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Som e Factors A ffe c tin g  Tunnel G ully Erosion

Q u e lq u e s  F a c te u rs  A f fe c ta n t  I 'E ro s io n  p a r  R u is se a u  S o u te r ra in
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G .J . S C H A FE R  S o il B u re a u , L o w e r H u tt,  N e w  Z e a la n d

B .B . T R A N G M A R

SY N O P SI S The l oess soi l s whi ch cover  a l ar ge par t  of  t he Por t  Hi l l s  i n Chr i s t chur ch,  New
Zeal and,  suf f er  f r om a ser i ous er os i on pr obl em known as ' Tunnel  Gul l y  Er osi on' .  I n t hi s f or m of  
er osi on,  an under gr ound t unnel  f or ms and enl ar ges wi t h t i me unt i l  t he t unnel  r oof  col l apses t o f or m 
a gul l y.  Usi ng a modi f i ed ver s i on of  t he Sher ar d pi nhol e t est  f or  di sper s i ve soi l s,  quant i t at i ve 
val ues  of  soi l  er odi bi l i t y  can be obt ai ned.  Er odi bi l i t y  t est s,  par t i c l e s i ze di s t r i but i on 
measur ement s ,  sat ur at ed ext r act  anal yses,  and SCS di sper s i on t est s wer e per f or med.  The r el at i on­
shi ps bet ween t hese measur ement s  and t he t ype of  er os i on whi ch t akes pl ace has been i nvest i gat ed,  
and changes of  pr oper t i es  wi t h dept h i n soi l  pr of i l es  have been st udi ed.

Cor r el at i ons have been obser ved bet ween sodi um cont ent  of  t he sat ur at ed ext r act ,  t he SCS di sper s i on 
t est  r esul t s,  and er odi bi l i t y .  Di s t ur bed or  compact ed soi l s gener al l y  show a hi gher  er odi bi l i t y  
t han t he cor r espondi ng undi s t ur bed soi l s.  Suscept i bi l i t y  t o er os i on does not  i mpl y,  however ,  t hat  
er osi on wi l l  occur .  I t  i s al so necessar y  t o have t he appr opr i at e l and f or m and cl i mat i c  
condi t i ons.  The ef f ect s of  hydr at ed l i me and phosphor i c  aci d on er odi bi l i t y  of  one er odi bl e soi l  
ar e r epor t ed.  Under  some condi t i ons phosphor i c  aci d t r eat ed mat er i al  i s appar ent l y  l ess er osi on 
r es i s t ant  t han unt r eat ed soi l .

IN TRO D U CTIO N

The Por t  Hi l l s  of  Chr i s t chur ch,  New Zeal and,  
f or m t he nor t her n s l opes of  t he er oded basal t i c -  
andes i t i c  vol cani c  compl ex of  Banks Peni nsul a.  
The vol cani c  r ocks ar e of t en mant l ed wi t h Lat e 
Pl ei s t ocene l oess deposi t s.  The soi l s f or med 
i n t he l oess and i n t he sl ope depos i t s  der i ved 
f r om i t  suf f er  f r om a t ype of  er os i on known as 
t unnel  gul l y  er osi on.  I n t hi s f or m of  er csi on,  
an under gr ound t unnel  f or ms and enl ar ges wi t h 
t i me by t he act i on of  f l owi ng wat er ,  unt i l  t he 
t unnel  r oof  col l apses t o f or m an open gul l y.

Tunnel  gul l y  er os i on has been obser ved ( Hoski ng,  
1962;  Fi t zger al d,  1966;  Hughes,  1970;  Mi l l er ,  
1971;  Gr i f f i t hs,  1974)  i n some pl aces on t he 
Por t  Hi l l s  f or  many  year s,  but  was not  per cei ved 
as a maj or  hazar d because t he af f ect ed l and was 
used mai nl y  f or  semi - ext ens i ve gr azi ng of  sheep 
and cat t l e.  Mor e r ecent l y,  ur ban devel opment  
was per mi t t ed t o occur .  I n some l ocat i ons si t e 
wor ks cr eat ed onl y a mi ni mum of  di st ur bance.  
El sewher e t he l oessi al  soi l  mat er i al s  wer e r e­
di s t r i but ed over  t he l andscape by ear t hmovi ng 
machi ner y  t o make t he cont our s  mor e sui t abl e f or  
housi ng.  Pr obl ems wi t h t unnel  gul l y  er osi on 
ensued ver y qui ck l y ,  espec i al l y  wher e l ar ge 
scal e l andscapi ng had been done,  and quant i t i es  
of  er oded sedi ment  wer e depos i t ed i n t he wat er ­
cour ses whi ch dr ai n t he di st r i ct .

Thi s i nvest i gat i on at t empt s t o char act er i se t he 
er osi on suscept i bi l i t y  of  some of  t he soi l s and 
t he poss i bi l i t y  of  cor r ect i ve l i me or  phosphor i c  
aci d t r eat ment s.  To t hi s  end a quant i t at i ve 
adapt at i on of  t he pi nhol e t est  f or  di sper s i ve 
soi l  has been devel cped.  The er osi on i ndex 
obt ai ned f r om t hi s  t est  i s used t o compar e

undi s t ur bed and r emoul ded ( compact ed)  mat er i al  
and t o assess some char act er i s t i cs  of  l i me and 
phosphor i c  aci d t r eat ment s.  Er os i on i ndex 
r esul t s  ar e compar ed wi t h SCS l abor at or y di s ­
per s i on t est  r esul t s  and wi t h t he r esul t s of  t he 
or i gi nal  qual i t at i ve pi nhol e t est .

