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Geotechnical Properties of Lower Rhine Silt

Propriétés géotechniques du limon du Rhin inférieur

by E dgar S c h u l t z e , Professor D r.-Ing. 

and  

P anaghio tis K o t z i a s , A .B., M .Sc., A thens, Technische H ochschule A achen, G erm any

Summary

D uring the  last 12 years the In stitu t fu r V erkehrsw asserbau, 

G ru n d b au  und  B odenm echanik, Technische H ochshule A achen 
has carried ou t an  extensive testing p rogram m e o f foundation  

investigations in to  the  com pressibility  o f the silt deposits in the 
lower R hine Region.

These silts are late diluvial norm ally consolidated deposits. 

S tratigraphically  and m ineralogically  they  present a typical Loess 
form ation. T heir colour, tex ture, grain size and  p lasticity  are 

strikingly sim ilar to  Loess form ations in o ther parts o f the world. 

H ow ever, their bulk density  is greater and their degree of 
sa tu ration  is higher.

M any results o f classification and com pression tests have been 
com piled and com pared with know n results from  silt deposits 

in o ther regions. T he course o f  settlem ent and its re la tion  to the 

m ost im p o rtan t soil index values has been sta tistica lly  evaluated, 
revealing tendencies which w ould otherw ise have rem ained 
undetected.

By m eans o f em pirical corre lation  between the  com pressibility  

constants and  sim ple soil index values it is possible to  estim ate 
the settlem ent range o f the silt. The equations developed can be 

used with sufficient accuracy fo r norm al settlem ent calculations 

instead of single com pression test results.

1. Introduction

T h e  R h in e  silt be lo n g s to  a n  ex te n siv e  s tra tu m  o f  loess 

w hich cu ts  ac ro ss  E u ro p e . T h is  o r ig in a ted  m a in ly  d u rin g  th e  

g lacial s tages w h en  a r id  c lim a tes  a n d  s tep p es p re d o m in a te d . 

I t  is a d e p o sit re su ltin g  fro m  larg e  d u st c lo u d s  fo rm ed  o f  

w ea th e red  ro c k  m a te ria l a n d  has, th u s  a  fa ir ly  u n ifo rm  g ra in  

size (F ig . 1). T h e  R h in e  silt, h o w ev er, is a  se c o n d a ry  loess in 

th e  sense th a t  a f te r  re p e a te d  w ea th e rin g , b lo w in g  a n d  w ash in g  

aw ay , it w as fin a lly  d ep o sited . In  c o n tra s t  to  p r im a ry  loess, a  

d irec t w in d  d e p o s it, it h a s  re la tiv e ly  h ig h  b u lk  d e n sity  a n d  a 

low  lim e c o n te n t,  a n d  is n o rm a lly  c o n so lid a ted . I t  o r ig in a ted  

in th e  Q u a te rn a ry  p e r io d  d u rin g  th e W iirm  g lac ia tio n . I ts  g re a t­

est s tra tu m  th ick n ess  is 30 m . F ro m  a  so il m ech an ics p o in t o f  

view it is a  sa n d y  silt w ith  a  sm all p ro p o r t io n  o f  c lay , w hich  

is a c tiv e . I t  b e lo n g s to  th e  C L-M L  g ro u p  o f  th e  u n ifo rm  

c la ss ifica tio n  system .

Since th is  so il h a s  o ften  b een  in v es tig a te d  fo r c o n s tru c tio n  

p ro jec ts  d u r in g  th e  p a s t tw e lv e  y ears, 270 to  360 sam ples 

h av e  b een  s ta tis tica lly  ex am in ed . T h e  p u rp o se  o f  th is w as to  

p ro v id e  a  c lo se r a p p re c ia tio n  o f  th e  v a r ia tio n  in  its in d ex  

p ro p e rtie s  a n d  to  g a in  a n  in s ig h t in to  th e  law s g o v e rn in g  

its co m p ress ib ility .

Sommaire

A u cours des 12 dernières années l’in s titu t de Verkehrsw asser­

bau , G ru n d b au  und B odenm echanik, de la Technische H och- 
schule d ’A ix-la-C hapelle a  effectué, con jo in tem ent à  ses analyses 

de terra ins à  bâtir, des recherches approfondies sur les propriétés 

de tassem ent des dépôts de lim on de la région du R hin  inférieur.

