort Bonifacio,
Taguig  City, Metro  Manila,  The  excavation  was  for the

basement fioors of  a  multi-story  building, which  is now
under  construction.  These were  extracted  by block sam-
pling from  a  sandstone  layer at  a  depth  of  around  12

meters  from the  existing  ground  elevation.  The block
samples  were  then  packaged and  shipped  to the Geo-
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technical  Engineering Laboratory  of  the University of

Tokyo, Japan, following the recommendations  of  ASTM

D  5079-90  (ASTM, 2000) for critical  care  to minimize

moisture  Ioss and  damage  in the microstructure  of  the

samples.  The  samples  were  cut  and  trimmed  to LIOO  mrn

XW60mmXH150mm  nominal  sizes using  a  rotary

cutter,  The  unit  weight  of  the  samples  was  around  1.78

gfcm3;  moisture  content  was  around  31%;  and  the rnean

diameter Dso was  from  O,20mm  to O,25mm  (after
thorough  crushing),  The  maximum  deviator stress q... of
the  samples  at 200 kPa  confining  pressure and  at  1%/rnin

monotenic  loading rate  was  around  3,200 kPai.

  In the tests, two  120 mm  Local  Deformation  Trans-

ducers or  LDTs  CGoto et  al., 1991) were  used  to measure

the  longitudinal (axial) deforrnations and  were  attached

on  the 60 mm-wide  faces of  the specimen.  The LDTs  were

attached  to the specimen  following the procedure de-
scribed  by Hayano  et al. (2001). To  measure  longitudinal
(axial) load , a SO kN-capacity load cell installed inside the
triaxial cell was  used  to minimize  errors  due to friction
atong  the Ioading shaft.  Cyclic loading was  applied  using

an  oil-hydraulic  loading system  at  the Koseki  Laboratory

of  the  Institute of  Industrial Science (IIS), University of

Tokyo,

  Prior to loading, each  specimen  was  consolidated  at an

isotropic pressure of  200  kPa,  the  estimated  in-situ over-

burden pressure, The  tests were  unsaturated  because the
samples  were  taken  above  the water  table, which  was  20
rn below the existing  ground surface.

with  increasing amplitude  for every  loading stagewas  em-

ployed. The loading period  for all  loading stages  was  at  T
=

 1 s, These  tests were  conducted  on  samples  designated
as  GTF30,  GTF31  and  GTF34,  Here,  only  results  of  the

tests on  GTF30  and  GTF31,  shown  in Figs. 2 and  3, are

included for brevity.

frregular (lyclic Loading
  The samples  that  were
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  Figure 1 illustrates the loading time-history of  the

staged  cyclic  loading tests performed  in this study.  In the

previous  uniform  amplitude  cyclic  loading tests that  were

performed  (Peckley and  Uchimura, 2006), it was  ob-

served  that  the  accumulation  of  residual  strain  is almost

linear with  the nurnber  of  cycles  applied,  espeeially  at

higher loading amplitudes,  Thus,  for the tests that were

conducted  for this study,  staged  uniform  cyclic  loading
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Fig. 1. Staged uniform  cyclic  loading time-histor},
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 The  tensjle strength  was  not  rneasured.  However,  since  the ratio  be-

 tweem  the  tensile  strength  and  compressive  strength  of  soft  rocks  can

 be as  high as  O.ZO (Coviello et al., 2005), cyc]ic  loading behaviour  con-

 sidering  the tensile strellgth  of  soft rocks  may  have  to be  explored  in
 future studies.
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histories were  GTF32,  GTF33  and  GTF35  (Peckley,
2007), but also  for brevity only  the results  of  GTF33  and

GTF35  are  presented, Figures 4 and  5 show  the stress-

time  histories that were  applied  on  these samples  and  the

corresponding  strain-time  histories that were  measured,

The  cyclic  stress-strain  curves  are  shown  in Figs. 6 and  7.

al
 30ooII;8

 
200o9u

 riooo6g,,assseo

  ISgeU'g

 ri,Ou7Q

 os(

  o,o

   BS50D

8B5aOB852e

 Time (s)885308S540

Fig, 5,

35003000acr

 2500tcrzz

 20009th6

 risOO.s>8

 aooo500e

8B5108852e

 Time (s)885308S540

Strcss artd  strain  time  histories of  GTF35

o,o

Fig. 6.