SAM PLE S I T E S

At  el evat i ons above about  360 m,  t he c l i mat e i s 
humi d wi t h a mean annual  r ai nf al l  gr eat er  t han 
900 mm.  At  l ower  el evat i ons t he c l i mat e of  t he 
Por t  Hi l l s  i s sub- humi d wi t h a mean annual  r ai n­
f al l  r angi ng f r om 550- 900 mm.  Soi l s  i n t he 
humi d zone ar e moder at el y  t o s t r ongl y l eached,  
whi l e t hose i n t he sub- humi d zone ar e weak l y  
l eached.

Fi ve of  t he pr of i l es  sampl ed ( Takahe,  Ot ahuna,  
Cl i f t on,  Ki wi  and Scar bor ough soi l s)  wer e t aken 
f r om a t r ansect  down a r epr esent at i ve sl ope i n 
t he sub- humi d zone of  t he Por t  Hi l l s  ( Fi g. l ) .
Two ot her  pr of i l es  wi t h s i mi l ar  par ent  mat er i al  
but  wi t h di f f er ent  l eachi ng r egi mes wer e 
sampl ed t o compar e t he r esul t s  of  t he soi l s i n 
t he t r ansect .  A ver y  weakl y  l eached soi l  
( Godl ey)  was sampl ed on a r i dge summi t  exposed 
t o i nf l uxes of  sal t s f r om of f - sea wi nds i n t he 
l owest  r ai nf al l  ar ea of  t he sub- humi d cl i mat e 
zone.  The ot her  pr of i l e sampl ed was f r om a 
moder at el y  t o s t r ongl y  l eached soi l  ( Summi t )  on 
a r i dge summi t  i n t he humi d cl i mat e zone.

The Takahe,  Godl ey and Summi t  pr of i l es  wer e al l  
f or med f r om i n si t u l oess whi l e t he Ot ahuna,  
Cl i f t on,  Ki wi  and Scar bor ough soi l s wer e f or med 
f r cm sl ope depos i t s  der i ved mai nl y  f r om l oess 
but  wi t h smal l  canponent s  of  r ock f r agment s

31 -  017103 481



3/22

d e r i v e d  f r o m o u t c r o p p i n g  b a s a l t i c  r o c k s .

F i g . 1 Sc h e ma t i c  d i a g r a m o f  s l o p e  f r o m wh i c h  

s a mp l e s  o f  T a k a h e ,  Ot a h u n a ,  Cl i f t o n ,

Ki wi  a n d  Sc a r b o r o u g h  s a mp l e s  we r e  t a k e n .

Mo s t  o f  t h e  r e p o r t e d  d a t a  a r e  f o r  s o i l  s a mp l e s  

t a k e n  f r o m t h e  Po r t  Hi l l s ,  Ch r i s t c h u r c h ,  b u t  a 

f e w o t h e r  s a mp l e s  f r o m Ce n t r a l  Ot a g o  a n d  Ka i -  

k o u r a  we r e  a l s o  t e s t e d .  T h e s e  o t h e r  s a mp l e s  

a r e  n o t  s e p a r a t e l y  i d e n t i f i e d  i n  t h e  f o l l o wi n g  

t e x t .

EXPERI MENTAL

Sa mp l e s  we r e  t r a n s p o r t e d  a n d  s t o r e d  i n  p o l y ­

t h e n e  b a g s  t o  p r e v e n t  wa t e r  l o s s .  Ap a r t  f r o m 

a  f e w s o i l s  s a mp l e d  u n d e r  e x t r e me l y  d r y  

c o n d i t i o n s  wh i c h  we r e  we t t e d  wi t h  d i s t i l l e d  

wa t e r ,  a l l  t e s t s  we r e  d o n e  o n  s o i l s  o f  n a t u r a l  

wa t e r  c o n t e n t .

Er o s i o n  s u s c e p t i b i l i t y  wa s  a s s e s s e d  u s i n g  a 

q u a n t i t a t i v e  a d a p t a t i o n  o f  t h e  p i n h o l e  t e s t  

d e v e l o p e d  b y  Sh e r a r d  e t  a l . ( 1 9 7 6 a ) . Th e  

r e s u l t i n g  e r o s i o n  i n d e x  r e p r e s e n t s  t h e  v o l u me  

o f  s o i l  wh i c h  wo u l d  b e  e r o d e d  f r o m a  50  mm l o n g  

s p e c i me n  u n d e r  a  s e t  o f  s t a n d a r d  c o n d i t i o n s  

( s e e  A p p e n d i x ) .

