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The Effects of Capillary Action on the Consolidation and 

Shear Strength of Silt in a Hydraulic Fill Dam

E ffets de la cap illarité  sur la co n so lid a tio n  et la  résistance au  c isa illem en t du  lim on  dans un rem blai 

hydraulique

G . W . D O N A L D S O N , H ead , S o il M e c h a n ic s  D iv is io n , N a t io n a l B u ild in g  R esearch In s titu te , C o u n c il f o r  S c ie n tif ic  and  

In d u s tr ia l R esearch, P re to r ia , S ou th  A f r ic a

SUMMARY

In the gold-mining industry in South Africa the residue of 

crushed ore is disposed of in large hydraulic fill dams. The 

outer walls of these dams are built up of layers o f material, each 

of which is allowed to dry before the next layer is placed. In 

order to study the stability o f these walls, it was necessary to 

investigate the effects o f drying on the consolidation characteris­

tics and shear strength of the material o f which they are built. 

Preconsolidation pressures on undisturbed samples and in-situ  

shear strengths were determined. These values were compared 

with those obtained from laboratory tests, where the effects of 

overconsolidation on the shear strength o f the silt material were 

determined. It was found that, although heavy overconsolidation  

of the material occurred, the lasting increase in the shear strength 

was small because o f the frequent rewetting.

SOMMAIRE

Dans les mines d’or de l’Afrique du Sud, on jette le résidu 

du minerai broyé dans des barrages à remblai hydraulique. 

Les murs extérieurs de ces retenues sont construits de couches 

de matières qu’on laisse sécher avant de déposer la couche 

suivante. Pour étudier la stabilité de ces murs, il fallait examiner 

les effets de dessèchement sur les caractéristiques de consolida­

tion et sur la résistance au cisaillement des matières dont ils 

sont construits. On a mesuré les pressions de préconsolidation  

sur des échantillons intacts et les résistances au cisaillement in 

situ. On a comparé ces valeurs à celles obtenues des essais en 

laboratoire où on avait déterminé les effets de surconsolidation 

sur la résistance au cisaillement du limon. Bien que la matière 

fusse fort surconsolidée, on a trouvé que l’augmentation durable 

de la résistance au cisaillement était limitée à cause des m ouil­

lages fréquents.

i n  t h e  g o l d - m i n i n g  i n d u s t r y , w h ich  is o f  m ajor im portance  

in South  A fr ica , the quartzitic cong lom erate  ore is m illed  

to a fine pow der from  w h ich  the go ld  is extracted  by the  

cyan id e  process. T h e  residue, k n ow n as slim es, is a silt co n ­

sisting m ain ly  o f  quartz and sericite  m ica particles, w ith  

sm all quantities o f  pyrites, other m inerals, and salts. T ypical 

particle  size distribution curves are sh ow n in F ig . 1. T he  

residue is m ixed  w ith  an equal v o lu m e o f  w ater and then  

pum ped to slim es dam s for disposal. A n  average m ine  

produ ces about 1 0 0 ,0 0 0  tons o f  slim es so lids per m onth . A s  

the life  o f  the m ine m ay be 25 years, the v o lu m e o f  m aterial 

disp osed  o f  is very large and som e slim es dam s cover  an

f i g . 1. Particle size distribution o f slimes material 

from East Geduld slimes dam.

area o f  on e  m illion  square yards and rise to a heigh t o f  

over 1 0 0  feet.

T he slim es suspension  is delivered  to the h ighest po in t 

on  the site and is distributed around the periphery o f  the 

dam  by gravity flow . A t any point w here bu ild ing is required, 

the suspension  is retained in paddocks, or areas bounded  

by hand-built w alls about on e  fo o t high. T h e  so lids settle  

in tw o days and then the clear w ater is drained. T h e  layer o f  

slim es, w h ich  is about tw o inches thick, is then left to dry 

for  a period  o f  tw o w eek s before the next layer is deposited . 

W henever it becom es necessary, the p ad dock  w alls are raised  

by d igg ing  and pack in g  som e o f  the slim es m aterial. In this 

w ay an outer w all 2 0 0  feet thick and w ith  an outer slope  

betw een  2 5 ° and 4 5 °  is built. S lim es w h ich  is not required  

for  bu ild ing o f  the outer w all, the excess w ater draining  

from  the w all, and storm w ater are all conta ined  in the central 

area o f  the dam  from  w here the w ater is rem oved  by “glory- 

h o le” spillw ays.