35oo30ooGa

 25ooscr8

 2ooo9uts

 15oo.-St

 10oo500o

O.2 O.4 O,6

Axial strain  (%)o.s

C}'clic $tTess-strain  curve  of  GTF33

o.oO.5ri.O  1.5

Axia]strain{%)2D2,5

1.0

FATIGUE  MODELING  AND  SIMULATION

  The  basic assumption  employed  in fatigue modelling  is
that the accumulation  of  residual  deformation due to  an

irregular cyclic  loading history can  be extrapolated  from
the evolution  of  deformations under  a  series  of  uniform

amplitude  cyclic  loading tests. The  use  of  fatigue models

to evaluate  the  beh aviour  of  geomaterials due to irregular
cyclic  loading already  has a  long history and  has been de-
scribed  in detail by a number  of  prominent  researchers,

among  them,  Seed and  Idriss (1971), Ishihara and  Yasu-
da (1975), Seed et al, (1975), Tatsuoka and  Silver (1981),
Tatsuoka  et al.  (1986), AIIotey and  El Naggar (2005).
Thus, the reader  is referred  to the works  of  these resear-

chers  for a more  detailed treatment  on  the subject.

  Note, howeyer, that in this study  the model  derived is
applicab!e  to loading cases  where  changes  in the  direction
of  the principal axis  is not  significant  and  where  the ten-
sile strength  Qf  the material  can  be neglected.

liketigue Model

  The  results of  the uniform  amplitude  cyclic loading
tests (Figs. 2 and  3) can  be summarized  as shown  in Fig.
8, employing  the definitions for stress ratio  SR,  residual

strain2 E.,, the amplitude  of  cyclic  stress  qd, and  the devia-
tor stress at static condition  qo shown  in Fig. 9. The  fol-

lowing can  be  observed  from  Fig. 8:
  a)  The accumulation  of  residual  strains  is practically
    linear with  the nurnber  of  cycles  applied  (CN).
  b) The  residual  strains  have  an  exponential,  highly
    nonlinear  relationship  with  stress ratio  SR. Shown
    also  in Fig. 8 is the  fatigue model  that was  obtained

    by nonlinear  curve  fitting. Note that  in the model

    the above  observations  were  taken  into account.

  In the development of  the fatigue model,  a  nonlinear

least-squares regression  method  was  employed  with  the

NLSF  Advanced  Fitting Tool of  Origin 7.5 (Originlab

gevts:'sti7Qta-co{

 
'tho

 ct

u  Fatigue model.  F. = k (1-eiSR) cN  sRC"''"Seq          st

- Testdata/GTF34
"  Testdata:GTF3ri
k  Test data/ GTF3o  NOn[inear curve  fitting resuEts/.5i540ss

relationshipidualaxialstrain

Fig. 7.Cyclic  stress-strain  curve  of  GTF35

Fig. 8. Comparison  betyFeen test ttata nnd  fntigue model  (ebtained by
   nonlinear  curye  fitting)

2
 The  residual  strain  e.. is measured  from  the  start ot' the  application  of

 cyc[ic  loading, wheTeas  AE., is the  increment in residual  strain  after

 one  cycle,  or  half eycle. See  Simntations USing the  Flatigue Mbdel.

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

TheJapaneseGeotechnical  Society

66 PECKLEY  AND  UCHIMURA

ttlU$9or6ra'soo

30002500200015001000500o268748,5

268749,O268749.5

O.5

  ge  vO.4
 .q

   .E
   g
   uO,3

 ts
   

'R
  <O.2

Time (s)

Fig. 9. Definition of  Stress Ratio {SR), q...=max.  deviator strcss

   <strength) obtained  from  monotonic  loading test

1,O

  O.8gets..g

 O,69urt

 o.4(O.2

o.o88505.5

f
/fl.ig.8./').xziqo /f

,ii"

