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ENGINEERING  PROPERTIES  OF  SOIL  STABILIZED  BY  FERRUM

   LIME  AND  USED  FOR  THE  APPLICATION  OF  ROAD  BASE

MAsAsHI  KAMoNi),HuANDA  Guli} and  TAKEsHi  KATsuMIiii)

                                       ABSTRACT

  In this paper, the behavior of  soil stabilized  by ferrum lime, a mixture  composed  of  ferric oxide  (Fe203) and  hydrat-

ed  lime (Ca(OH)2), is investigated in order  to assess  the engineering  properties of  the stabilized  soil for its application
to road  construction.  The  aptitude  of  the ferrum-lime  stabilized  soil as road  base material  is evaluated  according  to
the  static  compressive,  static  fiexural, and  dynamic resilient  propeTties of  materials  obtained  from laboratory tests.
The  ferric oxide  promotes  an  increase in both compressive  strength  and  the stiffhess of  the stabilized  soil. Resilient
modulus  M}, a  parameter expressing  the material  behavior under  dynamic cyclic  loading, depends  on  the  deviator

stress and  the mean  principal stress. Under lower deviator stress and  mean  principal stress  conditions,  the  M)  of  the

ferrum-lime stabilized  soil has a higher value  than  that of  the hydrated-lime stabilized  soil. Howeyer, the difference in
resilient modulus  M)  between the two  types of  stabilized  soils may  not  be distinct with  increases in the deviator stress
and  the mean  principal stress. In addition,  the dependence of  resilient modulus  M;  on  the static strength  of  the
ferrum-lime  stabilized  soil  can  be  observed.  Fracture surface  energy  7,, a  parameter  which  indicates the resistance  abil-

ity of  a  material  to  cracks,  is related  to  the  deflection at  failure, but hardly  depends  on  the  fiexural strength.  The  7. has
almost the same  values  for both type of  stabilized  soils.  According to test results,  ferric oxide  can  improve the durabil-
ity of  pavement  when  it is used  as a  stabilizer  for Iime stabilized  soil.

Key words:  compressive  strength,  cyclic load, ferric oxide,  fiexural strength,

resilient modulus,  road  base, stabilized  soil (IGC: DIO)
fracture surface  energy,  hydrated lime,

INTRODUCTION

  In recent  years, the problem of  the fatigue failure of
pavement  has become more  serious,  one  of  the important
factors being the  weakness  of  road  base due  to heavy

loads of  traMc.  Strengthening  the  road  base  with  a  stabi-

lized material  is considered  to be an  important method
for improving pavement durability.
  Ferrum Iime, a  mixture  of  ferric oxide  and  hydrated
lime, has been used  as a  stabilizer for road  base since  the
1960s, especially  in the western  part of  Japan. Even  if

pavement  containing  the  ferrum-lime  stabilized  seil is
subjected  to heavy traMc  loads over  a  long period  of

time, fatigue failures such  as rutting  and  cracks  are  rare

(Abe, 1993). The ferric oxide  used  in the  ferrum lime is a
by-product of  iron smelting.  Since the use  of  waste

products  as construction  materials  has become an  ever-

increasing concern  in regard  to environmental  protection,
fly ash,  for instance, which  is mixed  with  fine-grained
material  and  used  as road  base material,  has been evaluat-

ed  (Lee and  Fishman, 1993). Therefore, using  ferrum
lime as a  stabilizer  for road  base can  be expected  to im-
prove the durability of  pavement  together  with  the use  of

waste  products.
  The  mechanical  properties of  stabilized  soils used  as

road  base materials  may  be affected  by loading condi-

tions, the stabilizer content,  the curing  time, the curing

pattern, temperature,  and  so  on.  Boniface and  Obi
(1972) examined  the resilient  and  the residual  deforma-
tion properties of  cement-stabilized  soil under  dynamic
loading conditions.  Sauer and  Weiner  (1978) investigated
the effects of  Ioading conditions  and  additive  contents  on

the resilient deformation characteristics  of  lime-stabi-
lized soil  subjected  to dynamic  loads. The effects of  tem-

perature and  water  content  on  resilient modulus  M)  were

explored  by Mamlouk  and  Wood.  (1981) and  Jin et al.

