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An  Experimental Study of  Sand Boiling Due to Liquefaction

Budi WIBAiMdL, Hideo OHKirwA and  fakashi OKuMA

Abstract

 Non-homogeneity  in sandy  ground due to the existence  of  clay  layers is not  uncommon.  Cracks inay
be caused  by earthquake  forces in weak  regions  within  the clay  1ayers. Shaking table tests are per-
formed to clarify  the mechanism  of  sand  boiling in such  non-homogeneous  sandy  ground. Dynamic
movement  of  sand  particles and  water  is confirmed  by measuring  hydrodynamic pressure. A  water  lay-
er is formed directly under  the clay  layer during liquefaction producing  a  water  interface that separates

the  sandy  ground.  The  weight  of  sand  particles that  settle on  the clay  layer causes  a pore water  pressure
gradient around  the cracks  of  the ciay  Iayer. As a  result, the water  directly under  the clay  layeg together
with  sand  particles, penetrates upward  resulting  in the so-called  sand  boiling phenomenon.  The  water

interface thus  produced  ercerts a  major  influence on  the behavior of  the ground.
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                            1. INTRODUCTION

  Particularly leose and  saturated  sandy  layer may  liquefy when  subjected  to dynamic
forces, ag., earthquake  forces. As  Seedi) and  Ishihara2) state, cyclic  loading to such  a  layer

may  cause  the excess  pore water  pressure to rise  and  probably to reach  a  maximum  value

corresponding  to its effective overburden  pressure; sand  particles, in turn, lose their contacts

and  the saturated  sand  layer eventually  becomes a liquid-like material  consisting  of  water

and'sand  particles. ConsequentlM the effective stress becomes zero  and  the saturated  sand

loses its strength.  This phenomenon  is called  liquefaction.

  During liquefaction, water  in the saturated  sand  layer moves  upward  to the ground  sur-

face The mass  of  water  with  sand  particles thus pressed out  is termed  as  sand  boil, and

the  phenomenon  is called  sand  boiling. This phenomenon  occurred  in Niigata City during
the  Niigata Earthquake in 19643)' 4), where  sand  boils were  concentrated  in the heavily

damaged  area. They were  found to have penetrated upward  to the  ground  surface  through

cracks  in the ground. Sand boils were  also  found in the  paddy fields where  a  saturated  sand

layer was  overiain  by a clay  or  silt layer. It was  reported  that  the  cause  of  sand  boiling was
due  to  the  rise  of  excess  pore vvater  pressure in sandy  ground  during the earthquake.  This
high excess  pore water  pressure caused  cracks  at weak  regions  of  the clay  or  silt layer allow-

ing water  and  sand  particles to penetrate upward  to the  ground  surface.
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  Non-hornogeneous sandy  ground  is not  unusual  in the field. Such non-homogeneity  may

be caused  by impermeable  layers of  clay  or  silt within  a sandy  ground. Soil profiles showing
cracks  within  the soil layer in the damaged  area  in Niigata City3)' 

4)
 suggest  the ercistence

of  a  clay or silt layer at a certain  depth from the ground  surface.  KishidaS) also reported
the existence  of  similar  layers at Maruoka  Tbwn  in Fukui Prefecture The soil was

predominantly fine to medium  loose sand  with  a  layer of  clay  and  gravel. Furthermorq a

report  on  the Nihon Kai Chubu  Earthquake6) also  accounted  the existence  of  a weak  clay

layer overlain  by a sand  layer. During a  field survey  to Menuma  
'Ibwn

 in Saitama
Prefecture7) also, we  fbund sand  boils. Photograph 1 shows  a  profile of  the  ground having
a clay  layeg cracks  and  sand  boils.

  t tt/t t
""tl//be

 ///...nt  igt. 
..

 1
  tttt.  /t

-L  t/t
d,,e,pt/.T.I.
S /p  tt tt"e.
 /li /  t .-.t.t .t
gta'/ts,.k/f .-Lk,enlt.,.1e

ee
･

 

ts･

 
ft
 

--

 ee
g,,:g'l}'

 // 
.,.}i'FL:g,,es,,,

:k'el'if-I'1/1'lll''･:n,

l. e/k,pt:/t

 . u.

tilpag.i.s}eigt,frw,.i
.. I

 
t.
 ,Jt,'I 

.et
 ee1/

      slni X'

ee-ee,k･g,tG";twas･#,ee

･･*,i4'

"l,l/,:.'3,il･F}ag$gik
mp

  t /t t//r.  . , wrtl
 

,,,'.
 ImaI..E,

eet,"'yrii.ii,asl;･,/e,,･#twg

Photograph  1 Rernains  of  a  sandy  ground having a  clay  1ayeg cracks  and  sand  boils (Menuma Tbwn,
           Saitama Prefecturq Japan).

 Geological conditions  of  sandy  ground affect the sand  boiling phenomenon. Housner8)
stated  that the  passage of  seismic  waves  through  the ground  during an  earthquake  produces
readjustment  of  soil particles with  subsequent  consolidation.  In effect, water  in the ground
is squeezed  out  because of  erccess pore water  pressure. Furthermorq Fujita9) stated  in a
report  on  the Nihonkai Chubu  Earthquake that a sloping  bearing layer under  the liquefied
sand  caused  a horizental movement  of  the  sand  layeg and  consequentlM  cracks  were

produced; sand  boils reach  the ground  surface  through  the cracks  within  the soil  mass.