'x//----f"'x

/i'-i
i Cyciei'X.y./g

:

ILi-'-Zx i/'
1

'L"in'Aeari/':

i 1
i'

88506,OTirne{s}

43ooo

12ooo-,
 toooo

i-1000-2000

   -300088oo6,5

akUee9s6ts->dia

Fig. 10, Definitions of  one  cycle,  cyclc  i, cycle  amplitude  gdi, amd  in-

   cremellt  in residual  strain  ric.,i, in irregular cyclic  loading

Corporation,  2006). This  iterative regression  method  is
based  on  the  Levenberg-Marquardt  (LM) aLgorithrn  and

can  simultaneeusly  fit model  parameters  across  data sets.
In this case,  the fitting parameters  were  k, l, m  and  n. The
values  of  these parameters determined after  a number  of

iterations are  shown  in Fig. 8. In the  figure, it can  be
readily  seen  that with  these parameter  values,  the model

and  the test results  match  with  each  other  well.  The

coedicient  of  determination R2  is O.99.

  It should  be noted  that with  the  assumption  that  strain

accumulation  is linear with  CN,  it is implicit that there is
one-to-one  correspondence  between residual  strain  incre-

ment  and  SR. That  is, 'for every  value  of  SR, there can

only  be one  corresponding  value  of  strain  increment.

Simulations Uiring the Iiketigue Model

  Consistent with  the definitions provided  for uniform

cyclic  Ioading, the definitions for stress ratio  SR  and  in-
crement  in residual  strain  provided  in Fig. 1O aTe  adopted

for irregular cyclic  loading. As  shown,  one  cycle  is de-
fined with  the  static  stress  qo as  reference,  irrespective of

wave  shape.  The  stress ratio  SR  for a  cycle  is determined

from  the maximum  qd applied  in that cycle3,  and  residual

strain  increment is the change  in strain  after  that cycle.

  Figures 11 and  12 present the results  of  the  simulations

of  residual  accumulation  in samples  GTF33  and  GTF35
using  the fatigue model  derived in futique Model.  As

shown,  the  accumulation  of  residual  strains  is poorly
simulated,  espeeially  for GTF35,  It can  be inferred that as
stress  ratios  become  higher, the discrepancies between
simulated  and  measured  residual  strains  become  larger.

  As  the  performance  at high stress ratio  SR  values  is a

primary  concern  of  this study,  to  account  for and  explain

the discrepancies between measured  and  simulated  resid-

ual  strains  are  imperative. As  a  first step,  the  measured

and  simulated  residual  strains  were  plotted together with

the  stress  and  strain  time  histories, as  shown  in Figs, 13
and  14. Taking note  that the SR  for one  cycle  of  loading

is derived from the arnplitude  of  the positive half-cycle,

one  can  observe  the following from  Figs. 13 and  14:

3
 Note  that qd corrcsponds  to the amplitude  of  the  positive half cyc]e.
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(1) In the  case  of  GTF33  (Fig. 13), it can  be observed

   that  while  half cycle  
`b'

 has a higher amplitude

   than  half cycle  
`c',

 the  maximum  strains  and  resid-

   ual  strain  increments due to these half cycles  are

   almost  the same.  It appears  that after  half cycle

   
`b',

 softening  had  occurred,  resulting  in a  residual
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    strain  due to half cycle  
`c'

 that was  larger than  ex-

    pected,

  (2) Similarly, in the case  of  GTF35  (Fig. 14), it is evi-

    dent  that  while  half cycles  
`a'

 and  
`c'

 have almost

    the  same  amplitudes-and  thus,  SR  values-the

    residual  strain  increment due to half cycle  
`c'

 is sig-
    nificantly  larger than  that  of  

`a'.