Le lim on de la région du R hin  inférieur est un dépôt norm ale­
m ent consolidé, d a ta n t de la fin du  diluvien. D u  po in t de vue 

stra tig raphique  et m inéralogique il présente l’aspect typ ique d ’une 

fo rm ation  de loess. Sa couleur, sa texture, sa granulom étrie  e t sa 
plasticité lui confèren t une ressem blance frappan te  avec d ’autres 

fo rm ations de loess qui se rencon tren t dans différentes régions du 

globe. C ependant il se distingue de ces form ations pa r sa plus 
grande com pacité  et son degré de sa tu ra tio n  plus élevé.

Les nom breux  résultats donnés p a r les essais de classification 

et de com pressibilité on t été groupés et com parés à d ’autres 
résultats de recherches connus, p ro v en an t d ’autres gisements.

L a com pressibilité de ce lim on et ses re la tions avec les princi­

pales caractéristiques géotechniques on t été évaluées à l’aide de 

m éthodes statistiques. C ’est ainsi q u ’il a  été possible de découvrir 

des tendances inconnues av an t ces recherches

A l’aide de relations trouvées em piriquem ent entre  les valeurs 

caractéristique de la com pressibilité et les constantes sim ples du 

sol, il est possible d ’estim er aisém ent l’ord re  de g randeur de 
tassem ent des lim ons. Les équations de déterm inations peuvent 

être  appliquées avec une exactitude suffisante pour des calculs 

de tassem ent no rm au x  et cela sans faire des essais de com pression.

2. Frequency distribution of soil index properties

B y m ea n s  o f  freq u e n c y  d iag ra m m s th e  in d iv id u a l so il in d ex  

p ro p e rtie s  h a v e  b een  p re sen te d  (F igs. 2-4). T h e  flu c tu a tio n s

Fig. 1 R ange o f grain-size d istribu tion  and plasticity  ch art of 
R hine silt.

-------- 70 per cent o f all tests

-..... — 100 per cent o f all tests

G ranulom étrie  et carte  de la plasticité du  lim on rhénan.

--------- 70 p our cent de tous les essais

---------100 p our cent de tous les essais
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F i g .

F i g .  3

N u m b e r  o f  s a m p le s  

M e a n  v a l u e  

S t a n d a r d  d e v i a t i o n  

V a r i a n c e

D e g re e  o f  s a t u r a t i o n  s

F r e q u e n c y  d i a g r a m  f o r  t h e  d e g r e e  o f  s a t u r a t i o n  o f  u n d i s ­

t u r b e d  s o i l .

N  =  334 

X  =  0-845 

a  =  0-163 

r  =  l-o  — 0-225

D i a g r a m m e  d e  l a  f r é q u e n c e  p o u r  l e  d e g r é  d e  s a t u r a t i o n  

d u  s o l  r e m a s s ié .

N o m b r e  d e s  é c h a n t i l l o n s  N  =  334 

V a l e u r  m o y e n n e  X  =  0,845

É c a r t  m o y e n  a = 0 ,1 6 3

V a r i a t i o n  R =  1,0 —  0,225

o f  th e  v a rio u s  so il p ro p e rtie s  a re  g iven  b y  th e ir  a v e ra g e  a n d  

th e  s ta n d a rd  d e v ia tio n  (T ab le  1).

3. Time/settlement curve

A n  a n a ly s is  o f  th e  tim e -co m p ress io n  c u rv e  in d ica te s  th a t  

f ro m  th e  to ta l  c o n so lid a tio n , 47  p e r  c e n t is in itia l, 28 p e r  cen t

D i a g r a m m e  d e  l a  f r é q u e n c e  p o u r  l e s  i n d i c e s  d e s  v i d e s  

d a n s  l ’ é t a t  n o n  r e m a n i é .

N o m b r e  d e s  é c h a n t i l l o n s  N  =  3 3 4  

V a l e u r  m o y e n n e  X  =  0 ,6 5 1

E c a r t  m o y e n  a  =  0 ,1 8 6

V a r i a t i o n  R  =  0 ,3 0  —  1 ,7 5

P la s tic ity  index ^

F i g .  4  F r e q u e n c y  d i a g r a m  f o r  p l a s t i c i t y  i n d e x .  