(1994). Furthermore,  there may  be  a  correlation  between
the dynamic mechanical  properties and  static mechanical

properties such  as  static compressive  properties, CBR,  co-

hesion C, friction angle  di, and  so on  (Thompson et  al.,
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1979; Zaman  et al., 1994). To  evaluate  the durability of

pavement  against  fractures, George (1970) measured  the

critical  strain  energy  release  rates  by means  of  beam  tests

on  cement-stabilized  soil. Similarly, Blight (1973) esti-
mated  the fractures to pavement  on  lime-stabilized soil

and,  Khedr (1986) derived a  theoretical approach  for

predicting the  permanent  deformation in pavement lay-
ers based on  the  fracture mechanics  approach  by GriMth.

  Although substantial  results are  in evidence,  a  mechan-

ism dealing with  the ability  of  ferric oxide  contained  in

ferrum lime to improve the durability of  pavement  has
not  been clarified. The  objectives  of  this paper  are  to

evaluate  the  performance  of  ferrum-lime stabilized  soil

as  road  base material  and  to define the mechanism  con-

cerning  its ability  to improve the durability of  pavement
with  the ferric oxide  contained  in ferrum lime. The  cur-

rent  investigation focuses on  the mechanical  properties
of  materials  under  static  and  dynamic  loading condi-
tions, and  by  making  a  comparison  with  hydrated-lime
stabilized  soil,  the effect  of  ferric oxide  on  the mechanical

properties and  the durability of  the stabilized  soil can  be
appraised.  Future  research  should  address  the micro  or-

ganization of  stabilized  soil by electron  microscope  to ex-

amine  the connection  between the mechanical  properties
of  the materials  and  the crystal  composition  among  soil
   .grams.

MATERIALS  AND  TEST  PROCEDURES

Materiai and  Sample Prqparation
  The  material  used  for the  stabilization  in this study

was  decomposed granite soil,  sampled  in the town  of

Nakagawa  in Fukuoka  Prefecture. The material  proper-
ties of  the soil are  summarized  in Table 1.

  The  solidification  agents  are  ferrum lime and  hydrated
lime. Ferrum lime is a  mixture  of  hydrated lime

(Ca(OH)2) and  ferric oxide  (Fe203) with  a  mixing  ratio  of

3:1. The composition  of  the ferric oxide  is shown  in Ta-
ble 2.

  The  samples  for unconfined  compression  and  dynamic
triaxial cyclic  tests were  made  by a  compacting  method

with  mold  (th5.0 cm  × 10 cm)  on  the basis of  JIS A  1210,
but the compacting  energy  was  in light of  the unconfined

compressive  test standards  of  the Japan Cement  Associa-
tion with  compacting  efforts  of  10, 20, 20 and  40  × 4 lay-

ers. The  wet  density of  the samples  was  about  2.10g/

cm3.  Beam  specimens  (16 cm  ×  4 cm  ×  4 cm)  for the bend-
ing tests were  also  made  by  compacting  with  the  same

value  of  wet  density as  that  for the  specimens  in the un-
confined  cempression  tests.

  All of  the  test samples  were  cured  in water  at a  tempera-

ture  of  200C, The stabilized  material,  additive  content,

and  curing  time  of  the test samples  are  al1 presented in
Table  3.

Tab]e 1. Material properties of  soil

Table 2. Composition of  ferric oxide

CompositionFe20sA1203Si02FeOothers

Content(Ole)94,921.02O.48e.273.31

Static Compressive and  rvexural Tlests

  The  unconfined  compressive  tests were  carried  out  ac-

cording  to JIS A  1216. The  bending tests were  based on
JIS A  1106 but some  modifications  were  adopted  so  as to

agree  with  a  control  system  of  the test device. A  simply

supported  beam  specimen  was  subjected  to a center  point
load with  a controlled-defiection  (strain) ratio  of  1.0
mmlmin.  The  results  of  the bending tests called  flexural
strength,  were  expressed  in the  form  of  the following equ-

ation  (JIS R  5201):

              ab=2.293 × 10n2P  (1)

where  ob  are  the magnitudes  of  fiexural strength  (MPa)
and  P  is the Iargest loading force during testing (kgf).
  To  measure  the fracture surface  area  of  the  broken

specimens  after  the bending tests, the  Laser Roughness

Measurer was  used.  Employing  this instrument, the laser

Table 3.Laboratory testing cases

Case Solidification
Mixingcontent(C!o)

Testingprojects
Curingtime(days)

1 Ferrurnlirne 4 Unconfinedcompressive,bending 7

2 Ferrumlime 7 Unconfinedcompressive,bending 7

3 Ferrumlime 10 Unconfinedcompressive,bending 7

4 Ferrumlime 4 Unconfinedcompressive,bending,dynamictriaxial 28
5 Ferrumlime 7 Unconfinedcompressive,bending,dynamictriaxial 28