  Note that both items completely  undermine  the validity

of  the implicit assumption  that there is one-to-one  cor-

respondence  between stress ratio  SR  (or amplitude)  and

residual  strain  incrernent by virtue  of  the assumed  linear
relationship  between cycle  number  CN  and  residual  strain

accumulation.  Evidently, the fatigue model  that was  der-
ived cannot  be used  to simulate  residual  strain  accumula-

tion due to irregular cyclic Ioading, despite the high value
ef  ceeMcient  of  determination R2 that was  obtained,  At
higher stress ratios,  the use  of  the  fatigue model  resulted

in larger underestimation  of  residual  strains.  The  appar-

ent  reason  for this is that  it failed to  simulate  the  soften-

ing behaviour that occurred  after  the  application  of  a

laTge load impulse, which  were  the half cycles  indicated as
`b'

 in Figs. 13 and  l4. This  softening  behaviour is further
examined  in the following sections.
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THE  P2S  EFFECT

HdijLcycle Stress Ratio  and  Corresponding  Increment  in

Residual  Strains
  To  facilitate the characterization  of  the behaviour ob-

served  in irregular cyclic  loadings described above,  stress-

and  strain-time  histories are  presented in terms  of  half-
cycle  stress ratios and  their corresponding  increment in
residual  strains,  as  illustrated in Fig. 15. In this figure,
one  Ioading cycle  is analyzed  in terrns of  its component

pesitive half-cycle and  negative  half-cycle, The  increment
in residual  strain  is then decomposed also  into two  com-

ponents: one  corresponds  to the positive half-cycle, and

the other  corresponds  to the  negative  half-cycle. Note

that with  these  definitions, a  negative  half-cyele results  in
a negative  increment in the  residual  strain.

  When  expressed  in half-cycle SR  and  increment in
residual  strain,  the  stress  and  strain  time  histories (from
the  start  of  cyclic  loading to t=88522  s)  in Fig, 5 become

the SR-cycle number  (CN) and  increment in residual

strain-CN  histories in Fig, 16.

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

68

orut9tstaedi

1,OO.8O.6O.402o.o-O,2O.4O.6O.8-",o

E,,ti
l,itlnOtll

XX

Axx
-.-SR-A-

 As    ar

.1-d'

PECKLEY  AND  UCHIMURA

'

 WViiii 

i:i,css'

 
/gis
 

･･c.,,

    Y..-B

･･9
 Wg'
 

-

ario geo.os
 l.l･lao.ca
 ･[

   go,an
 ao.o2
 lt

   go,oo
 g-o.o2
 g-

   9-o.ott
   .F-O.06

 E
   o-o.os

 Iaio
 2.

       3456789  10 M  12 13

               Cyde  number  CN

Fig. 17. GTF33  stress  ratio  SR  &  increme"t in residual

  number  history: CNe3  to CN13

  1.0

  O.8

  O.6$
 O.4･g
 o.2g

  o,oza9
 -O.2as

  -O,4

  -O,6

  .O.8

  -rt.o

I1!itliiii iRii 
,XX
I,

-d-SR-A-
 AE    et

(ii 
iiLifii

\ iii

V-.

i,iiiii

 

ii,:i,)11

 
111i
 

1/:gY

b･

'I

.x"
 /i --
t/

 Ll

I:,/ v/ '!

-

O.302O.1o.oarie.2-O.3

strain-cycle

       3456789  10  11 12 13

               Oycie mumber  CN

Fig, 19. GTF35  stress  ratio  SR  &  increment  in residual

  nllmber  historv: CN03  to CN13

geV..e.gEurttsg.vop-9gEoE9og

strain-c}'cle

orco.9g89es

1,OO,8O.6O,4O.2o.o02-O.4-O,6-O,8-1.0

-A'

               
----･ SR

,!g

/

I,"
,

･

vt,,g
,,,

x

E,iK

r,Q
""E

Vx Xcr /E,i7
v

t,,

i

l/le-if],Y

'

,lii/Ce

i''v

O,10 ge   t-to,os
 .ts

   <o.ca

 .!
   No.en

 u
   fio.02

 
'So.oo

 g-o.o2
 8-

   9-O.04
   g-O.06

 E
   dio.os

 8
   eO.10

 s
      ee 34 35 36 37 38 39  40 41 42  43

               CydenumberCN

Fig. IS, CTF33  stress  ratio  SR  &  increment in residual

  number  history: CN33  to CN43

  ".o
  O.8

  O.6or
 O.4co9
 e2e

 o.oco8

 O.2Les
 -O.4

 -O.6

 -O,8

 -1,O

1n･,1L/-A

-

,f/,

X

x,
1.  