Pi n h o l e  t e s t s  we r e  p e r f o r me d  f i r s t  o n  u n d i s t u r b ­

e d  l u mp s  ( wh e n  a v a i l a b l e )  f r o m t h e  b u l k  s a mp l e ,  

a n d  t h e n  o n  c o mp a c t e d  s p e c i me n s  wh i c h  i n c l u d e d  

r e mn a n t s  o f  t h e  u n d i s t u r b e d  l u mp s .  Th u s ,  

u n d i s t u r b e d  a n d  c o mp a c t e d  s p e c i me n s  we r e  a t  

e s s e n t i a l l y  t h e  s a me  wa t e r  c o n t e n t s .  Un ­

d i s t u r b e d  l u mp s  we r e  p r e p a r e d  f o r  t e s t i n g  b y  

f i r s t  c o a t i n g  wi t h  wa x  a n d  t h e n  ma k i n g  t h e  

■ p i nho l e ' ,  a n d  a t t a c h i n g  i n l e t  a n d  o u t l e t  t u b e s .  

Co mp a c t e d  s p e c i me n s  we r e  p r e p a r e d  i n  52 mm 

d i a me t e r  c y l i n d e r s  a n d  c o mp a c t e d  wi t h  a  30  mm 

d i a me t e r  t a mp e r  d r i v e n  b y  a  2 . 3  k g  ma s s  f a l l i n g  

t h r o u g h  10  c m,  6 b l o ws  p e r  10  mm ( n o mi n a l )  

l a y e r .

T h e  i n i t i a l  h o l e  i n  e a c h  s p e c i me n  ( e i t h e r  

u n d i s t u r b e d  o r  c o mp a c t e d )  wa s  ma d e  wi t h  a n  

a p p r o x i ma t e l y  1 mm d i a me t e r  h y p o d e r mi c  n e e d l e ,  

a f t e r  wh i c h  t h e  s p e c i me n  wa s  e i t h e r  t e s t e d  

i mme d i a t e l y  o r  ( wi t h  s o me  c o mp a c t e d  s p e c i me n s )  

wr a p p e d  i n  p o l y t h e n e  t o  p r e v e n t  wa t e r  l o s s , a n d  

c u r e d  7 d a y s  p r i o r  t o  t e s t i n g .

Mo s t  o f  t h e  l i me  a n d  p h o s p h o r i c  a c i d  s t a b i l i s e d  

s p e c i me n s  f o r  p i n h o l e  t e s t i n g  we r e  p r e p a r e d  

f r o m t h e  Sc a r b o r o u g h  " C"  l a y e r  ( s e e  T a b l e  I ) . 

T h i s  l a y e r  i s  k n o wn  t o  b e  s u s c e p t i b l e  t o

e r o s i o n ,  a l t h o u g h  t u n n e l s  u s u a l l y  i n i t i a t e  j u s t  

b e l o w i t ,  i n  t h e  " P"  l a y e r  o f  t h i s  p r o f i l e .

Af t e r  v e r i f y i n g  t h a t  ” C"  a n d  " P"  l a y e r s  a p p e a r e d  

t o  r e s p o n d  s i mi l a r l y  t o  l i me  t r e a t me n t ,  " C"  

l a y e r  ma t e r i a l  wa s  c h o s e n  f o r  d e t a i l e d  t e s t i n g  

b e c a u s e  t h e  a v a i l a b l e  s a mp l e  wa s  mu c h  l a r g e r  

t h a n  t h a t  o f  t h e  " P"  l a y e r .

Er o s i o n  i n d i c e s

T ABL E I 

f o r  T a k a h e  a n d Sc a r b o r o u g h s o i l s

Un d i s t u r b e d Co mp a c t e d

T a k a h e

" S"  l a y e r * 0 . 3  -  0 . 5

" C"  l a y e r 2 . 2  -  2 . 3 8 8 . 9

" P"  l a y e r 10 -  19 32 38

Sc a r b o r o u g h

" S"  l a y e r t  0 . 0 2  ( ?)  - 0 . 6

" C"  l a y e r 1 . 1  -  2 . 1 9 . 3 1 1

" P"  l a y e r 4 . 5  -  2 0  ( ?) 15 23

*  " I n  mo s t  p l a c e s  t h e  t o p  t wo  me t r e s  o f  s o i l  

c o mp r i s e  t h r e e  l a y e r s  wh i c h  h a v e  b e e n  d e s i g ­

n a t e d  b y  Hu g h e s  ( 1970)  a s  -

( 1)  T h e  S l a y e r  c o mp r i s i n g  a b o u t  17 0 mm o f  

t o p s o i l  a n d  2 0 0  mm o f  f r i a b l e  p a l e  

y e l l o w s i l t .

( 2)  T h e  C l a y e r  wh i c h  i s  v e r y  f i r m,  d e n s e  

a n d  c o mp a c t .  T h i s  v a r i e s  i n  t h i c k n e s s  

f r o m a b o u t  4 0 0  mm t o  1 . 5  t o  2 me t r e s .

I n  s o me  p l a c e s  t h i s  l a y e r  s h o ws  e x t e n ­

s i v e  a n d  d e e p  s h r i n k a g e  c r a c k i n g  a n d  i n  

o t h e r  p l a c e s  c r a c k i n g  i s  l e s s  n o t i c e a b l e .

( 3)  T h e  P l a y e r  o r  ' p a r e n t  ma t e r i a l '  wh i c h  

i s  g e n e r a l l y  l e s s  d e n s e  t h a n  t h e  C l a y e r  

a n d  a l s o  t e n d s  t o  e r o d e  mo r e  r e a d i l y . "

Ev a n s  ( 1977)

t  Da t a  f r o m Sc a r b o r o u g h  " S"  l a y e r  a t  a n o t h e r  

s i t e .