Moreover, the inclination of  the ground  water  table towards  the direction of  the river  in the
area  around  the Shinano River in Niigata City was  reported  by FujitarO). During the earth-

quake, a saturated  sand  layer under  the  water  table liquefied, and  since  the  liquefied layer
was  burdened by the weight  of  structures,  the  sand  layer above  the  water  tablq  together  with

the  structure  itself, moved  towards  the  river  in the same  direction as  the inclination of  the

water  table. The movement  produced cracks  which  allowed  water  and  sand  particles to pene-
trate upward  toward  the ground surface  as sand  boils.

  Although  non-homogeneities  in sandy  ground  are  not  uncommon,  the  mechanism  of

sand  boiling related to those non-homogeneities  has not  yet been fu11y clarified. As such,

it is the objective  of  this paper to clarify experimentally  through  shaking  table tests the

mechanism  of  sand  boiling due to liquefaction in a saturated  sand  haying a thin horizontal
clay  layer with  a weak  region  in its center  simulating  a crack  due to an  earthquake.
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2. SHAKING  [IABLE  TES[IS

  2.1. Apparatus

 A  shaking  table, 100 cm  x  ISO cm,  is used  to perfbrm  the experiment.  As  shown  in Fig.

1, the box is 90 cm  in length, 40 cm  in width  and  50 cm  in depth. Horizontal excitation  in

one  direction is applied.  Eight pore  pressure transducers of  semi-conductor  gauge type  6.4

mm  in diameter are  placed in the saturated  sand  model  for measuring  changes  in pore water

pressure. Capacity  is 29.4 kPa. Horizontal acceleration  of  the shaking  table is monitored

by  strain  gauge  type accelerometers  having a capacity  of  2 g. All the gauges  are connected

to dynamic strain amplifiers  and  their output  is recorded  simultaneously  with  an  oscil-

lograph.

  22. Model  and  material

  Fig. 1 shows  the longitudinal and  transversal sections  of  a  saturated  sand  layer model,

90 cm  in length, 40 cm  in width  and  30 cm  and  40  cm,  respectivelM  in depth, placed inside

an  appropriate box. A  clay !ayeg having a weak  region  in its centeg  was  modelled  using  a

rubber  membrane  1 mm  thick and  having a 2-cm wide  slit simulating  a crack  along  its trans-

versal  rnid-plan  section.
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Fig. I Model  of  the saturated  sand  layer showing  a  slit in the membrane  and  the position of  eight

     pore  pressure transducers.

  Sand  from the fainai River, Nakajomachi in Niigata Prefecture is used.  The  correspond-

ing grain size distribution is shown  in Fig. 2. The  sand  has the following physical properties:

specific gravitM Gs=2.76; mean  diameter, Dso=O.35  mm;  uniformity  coefficient,  Ul]=2.47;

initial void  ratio, e=O.91;  maximum  void  ratio, emax=1.023;  minimum  void  ratio,

emin==O.616,  initial relative density, Dr==O.28 and  initial saturated  unit  weight,  orsat==

18.9 kN/m3.
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Fig. 2 Grain size  distribution curve  for the sand  used  in the tests.

   2.3. Procedure of  the experiment

  InitialIM the  b("c on  the shaking  table is filled with  water  to a  certain  depth and  pore pres-
sure  transducers P6,                 P7  and  P8  are  placed in the box at  points 10 cm  ftom the bottom of
the

 box as shown  in Fig, 1. Using a  2-mm  opening  sievq  the sand  is then carefully  sieved
in the  water  to such  an  erctent that the saturated  sand  layer becomes very  loose After a  satu-
rated

 
sand

 
layer

 is formed to a certain  depth, water  above  its surface  is drained out  carefu11y
The remaining  saturated  sand layer shal1  serve  as the bottom layen Then, a  rubber  mem-
brane having a 2-cm wide  slit which  spans  from one  end  to the other  encl along the transver-
sal mid-plan  section  of  the box, is carefu11y  placed on  top of  the bottom layer and
consequently           fixed to                  the box.

  The bax is then filled again  with  water  to a  certain  depth and  pore pressure transducers
Pl,

 
P2,

 
P3,

 P4 and  P5 are  placed in appropriate  positions. The saturated  sand  on  top of
the rubber  membrane,  which  shall  serve  as the upper  laye# is prepared  in the same  manner
as

 that for the bottom Iayer. The total thicknesses of  the saturated  sand  layers are  30 cm
and  40 cm.  The depth ratios (dr), i.e., the ratio of  the upper  layer's thickness h                                                               i to .thetQitt. i.
thickness of  saturated  sand  layer H; are  O.33, O.5 and  e,67 for H==30  cm.  Fbr H=  40 cm
                                                                         '

depth ratios  are  O.5 and  O.75.

  
The

 ercpeTiment  is carried  out  with  periodic loading applied  horizontally The amplitudes
of

 
horizontal

 acceleration  are  160 gal, 190 gal and  220 gal, and  the frequency is set constant
at  6 Hz.  The horizontal periodic loading is applied  continuously  until sand  boils di
within  the sand  mass.  Pore water  pressure in the saturated  sand  layer as well  as the hSoarPieoearn-
tal acceleration  of  the shaking  table are  measured.