,i

'7,

 zaiiii si
'1"

u

/.La1iliiilii

 
A,,i

   
---SR

/"'X<('
 
AEer

   cX

[?.igi'x egxA,.

v

℃

/KVIiiiiiliii
 

iiiiVii

 7
-B
 

.l

i

?/,y
su.

O.3O.2O,do,o-O.1.O.2-O.3

strain-c}'cle

Agev

 ts.w-[gureqts-tu)e-9.[E

¢

E9oE

       50  5" 52 53  54 55 56 57 58 59 60

                CydenumberCN

Fig. 20. GTF35  stre$s  ratio  SR  &  increment  in residual  strain-cyele

  "umber  history: CN50  to CN60

Retationships  hetween  Residual Strain lncrement and

other  Stress-strain Parameters
  In the SR-CN  and  residual  strain  increment-CN histo-
ries of  the samples  that were  subjected  to irregular cyclic

Ioading (GTF32, GTF33  and  GTF35), a number  of  seg-

ments  or windows  were  selected  to further examine  the

softening  behaviour observed  in Figs. 12 and  13. These

windows  include those  encircled  in Figs. 17 through  20,

The  basic criteria  in sele ¢ ting these time  windows  were  the

following:

1) When  there  is a  deviation from  the  trend  that  the

  higher the  stress  ratio,  the  larger the  increment in

  residual  strains,  as  implied in the fatigue model  devel-

  oped  in Iketique Model.
2) When  two  half-cycles with  essentially  the same  ampli-

  tude  have  remarkably  difTerent increment  in residual

  straln.

  The  half-cycles where  these criteria  occurred  were  then

identified and  were  designated either  as  
`c'

 or  
`c*',

 as

shown  in the figures, To  identify the parameter  or

parameters  with  which  the increment in residual  strain  is
most  strongly  linked, al1 the  residual  strain  increments
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            e

  in residual  sLrain  Ae... due  to half

O.7

cycle  
`c'

 vs.

due to these half-cycles were  plotted against  the current

and  previous SR  parameters,  and  against  the  previous
residual  strain  increments.

 Figure 21 plots the increment in residual  strain  Ae,,, or
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half-cycles (lzlea,j.il+IAE.,j21). Relationships between
z!ea,c or  Zlearc. and  other  parameters  were  also  examined

(Peckley, 2007), but these did not  yield correlations  that

are  as strong  as that  shown  in Fig. 24.

  Again for brevity, the sum  of  the magnitudes  of  the in-
crement  in residual  strain  due to the preceding 2 half-
cycles,  is referred  to from hereon as the preceding 2 half-
cycle  strains  or,  simply,  P2S.  When  the quantity SR,/
Aearc or  SRcA  e.,.* is plotted with  P2S,  as  shown  in Fig. 25,

a fundarnental  behaviour in cyclic  loading can  be in-
ferred. Note that the quantity SR,/zl E.,, can  be character-
ized as a modulus,  re'ferred  to as SRI modulus  in this
study.  When  P2S  is large, the corresponding  SRI modu-

lus becornes small  and  large increment in residual  strain

A6a,c can  be  expected,  The behaviour just described is one
of  the key findings in this study  and  is referred  to  here as
"the

 P2S effect",  Evidently, this efiect has to be taken

into account  when  estimating  residual  strains  in soft

rocks  due to irregular eyclic  loading.

