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MOISTURE RELATIONS IN THE UNSATURATED ZONE (Ir. W.C. Visser) 

î . The missing link in the hydrological chain 

For the correct management of the movement of water between the 

atmosphere and the open watercourses, the transfer of water in the four 

parts of the flow path must be well understood and must be predictable. 

The four parts a re : 

a) The open watercourses. Already for a century this part of the water 
transfer has been studied and it is an important subject in teaching. The use 
in practical problems is entirely worked out and generally applied. 

b) The groundwater range. The theory on groundwater flow was more 
recently evolved and got its proper place in project planning at a later date. 
The use of the knowledge on groundwater flow is not yet generally accepted, 
as a subject in teaching it lags behind, compared with open channel hydrau­
lics, but it is rapidly obtaining the interest in project planning which it 
deserves. 

c) The transfer of water through the atmosphere is still less generally 
studied and is given an even more restricted position in teaching. It is a 
atill younger branch of hydrology that is gradually acquiring its position in 
practical design. 

d) Between the last two parts of the flow path the flow through the unsaturated 
zone has to be fitted. The application of this part of hydrology lags behind 
the application of the theory with respect to the three other par ts , its 
position in teaching is more that of specialized physics than that of practical 
engineering. The development of the theory is recent, the theory itself is 
not yet a consistent set of relations. With respect to the correct design of 
water management practices it is more or less the missing link. 

It cannot be denied that in the chain of hydrologie relations the flow of 
water in the unsaturated zone cannot be missed. The chain is no stronger 
than its weakest links. An insufficient hold upon the flow of moisture in an 
important part of the flow path will invalidate much of the value of correct 
application of the knowledge about the other pa r t s . 
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It i s cus tomary to brand any l e s s general ly accepted p a r t of the 

knowledge of p roject design a s t heore t ica l . The touchstone of such an 

allegation i s , that the e r r o r s due to omitting this knowledge a r e r e a son­

able and that the exer t ion, needed to take this l e s s general ly applied 

knowledge into considerat ion is not matched by the savings in inves t ­

ment or the gains due to be t t e r des igns . It i s n e ce s sa ry to have a 

c o r r ec t e s t imate of the kind and magnitude of the shor tcomings of the 

p ro jec ts which can be overcome by applying the theory on mo i s tu re r e l a ­

t ions in the unsatura ted soi l . Knowledge of th is theory may a s well 

s e rve to improve design work a s to decide on the acceptabil i ty of 

neglecting these effects. 

2 , P r o c e s s e s de termined by unsaturated flow 

The conditions in the unsaturated zone often concern the mo i s tu re 

re la t ions which consti tute the link between p r o c e s s e s , which a r e p a r t 

of different d i sc ip l ines . 

The ag r icu l tu ra l i s t s and the drainage and i r r iga t ion spec ia l i s t s find 

the point of connection between the i r special ized knowledge in the unsa­

tura ted zone. The same holds for the c l imatologist and the r i ve r d i s ­

charge and flood routing engineer . The hydrologist , by using the s torage 

capacity in h is formulae, appEec a p roper ty of the unsaturated zone 

in h is cons idera t ions . The a ims of many water management p r ac t i c e s 

a r e especial ly d i rec ted to the management of mo i s tu re conditions 

in the unsaturated zone. This purpose s t r e s s e s the mo re that a c o r r ec t 

wa te r management design needs the theory on unsaturated movement 

a s i t s keys tone. The points for which the hydrology of the unsatura ted 

zone is of importance a re the following: 

a) Infil tration and ponding 

Rain o r ar t if icial ly applied water may penet ra te into the soil o r may 

run off along the sur face . What will occur depends on the quantity of 

wa te r , the pe rmeabi l i ty and the p r e s s u r e gradient . This p r e s s u r e g r a ­

dient i s s trongly dependent on the mois tu re potential in the unsaturated 

zone. This mo i s tu re potential i s re la ted to the energy with which the 

mo r e or l e s s unsaturated soil a t t r a c t s the soil mo i s t u r e . In a wet soil 
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this a t t ract ion i s smal l , but it becomes l a rge r the l e s s water a soil 

contains. The mo i s tu re s t r e s s - the consequence of this hygroscopic 

p roper ty of the soil - i s in rea l i ty a negative p r e s s u r e , but i s usually 

expressed in positive uni ts , in cm or b a r . The ra te of penetrat ion 

of the mo is tu re in the soil depends on the gradient and the unsaturated 

conductivity. 