                    3. RESUI;I]S AND  CONSIDERATIONS

  Curve (a) of  Fig. 3 shows  the horizontal acceleration  of  the shaking  table. Curve (b) shows
change  in excess pore water  pressure for P7  under  the membrane,  superimposed  by that for
P6 located at the center  of  the bQx. As can  be seen, the  trend  for both curves  are  almost
identical.

 Howeveg  the amplitude  for dynamic pressure for P6 is zero,  whereas  for P7, it
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is about  O.25 kPa. The  corresponding  change  for P5 located above  the membrane  has the

same  pattern as  that for P7, but with  lesser value.  Curve (c) shows  changes  in excess  pore
water  pressure for P3 within  the sand  boil region,  i.e., above  the slit. Likewise, the change

in excess pore water  pressure for Pl and  P2 has also the same  pattern, but with  a lesser vaiuq

as  that for P3.
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Fig. 3 [[Ypical Tecords  of  experiments  for H=  30 cm  and  frequency=6 Hz.
     curve  (a) : horizontal acceleration
     curve  (b) : excess  pore  water  pressure at P7 and  P6

     curye  (c) : ercess  pore water  pressure at P3

  3.1. Hydrodynamic  pressure
  Three stages  of  excess  pore  water  pressure changes  can  be seen  in curve  (b) ef  Fig. 3. The
first stage  shows  the rise  of  the  excess  pore  water  pressure to the initial effective  overburden

pressurq ob'. The  second  stagq  where  liquefaction occurs,  depicts the constant  excess  pore
water  pressure. The  third stage  shows  the decrease in the excess  pore water  pressure For

points P5, P7 and  P8, the excess  pore water  pressure has a cyclic pressure component,  or

termed  as  hydrodyhamic pressurq from the beginning up  to the efid of  liquefaction.

a) Hydrodynamic  pressure in homogeneous  liquid material

  When  Iiquefaction occurs  in the saturated  sand  laye" sand  panicles lose their contacts.
In effect,  sand  particles and  water  behave like a  liquid material.  Assuming  that the liquid-
like material  is incompressible with  inviscid and  irrotational motion,  we  can  applM  for an
equilibrium  state of  the material,  the two  dimensional Laplace  equation  expressed  as:

  v2th =o  (1)

where  O is the velocity  potential function of  fluid due to harmonic excitation. This equation
is valid  only  when  the maximum  er[cess pore water  pressure is reached.

 Fig. 4 shows  the  boundary  conditions  fbr a  homogeneous  liquid material:

a)at  x  =  O andx  =  a, athrax =  xoinexp  (i9t)
b) at z =  -H;  Otbloz ==  O.
c)  free surface  at z =  O,
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where,  x  and  z are  the .horizontal and  vertical  Cartesian coordinates,  respectivelM  a  is the
length of  the box, His  the  depth of  the liquid, i is the square  root  of  (- 1), 9 is the excitation
frequencyi x6  is the translational excitation  amplitude,  g is the acceleration  due to gravity
andtis  the time variable.
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Fig. 4 Boundary  conditions  considering  the sand  layer as a  homogeneous  medium.

  Note that boundary condition  (a) applies  only  to very  small  horizontal vibratory  displace-
ment.  Using the Laplace equation  solutions  as  suggested  by Bauerri), the horizontal motion
of  the  box can  be appraximated  by  superimposing  two  fiuid motions,  i.a, (1) horizontal
fluid motion  at  the  right  sidq  with  al1 other  sides  of  the box fixed and  (2) horizontal fiuid
motion  at the left sidq  with  all other  sides  of  the bax fixed also.  Conforming to the bound-
ary  conditions  as  stated  above,  the velocity  potential function of  fiuid due to harmonic exci-
tation  can  be expressed  as:

  ¢  =  xoi9exp  (i9t) [ (pc212a)-(a=x)212a

           +f/ :., 
((il)n"nin)2

 
COSh[n:!Z.+oget

 
].mcosa)(n7Txla)]

 (2)

where,  nn is the ratio  of  9 to wn;  wi=(gn  Tla)  tanh  (nTalM, and  n  is an  integen Note that
equation  (2) does not  include integral constants  because the volume  of  the liquid-liko
material  is assumed  to be constant  throughout  the duration of  the experiment.  As shown
in Lambi2), hydrodynamic pressure Cph) can  be expressed  as:

  ph=Q(OgblOt)  (3)
where  Q is the mass  density of  the saturated  sand  behaving as  a  liquid-like material.  The
existence  of  hydrodynamic pressurg when  saturated  sand  layer is in a  liquid-like condition,
is confirmed  by equation  (3).
  

Fig. 5 shows  the theoretical relationship  [as expressed  by equation  (3)] between the  ampli-
tude of  the  hydrodynamic  pressure, Ap, and  xila  for a total depth H=  30 cm,  frequenqy== 6
Hz, amplitude  of  horizontal acceleration=180  gal and  xi  >O,  where  xi  is the  horizontal dis-.
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tance measured  from the center  of  the sand  layer to the point in consideration.  Attempts

have been made  to plot a similar  figure based  on  experimental  data. Howeveg  the shaking

table used  is so  sensitive that we  cannot  fix the horizontai acceleration  to coincide  with  a

theoretical horizontal acceleration.  As such,  a  gragh based on  the experimental  data under
a fluctuating horizontal acceleration  ¢ annot  be compared  with  that of  Fig. 5 which  uses  a

fixed horizontal acceleration.  The same  figure indicates that the arnplitude  of  the

hydrodynamic pressure is zero  at  the center  of  the box (xi=O) and  becomes greater in the
direction towards  the  wal1  of  the box, until  it reaches  its maximum  vaiue  of  about  O.74 kPa.