Q.OO.1MS=IAuO,2  D.3
 l+IA[      1
ade    ff.b

O,4

Fig. 24, Increment  in residual  strain  due  to hal£-c}'cle 
`c'

 Ae,.  vs.  P2S

   =1AEattbr+1AEsr-]1

AEa,.± vs.  the corresponding  stress ratio  SR, or  SR.. and
Fig. 22, the increment in residual  strain  Zleurc or  AEarc* vs,

the corresponding  ratio  SR.f(SRj-i-SR.j.2). Figure 23 plots
the increment  in residual  strain  Aearc or  A6a,c# vs.  the sum

of  the  magnitudes  of  the  two  preceding  stress Tatios  and

Fig. 24, plots Ae.,. or  A  e.,," vs.  the  sum  of  the magnitudes
of  the increment in residual  strain  due  to the  preceding  2

T7ie P2S  ELt7lect in Uhijbrm Amptitude (lyctic Loading
  Figures 26 and  27  present SR-CN  and  AE.,-CN histo-
ries  of  selected  loading stages  from the tests conducted  on

samples  designated as GTF30  and  GTF31  tsee also  Peck-
Iey and  Uchimura, 2007).

  Figure 28, on  the other  hand, plots the data from all

the cyclic  loading stages  applied  on  these samples,  includ-
ing GTF34, in terms of  SRI and  P2S,

  It can  be readily  observed  from Figs. 26 and  27  that  the

increment in residual  strain  due to positive half-cycles in-
creases  with  loading cycle  number.  The  same  can  be ob-
served  with  the increments in residual  strain  due  to  nega-

tive half-cycles: the  magnitude  of  these  residual  strain  in-
crements  increases with  cycle  numbeT.  From  Fig, 28, it is
apparent  that the  P2S  effect  also  plays an  important  role

in softening  behaviour under  uniform  amplitude  cyclic

loading. In fact, the figure appears  to suggest  that soften-
ing behaviour is a  unique  function of  P2S  such  that  a

curve  can  be derived for positive half-cycles and  another

can  be derived from  negative  half-cycles, as  shown  in the
figure.
  Quite a  few  remarks  can  be made  from these observa-
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The increase in half-cycle residual  strain  increment
with  cycle  number,  as shown  in Figs. 26 and  27, can
be characterized  as  the result  of  cyclic  loading
degradation.

  2) Such softening  behaviour deviates from  what  is im-

    plied in fatigue model  developed in fuitgue Modet

    that  there is a  one-to-one  correspondence  between
    stress ratio  and  residual  strain  increment.  Note that

    if these implied assumptions  were  true, there should

    be no  change  in residual  strain  increment no  matter

    hew  many  loading cycles  are  applied,

  3) From  the  foregoing remarks,  it can  be inferred that
    by defining residual  strain  increment as the incre-

    mept  after  a full cycle  of  loading (not as the incre-

    ment  due to a  half-cycle), this softening  behaviour

    was  effectively hidden. In fact, the observatio]

    made  in the Iketigue Model  that residual  strain  ac-

    cumulates  linearly with  increasing cycle  nurnber  im-
    plies that  no  softening  occurs  with  the number  of

    loading cycles  applied,  which  is contrary  to what

    can  be observed  from  Fig. 27.
  4) In other  words,  when  residual  strain  increment is

    defined as the increment clue to a  full cycle,  a  linear

    trend  in residual  strain  accumulation  with  cycle

    number  can  still be observed  even  when  softening

    occurs,  because in one  full cycle  of  loading, an  in-

    crease  in residual  strain  incrernent due  to  a  positive

    half-cycle can  be cancelled  by  an  increase in the

    magnitude  of  the  residual  strain  increment due to

    the negative  half-cycle.

  5) EvidentlyL softening  behaviour  can  be better ana-
    lyzed when  residual  strain  increment and  stress ra-

    tios are  defined in terms  of  half-cycle loading,
  From  all  the  foregoing remarks  and  observations  made

in this section  and  previous  sections,  the  reason  for the
large discrepancies between  the measured  residual  strains

and  the results  of  simulations  using  the fatigue model

derived in Fketigue Modelis now  apparent.  The  softening

behaviour in irregular cycli ¢  loading, in which  P2S  effect

plays a  prominent role, was  not  fully taken  into account

in the  fatigue model.  It can  also  be inferred that  the  P2S

effect  is an  important factor to consider  when  quantifying
cyclic  loading degradation,