N u m b e r  o f  s a m p le s  N  =  2 3 6  

M e a n  v a l u e  X =  0 - 1 1 4

S t a n d a r d  d e v i a t i o n  c  =  0 - 0 6 1  

V a r i a n c e  R =  0 - 0 2  —  0 - 2 6

D i a g r a m m e  d e  l a  f r é q u e n c e  p o u r  l a  p l a s t i c i t é .  

N o m b r e  d e s  é c h a n t i l l o n s  N  =  2 3 6  

V a l e u r  m o y e n n e  X  =  0 ,1 1 4

É c a r t  m o y e n  a  =  0 ,0 6 1

V a r i a t i o n  R =  0 ,0 2  —  0 ,2 6

T a b l e  1

A v e r a g e  v a l u e s  f o r  i n d e x  p r o p e r t i e s  o f  R h i n e  s i l t  

C a r a c t é r i s t i q u e s  g é o t e c h n iq u e s  m o y e n n e s  d u  l i m o n  r h é n a n

Index
property

Dimens. Symbol.
Number

o f
samples

Average

A v e r a g e  g r a i n  s i ­

z e m m D  5 0 2 5 8 0 - 0 3

E f f e c t i v e  g r a i n  s i ­

z e m m D 1 0 2 2 9 0 - 0 0 5

U n i f o r m i t y  c o e f ­

f i c i e n t 1 U 2 7 2 13

S p e c i f i c  g r a v i t y g / c m 3 G, 3 1 6 2 ,6 6

N a t u r a l  b u l k  d e n ­

s i t y g / c m 3 T 4 0 9 1 - 9 7

N a t u r a l  v o i d  r a ­

t i o 1 3 3 4 0 - 6 5

N a t u r a l  w a t e r  

c o n t e n t % Wn 4 1 9 21

D e g r e e  o f  s a t u r a ­

t i o n % s 3 3 4 8 5

L i q u i d  l i m i t % L l 2 3 6 2 9

P l a s t i c i t y  i n d e x % Pi 2 3 6 11

F l o w  In d e x % I f 1 9 2 9

T o u g h n e s s  In d e x 1 K 1 8 5 1 - 35

C o n s i s t e n c y  I n ­

d e x y/o c, 2 6 2 7 3

A c t i v i t y l A 1 71 1- 9

M o d u l u s  o f  

c o m p r e s s i b i l i t y

Es =  —  
mv

cv

1 8 6 9 6

{p =  0 - 6 5 - 2 - 6 0

C o e f f .  o f  c o n s o l i ­

d a t i o n

k g / c m 2

c m 2/ s 8 0 0 - 0 0 4

E n d t i m e  o f  p r i ­

m a r y  c o n s o l i ­

d a t i o n  (H e i g h t  

o f  s a m p le  

1- 4 c m ) m in tv 3 1 7 3

Standard
Deviation

0,02

0 ,0 0 3

12
0 - 0 4

0-12

0 - 1 9

5

1 6

7

6 
3

0 - 6 2

3 2

1- 5

3 5

0-002

04 06 0,8 

Voi ds  r a t i o  e

F r e q u e n c y  d i a g r a m  f o r  i n i t i a l  v o i d  r a t i o  i n  a n  u n d i s ­

t u r b e d  s t a t e .

N u m b e r  o f  s a m p le s  N  =  3 3 4  

M e a n  v a l u e  X  =  0 - 6 5 1

S t a n d a r d  d e v i a t i o n  cr = 0 - 1 8 6  

V a r i a n c e  R =  0 - 3 0  —  1 - 7 5
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is prim ary and 24 per cent is of a secondary nature. In a  sample 
of 1-4 cm height the prim ary consolidation is completed 
after 3*3 ± 2 - 1  minutes.

The load is therefore m aintained for only a short time. 
On the average, the load was increased every hour in the 
compression test.

From  the time-compression curve it was further estimated 
that the permeability of this soil is o f the order of magnitude 

k  — 10~8 cm/sec instead of 10-5 to  10~7 cm/sec as obtained 
from permeability tests.

The coefficient of permeability, estimated indirectly from 
the time/settlement curve, is evidently too low.