Me a n  v a l u e s  f r o m t h i s  t a b l e  a r e  p l o t t e d  i n  F i g . 2.

Hy d r a t e d  l i me  wa s  a d d e d  a s  a  d r y  p o wd e r  t o  we t  

s o i l ,  t h e  t r e a t me n t  l e v e l  b e i n g  e x p r e s s e d  i n  

t e r ms  o f  d r y  s o i l  ma s s .

Re a g e n t  g r a d e  p h o s p h o r i c  a c i d  ( Hj POi , ,  S. G.  1 . 75)  

wa s  a d d e d  a s  a  2 0 % s o l u t i o n  t o  s o i l  p r e v i o u s l y  

d r i e d  b y  a n  a mo u n t  e q u a l  t o  t h e  wa t e r  a d d e d  t o  

t h e  H 3PO, , .  T h e  t r e a t me n t  l e v e l  i s  e x p r e s s e d  

i n  t e r ms  o f  c o n c e n t r a t e d  Hj PO, ,  a n d  d r y  s o i l  

ma s s .

I n  t h e  SCS l a b o r a t o r y  d i s p e r s i o n  t e s t  ( c i t e d  i n  

Sh e r a r d  e t  a l . , 1 9 72 )  t h e  p a r t i c l e  s i z e  d i s -  

t r i b u t i o n  i s  me a s u r e d  i n  t wo  wa y s  -  f i r s t l y  

u s i n g  t h e  s t a n d a r d  h y d r o me t e r  t e s t ,  ( e . g . ,  NZS 

4 4 0 2  1 980 )  i n  wh i c h  t h e  s a mp l e  i s  d i s p e r s e d  

wi t h  s t r o n g  me c h a n i c a l  a g i t a t i o n  a n d  a  c h e mi c a l  

d i s p e r s a n t ,  a n d  s e c o n d l y  wi t h  mi l d  a g i t a t i o n  a n d  

n o  c h e mi c a l  d i s p e r s a n t .  By  d e f i n i t i o n  -

% d i s p e r s i o n  =

% p a s s i n g  0 . 0 0 5  mm wi t h o u t  d i s p e r s a n t  x 1 0 0  

% p a s s i n g  0 . 0 0 5  mm wi t h  d i s p e r s a n t

Sa t u r a t e d  e x t r a c t s  we r e  p r e p a r e d  b y  mi x i n g  

d i s t i l l e d  wa t e r  wi t h  t h e  s o i l  a n d  e x t r a c t i n g  

u n d e r  v a c u u m ( F i g . 16  Sh e r a r d  e t  a l . ,  1 9 7 2 ) .
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The ext r act s  wer e anal aysed f or  Na+ , K+ , Mg++, 
and Ca++. Resul t s  ar e expr essed as -

£ = Na+ + K+ + Mg++ + Ca++ al l  i n me/ i

and

( mi l l i equi val ent s/ l i t r e)

/  ZNa* Na"1 1 0 0

RESULTS

Er osi on r es i s t ance of  undi s t ur bed and r emoul ded 
( compact ed)  soi l

Fi g.  2 i s a pl ot  of  er os i on i ndi ces f or  undi s ­
t ur bed l umps agai nst  er os i on i ndi ces f or  t he 
same mat er i al ,  compact ed and cur ed 7 days pr i or  
t o t est i ng.  Er os i on i ndi ces f or  undi s t ur bed 
l umps wer e avai l abl e f or  onl y about  25 sampl es.  
I n t he r emai ni ng sampl es,  ei t her  t he soi l  when 
sampl ed was t oo f r i abl e f or  l umps of  adequat e 
si ze t o be obt ai ned,  or  t he sampl e was t est ed 
bef or e t he pr ocedur e f or  undi s t ur bed l umps had 
been devel oped.  Thus Fi g. 2 r epr esent s  dat a 
f or  onl y about  a t hi r d of  t he sampl es t est ed.

7̂ 37̂ 25 ?̂ 8
•  S c a rb o ro u g h

O  C lif to n

□  Su m m it

■ ▲  O tah u n a

A  G o d le y

X  T a k a h e

- +  O th e r

/

/ °  
o

_l ^

?i

4 0

%■
2  4  6  8  1 0  1 2  1 4  1 6  1 8  

Ero s io n  in d e x  o f  re m o u ld e d  so il c u re d  7  d ay s

Fi g. 2 Er os i on i ndex of  undi s t ur bed soi l  ver sus 
er os i on i ndex f or  r emoul ded soi l  cur ed
7 days af t er  r emoul di ng and pr i or  t o 
pi nhol e t est i ng.