It has been contended  for m any years that the stab ility  o f  

these dam s is largely dependent on  the increase in shear  

strength due to the effect o f  capillary  forces in the outer  

w alls. A n  investigation  o f  the stab ility  o f  these  dam s  

(D o n a ld so n , 1 9 6 0 ) w as begun by m aking field  m easurem ents.

f i e l d  p r o g r a m m e

A  section  o f  the outer w all o f  the E ast G ed u ld  slim es dam  

w as selected  for  the field  investigation . T hree boreholes w ere  

put dow n in an area w here the dam  w as 65  feet h igh. T he  

phreatic surface w as foun d  betw een  30  and 50  feet. B elow  

the phreatic surface the holes co llapsed  and it w as extrem ely
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f i g . 2. Consolidation curve for undisturbed slimes sample from East Geduld slimes dam.

reasonably  accurately  using C asagrande’s construction  (T a y ­

lor, 1 9 4 8 ) . P recon solidation  pressures are sh ow n plotted  

against depth in F ig . 3.

A lso  show n in F ig . 3 is the overburden pressure w h ich  

w as ca lcu lated  by using the average density o f  1 1 1  lb /c u .ft .  

above the phreatic surface and the subm erged density o f  

56  lb /c u .f t .  b e low  the phreatic surface. T he phreatic surface  

w as assum ed to be 30  feet b e low  the top  o f  the w all. It w ill 

be seen that the great m ajority o f  results fa ll w ell above the  

overburden pressure lin e, esp ecia lly  above the phreatic  

surface. T he difficulties o f  sam pling the very m oist m aterial 

have already been  m entioned  and the va lues w h ich  fa ll below  

overburden pressure lin e  m ust be attributed to sam ple  

disturbance.

T he on ly  exp lanation  for the overcon so lid ation  o f  the  

slim es is that cap illary  action  takes p lace. T he stress co n d i­

tions in the non-saturated m aterial above the phreatic surface  

at the tim e o f  sam pling w ere n o t know n. T h erefore  all that 

can  be said is that the m axim um  intergranular pressure, 

w h ich  w as reached at som e stage during the num erous drying  

and w ettin g  cycles , w as the p recon solid ation  pressure.

LABORATORY DESICCATION TESTS

T he effective or intergranular stress in the soil m ay be 

expressed  (B ish op , et a l., 1 9 6 0 ) as:

(7 C 11̂  x ( ^ a  ^ w ) t  ( 1 )

w here <r' =  e ffective  or intergranular stress; a- =  total norm al 

stress; t/n =  pressure in the air in the pores; u K =  pressure in 

the pore water; x  =  factor relating equivalen t pore pressure,

u, to the actual pressures in the air and w ater in  the pores. 

In the quasi-saturated state (A itch iso n , 1 9 5 6 ) w here all the  

pores are fu ll o f  w ater, that is under capillary tension , x  ¡s 

unity  and Eq 1 b ecom es:

ct ' =  <r — u w. (2 )

It w as, therefore, decid ed  to experim ent w ith in  the quasi- 

saturated range by a llow in g  a slim es slurry to dry out w hile  

the pore w ater pressure, uw, w as being  m easured by m eans  

o f  tensiom eters. T he tensiom eters w ere sim ilar to the tw o- 

lead p iezom eters used in earth dam s (P en m an , 1 9 5 3 ) .

difficult to obtain  sam ples. U ndisturbed  sam ples w ere taken  

at fou r-fo o t intervals by m eans o f  a three-inch-d iam eter thin- 

w all p iston  sam pler and by using the “sh oestring” m eth od  o f  

sam pling (C o llin s, 1 9 5 4 ) . ln -s itu  vane shear tests w ere car­

ried out alternately w ith  the sam pling.

Sm all undisturbed sam ples w ere cut from  the three-inch- 

diam eter sam ples for density , vo id  ratio, and m oisture  

content determ inations. T he results o f  these tests show ed  

such a random  scatter that no correlations cou ld  be found. 

T hese variations are attributed to m inor changes in the  

particle  size and nature o f  the slim es, the arrangem ent o f  the  

flaky particles, and the lack o f  kn ow led ge as to w hether the  

m aterial w as on  a rebound or reconso lidation  cycle  at the  

tim e o f  sam pling.