SIMULATIONS  CONSIDERING  THE  P2S  EFFECT

  With the  unique  curves  derived in Fig. 2S, one  for posi-
tive half cycles  and  the other  for negative  half
cycles-simulations  of  the  irregular cyclic loading tests on
GTF32,  GTF33  and  GTF35  can  be carried  out.  For brevi-
ty, such  curves  shall be referred  to here as strain softening

curves,  or  simply  SS curves,  and  the particular set of  SS
curves  shown  in Fig. 28 is referred  to  as  Model  1 SS

curves.  Since the  first half cycle  of  loading  cannot  be

simulated  using  only  these strain  softening  curyes,  a

relationship  between the residual  strain  increment du¢  to
the  first half cycle  and  the  corresponding  stress  ratio  was

also  derived. This relationship  is shown  in Fig. 29.

  Figures 30 and  31 show  the results  of  the simulations

performed  for GTF33  and  GTF35  using  the SS  curves  of

Model  1 (Fig. 28) and  the  stress  ratio-residual  strain

curves  in Fig. 29. While it can  be observed  from Figs,
30(b) and  31(b) that the model  seems  to simulate  the P2S
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effect described in the previous  chapter,  overall  the ac-

cumulation  of  residual  strains  was  poorly  simulated.

  Figures 32  and  33 compare  the  irregular cyclic loading

test data from  GTF32,  GTF33,  and  GTF35  with  the SS
curves  of  Model  1. Fo]lowing  are  two  reasons  that could
account  for the large discrepancies between the test data
and  simulation  results:

IE-3e.ol  o.a t

P2S  :IAE  l+IA. !
          a,di-21  j     R,o-a/

rio

Fig. 33, Comparison  betweell irreglllar cyclic  loading data and  softell-

   ing Model  1 for ( -) half cycles  tsee Fig. 28>

a)  The  SS  curve  of  Model  1 for positive half cycles  ap-

  pears to be above  most  of  the irregular cyclic  loading

  tests data points.
b) The  SS curves  of  Model  1 are  too near  each  other.  For
  larger residual  strains  to accumulate,  the SS curves

  should  be placed farther apart4,

  Considering the above  conjectures  on  the discrepancies
between simulation  results  and  test data, the SS curve  for

positive balf cycles  in Model 1 was  adjusted  heuristicallyS
to a position slightly  lower than  the perceived average  of

the irregular cyclic  loading test data points, as  shown  in

Fig. 32, The adjusted  SS curve  for positive half cycles

and  the  SS curve  for negative  half cycles  in Model  1 were
renamed  Model  2 SS  curves,  Note  that  no  adjustment  was

made  on  the  negative  half-cycle SS curve.

  Figures 34 and  35 show  the simulation  results  using  the

"

 As  discussed in T)heR2SEfi2ict in U}iijbrrn Amp(itucie qyelic Locrding,
 an  SS curve  represents  a kind of  a  modulus  that  is dependent  on  the

 parameter  P2S.  In  these  simulations,  the idea to estimate  the  residual

 $train  given such  an  SS curve,  the half-cycle loading amplitude  and  the

 P2S  parameter,  is explored.  Note  that  the wider  the divergence of  be-
 tween  the posittve halr-cycle SS curve  and  the  negative  half-cycle SS

 curve,  thc  larger is the  residual  strain  obtained  for one  cycle  of  load-

 ing.5
 Adjustments were  carried  out  by trial and  error  taking {nto account
 the results of  earlier simulations.
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SS curves  of  Model  2. The following can  be observed

from these figures:
1) Unlike for the simulations  using  the SS curves  of

  Model  1, the trend in the simulated  accumulation  of

  residual  strain  is consistent  with  the  test data. The

  simulated  residual  strain  generally increases with  the

  number  of  cycles,

2) The  accumulation  of  residual  strains  in GTF33  is

  reasonably  replicated.  That  of  GTF35,  however, is

  largely underestimated,

3) The  P2S  effect  is simulated  in all sarnples,  although

  the simulation  results  are  not  quantitatively accurate,

  Given  the  conjectures  from the first set  of  simulations

and  the observations  made  above-specifically  observa-

tion (2) which  can  be attributed  to the trend among  the

test data  points that at higher P2S  values,  there is a wider

divergence between the positive half cycle  data points and
negative  half cycle  data  points, as  shown  in Fig. 36, the

SS curves  referred  to as Model  3 were  introduced`,j'6.