Usual l y  t he er os i on r es i s t ance of  undi s t ur bed 
mat er i al  was equal  t o or  gr eat er  t han t hat  of  
compact ed,  and t he di f f er ence was somet i mes 
qui t e l ar ge.  ( I n t he pr esent  cont ext ,  di f f er ­
ences of  er odi bi l i t y  ar e best  assessed i n t er ms 
of  r at i os of  i ndi ces.  Er osi on i ndi ces of  1 
and 10 r epr esent  a much gr eat er  qual i t at i ve 
di f f er ence of  behav i our  t han er osi on i ndi ces of  
10 and 20) .  Thus a pi nhol e t est  r esul t  f r om 
compact ed mat er i al  can be t aken onl y as an 
upper  l i mi t  i ndi cat i on f or  er os i on r es i s t ance 
of  t he undi s t ur bed mat er i al .  Conver sel y,  pi n ­
hol e t est  r esul t s  i ndi cat i ng good er osi on 
r es i s t ance of  undi s t ur bed mat er i al  cannot  be 
t aken t o i ndi cat e good er osi on r es i s t ance of  
compact ed soi l .

I n a f ew cases wher e er osi on r es i s t ance of

compact ed soi l  exceeded t hat  of  undi st ur bed 
soi l ,  t he mat er i al  was ver y er odi bl e i n ei t her  
st at e.  I t  seemed poss i bl e t hat  l ow wat er  
sat ur at i on associ at ed wi t h s l aki ng or  col l apse 
dur i ng t est  mi ght  be f act or s causi ng ver y  l ow 
er osi on r es i s t ance of  undi s t ur bed soi l ,  but  i t  
was not  poss i bl e t o demonst r at e conv i nc i ngl y  any 
l ar ge ef f ect s at t r i but abl e t o t hese f act or s.

Er osi on r es i s t ance and sat ur at ed ext r act  
composi t i on

Fi g. 3 shows a pl ot  of  er os i on r es i s t ance of  com­
pact ed soi l  agai nst  % Na i n sat ur at i on ext r act  
( Na%)  and t ot al  di ssol ved cat i ons i n sat ur at i on 
ext r act  (Z) .  Ar bi t r ar i l y ,  mat er i al s  exhi bi t i ng 
er osi on i ndi ces >1 wer e cons i der ed er odi bl e and 
pl ot t ed as open c i r c l es (O)  whi l e i ndi ces <1 
( pl ot t ed as • )  wer e cons i der ed er osi on r es i s ­
t ant .  Soi l s showi ng decr ease of  er osi on i ndex 
f r om >1 t o <1 wi t h t i me ( see bel ow)  ar e 
r epr esent ed by pl us si gns ( +) .  I t  shoul d be 
not ed t hat  t he boundar y bet ween er odi bl e and 
er os i on r es i s t ant  mat er i al s  woul d occur  i n 
di f f er ent  r egi ons of  t he di agr am i f  undi st ur bed 
mat er i al  r at her  t han compact ed was consi der ed,  
because compact ed mat er i al  i s gener al l y  l ess 
er os i on r es i s t ant  t han undi st ur bed.  However ,  
t he dat a f or  undi s t ur bed mat er i al  wer e not  
pr esent ed her e because t her e wer e appr ox i mat el y  
t hr ee t i mes as many  dat a f or  compact ed mat er i al ,  
and because a compar i son wi t h t he dat a of  
Sher ar d et  a l . ,  ( 1976b)  i s poss i bl e onl y f or  
compact ed soi l .

0 - 4  0 - 6  1 2  4  6  1 0  2 0  4 0  6 0

Fi g.  3 Rel at i onshi p bet ween t ot al  di ssol ved
cat i ons ( I  = Na+ + K+ + Ca++ + Mg++ al l  
i n me. / l ,  % sodi um i n sat ur at i on ext r act  
( Na% = 100 x Na+/ I  al l  i n me/ i ) , and 
er osi on i ndi ces of  r emoul ded soi l .  •  
and O r epr esent  soi l s wi t h er osi on 
i ndi ces bel ow and above 1 r espect i vel y.
+ r epr esent s  soi l s whose er osi on i ndi ces 
decr eased f r om >1 t o <1 dur i ng st or age 
or  af t er  cur i ng.  Li nes del i neat i ng 
r egi ons of  di f f er i ng di sper s i bi l i t y  ( af ­
t er  Sher ar d et  a l . , ( 1976b) )  ar e i ncl uded 
t o ai d compar i son wi t h pr ev i ous wor k.
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Fi g. 3 shows zones of  er osi on suscept i bi l i t y  
appar ent l y  ver y  s i mi l ar  t o t hose of  Sher ar d et  
al . ,  ( 1976b) .  I n par t i cul ar ,  t he non- er odi bl e 
Behav i our  of  soi l s havi ng hi gh Na% val ues 
coupl ed wi t h l ow I  val ues  i s conf i r med.  Al so a 
f ew soi l s wi t h Na% <40% wer e f ound wi t h appar ­
ent l y  anomal ous l ow er os i on r esi st ance.  How­
ever ,  i n t he pr esent  wor k  i t  i s shown t hat  
near l y  al l  t hese anomal ous l y  er odi bl e mat er i al s  
become mor e r es i s t ant  t o er os i on when cur ed 
pr i or  t o t est i ng.  I t  seems poss i bl e t hat  some 
of  t he si x appar ent  anomal i es  i n zone B,  Fi g. 2 
of  Sher ar d et  a l . ,  ( 1976b)  mi ght  have been 
r at i onal i sed by cur i ng t he speci mens af t er  
compact i on and pr i or  t o t est i ng.