4. Stress-strain curve

In contrast to many American silts which display relatively 

high settlements when water is added, the Rhine silts are 
stable upon saturation (Fig. 5). This is due to the fact that their 
initial void ratio  is generally less than 0-85. In agreement 
with the geological history of this formation, the compression 
tests reveal a preconsolidation pressure consisting only of the 
weight of overlying soils which is generally very small (Fig. 8).

The most significant part o f the stress-strain curve for 
investigation, is therefore the virgin compression curve.

Fig. 5 Influence o f w ater add ition  on the  stress-strain  curve of 

R hine silt fo r various initial void ratios. W ater addition  

a t a degree o f sa tu ratio n  o f 0-45 — 0-98.

Influence de l’ad jonction  d ’eau sur la  courbe de com ­

pression des lim ons rhénans avec l’indice des vides 

initial e t different. A djonction  d ’eau à un  degré de sa tu ­
ra tio n  de 0,45 — 0,98.

5. Equation of the stress-strain curve

5.1. Initial compression.

From  the results of the investigation the initial part of 
the stress-strain curve (Fig. 6) can be given with sufficient 
accuracy by the equation :

E s =  —  =  vp"

Es =  —  =  M odulus of compressibility (confined compres- 
tnv

sion test) p  =  stress (kg/cm2).

From  this equation for the modulus of compressibility the 
following equations for the settlement are derived.

r,l—W

v(l — w)
+  C = a p k +  C . . .  (2)

p = 0 : z = 0 : C  =  0 

p  =  1 : e =  a 
p  =  1 : e =  a

Fig. 6 Typical stress-strain curve fo r silt.

a) double logarithm ic scale
b) single logarithm ic scale.

C ourbes typiques de com pression du lim on.

a) représen tation  doublem ent logarithm ique

b) représen ta tion  sem i-logarithm ique.

logce =  loge a +  k  • loge p 

for w =  1 : e =  — loge p +  C

p  =  l : e  =  C =  e1

e =  — loge p  +  £j

(2a) 

. . . .  (3)

. . . .  (3a)

The relationships between the various constants (Figs. 6a, 
6b) are as follows :

v =  — w =  1 —k  
ak

1

v ( l - w )
k  =  1 —w

(4)

(5)

The constants v, w, and a, k  respectively were estimated 
by means of correlation analysis.

F or the estimation of the exponent w, it was found suitable 

to use a coordinate system in which the abscissa gives the 
relative compression ep under a load p  and the ordinate 

gives the corresponding compression under a double loap 
eap. In this coordinate system the test results are plotted as 
points. In  a linear scale a very good relationship is attained 
for the various loading increments (Fig. 7).

0J 01S02 Op 0.5
S t r e s s  p k g / c m2
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2 3 i  S 6 7 8 9 10 

S tra in  £ %  at p=2.60 kg lc m *

Fig. 7. The in terrela tion  between the stra in  under the stress 

1-3 and 2-6 kg /cm 2.

R a p p o rt entre  la com pression a  la pression de 1,3 et 

2,6 kg/cm 2.

re la tio n s h ip  be tw een  th e  co m p re ss io n s  in  a cc o rd an c e  w ith  

e q u a tio n  (6). T h is  can  be  in fe rre d  fro m  th e  h igh  coefficients 

o f  c o rre la t io n  w h ich  a re  all m o re  th a n  0-95 th u s  in d ic a tin g  an  

a lm o s t fu n c tio n a l re la tio n sh ip .

I t  c an  be  c o n c lu d ed  th a t  in e q u a tio n  (1) th e  e x p o n e n t  w— in 

c o n tra s t  to  th e  sa n d  d iscussed  in th e  p a p e r  o f  S ch u ltze r—  

M o u ssa , is a lm o s t c o n s ta n t. I t  lies m id w ay s be tw een  w an d  

w' a n d  is 0-62 fo r  th e  u su a l ra n g e  o f  lo ad in g . I t  is possib le , 

in a  d o u b le  lo g a rith m ic  scale  to  g ive  th e  s tre ss-m o d u lu s  o f  

co m p re ss ib ility  e q u a tio n  o f  th is  silt as a  s tra ig h t line  w hich 

h as  th e  sam e slo p e  fo r  all so il sam ples. T h e  in d iv id u a l silt 

sam p les d iffer o n ly  in  th e  coefficient v.