6 Ferrumlime io Unconfinedcompressive,bending,dynamictriaxial 28

7 FerrumIime 4 Unconfinedcompressive,bending 90

8 Ferrumlime 7 Uneonfinedcompressive,bending 90
9 Ferrumlime 10 Uncenfinedcompressive,bending 90

10 Hydratedlime 7 Unconfinedcompressive,bending,dyriamictriaxial 28
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Tab)e 4. Losding conditions  of  cyclic  triaxial tests

beam  scanned  the fracture surface  of  the broken speci-
mens,  the height of  the measured  points on  the fracture
surface  were  recorded  by a computer,  and  from these
data the fracture surface  area  of  the broken specimens
could  be  calculated,  In measuring,  the  scanning  intermis-

sion  was  set  at  1.0 mm.

Ilynamic  Clyclic 77iaxial 7lest

  In view  of  the  dependence of  the resilient modulus  on

the subjected  stress,  the stress  application  was  modified

during dynamic triaxial cyclic  tests. The  three  levels of

mean  principal stress were  98.1 kPa, 196.2kPa, and

294.3 kPa. The deviater stress  and  the confining  pressure
were  modified  during the tests to maintain  a certain  mean

principal stress level (Nishi and  Yoshida, 1993), The load-
ing conditions  in the  dynamic  triaxial cyclic tests are

shown  in Table  4.

  The  testing procedures, in accordance  with  Nishi
(1981), are  described below. The  test samples  were

saturated  using  the vacuum  saturation  container.  The

saturated  samples  were  set in triaxial cells,  and  were  con-

solidated  isotropically with  the pressure used  in the cyclic

triaxial tests. Cyclic loading was  carried  out  with  the de-
termined  stress level until  the residual  deformation of  the
tested  sainples  was  almost  fixed. The  number  of  cyclic

loadings was  30,OOO in this study,  The  deviator stress and

confining  pressure were  modified  gradually while  main-

taining a certain  mean  principal stress.

STATIC  PROPERTIES  OF  FERRUM  LIME
STABILIZED  SOIL

Static Compressive  Properties
  The  unconfined  compressive  strength  increases with  an

increase in the curing  time according  to the information
in Fig. 1. Simultaneously, a  tendency  can  be  observed

from this figure, whereby  the  unconfined  compressive

strength  augments  with  an  increase in the ferrum lime
content  from 4%  to 7%,  but the increase is not  sig-

nificant  when  the ferrum lime content  exceeds  7%,  in
spite  of  changing  the  curing  time.  This appearance  may

be explained  as follows. The  strength  development  of

stabilized  soils depends primarily on  the chemical  reac-

tion products and  reaction  rate  during stabilization

proceeding, and  the chemical  reaction  products  and  the
reaction  rate  are  related  to the reactive  elements  or  ions
from stabilizer and  soil.  Generally, the  main  chemical

reactions  in lime stabilized  soil  are  cement  hydration reac-
tion  and  pozzolanic  reaction.  Through  these chemical

reactions,  several  types of  hydroxides as well  as calcium

carbonate  CaC03  are  produced.  These  chemical  reaction
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Fig. 1. Strength characteristic  of  soil stabi]ized  by  ferTum  lime

products fi11 up  the void  between  soil  particles and  rein-

force the connections  among  soil  particles; this will lead
to the strength  development of  stabilized  soil. Compar-
ing ferrum lime with  hydrated lime, the content  of  ferric

oxide  of  the former is richer  than  the latter. Matsuo  and

Kamon  (1977) reported  that the cementation  of  iron ions
oxidation  leads to the granular structure  of  clay  particles
and  reinforces  the connections  among  soil particles, Fur-
thermore,  through  hydration, the  ferric oxide  Fe203  con-

tained in stabilized  soil  combines  with  other  reactive  ele-

ment  such  as Ca2' to form Fe  series  hydroxides. There-
fore, adding  ferric oxide  to stabilized  soil plays an  active

role  in the production  of  chemical  reaction  products  and

the reinforcement  of  connections  between soil  particles.
Finally, the  result  will  lead to the strength  improvement
of  stabilized  soil.  Since the production  of  chemical  reac-