The SCS l abor at or y di sper s i on t est

Fi g. 4 shows a pl ot  of  SCS l abor at or y  di sper s i on 
t est  r esul t s  agai nst  er os i on i ndi ces f or  com­
pact ed speci mens cur ed bef or e t est i ng.  Ther e 
i s l i t t l e r el at i onshi p bet ween t he SCS t est  
r esul t  and t he er os i on i ndex.  Bel ow 20% di s ­
per s i on and above 80% di sper s i on t he SCS t est  
r esul t s  gi ve good i ndi cat i ons of  er odi bi l i t y ,  
but  bet ween 20% and 80% i t  can onl y be sai d t hat  
t he soi l  pr obabl y  has l ow er os i on r esi st ance.

wat er  i s abl e t o ent er  ver t i cal  cr acks and 
subsequent l y  move hor i zont al l y  i n an er odi bl e 
soi l  hor i zon.

50 60 

D ep th  (cm )

•  Scarborough

O Clifton 

■  Kiwi 

□  Summit 

A  Otahuna 

A Godley 

x  Takahe

i
4 0  6 0  8 0  1 0 0

SCS laboratory dispersion test (% dispersion)

Fi g. 4 Na% and % di sper s i on ( SCS l abor at or y
di sper s i on t est )  and er os i on i ndex f or  
r emoul ded soi l s cur ed 7 days bef or e 
t es t i ng.

Changes of  Na% wi t h dept h

Ther e i s a mar ked i ncr ease of  Na% wi t h dept h i n 
al l  t he Por t  Hi l l s  pr of i l es  st udi ed ( Fi g. 5) .
Thi s i s pr obabl y  a r ef l ec t i on of  t he par t i cul ar  
r egi me of  wi nd- bl own sal t  and l eachi ng on t he 
Por t  Hi l l s.  Soi l s on t he Por t  Hi l l s  ( Summi t  
soi l  except ed)  ar e weak l y  l eached,  but  t he 
l eachi ng r egi me may never t hel ess  be suf f i c i ent  
t o t r ans l ocat e el ement s  down t he pr of i l e whi l e 
not  r emovi ng t hem compl et el y.  Hence,  t he 
i ncr ease of  Na and ot her  sol ubl e sal t s wi t h 
dept h.  The i ncr ease of  Na% wi t h dept h i s not  a 
necessar y  condi t i on f or  t unnel  gul l y  er osi on 
because such er os i on can occur  whenever  r ai n ­

Fi g. 5 Na% ver sus dept h f or  some of  t he soi l
pr of i l es  f r om t he Por t  Hi l l s.  Max i mum 
dept h sampl ed or  r epr esent ed on t he di a ­
gr am i s not  necessar i l y  dept h t o bedr ock.

Topogr aphy

To i nvest i gat e t he i nf l uence of  t opogr aphy,  
cor r espondi ng mat er i al s  f r om Takahe and Scar ­
bor ough pr of i l es  wer e compar ed.  The Takahe 
sampl es wer e t aken f r om a r i dge si t e consi der ed 
pot ent i al l y  subj ect  t o t unnel - gul l y  er osi on,  
but  exhi bi t i ng onl y mi ni mal  act ual  er osi on of  
t hi s ki nd.  The Scar bor ough sampl es wer e f r om 
a si t e wher e t unnel - gul l y  er osi on was ver y  
evi dent ,  downsl ope f r om t he Takahe si t e.

Cur i ng f or  7 days pr i or  t o pi nhol e t est i ng had 
no di scer nabl e ef f ect  on er osi on i ndi ces of  
compact ed mat er i al ,  so t he r esul t s  ar e not  
separ at el y  r epor t ed.

For  bot h si t es,  bot h undi s t ur bed and compact ed 
er os i on i ndi ces pr ogr ess i vel y  i ncr ease wi t h 
dept h ( Tabl e I ) , and t hi s i s i n accor d wi t h t he 
obser ved usual  i ni t i at i on of  t unnel s i n t he " P"  
l ayer  of  t he Scar bor ough pr of i l e.  The smal l  
number  of  t est s made on undi s t ur bed l umps,  and 
t he l ar ge var i abi l i t y  of  r esul t s,  pr event s  any 
di f f er ence t o be di scer ned bet ween t he undi s ­
t ur bed soi l  f r om equi val ent  hor i zons at  t he t wo 
si t es.  The pot ent i al  f or  er osi on i s t her ef or e 
appar ent l y  s i mi l ar  and t he di f f er ence i n act ual  
per f or mance i s pr esumabl y  at t r i but abl e t o 
t opogr aphy or  some ot her  uni dent i f i ed i nf l uence.

St abi l i sat i on St udi es

The ef f ect s of  l i me and phosphor i c  aci d 
st abi l i sat i on t r eat ment  ar e shown i n Tabl e I I .  
I mmedi at el y  af t er  t r eat ment ,  phosphor i c  aci d 
r educed t he er osi on i ndex mor e t han l i me.  
However ,  i f  t he t r eat ed mat er i al  was cur ed and 
t hen br oken up and compac t ed, l i me t r eat ment  
gave mor e cons i s t ent  r esul t s  and l ower  er os i on 
i ndi ces t han phosphor i c  aci d t r eat ment .  Ther e
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Some ef f ect s of  hydr at ed l i me and phosphor i c  aci d t r eat ment  
on er odi bi l i t y  of  Scar bor ough " C"  l ayer

TABLE I I

Er osi on
Speci men No.  Tr eat ment  i ndex

441- 3
444
458

Compar i son of  undi s t ur bed wi t h compact ed.  No chemi cal s . 