5.2. Rebound and recompression.

A ll re b o u n d  cu rv es, a n d  w ith  a  g o o d  a p p ro x im a tio n  th e  

re co m p ress io n  cu rv es , a re  s tra ig h t lines. T h is  m ea n s  th a t  th e  

e x p o n e n t  w =  1, w h ich  c o rre sp o n d s  to  th e  p re se n ta tio n  

g iv en  in  F ig . 7 a t  a n  a n g le  o f  45°. E q u a tio n  (3), th e re fo re , 

g ives th e  c u rv e  o f  c o m p re ss io n  a n d  re b o u n d .

T h e  re su ltin g  s tra ig h t lines c an  b e  g iv en  b y  th e  e q u a tio n s  :

—  Eon — C

1

Yk

1 —2 fc 

2 k

+  n'

21-m

lo g e m =  lo g el - (1  - w )  lo g e2

( 6)

(6a)

(7)

(7a)

5.3. Estimation o f  the preconsolidation pressure.

T h e  u su a l m e th o d  o f  e s tim a tin g  th e  p re c o n so lid a tio n  

p re ssu re  in c lay s th ro u g h  th e  s tre ss -s tra in  cu rv e , su ch  as th a t  

o f  C a sa g ra n d e  m e th o d  is n o t  a p p lic ab le  to  th e  e q u a tio n

E ,  =  —  =  vp °-62. T h e  s tre ss-s tra in  c u rv e  is in  th is  case
minv

a lre a d y  c u rv ed  w ith o u t a n y  p re c o n so lid a tio n  p re ssu re . I t  

is p o ss ib le , h o w ev er, to  e s tim a te  th e  p re c o n so lid a tio n  p re ssu re  

b y  p lo ttin g , fo r  th e  sam e so il sam p le , th e  d iag ra m m  Ej,/e2j) 

o f  F ig . 8. T h e  in te rse c tio n  o f  b o th  s tra ig h t lines g ives th e  

p re c o n so lid a tio n  p re ssu re , w hich  c o rre sp o n d s  to  th e  o v e rb u r ­

d e n  p re ssu re  o n  th e  soil.

Ic =  \ —w =
lo g el lo g ew  lo g  e( l /w )

l° g  «2 lo g e2

w =  1 —
lo g e( l /w )

lo g e2

(8)

(9)

S im ila rly  w' is o b ta in e d  fro m  m'

T h e  v a lu es o f  w d iffer o n ly  s lig h tly  fo r  th e  in v es tig a te d  

lines fo r  lo ad in g  in c re m e n t a n d  th u s  f lu c tu a te  irreg u la rly  

in d ic a tin g  n o  re la tio n sh ip  w ith  th e  stress.

T h e  sam e h o ld s  tru e  a lso  fo r  w' (T ab le  2). T h e re  is a  s tro n g

Table 2

Results o f corre lation  analysis between et - p =  stress, 

N =  N um ber o f sam ples, R =  coefficient o f  corre lation  

R ésu lta ts de la com paraison  en tre  e„ et 32v - p =  pression, 

N =  nom bre des échantillons, R =  coefficient de com paraison.

p 2 p R N m w m' w' Wm w

kg/
cm 2

kg/
cm 2 1 1 1 1 1 1 1 1

01 6 2 0-325 0-963 267 0-736 0-56 1-261 0-65 0-60 t

0-325 0-65 0-971 264 0-749 0-58 1-258 0-67 0-62 0-62
0-65 1-3 0-974 272 0-748 0-58 1-267 0-64 0-61
1-3 2-6 0-951 259 0-769 0-62 1-185 0-71 0-65
2-6 5-2 0-956 239 0-744 0-57 1-129 0-70 0-63
5-2 10-4 0-973 154 0-784 0-65 1-208 0-74 0-69

Fig. 8 D eterm ination  of the p re-conso lidation  pressure p f  a  silt. 

D éterm ination  de la pré-consolidation  d’un lim on.

6. E stim a tio n  o f  th e  coefficient v

F ro m  e q u a tio n  (2) a n d  fo r  a n y  p o in t th e  m a g n itu d e  o f  the  

coefficien t v can  be d e riv e d  as fo llow s (F ig . 7).