Slow penetrat ion of water means ponding by high ra in in tens i t ies . 

This will concentrate far mo re water on low lying a r e a s than compares 

with the actual ra infal l . In these lower spots the drainage r equ i rements 

will have to be taken much h igher . The ponding will l as t longer and the 

damage to the c rop will be l a r g e r than on soils with a h igher ra te of 

penet ra t ion . 

If ponds become l a r g e r , surface runoff will take p lace . Surface 

runoff de l ivers the water far quicker in the water courses than subsur ­

face runoff. The infiltration ra te therefore will excer t a l a rge influence 

on the d i scharge of open water c ou r s e s . The capi l lary p rope r t i e s a r e 

of considerable impor tance in the a s s e s smen t of the design runoff of 

r i v e r s . 

b) Groundwater flow 

The flow of groundwater in the sa tura ted zone is governed by the 

sa tura ted conductivity of the soil , the sa tura ted c ro s s -sec t ional a r e a 

of flow and the s torage capacity of the soi l . 

The sa tura ted c ro s s - s ec t i ona l a r e a is often a s sumed to be defined 

by the d is tance between an impervious l ayer and the groundwater t ab le . 

The sa tura ted conductivity is a s sumed to hold below the groundwater 

t ab le , the unsaturated conductivity above the groundwater p lane. 

This l a t te r conductivity is general ly considered too smal l to be of 

impor tance . 

Fo r coa r se grained soi ls th is assumption will approximately be 

t r u e . F o r fine soils a l a r ge r or sma l l e r pa r t of the capi l lary zone 

n ea r e s t to the groundwater p lane, however, will be ent i rely sa tura ted , 

and i r r e spec t ive of the tension of the groundwater being posit ive or 

negat ive, the l aye r s at both s ides of the groundwater plane will convey 

wa te r in re lat ion to i t s sa tura ted pe rmeabi l i ty . Through the sa tura ted 
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capi l lary zone of fine t extured soils a considerable p a r t of the water 

flowing through the combined sa tura ted and capi l lary zones , may be d i s ­

charged. The gradient i s the same for the two zones . The c ro s s - sec t i ona l 

a r e a of flow, however, may be considerably l a rge r than the zone between 

the groundwater level and the impervious zone. 

A ce r ta in pa r t of the d i scharge will take place in the unsaturated 

capi l lary zone. No l a rge e r r o r i s made , if this pa r t of the d i scharge 

i s neglected. The unsaturated permeabi l i ty d e c r e a s e s rapidly the more 

a i r en t e r s into the soil po res and blocks them for the flow of mo i s t u r e . 

The additional unsaturated flow will therefore be of l imited impor tance . 

The design runoff in drainage schemes depends on rainfall intensity 

f requencies and on the s torage capacity of the soi l . Storage capaci t ies 

of a magnitude well in excess of the seldomly occuring high rainfall 

intensity will lower the runoff r equ i rement s v i r tual ly to the level of the 

average rainfall e x ce s s . 

The s torage capacity in hydrologie formulae i s often a s sumed to 

be constant . The magnitude of the s torage pe r unit change in ground­

water depth, however, depends not only on the p rope r t i e s of the soil , 

but a lso on the depth of the groundwater t able , the intensity and d i rect ion 

of the unsaturated flow and the e a r l i e r c l imatic conditions, determining 

the overal l mois tu re content of the soi l . 

Inser t ion of these quanti t ies in the flow equations often prohibi ts 

the i r solution, so the formulae available have been obtained by omitting the 

capi l lary effects on s to rage . With r ega rd to agr icu l tura l p rob l ems , 

where the descr ip t ion of the conditions of the unsaturated zone a re the 

purpose for which the formulae a r e set up and used, the assumpt ion that 

these points can be neglected a r e c l ea r ly not val id. Ways have to be 

found to deal with mois tu re flow with magnitudes of the s torage capacity 

which depend on the flow conditions instead of being constant. 