tion products is also  associated  with  the amount  of  clay

mineral  contained  in the  soil, the  results  shown  in Fig. 1

indicate that the chemical  reaction  products  may  not  in-
crease  continuously  in spite of  the content  of  ferrum lime
rising  over  7%  because of  the limited amount  of  clay

mineral  contained  in the decomposed granite soil.
 As  shown  in Fig. 2, static modulus  Eso increases with

an  increase in the  curing  time. Such a  tendency  is ob-
served  for specimens  with  a  7%  or  10%  ferrum lime con-
tent. For  specimens  with  a  4%  ferrum  lime content,  static

modulus  Eso shows  quite a  smal1  increment after  28 days
of  curing.  Similar to the unconfined  compressive

strength,  the increment of  static modulus  ESe is not  dis-

tinct in spite of  increasing the ferrum lime content  from
7%  to  10%.

  Based  on  the  above-mentioned  results, it is unnecessa-
ry  to use  a  ferrum lime content  over  7%  to promote  the
compressive  strength  of  ferrum-lime stabilized  soil.

  The data presented in Fig. 3 exhibit  a  linear relation-

ship  between static modulus  Eso and  unconfined  compres-

sive  strength  q..

               Ese=210.47q.  (2)

where  Eso is the static modulus  (MPa) and  q. is the un-

confined  compressive  strength  (MPa).
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Fig. 5. Variation in flex"ral strength  ab  with  increase in additiye  con-

   tent  for ferrum  ]ime and  hydrated 1ime stabilized  soils

  Comparing  the ferrurn lime with  the  hydrated  lime as  a

stabilizing  agent  in Fig. 4, the  ferrum-lime stabilized  soil

can  perform  comparably  or  better in unconfined  compres-

sive  strength  as  opposed  to the hydrated-lime stabilized
soil  if the  ferrum lime content  exceeds  4%.  The  static

modulus  Eso for the two  types of  stabilized  soils has
almost the same  value  at a  4%  stabilizer content,

However, the Eso of  the ferrum-lime stabilized  seil has an
incremental tendency. Inversely, the Eso of  the  hydrated-

lime stabilized  soil may  tend  to decrease if the  stabilizer

content  is increased. As  a result,  the difference in ESo be-
tween  the  two  kinds of  stabilized  soils tends to increase

gradually with  an  increase in the stabilizer  content  of  the

soils.

  Based on  the above  results, adding  ferric oxide  to

hydrated lime cari premote  the compressive  strength  of

the stabilized  soil.

Static FVexural Properties and  the Relationship with  Uh-
conjined  Compressive Rroperties

 Figure  5 shows  the  flexural strength  results  for the
specimens  stabilized  by ferrum lime and  hydrated lime.

The flexural strength  of  the ferrum-lime stabilized  soil in-

creases  with  an  increase in the ferrum Iime content  and

the  curing  time. Compared  to the results of  hydrated-
Iime stabilized  soil, the difference in flexural strength  be-

tween  the two  types of  stabilized  soils  is not  distinct.

However, the fiexural strength  of  the hydrated lime stabi-
lized soil seems  to  start  to  decrease if a hydrated lime con-
tent of  over  7%  is added.

  Similar to Eso in the uncenfined  compressive  tests, Eb
was  defined as the slope  of  the load-deflection curve  in

bending  tests to evaluate  the bending rigidity  of  the sam-

ples. According to Fig. 6, the Eb of  the stabilized  soils

rises with  an  increase in the stabilizer content  and  the cur-

ing time. The Eb of  the hydrated-lime stabilized  soil

shows  a  lower value  as opposed  to the ferrum-lime stabi-
lized soil  if a  stabilizer  content  of  over  4%  is added.  The
failure defiection of  ferrum-lime stabilized  soil  specimens

seems  to decrease slightly  with  an  increase in the ferrum
lime content.  Based  on  this fact, the brittleness of  the fer-

rum-lime  stabilized  soil may  be increased by  increasing
the ferrum lime content  in the  soil.  By  plotting the data
of  the hydrated-lime stabilized  soil  in the same  figure, the

hydrated-lime stabilized  soil has a larger failure deflec-
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tion against  the ferrum-lime stabilized  soil  at  an  additive

content  of  7%.  However, the difference in the failure
deflection between the two  types of  stabilized  soils is not
clear  at  additive  contents  of  4%  and  10%.
  As  shown  in Figs. 7, 8 and  9, fiexural modulus  Eb,
deflection at  failure tib, and  unconfined  compressive

strength  q. all show  an  incremental trend  with  an  in-

crease  in fiexural strength  ab.  The  correlation  between  un-

confined  compressive  strength  q. and  fiexural strength  ab

can  be expressed  approximately  by following linear equa-
tlon as

                ab=O.287q.  (3)

where  ab  is the  fiexural strength  and  q. is the unconfined

compressive  strength.