=  aP 
=  a 2 kp k 

z 2p ~  z i> +  a p k{21 — \)  =  £„ +  £>

I t  fo llo w s th e re fo re  : th a t

_  D

“ ' p k - ( 2 k 1)

(10)

(ID
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1

ak

p k  .  ( 2 *  — 1 )  

kD
(12)

T h e  v a lu e  o f  D  is e s tim a te d  g ra p h ic a lly  f ro m  F ig . 7. E a c h  

p o in t o f  th e  p re se n ta tio n  o f  F ig . 6 h a s  a  d ifferen t v.

T h e  coefficient v show s c o n s id e ra b le  sc a tte rin g  a n d  d ep en d s 

u p o n  th e  so il p ro p e rtie s . B y  m ea n s  o f  c o rre la tio n  a n a ly s is , 

th e  fo llo w in g  re la tio n sh ip s  h a v e  so  fa r  b een  in v es tig a ted .

B etw een  lo g 10v a n d  n a tu ra l  w a te r  c o n te n t wn we h a v e  : 

lo g 10v =  2 -1 3 -0 ,0 1 8  wn

T h e  coefficient o f  c o rre la tio n  is 0,488. A n o th e r  re la tio n sh ip  

w as o b ta in e d  g ra p h ic a lly  a n d  is :

Conclusion

T h e  ty p ic a l s tre ss -s tra in  cu rv e  o f  th e  c la y  is n o t  o b se rv ab le  

in  silts. In  c lay s w is u su a lly  tak e n  as 1 a n d  th e  p re co n so lid a ­

tio n  p re ssu re  is e s tim a te d  th ro u g h  a  ta n g e n t c o n s tru c tio n . In  

th e  case  o f  silt th is  lead s to  in a c c u ra te  resu lts . T h e  re b o u n d  

c u rv e  rev ea ls  c o n d itio n s  s im ila r to  th ese  fo u n d  in  o th e r  soils.

T h e  e x p o n e n t o f  th e  e q u a tio n  E, =  —  =  vpw is a lm o s t cons-
mv

t a n t  in  silt a n d  is in d e p e n d a n t o f  th e  p ro p e rtie s  o f  e ach  sam ple . 

O n  th e  o th e r  h a n d , th e  coefficient v is q u ite  d e p en d e n t fro m  

th e  p o ro s ity , th e  n a tu ra l  w a te r  c o n te n t, a n d  th e  g ra in  size 

p a r tic u la r ly  fo r  th e  a m o u n t o f  c la y  (p las tic ity  in d ex ) p re sen t 

as w ell as th e  a c tiv ity  o f  th e  in d iv id u a l c la y  p a rtic le s . T h e  

e s tim a tio n  o f  th is  coefficien t fro m  o th e r  so il p ro p e rtie s  h a s  n o t  

so  fa r  been  a tte m p ted .

lo g 10v =  3 - 0 ,8 5  lo g10w„

B etw een  lo g 10v a n d  th e  liq u id  lim it L l  th ere  is a  c o rre la tio n  

coefficien t o f  0-277. S im ila rly , be tw een  lo g 10v a n d  th e  p las tic  

lim it P l  th e  coefficient o f  c o rre la tio n  if  0-289 a n d  b e tw een  v 

a n d  th e  c o n sis ten c y  in d ex  C i th e  coefficient is 0-380. A ll these  

coefficients o f  c o rre la tio n  a re  to o  low  to  e n ab le  v to  be e s tim a ­

ted  th ro u g h  a  sing le  in d ex  p ro p e rty  o f  th e  soil.

T h e  re la tio n sh ip  be tw een  v a n d  th e  soil in d ex  p ro p e rtie s  

is e s tim a te d  m o s t a cc u ra te ly  th ro u g h  a  m u ltip le  c o rre la tio n  

be tw een  v o r  lo g 10v a n d  th e  fo llow ing . In itia l v o id  ra tio  e, 

degree  o f  s a tu ra t io n  s, a n d  p la s tic ity  in d ex  Pi. T h e  in v es tig a ­

tio n s  o f  th is  re la tio n s h ip  h a v e  n o t  so  fa r  been  co m p le ted .
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