The design constant for the d i scharge capacity of a drainage sys tem 

will have to incorporate some aspect of the influence of the unsaturated 

condition in the ra te of penetra t ion of the rainfal l , in the c ros s -sect ional 

a r e a of flow and in the influence of the s torage capaci ty. The design 

constant should be defined in accordance with the r equ i rements of plant 
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growth instead of with c l imatological conditions. 

In this r espect as a drainage c r i t e r ion the ra te of fall of the ground­

water level , equal to the product of d i scharge in mm and the s torage 

capacity is a considerably be t te r design constant than the r a te of d i s ­

charge itself. 

c) Moisture extract ion and évapotranspira t ion 

The attention devoted to the t r ansp i ra t ion has given more insight 

into the potent ial- than into the actual magnitude. Often this actual 

évapotranspirat ion has been calculated for p rac t ica l pu rposes , by mu l ­

tiplying an accurate ly defined potential avapotranspira t ion by a r a ther 

weakly founded reduction factor . This reduction factor l imi ts in these 

c a ses the accuracy of the r e su l t s , and reduces considerably the value 

of the highly re l iable formulae for the potential evaporat ion. 

This reduction factor depends on the slowing down of the extract ion 

of water from the root zone. This d ec rease in availability of the soil 

mo i s tu re is dependent on the i nc reased flow r e s i s t ance of wa te r in the 

soil l aye r s around the root zone. 

The extract ion of soil mo i s tu re by the roots has much in common 

with the extract ion of wa te r by a wel l . There i s , however, a d ifference. 

Fo r the well , the permeabi l i ty of the soil i s independent of the drawdown 

of the well , but the c ro s s - sec t iona l a r e a of flow d ec r ea se s with inc reased 

drawdown. F o r the plant root the a r e a of flow r emains constant, but the 

permeabi l i ty in the unsaturated zone reduces rapidly with increas ing 

depiction of the soil mo i s tu re content. 

The gradient , lowering the flow potential in the d i rect ion of the root, 

r educes the mois tu re content which is l inked to the mois tu re potential . 

In a thin cylinder of soil around the root , this depletion of the mois tu re 

content b r ings about a l ayer of high flow r es i s tance at the so i l - root 

in ter face . The degree of flow r e s i s t ance depends on the re lat ion between 

the unsaturated conductivity and the soil mois tu re content, and fur ther 

on the r a te of mois tu re extract ion and the root densi ty . A number of soi l , 

flow and plant factors work together . At lower soil mois tu re content the 

reduced availability of the mois tu re may h a rm plant growth. At i n c r e a s ­

ing mois tu re contents the availability of the mo is tu re i n c r ea se s rapidly 
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and may exceed the evaporative capacity of the a tmosphere . Under these 

c i r cums tances , évapotranspira t ion is no longer l imited by the soil 

mois tu re content, but by the a tmospher ic conditions. It i s of importance 

to know where the point of t rans i t ion i s s i tuated. 

The availability of the soil mo i s tu re in each l ayer of the profile will 

be re la ted to the ra te of extract ion, the a r e a of the roo t -so i l interface 

and the c ap i l l a ry conductivity. The plant can maintain i t s water con­

sumption on the r equi red level by shifting i ts zone of extract ion to the 

l aye r , where this re lat ion is mos t favourable, whereby the extract ion 

may be a s s i s t ed by the growth of ex t ra r oo t s . The theory of unsaturated 

flow can give a quantitative descr ip t ion of the reduction of the potential 

to the actual évapotranspiration under the influence of the soil mois ture 

profile and a descr ipt ion of change in root activity with i nc rease in depth. 

d) Aerat ion and plant growth 

Land drainage has as an important purpose the regulation of the a i r 

content of the soil . The plant roots b rea th and r equ i re oxygen. This 

oxygen has to penet ra te into the soil and CO_ has to be removed. The 

diffusion of gas in the soil mo i s tu re may be neglected compared with 

the gas t r ans fe r in the soil a i r . Drainage has not the ul t imate purpose 

to in ter fere with the soil mo i s tu r e , but to manage the soil a i r . Due to 

the in te r re la t ion between mois tu re and a i r content the management of 

the soil a i r as objective is c a r r i ed out by influencing the soil mois ture 

as means . 