Based on  equation  (3), the hydrodynamic pressure distribution is not  linean It can  also be

seen  that the arnplitude  of  hydrodynamic pressure is zero  at the surface  of  the sand  layer

and  becomes greater in the  direction towards the bottom of  the box. On  the other  hand,

the  horizontal periodic loading produces  cyclic displacements in the  liquid-like material

which  in turn leads to the occurrence  of  a  hydrodynamic pressure.
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Fig. 5 Theoretical relationship  between the amplitude  of  hydrodynamic pressure and  xila  for H'=30
     cm,  frequency  =6  Hz,  horizontal acceleration=180  gal and  xi  >O.

  Fig. 6 shows  the relationship  between the amplitude  of  hydrodynamic pressure at point
P7 from equation  (3) and  the amplitude  of  hydrodynamic pressure measured  from the  erc-

periments  for H=30  cm  and  frequency=6 Hz. Fbr this casq  theoretical and  experimental

coniparison  is made  possible by conducting  a  special  experiment  to obtain  experimental

horizontal accelerations  whose  values  are  then  used  in equation  (3). This figure indicates
that  the  theoretical  and  experimental  amplitudes  are in good  agreement.  Likewisq this
figure suggests  that Fig. 5 as  obtained  from equation  (3) may  agree  with  the  experimental

amplitude  distribution of  hydrodynamic pressure. It proves the  existence  of  hydrodynamic

pressure during liquefaction. The  recorded  hydrodynamic pressure in the tests confirms  the

occurrence  of  dynamic movement  in the saturated  sand  layer due to horizontal ericitation.

Hydrodynamic  pressure derived from  equations  <2) and  (3), howeveg can  be used  only  dur-
ing liquefaction since  the  potential to applies  only  te liquids or  liquid-!ike media.

b) Hydrodynamic  pressure in non-homogeneous  liquid material

  When  sand  particles have  settled  on  the  clay  layer, and  when  a  water  interface has been

formed directly under  the clay  layer from which  sand  boils start to penetrate upward,  the
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Fig. 6Relationship  between the theoretical and  ercperimenta1  amplitudes  of  hydrodynamic pressure

experimental  condition  becomes non-homogeneous.  As such,  hydrodynamic pressure der-
ived from equations  (2) and  (3) becomes invalid. In this casq  howeveg these equations  are

used  to prove the existence  of  hydrodynatnic pressure due to applied  horizontal er[citation.

 Fig. 7 shows  the relationship  between the amplitude  of  horizontal acceleration  and  the

amplitude  of  hydrodynamic pressure at P7  for H==  30 cm  and  ftcquency=6 Hz. This figure
indicates that hydrodynamic pressure also ercists in the non-homogeneous  liquid-like materi-

al. It is noted  that  the  amplitude  of  hydrodynamic pressure as  an  output  is proponionai to
the amplitude  of  horizontal excitation  as  an  input loading. With  an  increase in the arnpli-

tude of  the horizontal excitation, correspondinglM  the  amplitude  of  hydrodynamic pressure
mcreases.
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Fig. 7Relationship  between the amplitude

hydrodynamic pressure for H=30  cm,of

 horizontal acceleration and  the
frequency= 6 Hz.
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  During  liquefaction, sand  particles gradually settle. This means  that layers with  a lower
density will  be formed right  on  top of  the upper  sand  layer and  directly under  the clay  layer

(Seedi3)). Moreoveg  a  water  interface may  also  be formed under  the  clay  layer. It is deduced
that dynamic movement  Iikewise occurs  directly under  the clay  layen The dynamic move-

ment  increases proportionally with  an  increase in the horizontal excitation.  This dynamic
movement  is predicted by the hydrodynamic pressure data recorded  during the experiment,
e.g., curve  (b) of  Fig. 3, This dynamic movement  may  initiate fractures in the weak  region

of  the clay  layen

  3.2. Change  of  excess  pore water  pressure in the saRd  boil region

  Curve (c) of  Fig. 3 shows  seven  stages  (AB, BC, CD,  DE,  EG, GH,  HJ)  in the change
of  excess  pore water  pressurq at points (P3, P4) in the sand  boil region  above  the slit. Sand
boil region  is defined as  the region  above  the clay  layer where  sand  boils accumulate  after

penetrating upward  through  the crack  (i.e., the slit) in the elay  layer.

  a), Initial increase in erccess  pore  water  pressure <AB)
  At point A, excess  pore  water  pressure is zero.  This implies that  pore water  pressure is
equal  to the static water  pressure. With an  increase in the excess  pore water  pressurq the

effective  stress correspondingly  decreases.
  b) Initial constant  excess  pore water  pressure (BC)
  Initial liquefaction occurs  at  point B. From  this point, sand  particles completely  lose their
contacts  and  effective stress  becomes zero.  As  a  result,  sand  layer loses its. strength.  Li-

quefaction occurs  during this stagq  and  heavy structures  that may  be found on  the surface
of  the sand  layer will start sinking.

  c) Initial decrease in erccess pore water  pressure (CD)
  The  settling  of  sand  particles en  the clay  layer causes  the sand  particles to gain contacts
again.  During liquefaction, sand  panicles lose their contacts  completely  Howeveg  due to
their own  weight,  arid  in spite  of  still being subjected  to horizontal excitation, the sand  parti-･
cles in the upper  layer settle on  the clay  layeg and  the sand  particies in the bottom layer
settle to the bottom of  the box. ConsequentlM sand  particles gradually gain contacts,  which

ultimately  increases the effective stress. The  increase in the effective stress is equal  te the
decrease in excess  pore water  pressure, In the absence  of  a  slit or  crack  in the clay  layeg the
excess  pore water  pressure decreases continuously  to  zero.