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

N o rm a l oedom eter tests w ere perform ed on  the three-inch- 

diam eter undisturbed sam ples. A lth ou gh  the vo id  ratio versus 

lo g  pressure p lo ts have a gradual curve, as can be seen in  

Fig. 2, the precon so lid ation  pressure could  be determ ined

PRECONSOLIDATION PRESSURE FJ LB/ FT2

f i g . 3. Preconsolidation pressure versus depth plot for samples 

from East Geduld slimes dam.
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It w as fou n d  that betw een  six and eigh t days after a layer  

w as deposited , negative pore w ater pressure d evelop ed  and  

built up very rapidly. O n rew etting, the release  o f  the suction  

w as alm ost instantaneous and, w ith  further drying, suction  

o f  the prev iou s m agnitude w as attained w ithin  2 4  hours. 

M easurem ents m ade at different depths in a four-foo t-d eep  

section  o f  slim es sh ow ed  very little  tim e lag betw een  suctions  

at the different depths. T his w as due to the shrinkage cracks 

w h ich  exten ded  to  the bottom  o f  the layer.

P recon so lid ation  pressures w ere determ ined on  sam ples 

cut from  this m aterial at the com p letion  o f  the tests. T here  

w as, how ever, a tim e lag  betw een  the last availab le pore  

w ater pressure read ing and the cu tting  o f  the sam ples. A s  a 

result, the precon so lid ation  pressures w ere in excess o f  the  

intergranular pressures ca lcu lated  from  E q 2, usin g  the  

m axim um  m easured n egative pore w ater pressure. It is 

interesting to note  that in on e  case w h ere a delay o f  m ore  

than a day occurred , the precon so lid ation  pressure w as 6 ,9 0 0  

lb ,/sq .ft. w h ich  is o f  the sam e order as the precon solid ation  

pressures m easured  in the field  and sh ow n in F ig . 3.

In -s itU  VANE SHEAR STRENGTH

A lth o u g h  the m aterial w as silt it w as pred icted  that, 

because o f  its d esiccation , it w ou ld  behave as a coh esive  

m aterial. It w as therefore decid ed  to use the in -s itu  vane  

shear test to  determ ine the natural shear strength. T he results 

o f  these tests are sh ow n in F ig . 4 , in  w h ich  the shear strength  

fo r  a norm ally  conso lidated  m aterial w ith  an angle o f  shear­

ing resistance o f  3 5 ° is a lso  given .

UNDISTURBED SHEAR STRENGTH T f, L B /FT *

1000 2 0 0 0  3 0 0 0  4 0 0 0

A HOLE I 

O  HOLE 2 

+  HOLE 3 

4 -  VANE SHEARED 
OFF

f i g . 4. In -s itu  vane shear strengths, East Geduld slimes dam.

O nce again it w ill be seen that the m ajority o f  values sh ow  

a higher shear strength than w ou ld  be expected  from  a 

norm ally  conso lid ated  m aterial. T he relatively  low  values  

foun d  b elow  the phreatic surface m ust be ascribed to d is­

turbance o f  the so il caused  by jetting and driving the casing  

and to hydraulic up lift forces. T h e  ratio b etw een  undisturbed  

and rem ou ld ed  shear strength had an average value o f  eight 

and the rem oulded  strengths w ere all b e low  the values for  

norm ally  conso lidated  m aterial. T his low  rem oulded  strength  

is not un exp ected  in a lo o se ly  packed granular m aterial.

T he increase in shear strength or apparent coh esio n  m ay  

be due to tw o causes: either the effect o f  the overcon so lid a­

tion described prev iou sly  or the contribution  to shear strength

caused  by the negative  pore w ater pressure present at the  

tim e o f testing. It w as, therefore, necessary to carry out 

further investigations in the laboratory.

LABORATORY SHEAR INVESTIGATION

T he m easurem ent and contro l o f  negative  pore w ater  

pressures during shear tests is very  difficult. T he direct 

m easurem ent o f the effects o f  overconsolidation  on  d esic­

cated  slim es sam ples w as therefore not attem pted. Instead  it 

w as assum ed that the effects o f  overconsolidation  w ou ld  be  

the sam e regardless o f  w hether overconso lidation  w as caused  

by desiccation  or by app lying a greatly increased load and 

then rem oving  it once  fu ll con so lid ation  had taken place.