  The flexural failure defiection seems  to  decrease with

an  increase in the compressive  failure strain  based on  Fig.
10. According  to  the  analysis  in the  next  section,  there-
fore, the material  with  the  Iarger fiexural defiection at

failure may  possess a  higher durability to bending, so  to
speak  and  the  samples  with  a lower compressive  failure
strain  may  also  have  a  greater ability  to resist fiexural
failure.
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℃
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Fig. 10. The

   strain
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  The  fatigue life of  road  base  is related  to the  fiexural

strength  of  the material  (George, 1970). To  assess  the cor-
relation  between the fracture of  road  base materials  and
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the flexural strength,  GriMth used  the model  shown  in
Fig. 11 to establish  the conjunction  between surface

energy  y, and  fracture size a (Blight, 1973). Following

this model,  surface  energy  7. was  estimated  to be the

product of  the total crack  surface  area  (2a× 2 × t); sur-
face energy  7, has units  pf energy  per unit  area,  Based  on

the case  of  an  infinitely large plate containing  an  elliptical

crack,  the decrease in stored  elastic  energy  of  the cracked

plate is (za2aZt)!E. Thus,  the change  in elastic energy  of

the plate associated  with  the introduction of  a crack  may

be supplied  by

                        no2a2t
                                        (4)            U-  Ub=:4at7,-
                         E

where  Uis  the elastic  energy  of  a  body with  cracks,  Uh is
the initial elastic  energy  of  a body  without  cracks,  a  is the
applied  stress,  a  is one  half of  the crack  length, t is the
thickness of  the plate, E  is the modulus  of  elasticity, and

7. is the surface  energy.  A  crack  can  only  spread  if the
elastic energy  is a maximum  to a. For this, differentiate
the U  with  respect  to the  crack  length a  and  set  equal  to

zero,

            OU  2za2at

            T.=4t7,- E  
=O

 (5)

Therefore

a2a  7s2E
 z

(6)

represents  the equilibrium  condition.  From  Eq.  (5), the
basic form  of  the  equation  is

           a=  cons  tan tx(E7s)i/2  (7)
                       Na!

  GriMth's  equation  was  elected  with  a  perfectly elastic

material.  In general, the deformation at failure for most
materials  may  include on  elastic component  and  a plastic
component.  In this case,  the equation  for tensile strength
will  be shown  as  follows (Khedr, l986):

u=constantx(E(7e+7{p)Yt2
            Na!

(8)

where  7. is the elastic work,  J{,, is the plastic work,  and

7s=7e+h'

 According to the bending test results, the Ioad-deflec-
tion curve  is close  to a  straight  line befere failure. It can
be assumed  that the ductility of  the specimens  is not  gTeat
before failure. Based on  this fact, surface  energy  7, may

be approximately  equal  to elastic  surface  energy  y..

  As  a  parameter  of  materials,  the  higher the  value  of  7.
for a material,  the greater its resistance  to fractures. Sur-
face energy  7, can  be evaluated  by equating  the work  per-
formed by the applied  load to produce fractures to the
area  of  the fracture surface  produced, The work  per-
formed by the applied  load can  be obtained  from  the

area  under  the load-deflection curve  and  area  of  the frac-
ture surface  may  be achieved  with  a  Laser Roughness

Measurer. Therefore, surface  energy  7, may  be defined as
follows:

                    Aw,fi
                 7s=  (9)
                     Af

where  fl .,a  is the  area  under  the  load-deflection curve  and

Af is the area  of  the  fracture surface.

  The  results  for ferrum-lime and  hydrated lime stabi-
lized soils are  shown  in Fig. 12. The ferrum lime content
has surprisingly  little infiuence on  the fracture surface
energy  for ferrum lime stabilized  soil. This fact may  be ex-

plained by bending tests. The fracture defiection starts  to

decrease with  an  increase in the ferrum  lime content  in
spite  of  the increase in flexural strength.  As  a result,  the

load-defiection energy  hardly  changes  even  after  increas-
ing the ferrum lime content.  The  surface  energy  for
hydrated lime stabilized  soil increases with  an  increase in

the hydrated lime content  from 4%  to 7%.  However,  it
will begin to decrease if the hydrated lime content  ex-

ceeds  7%.  The  reason  is that both the flexural strength

and  the  fracture defiection tend to decrease when  the

hydrated lime content  exceeds  7%.