Undi s t ur bed l umps
Br oken up,  compact ed,  cur ed 0 days 
Br oken up,  compact ed,  cur ed 7 days

Ef f ect  of  0. 3% H, PO„ ,  cur i ng,  and r emoul di ng

1. 1 1. 4 2. 1
11

9. 3

463
464
471
472 
476

H. PO,  added,  compact ed,  cur ed 0
No.  463 br oken up.
No.  464 br oken up,
No.  471 br oken up,
No.  472 br oken up,

r ecompac t ed, 
r ecompac t ed, 
r ecompac t ed, 
r ecompac t ed,

days
cur ed 7 days 
cur ed 0 days  
cur ed 7 days 
cur ed 0 days

Ef f ect  of  0. 5% H3PO„ ,  cur i ng and r emoul di ng

1. 7
0 . 0 1

11

0. 03
9. 2

465
466
473
474 
477

459
460
467
468 
475

461
462 
469

NOTE:

H3PO„  added,  compact ed,  cur ed 0 days 
No.  465 br oken up,  r ecompact ed,  cur ed 7 days 
No.  466 br oken up,  r ecompact ed,  cur ed 0 days 
No.  473 br oken up,  r ecompact ed,  cur ed 7 days 
No.  47 4 br oken up,  r ecompact ed,  cur ed 0 days

Ef f ect  of  0 . 5% Ca( OH) 2 , cur i ng and r emoul di ng

Ca( OH) z added,  compact ed,  cur ed 0 days 
No.  459 br oken up,  r ecompact ed,  cur ed 7 days 
No.  460 br oken up,  r ecompact ed,  cur ed 0 days 
No.  467 br oken up,  r ecompact ed,  cur ed 7 days 
No.  468 br oken up,  r ecompact ed,  cur ed 0 days

Ef f ect  of  1% Ca( OH) 2, cur i ng and r emoul di ng

Ca( OH) 2 added,  compact ed,  cur ed 0 days
No.  4 61 br oken up,  r ecompact ed,  cur ed 7 days
No.  462 br oken up,  r ecompact ed,  cur ed 0 days

1. 3
0. 05
3. 1

< 0 . 0 1

6. 0

4. 5
0. 09
3. 8

< 0 . 0 1

3. 7

3. 3
< 0 . 0 1

< 0 . 0 1

Expl or at or y  t est s on Takahe " P"  l ayer  usi ng 0. 5% Ca( 0H) 2 gave r esul t s  s i mi l ar  t o t he

0. 5% Ca (OH) 2 t r eat ment  above.

was some i ndi cat i on t hat  t he er os i on r es i s t ance 
i mmedi at el y  af t er  compact i on t ended t o i ncr ease 
f r om one cycl e t o t he next  wi t h l i me,  but  t ended 
t o decr ease f r om one cycl e t o t he next  wi t h 
phosphor i c  aci d.  However ,  a mor e ext ens i ve 
t es t i ng pr ogr am woul d be needed t o conf i r m t hi s.

I t  appear ed f r om t he t est s per f or med t hat  i t  
mi ght  be di f f i cul t  t o obt ai n a phosphor i c  aci d-  
t r eat ed soi l  whi ch was mor e er osi on r es i s t ant  
t han undi s t ur bed soi l  under  al l  t est  condi t i ons.  
On t he ot her  hand,  t he pr ospect s  f or  an accept ­
abl e l evel  of  l i me t r eat ment  t o r ender  t he 
t r eat ed mat er i al  cons i s t ent l y  mor e er os i on 
r es i s t ant  t han t he undi s t ur bed soi l  appear ed 

good.

I nf l uence of  cur i ng t i me on er osi on 
suscept i bi l i t y

I t  has been shown ( Schaf er ,  1978)  t hat  cur i ng 
f or  7 days af t er  r emoul di ng mar kedl y  r educes t he 
er os i on suscept i bi l i t y  of  some soi l s.  A number  
of  t he soi l s t est ed i n t he pr esent  pr ogr am 
exhi bi t ed t hi s pr oper t y.  They ar e r epr esent ed 
by + s i gns i n Fi g. 3.

A f ew cases of  an appar ent l y  di f f er ent  phenom­
enon wer e al so obser ved.  I n t hese cases,  al so 
r epr esent ed by + i n Fi g. 3,  speci mens made f r om 
t he same sampl e and subj ect ed t o t he same cur i ng 
r egi me exhi bi t ed i ncr eased er os i on r es i s t ance^  
when r et est ed some mont hs af t er  bei ng t est ed f or  
t he f i r st  t i me.  I t  seems poss i bl e t hat  accel ­
er at ed weat her i ng by i ncr eased access of  
at mospher i c  gases and hi gher  mean t emper at ur e i n 
t he l abor at or y,  coul d have caused some changes 
i n t hese soi l s,  but  t her e i s no r eal l y  
sat i s f y i ng expl anat i on.