  Fig.- 8 shows  the relationship  between the  amplitude  of  the  horizontal acceleration  and

time, td, from A  to D  in curve  (c) of  Fig. 3 at  Pl for a  total thickness H=  30 cm,  depth ra-

tios (dr) =O.33,  O.5 and  O.67. This figure shows  that the greater is the horizontal accelera-
tion, the shorter  is the  time  td. No  ercplanation,  howeveg can  be deduced out  of  this
relationship.  Likewisq this figure indicates that the greater the depth ratio, i.e., the deeper
the location of  a  clay  layer is, the longer is the time td. The  longer time td is obviously
caused  by a longer settling distance on  the part of  the sand  particles. From  this stagq  it can
be deduced that the settled sand  particles gradually increase the effective stress, thus, conse-

quently decrease the excess  pore water  pressure on  the clay  layer and  around  the crack.

  Sand  particles on  the 

'upper
 sand  layer settle  on  the clay  layeg while  those in the lower

layer settle  to the bottom of  the box. This leads to the fbrmation of  a water  interface directly
under  the clay  layer (stage CD). At this particular instant, however, sand  boils have  not  o ¢

-

curred  yet. The  water  layer gradually becomes thicker due to continuous  settling  of  sand

panicles. The  water  layer has a constant  pressure equal  to the saturated  unit  weight  of  the
upper  sand  layer rnultiplied  by the height hi, or  7sathi. Howeveg  the pore  water  pressure
at a  point arbund  the crack  region  in the upper  sand  layeg as  explained  abovq  is decreasing
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to a value  less than 7sathi. Hence, difference in pore water  pressure occurs.  This causes  the
water

 layer to penetrate upward  through  the crack  finally reaching  the surface  of  the  upper
sand  laye: This describes the phenomenon  called  sand  boiling as  shown  in Fig. 9.
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Fig. 9 Sand boiling phenomenon.

  Fig. 10 shows  the  relationship  between the excess pore water  pressure (at initial liquefac-
tion at point B, Auo,                  and  at lowest pressure in stage  CD, Aud) and  the amplitude  of
horizontal acceleration  at points Pl, P2, P3 and  P4. This figure shows  that liquefaction has
occurred  because al1 values  of  Auo  are  equal  to the initial effective  stress. The  decrease in
pore water  pressure is obvious.  As explained  abovq  sand  particles that settle  on  the clay  layer
cause

 
the

 
incrpase

 in the effectiye  stress and  consequentlM  the decrease in excess  pore water
pressure at points around  the crack.  The  difference in pore water  pressure initiates the  occur-
rence  of  the flow of  sand  boils.



Japan Society for Natural Disaster Science

NII-Electronic Library Service

JapanSociety  forNatural  Disaster  Science

52 B. WiBAwA, H. OHKma  and  IZ OKuMA: Sand Boiling Due to Liquefaction

i-Lii

t

O.8

!,O.6:th2cts

 O.4--sea

  O.2:s:o15017520022S250

1

x  e･saJ

!:
 O.6$Ets1

 O.4lea$

 O.2e:e

otse175200225250

amplitude  ot  horizentel  acceleration  (gal) amplJtude  ot  horizental  
"ecceSeratien(gel}

Fig. 10 Relationship between the  excess  pore  water  pressure (at initial liquefaction, Auo, and  at the

      Iowest point in stage  CD,  Attd) and  the amplitude  of  horizontal acceleration  for points Pl,
      P2, P3, P4 for H=  30 cm  and  frequency =6  Hz.

  d) Second increase in excess  pore  water  pressure (DE)
  The  flow of  sand  boils to the  surface  of  the  upper  sand  layer produces an  increase in erc-
cess  pore  water  pressure for the second  time. 

'Ybshimii4),
 in discussing boiling phenomenon

and  using  permeability tests, arrived  at a value  of  about  3.5 × 10-2 cmlsec  as  the velocity

of  water  that flows upward  when  critical gradient is reached,  i.e., when  a boiling phenome-
nQn  occurs.  Fbr the case  of  sand  boils, howeveg the ayerage  velocitM  as  evaluated  from the
videotapq  is about  1oo times  1arger and  ranges  between 2.37-5.29  cm!sec.  As  a  result,  the

flow of  sand  boils appears  to  ercert a  strong  impact, similar  to that of  a  strong  blow to a

punching bag, towards  the upper  sand  layer. Sand particles that may  be encountered  by the

sand  boils during the flow will be forced out.