  If area  ratio  S. is defined as the  ratio  ofthe  fracture sur-
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face area  to the section  area  of  the specimens,  then  the S.
is around  the value  of  1.09, although  fracture surface
energy  7, varies  from  6 × 10-3 (Nlmm)  to 12× 10n3 (Nl
mm)  as  shown  in Fig. 13. Therefore,  it may  be  concluded

that  the  area  of  the  fracture surface  has an  approximately

9%  increment against  the section  area  of  the specimens.

  In investigating the  correlations  between fracture
surface  energy  7. and  flexural strength  as well  as the
modulus,  fracture surface energy  7s seems  to have a low
dependency on  the fiexural strength  for both  ferrum-lime

and  hydrated-lime stabilized  soils,  based on  Fig. 14.
However, fracture surface  energy  7s seems  to depend on
the modulus  according  to Fig. 15. Fracture surface

energy  7. decreases with  an  increase in both static modu-

lus Ese and  fiexural modulus  Eb. Notably, this phenomen-
on  seems  to be remarkable  even  for the relation  between
fracture surface  energy  7, and  fiexural modulus  Eb.
  In Fig. 16, the correlation  between  fracture surface

energy  7. and  failure deflection 6d is investigated. Frac-

ture surface  energy  7. has a  strong  dependence on  failure
deflection 6d, and  it increases with  an  increase in failure
defiection tid. Furthermore, this relation  can  be expressed

approximately  as  follows:
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 According  to the above-mentioned  results,  increasing

modulus  Eso or  Eb may  lead to a  reduction  in fracture sur-
face energy  7.. A  higher failure deflection rneans  greater
toughness, and  the materials  with  greater toughness  may

have a higher capacity  to resist fractures. In conclusion,
only  increasing the strength  or  the stiffhess of  the materi-

als  may  be somewhat  effective in improving the resistibili-

ty against  fractures. By  improving  the toughness  of  the
materials,  they may  have a  Iarger value  of  deflection at

failure and  a  larger fracture surface  energy  7., and  the

resistibility  to cracks  can  be clearly  improved. The  differ-
ence  in resistibility  to cracks  between hydrated lime stabi-
lized soil  and  ferrum  Iime stabilized  soil is not  clear  ac-

cording  to the above  results.

RESILIENT  CHARACTERISTICS  OF  FERRUM-
LIME  STABILIZED  SOIL

Determination  of the Resilient Modutus

  The  resilient modulus  is generally used  for evaluating
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the behavior  of  pavement  under  traMc  loading. The

resilient  modulus  M)  of  materials  in cyclic  loading tests is
defined by the following form (Brown, 1996):

                     ad

                 M=-  (11)
                     aa

where  ML  is the resilient modulus,  ad  is the cyclic deviator

stress (ai- o3), E. is the resilient axial  strain, ai is the  max-

irnum principal stress, and  a3 is the minimum  principal
stress  (confining pressure). The  definitions for cyclic  devi-
ator  stress  ad  and  resilient  axial  strain E. are  shown  in Fig.
17.
  Resilient modulus  ML  depends on  the number  of  cyclic

loadings. In the early  stages,  the resilient axial  strain

decreases as the  number  of  stress  applications  increases.

However, the resilient  strain  will  tend  to stabilize  after  a

suMcient  number  of  cyclic  loadings, and  the resilient

modulus  at  this time  can  be used  to characterize  the be-
havior of  the  materials.

  Figure  18 shows  the variation  in elastic  strain  e, and  ac-

cumulation  plastic strain  e, with  an  increase in the cyclic
Ioading number.  Both elastic strain  a, and  accumulation

plastic strain  e, tend  to stabilize after  10,OOO cyclic  Ioad-

ings. Furthermore, although  some  difference for e. or  e.
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between  the  ferrum-lime  stabilized  soil and  the hydrated-
lime stabilized  soil can  be observed,  it will  become in-
distinct as the number  of  cyclic loading increases.

71Pie Resilient Modulus  ofFbrrum Lime  Stabilized Soit
  In tests, deviator stress ad  and  mean  principal stress a.

were  modified  to observe  the dependence of  the resilient

modulus  on  the deviator stress and  the mean  principal
stress.