--･

.g
   O.39s

   O.2fi
 e･'R

 geg
 

L'-.

 o.1NvB.

 o,o.".

 o

`The
 main  difference between  Modcl  2 and  Model  3 is that  for Model  3,

there  is wider  divergence between the  SS curve  for posi{ive half-cycles

and  that  for negativc  halC-cycles is wider  at higher values  of  P2S.
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Fig, 37. SimuLRtio" of  GTF33  tesd using  strain  softening  Model  3 (see
   Fig. 36)
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Fig, 38. Simulation of  GTF35  test using  strain  softelling  Model  3 (see
   Fig, 36)

  Figures 37 and  38  show  the simulation  results  using

Model  3. The  following can  be observed  from these

figures:a)
 Similar to the case  of  Model  2, the trend in residual

  strain  accumulation  is consistent  with  the test data.
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  The  residual  strain  generalIy increases with  the num-

  ber of  cycles.

b) The  accumulation  of  residual  strains  in GTF33  is also
  reasonably  replicated.  Compared  with  the simulation

  using  Model  2, the accumulation  of  residual  strain  in
  GTF35  can  also  be said  to be better simulated.
c) As in the  case  of  Model  2, the P2S effect is simulated  in

  al1 samples,  but the simulation  is not  quantitatively
  accurate,  It can  be also  inferred from  these results  and

  from  Fig. 35 that different loading histories result  in
  different SS curves.

  Considering the  significant  scatter  of  irregular test data

points in the SRI vs.  P2S  plot shown  in Fig. 35, nonlinear
curve  fitting-involving the half cycle  stress ratio  SRj, the
corresponding  increment in resjdual  strain  Ae.,j, the

quantity  P2Sj and  the time  elapsed  for half cyelej

referred  to here as d4 was  carried  out  to derive other  SS
functions or  curves.  The simulation  results  from  these SS
functions were  not  necessarily  any  better than  the proce-
dure involved with  Medel  3 (Peckley, 2007).

CONCLUSIONS

  Based  on  the  results  of  tests  and  simulations  that  are

presented in this paper, the following conclusions  can  be
made:

  (1) The use  of  fatigue modelling  from uniform  cyclic

     loading test data to simulate  irregular cyclic  load-

    ing can  result  in significant  underestimation  of

    residual  strains.  Residual strains  are  underesti-

    mated  because fatigue modelling  does not  take into

     account  the efiect of  the preceding two  half-cycle

     residual  strain  increments on  the softening  behav-

    iour of  soft  rocks,  referred  herein as  P2S  effect.

     The  quantity P2S is defined as the sum  of  the mag-

     nitudes  of  the residual  strain  increments due to the

     preceding  two  half-eycles, When  P2S is large, a

     large residual  strain  increment can  be expected,

  (2) Frorn the simulation  results presented in this paper,
     it is clear  that taking the P2S  effect into account  can

     improve  the simulation  of  residual  strain  accumu-

     lation due to irregular cyclic  Ioading. Arnong these

     sirnulations,  the simulations  using  SS curves  from

     SRI  vs. P2S  plet in which  the divergence between

     the SS curve  for positive half-cycles and  that  of

     negative  half-cycles becomes wider  as the quantity

     P2S  becomes larger, appear  to yield results  that  are

     closest  to the measured  data. It should  be noted,

     however, that the main  drawback  of  this modelling

     procedure  is that different loading histories result

     in different SS curves.

  Considering the said  drawback and  all the simulation

results presented in this  study,  it becomes apparent  that

soft  rock  testing programs  should  not  be limited only  to

uniform  cyclic  loading tests. Irregular cyclic  loading tests
are  as, if not  more,  important as  uniform  cyclic  loading
tests. Evidentiy, there is still  much  room  for improving
the modelling  procedure that was  explored  in this paper.
Aside from  the P2S  effect, another  factor or  other  factors

related  to cyclic  loading effects  apparently  still have to be
identified and  characterized.
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