  When  liquefaction in the upper  layer gradually finishes, the effective  stress increases out-

side  the sand  boil region,  but the effective stress  decreases and  the excess  pore  water  pressure
increases at  the top of  the flow within  the sand  boil region,  which  is still connected  with

the water  interface directly under  the clay  Iayer through  the crack.  Because the water  from
the water  interface forces sand  particles to  be moved  out,  the density in the  sand  boil region
then  becomes lower than  the saturated  density Fig. 9 explains  the sand  boiling phenomenon
schematicaily  Assuming  that the liquefaction of  the upper  sand  layer is nearly  finished,
consider  points 1 and  2, where  point 1 is outside  the sand  boil region,  whereas  point 2 is
very  near  point 1 but inside the  sand  boil region.
At point l, pore water  pressure =7wd  (4)
         effective stress =  (7sat-7w)d (5)
At point 2, pore water  pressure ==  Vsathi-Yy  (6)
  It must  be noted  that at point 2, effective stress is zero  because the sand  boil region  is
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in the liquid-like stata

  The  average  density in the sand  boil region,  7, is greater than  7w but less than  7sat, i.e:,

7w  <  V <  7sat. The  difference in pore water  pressure between points 1 and  2, which  are

very  close  to each  otheg  is

[(6)-(4)]: ('Ysathi-7Y)-(orwCD
From  Fig. 9, y  =  hi-d.  Substituting M
                   ['Ysatht -  

'Y(hi
 -  d)] -  

'Ywd

Simplifying,
                   (lrsat-'Y) h1+('Y-'Yw)d>O  (7)
  The initiation of  the flow of  sand  boils is based on  equation  (7). However,  when  the flow

penetrates through the upper  laye4 the difference in total pressure at the top of  the flow

between points 1 and  2 is

(6)-[(4)+(5)]: (crsat-7)y>O (8)
From  this point, the flow of  sand  boils must  be discussed ip terms of  total stress (total presr
sure)  from equation  (8). This is because the velocity  of  sand  boils is much  greater than the

velocity  of  flow in case  of  plain boiling. The  di･fference in total pressure allows the sand  boils

to penetrate even  up  to the  surface  of  the upper  sand  layeL As  can  be verified  from equatiOn

(8), the  greater the distance y, the larger is the  difTerence in total pressurq thus, the higher
is the velocity  of  the sand  boilsiS).
  Fig. 11 shows  the relationship  between the errcess  pore  water  pressure (at the lowest and
highest points of  stage  DE,  Aud, Aum,  Tespectively  in curve  (c) of  Fig. 3 and  the  amplitude

of  horizontai acceleration  at points Pl, P2, P3  and  P4. Fbr P3  and  P4, the initial effective

stress is O.79 kPa. However, exeess  pore water  pressure higher than  O.79 kPa  have been
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Fig. 11 Reiationship between the excess  pore water  pressure (at the lowest and  highest points in stage

      DE,  i.e., Aud and  A"m,  respectively)  and  the amplitude  of  horizontal acceleration  for points
      Pl, P2, P3, P4 for H==30  cm  and  frequency=6 Hz.
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recorded  as  shown  in the figure, A  cross reference  can  be made  in curve  (c) of  Fig, 3 where

an  increase in erccess porewater pressure can  be observed  from D  to point E which  is higher

than  point B, the point of  initial effective  stress.  In the absence  of  sand  boiling phenome-
non,  excess  pore water  pressure decreases continuously  from point D  until it reaches  the

value  of  zero.  Howeve4  for this typical medel,  sand  boiling occurs  at  the instant when  erccess

pore water  pressure is lower than  the initiai effective  stress  which  consequently  results to an

increase in erccess pore water  pressure higher than  the initial effective stress. This is very  ap-

parent when  the  sand  boils pass directly through  the transducers P3.and  P4. Howeveg  for

cases  where  the sand  boils do not  pass through  these points, values  lower than  the effe ¢tive

stress are also  recorded  as shown  in Fig. 11. SimilarlM from Fig. 11, the same  observations

can  be made  for Pl and  P2  whose  initial effective stress is O.39 kPa.

  e) Second decrease in excess  pore water  pressure (EG)
  Sand particles directly on  top of  the sand  boil region  gradually settle  down  and  mix  with

the sand  boils. Likewisq sand  particles near  the vicinity of  the sand  boil region  may  also

blend with  the sand  boils. Hencq  the average  density in the sand  boil region,  7, from equa-

tion (6), becomes greaten ConsequentlM the pore water  pressure in the sand  boil region
decreases. Photograph 2 shows  sand  boils reaching  the surface  of  the sand  layer at point
F  of  Fig. 3. The  total thickness of  sand  layer is 40 cm,  depth ratio is O.5 and  frequency is

6 Hz. It can  be seen  that the surface  of  the sand  layer was  pushed  open  by the flow of  sand

boils.

Photograph 2Sand  boils at the instant of  initially reaching  the surface  of  sand  layer for H=40  cm,

depth ratio=O.S  and  frequency=6 Hz.

#1: lmpervious thin membrane  (under this membrane  is a  water  interface that resulted

   due to the settling  of  sand  particles in the lower sand  layer).
#2: two-sided adhesives  (whitish portion) used  to fix the location of  the impervious thin
   membrane.