  In Fig. 19, the  solid  lines indicate the relationships  be-
tween  resilient  modulus  ML  and  peak  deviator stress  ad

for specimens  with  a  28-day curing  time and  a 7%  ferrum
lime content  at peak  mean  principal stress levels of  98.1
kPa,  196.2kPa,  and  294.3kPa.  Resilient modulus  M;

decreases with  an  increase in the deviator stress if the  devi-

ator  stress is Iower than 450kPa.  However,  it may

become  unvarying  or  only  show  a  tiny increase along

with  a  continual  increase in the deviator stress applica-

tion. Subsequently, the variation  in resilient  modulus  M)
with  an  increase in the mean  principal stress can  be no-

ticed; the variation  in resilient modulus  ML  is not  obvious

when  mean  principal stress a.  increases from 98. 1 kPa to

196.2 kPa. ML  has a distinct increment, however, if mean
principal stTess a.  increases from 196.2kPa to 294.3
kPa. Based on  this fact, resilient modulus  M) depends on
both the  deviator stress and  the mean  principal stress. All

ef  the resilient  modulus  vs  deviator stress curves  are  simi-

Iar to a  parabolic curve.  The  resilient modulus-stress

relationship  can  be  expressed  by  the equation  for a  fami-

Iy of  parabolic curves  as  follows:

           ML=a+bad+eai+da:  (12)
where  M)  is the resilient  modulus  (MPa), ad  is the devia-
tor stress (kPa), o.  is the mean  principal stress (kPa),
and  a,  b, c, d, n  are  experimental  constants.

 According to a  suitable  calculation,  experimental  con-

stants  a, b, c, d, and  n  can  be determined  as  shown  in

Fig. 19. The fitted curves  (dotted Iines), regressed  by Eq.

(12), match  the experimental  data perfectly. Experience
Eq. (12) has a  practical usage  for a  design or  an  analysis

when  the ferrum lime stabilized  soil is used  as  road  base
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material.

  Based  on  the results  shown  in Fig. 20, the dependency
of  resilient  modulus  M)  on  the ferrum lime content  tends

to weaken  with  an  increasing deviator stress.  However,
the resilient  modulus  may  not  depend on  the ferrum lime
content  if the mean  principal stress is kept at a higher lev-
el, as shown  in Fig. 21 . As a  result, the dependency of  the

resilient modulus  on  the ferrum Iime content  is not

strong  except  at a  lower deviator stress level.
  A  comparison  of  the test results  for specimens  stabi-

lized by  ferrum  lime and  hydrated  lime is presented in
Figs. 22 and  23. The  hydrated-lime  stabilized  soil  shows  a

lower resilient  modulus  ML  as  opposed  to the ferrum-Iime
stabilized  soil if deviator stress ad  and  mean  principal
stress a.  are  kept at lower levels. However,  the resilient

modulus  ML  of  the two  types of  stabilized  soils may  tend

to be near  each  other  with  an  increase in the deviator
stress or  the mean  principal stress application.  Based on

these results, pavement  stabilized  by ferrum lime may
show  a  lower  elastic  deformation  than  that  stabilized  by

hydrated lime if the  ferrum-lime stabilized  soil  is used  as

ptM
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Resilient modulus  M;  yersus  deyiator stress at  mean  prillcipal

subbase  or  subgrade  material,  because the stress applica-
tion is quite low in subbase  or  subgrade.

71he Correlation between llynamic Properties and  Static
Properties

  In Fig. 24, measured  resilient modulus  M)  (solid lines)
increases with  an  increase in unconfined  compressive

strength  q. if the mean  principal stress  is kept at

a.=98.1kPa.  However,  the dependence  of  resilient

modulus  M;  on  unconfined  compressive  strength  q. tends

to weaken  with  an  increase in the deviator stress applica-

tion. Furthermore, when  examining  the dependence of
resilient modulus  M)  on  unconfined  compressive  strength

q. at mean  principal stress a.==294.3  kPa, as shown  in
Fig. 25, the dependence of  resilient modulus  M;  on  un-

confined  compressive  strength q. is not  distinct. In the
results, the resilient  modulus  of  ferrum  Iime stabilized

soil has a  low dependency on  the static  compressive

strength  with  a  higher mean  principal stress or  deviator
stress besides a lower deviator stress application.