I n i t s unt r eat ed st at e,  t he soi l  used f or  
s t abi l i sat i on st udi es exhi bi t ed no s i gni f i cant  
change of  er osi on r es i s t ance when cur ed 7 days 
af t er  r emoul di ng and bef or e t est i ng.  However ,  
af t er  t he addi t i on of  0. 3% or  0. 5% phosphor i c  
aci d,  or  0. 5% l i me,  t he er os i on r es i s t ance was 
mar kedl y  i ncr eased by cur i ng,  and t hi s  behav i our  
was r epeat ed t hr ough sever al  cyc l es of  r emoul d­
i ng and cur i ng ( Tabl e I I ) . I t  i s not  known 
whet her  t hi s pr oper t y  of  t he s t abi l i sed soi l  
woul d be r et ai ned i ndef i ni t el y,  wi t h r epeat ed 
r emoul di ng and cur i ng.  When 1% l i me was added,  
er osi on r es i s t ance was i ncr eased so much t hat
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t hi s behav i our  was no l onger  obser vabl e,  t hough 
i t  may  st i l l  have occur r ed.  I t  i s assumed 
( per haps wr ongl y)  t hat  an unt r eat ed soi l  
exhi bi t i ng i ncr ease of  er osi on r es i s t ance when 
cur ed af t er  r emoul di ng woul d cont i nue t o possess 
t hi s pr oper t y  i ndef i ni t el y.

I nf l uence of  Cl ay

Cl ay cont ent  (% <2 pm)  di d not  appear  t o 
cor r el at e wi t h er os i on suscept i bi l i t y .  I n t he 
Scar bor ough and Takahe pr of i l es  t he c l ay cont ent  
was conspi cuous l y  l ow i n t he ver y  er odi bl e " P"  
l ayer  mat er i al s.  However ,  no s i mi l ar  ef f ect  
was pr esent  i n t he Godl ey  pr of i l e whi ch al so 
cont ai ned an er odi bl e hor i zon.  I t  may be t hat  
t he t ype of  c l ay i s mor e r el evant  t han t he 
quant i t y,  but  t hi s aspect  has not  been exami ned.

CO N CLU SI O N S

Er osi on r es i s t ance of  undi s t ur bed mat er i al  i s 
of t en much gr eat er  t han t hat  of  t he same 
mat er i al  af t er  r emoul di ng.  Tr eat ment  wi t h 
hydr at ed l i me i s gener al l y  ef f ect i ve f or  
i ncr easi ng er osi on r esi st ance.  Phosphor i c  aci d 
t r eat ment  al so appear s t o be ef f ec t i ve but  
di spl ays some unpr edi c t abl e ef f ect s i mmedi at el y  
af t er  r emoul di ng.

The r el at i onshi p bet ween % Na i n sat ur at i on 
ext r act ,  t ot al  di ssol ved sol i ds i n t he sat ­
ur at i on ext r act ,  and er os i on r es i s t ance appear s 
t o be si mi l ar  t o t hat  demonst r at ed by pr evi ous 
wor k er s .

Nei t her  % Na nor  t he SCS di sper s i on t est  
cor r el at es compl et el y  wi t h t he pi nhol e t est .  
Er os i on suscept i bi l i t y  as measur ed by any of  t he 
l abor at or y t est s i s onl y an i ndi cat i on of  
er os i on pot ent i al .  For  t unnel  gul l y  er osi on t o 
occur ,  ot her  f act or s must  al so be f avour abl e f or  
t hat  t ype of  er osi on.

A P P EN D I X

I n or der  t o quant i f y  t he pi nhol e t est ,  a ser i es 
of  t est s wer e made on speci mens of  t he same 
er odi bl e soi l  under  a var i et y  of  condi t i ons.
The i ni t i al  ' pi nhol e'  t hr ough al l  speci mens was 
appr ox i mat el y  1 mm di amet er .  The var i abl es 
st udi ed wer e t he speci men l engt h,  r at e of  wat er  
f l ow,  and di amet er  of  t he i nl et  by whi ch wat er  
ent er ed t he speci men.  Ef f l uent  was col l ec t ed 
over  success i ve measur ed t i me i nt er val s.  The 
mass of  ef f l uent  at  assumed uni t  dens i t y  
y i el ded t he f l ow r at e,  and t he mass of  dr i ed 
sol i ds at  measur ed dr y  bul k  dens i t y  of  t he 
speci men y i el ded t he er oded vol ume f or  each 
t i me i nt er val .

I t  was f ound t hat  i nl et  di amet er  was t he most  
i mpor t ant  var i abl e i nf l uenci ng er os i on r at e,  and 
an empi r i cal  scal i ng equat i on was devel oped so 
t hat  t est s per f or med under  di f f er ent  condi t i ons 
coul d be compar ed.

An er osi on i ndex was ar bi t r ar i l y  def i ned as t he 
i ncr ease i n vol ume ( ml )  of  t he cav i t y  whi ch 
woul d be f or med i n a 50 mm l ong speci men by 
di s t i l l ed wat er  f l owi ng at  3 ml / sec f r om a 1. 0 
mm di amet er  i nl et ,  af t er  5 l i t r es has f l owed.
The scal i ng equat i on enabl es r esul t s  f r om t est s

done wi t h i nl et s of  di f f er ent  si zes at  f l ow 
r at es gr eat er  or  l ess t han 3 ml / sec t o be 
cor r ect ed t o t he st andar d condi t i ons.
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