#3: Sand  boils at  the instant of  reaching  the surface  of  the sand  layer. Note  the protuber-
   ance  above  the sand  layer surface.
#4: This is the region  where  sand  boils find their way  upward  through  cracks  in the upper
   sand  layer Note that the path  is not  vertically  straight.  Rather, it follows that of  a ser-.

   i¢ s of  sharp  turns corresponding  to the location of  weak  regions  in the layer.
#5: At the instant the surface  of  the sand  layer has been pushed opened  due to the sand

   boils' rush,  this region  is instantapeeusly lifted up  creating  turbulence around  the

   neighboring  sand  particles. 
'
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  D Second constant  erccess  pore  water  pressure (GH)
  By  visual  inspection, the velocity  of  sand  boils increases far greater immediately after the

sand  layer surface  has been pushed  opened.  When  the sand  boils are stiil penetrating the
upper  layer before the sand  layer surface  is pushed  open,  the velocity  of  fiow is about  2.37
-  5.29 cmlsec.  In this stagq  the difference in pore  water  pressure between the surface  of

the  sand  and  that in the water  interface is constant.  Hencq  erccess pore water  pressure is
constant.  The aforestated  phenomenon  can  be seen  in Photograph 3 where  sand  boils reach
as  high as  4 crn above  the surface  of  the sand  laye= This photograph is the  sarne  model  used

in Photograph 2.

Photograph 3 Sand boils at the surfaoe  of  the sand  layer a  fdw seconds  after  the sand  layer has been

           opened  for H  =40  cm,  depth ratio=  O,S and  frequency=6 Hz.
        #1: A  relatively  1arge heap created by sand  boils as thcy continue  rushing  to the surface

           of  the sand  laye: Cornpare the size  with  that of  Photograph 2, Caption #3.
       #2: Irnmediately after  the surface  of  the sand  layer has been pushed opened,  urrward  ve-

           locity of  sand  boils tremendously  increases, allowing  sand  particles to gain strength
           as  to be able to push any  sand  particles that are  encountered.  This leads to the forma-
           tion of  a  relatively  vertical  path as shown.

       # 3: This  region  directly under  the slit is characterized  by sand  particles -riK)ving turbulently

           in a  circular  motion  as  thqy are  being pushed up  passing through the. slit

f-

  g) Third  decrease in e)rcess  pore water  pressure (HJ)
  The gradual diminution of  the water  interface and  the settling of  sand  particles to the

sand  boil region  result in the decrease in excess  pore  water  pressure within  the sand  boil

region.  Sand particles settle down and  gain contacts  again.  Hencq  effective stress increases

and  the e)rcess pore water  pressure gradually decreases. M:locity of  sand  boil becomes lower
to such  an  extent  that only  panicles of  relatively  very  small  diameters, e.g., silt, flow out
to the  surface  of  the sand  layen This result can  be confirmed  in actual  field cases  where

silt or  sand  particles of  relatively  small  diameter are  found over  a  sand  crater.  In this stagq
the  disappearance of  sand  boils from the surface  of  the sand  layer is at point I.

  3.3 Mechanism  of  sand  boiling in non-homogeneous  sandy  ground
  Based on  experimental  results, the occurrence  of  sand  boiling during liquefaction in non-
homogeneous  saturated  sandy  ground  can  be explained  as fbllows:

  Liquefaction resulting  in the occurrence  of  sand  boiling occurs  in the non-homogeneous
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sandy  ground due to dynamic excitation,  say;  as caused  by an  earthquake.  Excess pore  water

pressure rises' to the  initial effective  overburden  pressure

  During liquefaction, sand  particles lose their contacts  and  behave as  a  liquid-liko materi-

al. Dynamic  movernent  of  sand  particles and  water  are  confirmed  by the existence  of

hydrodynamic pressure which  may  introduce fractures or  cracks  in the clay  layer's weak

region  due to thickness' variation.

  After some  tirne, sand  panicles begin to settle. Water layers are  formed at the surface  of

the sand  layer and  directly under  the clay  layer. Sand  particles in the upper  layer settle on

the  clay  layeg while  sand  particles in the bottem layer settle  to the bottom of  the box. The

settling  allows  the sand  particles to be in contact  again,  which,  in effect, increases the effec-

tive stress and  decreases excess  pore  water  pressure. Inspite of  the constant  water  pressure

in the water  interface diTectly under  the  clay  layeg there is a difference in pore water  pressure

around  the crack  of  the  clay  layer because of  the decrease in excess  pore water  pressure. This

difference in pressurc initiates the phenomenon  called  sand  boiling.

  During  the flow towards  the upper  layeg difference in total pressure between the inside

and  outside  portion of  the sand  boil region  also  occurs.  The  difference allows the  flow to

go  farther to the surface  of  the sand  layen InitialIM the velocity  of  flow is rather  slow)  but

increases with  the elapse  of  time.

  When  sand  boils reach  the surface  of  the sand  layeq the  velocity  of  flow is increased

simultaneously  Sand  particles and  water  in the bottom layer are  instantaneously lifted

towards  the crack  (Fig. 12). After some  timq  the water  interface gradually diminishes. As

a  result,  the flow velocity  decreases and  only  silt or  sand  particles of  relatively smal1  di-
ameter  fiow out  to the surface  of  the sand  laye4 consequently  covering  the  craten  FinallM

the flow of  sand  boils stops.

Fig. 12 Schematic diagram of  sand  boiling phenomenon  and  its fiow directions.
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                      4. RELiffED  FIELD  PROBLEMS

  Based  on  the facts stated  abovq  the fo11owing resolutions  can  be deduced:

  During liquefaction, the ercistence of  a clay  layer separates  the saturated  sandy  ground
into two  layers. The  settling distance of  sand  particles, particularly in the upper  layer, is

shorter  than  that for a homogeneous sandy  layer which  has basically the same  depth but

without  any  separation.  Hencq  liquefaction in the upper  layer of  the homogeneous  sandy

layer finishes within  a  shorter  time. The  effect  may  be seen  frorn buildings underlain  by non-

homogeneous  sand  1ayer which  exhibit  lesser settlement  compared  to those on  top of  a

homogeneous  sand  layer of  the same  overall depth. Similar effect can  be seen  on  under-

ground structures, ag,  conduits  buried in the  upper  sand  layer where  upward  movement  is

lesser than  those located in a  homogeneous  sand  layer of  equal  overall  depth.