  Examining the correlation  between resilient modulus
M)  and  the  unconfined  compressive  strength,  together
with  the  deviator stress application,  the resilient modulus
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M)  varies  linearly with  an  increase in unconfined  compres-

sive  strength  q. while  keeping the deviator stress at a cer-

tain level. Based on  the above  characteristic,  the relation-

ship  between resilient modulus  ML  and  unconfined  com-

pressive strength  q. can  be  described by  a  linear equa-

tion. Thereby,  when  the  regressive  equation  as  Eq.  (13) is
used  to predict resilient  modulus  M}  at  a  lower deviator
stress application,  the predicting values  (dotted lines)
coincide  fairly well  with  the measured  Iines (solid lines),
as shown  in Fig. 24.

                    (b+cq.)
             M)=a+  

,
 (13)

                      ad

where  M)  is the resilient modulus,  q. is the unconfined

compressive  strength,  od  is the deviator stress, and  a, b,
and  c  are  the test parameters.

  Since there  is an  approximate  linear relation  between

unconfined  compressive  strength  q. and  static modulus

Eso, putting Eso into expression  (13) instead of  q. yields a

similar  expression.

THE  EYALUATION  OF  FERRUM  LIME
STABILIZED  SOIL  USED  AS  ROAD  BASE
MATERIAL

  Improving  road  base  with  a  composite  material  can

raise  the  pavement  life due  to  the  improved  resistibility  to

cracks  and  the decrement of  compressive  strain  on  top of

the subgrade.  Based  on  the above-mentioned  test results

and  examinations,  the compressive  properties of  stabi-

lized soil can  be promoted by adding  ferric oxide  to the

hydrated lime. Pavement stabilized  by ferrum lime may
have a  lower compressive  strain  than  that stabilized  by
hydrated lime if the stabilized  soil is used  as road  base
material.  For  fiexural properties which  are  important  for

upper  road  base materials,  the differences between flex-
ural  strength  ad  and  fracture surface  energy  7s for
ferrum-lime and  hydrated-lime stabilized  soils are  not

clear. Therefore, the ferrum-lime stabilized  soil  would

have almost  the same  resistibility to cracks  as the hydrat-
ed-lime  stabilized  soil. Since the ferrum-lime stabilized
soil has a greater resilient modulus  than  the hydrated-
lime stabilized  soil  when  the  stress  application  is at a

lower level, the  former may  be better than  the  latter in
limiting pavement  deflection. According  to the above  in-
ferences, ferrum-lime stabilized  soil  has better durability
than  hydrated-lime stabilized  soil  when  it is used  as  road

base material.

CONCLUSIONS

  The  study  presented in this paper  was  based on  results

from a  series of  laboratory tests on  ferrum-Iime stabi-
Iized soil. According  to these results,  the following con-

clusions  were  obtained.

  (1) The  unconfined  compressive  strength  of  ferrum-
lime stabilized  soil increases with  an  increase in the fer-
rum-lime  content  from 4%  to 7%.  However, the incre-
ment  is insignificant if the ferrum lime content  is in-
creased  from  7%  to  10%.  As  a  result,  it is unnecessary  to
use  a  ferrum lime content  over  7%.

  (2) Although the flexural strength  may  increase with
an  increase in the ferrum lime content,  fracture surface
energy  7s, related  to the resistance  to cracks,  seems  to
have  a  low  dependence  on  the ferrum  lime content  or the
flexural strength.  However,  it clearly  may  depend on  the
fiexural failure deflection.

  (3) The  resilient modulus  of  ferrum-lime  stabilized

soil depends on  both the deviator stress  and  the mean

principal stress, The resilient  modulus-deviator  stress

relationship  of  ferrum-lime stabilized  soil appears  to be
nonlinear  in keeping a certain  mean  principal stress. This
relationship  could  be  regressed  with  the  equation  for a  fa-

mily  of  parabolic curves.  The  dependence  of  the resilient

modulus  on  the ferrum Iime content  is not  strong  and  has
a  lower  deviator stress  application.

  (4) In examining  the  relation  between the  resilient

modulus  and  the static compressive  strength,  the resilient

modulus  increases with  an  increase in the compressive
strength  if the deviator stress application  is kept at a low-
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er level. However, the dependence of  the resilient modu-

Ius on  the static compressive  strength  may  tend to
weaken  when  increasing the deviator stress er  the mean

principal stress application.

  (5) In comparing  ferrum-lime stabilized  soil with

hydrated-lime stabilized  soil, the former shows  better com-
pressive properties than  the latter. Summarizing the

above  results, ferrum lime stabilized  soil may  have better
durability in comparison  to hydrated-lime  stabilized  soil

as it is used  as road  base material.
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