T his latter approach w as used in the laboratory tests. A  

standard l)2-inch  triaxial com pression  testing m ach ine w as 

used. T he drainage and pore w ater pressure m easuring sys­

tem s o f  the triaxial cell w ere filled w ith  air-free water, 

leav in g  a film  o f  w ater above the porous base plate. T he  

rubber m em brane w as then attached to the base plate and a 

sp lit lK -inch-d iam eter sam ple m ould  w as p laced  round the  

m em brane and over the base plate. T he m ould  w as held in 

position  w ith  tw o rubber rings and the top o f  the m em brane  

w as stretched over the top  o f  the m ould . A ir-free  w ater was 

then run into  the bottom  o f  the m em brane from  the burette  

o f  the drainage system , until it w as about % inch deep. F ilter  

paper w as then p laced  on  the base p late under the w ater to 

prevent air bubbles being  trapped underneath it. Strips o f  

filter paper for  vertical drains w ere m oistened  and p laced  on  

the inside o f  the m em brane.

S lim es and w ater w ere m ixed  to a thick slurry w h ich  w as 

poured slow ly  into  the sleeved  m ould . T he m ixture w as 

stirred and agitated  during pouring to prevent air bubbles 

being  trapped. T he m ou ld  w as filled to the top but, w h en  the 

solids had settled , the top  o f  the sam ple w as V% inch b elow  the 

top o f  the m ould . T he sam ple top cap and the filter paper  

w ere then carefu lly  p laced  in the w ater on top o f  the sam ple  

and the top  o f  the m em brane w as released to fit round the  

top cap. O nce any air bubbles w ere sm ooth ed  out, the sea l­

ing rings w ere p laced  round the m em brane and the top cap. 

T he triaxial cell w as then screw ed on and a conso lidating  

pressure o f  5 lb /sq .in . w as applied  w h ile  the drainage  

system  w as left open . A fter  tw o hours sufficient conso lidation  

had occurred to a llow  the sam ple to stand unsupported. T he  

drain cock  w as c losed , the cell w as em ptied , the sp lit m ould  

w as rem oved , and then the cell w as rep laced . T he full 

conso lid atin g  pressure w as then applied  and the drain cock  

w as opened.

B urette readings w ere taken to record the conso lidation  

process. A lth ou gh  9 0  per cen t o f  conso lidation  occurred  

w ith in  the first hour, the sam ples w ere left under the co n ­

so lidating  pressure from  18 to 2 4  hours. If an overco n so li­

dated sam ple w as required, the drainage tap w as left open  

and the cell pressure w as reduced to the testing pressure. T he  

sam ple w as then left for a further 2 4  hours to perm it full 

rebound to occur. B efore  beginn ing the test the drain cock  

w as c losed  and during the test the pore w ater pressure w as  

m easured by m eans o f  a c losed  m anom eter system  (C ollin s, 

1 9 5 7 ) .

In the first set o f  tests the slim es w ere norm ally  c o n so li­

dated. T he M ohr c ircles expressed in term s o f  effective stress 

for these tests are sh ow n in F ig . 5 w here the m axim um  value  

o f  (o-'j — cr':i) w as considered  to be the fa ilure criterion. T he  

effective  coh esion  intercept is zero and the angle o f  effective  

shearing resistance is <j>' =  3 5 °. A  sim ilar analysis using the 

m axim um  value o f  (cr ',  /  cr'3 ) as the fa ilure criterion also  

gave a line passing through the origin but w ith <j>' =  3 6 °.
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f i g . 5. Mohr circles expressed in terms of effective stress for 

compression tests on normally consolidated slimes samples.
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f i g . 6 . Effect o f overconsolidation on shear strength of 

slimes.

shear strength o f  norm ally  conso lidated  so ils m ay then be 

expressed  (H v o rslev , 1 9 3 8 ) as:

T 1 & cr  tan </>cr, (3)

w here $ cr is the angle o f  shearing resistance w ith  respect to  

cr'cr and is not necessarily  equal to 4>'. In  this case  <£cr =  3 6 °.

T he results fo r  the rebounded  tests are sh ow n  in F ig . 6 . 

T h e overcon so lid ated  m aterial show s m uch  greater shear  

strength than the norm ally  conso lidated  m aterial excep t at 

very lo w  rebound pressures. It is p ossib le  to redraw  F ig . 6  

using a series o f  straight lines as sh ow n in F ig . 7.