  Fbr  the  case  of  a  non-homogeneous  sandy  ground,  the clay  Iayer prevents water  from the
bottom  layer to penetrate upward  to the surface  of  the sandy  ground. As  a result, a  water

interface directly under  the clay  layer will be formed ieading to the occurrence  of  sand  boil-
ing. The  penetration of  sand  boils to the upper  sand  layer causes  liquefaction within  the

sand  boil region.  Structures near  this region  will  be damaged severely  through tilting or  set-

tlernent.

  The existence  of a water  interface directly under  the clay  layer can  cause  horizontal move-
ment  of  the sandy  ground  leading to differential settlement  of  structures. One  cause  of  the

movement  may  be due to the inclination of  a  clay  layeg which  is a  usual  casq  within  the
sandy  ground. Another cause  may  be accounted  for by the nature  ef  liquefaction which  is

characterized  by the flow of  sand  boils out  to the surface  of  the ground,  thus leading to
the  settlement  of  structures.  Likewisq due to the low permeability of  the  clay  layeg the water

interface rnay  exist  for a  relatively  long time during which  the upper  sandy  ground niay  slip

against  the bottom  layeg as  effected  by the zero  strength  of  the water  la}reg thus causing

horizontal movement.  This movement  can  cause  great damage to structures,  e.g,, breakages
in pile fbundations.

  During  an  earthqualee,  sandy  ground receives  shear  waves  directly from the  bed rock.

Howeveg the formation of  a water  layer within  the sandy  ground  produces a discontinuity
which,  in effect,  serves  as a  

"shock
 absorber"  and  thus mitigating  shear  wave  acceleration.

The  amplitude  due to shear  wave  acceleration  is then decreased in the upper  sand  layer
which  is located above  the water  and  clay  layers. As  a result, complete  collapse  or  disintegra-
tion of  structures  overlying  this sand  layer may  be prevented. Instead, failure due to sink･ing
or  settlement  of  structures  may  result,  which  is not  as  fatal as  structural  disintegration.

                           5. CONCIVSIONS

Based on  ercperimental  results  and  considerations,  the following conclusions  are  qttained:
a) Non-homogeneity as  a  clay  layer in the sandy  ground plays an  important role in the

  occurrence  of  sand  boiling.
b) The  existence  of  a clay  layer prevents water  in the bottom layer to flow upward.  Hencq

  a  water  interface will  be formed directly under  the clay  laye:
c) During liquefaction, dynamic mevement  in the sandy  ground  is confirmed  by the exis-

  tence of  hydrodynamic pressure. Hydrodynamic pressure may  introduce fractures in
  the weak  region  of  the clay  layeL
d) Sand boils start to flow when  excess  porewater pressure in the upper  layer starts to

  decrease. Sand particles that settle  on  the clay  iayer produce  a  difference in pore  pres-

  sure  around  the crack  of  the  clay  Iayen This difference in pore water  pressure initiates
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the occurrence  of  sand  boiling.
e) The difference in total pressure between the inside and  outside  portions of  the sand

  boil region  causes  the  flow to  go farther to the surface  of  the sand  layer.

fi After the surface  of  sand  layer has been opened  due to  sand  boiling, the veiocity  of

  fiow simultaneously  increases. Howeveg  due to  the diminution of  the  water  interfacq

  the  flow  of  sand  boils gradually diminishes. During  this timq silt or  sand  particles of

  relatively  small  diameter flow out  to the surface  of  sand  layeg consequently  covering

  the craten

g) The  existence  of a water  interface directly under  the clay  layer in the sandy  ground

  produces separation  between the  upper  and  bottom sand  layers. The  water  interface

  partialiy insulates the arnplitude  of  acceleratien  ef  shear  waves  during an  earthquakq

  thus decreasing the amplitude  as it reaches  the surface.  The  inclination of  the  clay  lay-

  er  can  cause  a horizontal movement  of  the sandy  ground  leading to  difTerential settle-

  ments  of  structures.
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厂液状化に伴 う噴砂現象の 実験的研究」

フ ァ イ ゥ ィ
バ ワ

， 大 川 秀 雄 ，大 熊 孝

要　 旨

　砂地盤 中に薄い粘土層が存在す る こ とは よ く見 られ る 。 そ の粘土層 に は、弱点があ っ た り地

震動 に よ っ て 亀裂が 生 じた りする可能性がある 。 そ の よ うな砂地盤で の 噴砂現象の メ カ ニ ズ ム

を明らか にするため、模型地盤 に水平 振動を加え て 液状化を起 こ した と こ ろ 、 粘土層の 下に 水

層が形成 され、砂地 盤は上下二 層に分割 された 。 上層の 液状化が終わ り始あ る と上層 と水層間

に間隙水圧 の 差が生 じ、粘土層の 亀裂 か ら水層の 水が上層内に貫入 し始め、噴砂流が発生 した 。

また実験か ら、 水層の形成が上層地盤 の 挙動に大 きく関わ る こ とが 予想 され た 。
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