CONSIDERATION OF LABORATORY AND FIELD RESULTS

B y assum ing the rebound pressure to be the overburden  

pressure and using the precon so lid ation  pressures m easured  

in the field  and sh ow n in F ig . 3, it w as possib le  to derive  

equ ivalen t shear strengths by in terpolation  o f  the laboratory  

results. T h e  interpolated  po in ts are sh ow n in F ig . 7. T he  

predicted  shear strengths and the in -s itu  shear strengths are 

plotted  in F ig . 8 .

SHEAR STRENGTH T f IN LB/ FT2

f i g . 7. Shear strength related to preconsolidation and 

rebound pressures.

T h e  rebound tests w ere carried out on  sam ples p recon so li­

dated at 20 , 4 0 , and 80 lb /sq .in . In these tests it w as decided  

to  u se  the m axim um  value o f  ( c r \ — c/ 3 ) as the fa ilure  

criterion. T he results are expressed in term s o f  the p recon ­

so lidating  pressure, P c, and the rebound pressure, <rcr. T he

f i g . 8 . Predicted and measured shear strengths at East Geduld 

slimes dam.

It w ill be seen  that near the top o f  the w a ll the in -s itu  

shear strength agrees very c lo se ly  w ith  the pred icted  shear  

strength but that low er dow n the predicted  shear strength is 

considerably  greater than the m easured shear strength. T he  

reasons fo r  this can be foun d  in the process o f  construction  

o f  these w alls.

T he slim es is la id  dow n w et and then heavily  o v erco n so li­

dated by capillary  action . W hen the next layer o f  slim es is 

deposited  the capillary  forces are released and the m aterial 

is rebounded  to  the overburden pressure, w h ich  is v irtually  

zero, and F ig . 6  sh ow s that the shear strength w ill a lso  be 

very  sm all. T h is process w ill be repeated  w ith  every  layer  

that is p laced . A s the th ickness o f  slim es above a specific  

layer increases, the fluctuation  o f  the m agnitude o f  the  

capillary  forces sh ould  decrease. A t som e stage during this 

cy clin g  process the com bination  o f  p recon solid ation  pressure  

and rebound pressure, w h ich  w ill g ive  the m axim um  retain­

able shear strength, w ill be reached. T h ese  need not n eces­

sarily be the h igh est pressures reached in each case.

T h e  effect o f  the negative pore w ater pressure in the  

m aterial at the tim e o f  the in -s itu  testing  cannot be over­

looked . It has not been p ossib le  to m easure these pressures
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but an equ iva len t negative pore pressure o f  15 lb /sq .in .  

w ou ld  have been  sufficient to cover  all the in -s itu  shear  

strengths. T h e  precon so lid ation  pressures are ev id en ce  that 

far greater pressures than this can develop  in slim es dam s. 

O n the other hand, the rela tive ly  h igh  shear strengths 

m easured b elow  the phreatic surface, w h ere there w ere  no  

capillary  forces, can  on ly  be attributed to the results o f  

overconso lidation . T h e  rate o f  vane testing and the perm ea­

bility  o f  the m aterial preclude increases in strength  due to 

dilatancy.

CONCLUSIONS

T he laboratory tests have sh ow n that overconsolidation  o f  

the fine-grained granular m aterial does increase considerably  

the shear strength at h igh  rebound pressures but that the  

shear strength decreases very rapidly at lo w  rebound pres­

sures. C onsideration  o f  the num erous w ettin g  and drying  

cy cles to w h ich  the m aterial is subjected leads to  the c o n ­

c lu sion  that, although high capillary conso lid ation  pressures 

m ay be exerted at tim es, the lasting effect o f  this overco n ­

so lidation  on  the shear strength o f  the m aterial m ay not be 

so great. T he m easured  precon so lid ation  pressures and the  

in -s itu  shear strengths bear this out.

E qu ivalent negative pore pressure w ill also  contribute to 

increased shear strength during dry periods. W hen the  

m aterial is w et, how ever, the strength due both  to  overcon-  

so lidation  and negative pore pressure w ill be reduced to  a 

m inim um . W hen slip fa ilures do occu r, th ey  happen after  

periods o f  pro longed  rainfall, as m ight be expected.

In considerin g  the stab ility  o f  these  dam s, the effects o f

cap illarity  are n ot taken into account as a definite part o f  the 

shear strength but are accepted  as an additional, if  unknow n, 

and variab le factor o f  safety .
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