The conductivity of the soil for a i r i s re la ted to the magnitude of the 

a i r filled pore space, i r r e spec t ive of the soil t ex ture , pore size or 

o ther s t ruc tu ra l p a r ame t e r . It i s a s sumed that an a i r content of the soil , 

surpass ing 10% will be sufficient to afford the plant an unhampered 

availability of oxygen or r iddance of CO . . Also with r espec t to the flow 

r e s i s t ance of gas in the soil as function of the soil a i r content indications 

a r e becoming avai lable . However, the knowledge of the influence of 

the soil conditions on aera t ion and of aera t ion on crop growth lags behind 

what i s known with r e spec t to the influence of soil conditions on 

availability of soil mo i s t u r e . 





With r e spec t to drainage the influence of soil mois tu re availability 

and aera t ion on crop growth has to be combined, Intensification of 

ae ra t ions tends to evoke drought, intensification of the availability of 

wa te r tends to evoke waterlogging. 

The agr icu l tura l purpose of wa te r management is to keep the soil 

mo i s tu re content between the t rans i t ion point, above which the avai labi­

lity of water i s only a function of the a tmospher ic conditions, and the point 

above which the aera t ion i s h ampered . 

The formulae express ing the yield a s a function of the availability 

of soil mois tu re and the t ransferabi l i ty of soil a i r br ing the agr icu l tura l 

p rob lems to the level of objective quantitative calculation. These r e l a ­

t ions constitute the re l iable ba s i s for hydrologie m e a s u r e s . This kind 

of calculat ions p roves to be valuable due to the knowledge with r ega rds 

to wa te r and a i r t r ans fe r in the unsaturated zone. 

e) Salinity p rob lems 

The p rob lems of sal inization and leaching i s a p a r t of the theory 

of soil mois ture flow in the unsaturated zone, to which the influence 

of the behaviour of salt i s added. The quantity of salt that i s t r anspor ted 

by capi l lary action depends on the unsaturated flow and the salt content 

in the l ayer from which the flow s t a r ted . The p roblem of salinization 

and leaching can be solved if the unsaturated flow can be descr ibed 

accura te ly . No new t r ans fe r p rob lems a r e c rea ted if the t r ans fe r of 

salt i s added to the t r ans fe r of wa te r . 

It should, however , be taken into account that one aspect of cap i l la ­

ry flow shows up in another way with a f r e shwate r - sa l t water f ront 'as 

with f resh water a lone. The mois tu re velocity in thin cap i l la r ies i s far 

sma l l e r than in coa r se c ap i l l a r i e s . Now one has to conoider an unsatu­

rated flow by which the a i r containing po r e s a r e gradually filled with 

wa te r and a i r i s expelled. The l a rge po r e s convey the water with the 

g rea tes t velocity, but from the c oa r s e rpo rec the adjacent f iner po re s 

a r e filled. Due to th is deflection of the mo is tu re flow to the finer po re s 

the mois tu re front moves at the same pace over al l the c ap i l l a r i e s . 

The o ther aspect i s the t r ans fe r of mois tu re through cap i l l a r i e s , 

filled over the i r full length without any expelling of mois tu re from a i r 





filled p o r e s . Here no deflexion sideways takes place from the c o a r s e r 

to the finer p o r e s , because the finer ones a r e a l ready filled with wa te r . 

The movement of wa te r in the coa r se po r e s i s quick and the salt front 

in the finer po re s will lag behind. The influence of this movement on 

salinity i s that the f i rs t t r a c e s of r i s ing salt wa te r will r each the 

surface of the soil in a short t ime through the c o a r s e r p o r e s . The finest 

p o r e s , however, will contain f resh water even after a long t ime . With 

leaching the same relat ion i s found. The salt content at a ce r ta in level 

will change only gradual ly. Leaching mainly causing flow in the coa r se 

cap i l la r ies will have removed the salt water a l ready for a long t ime , 

at the t ime that the removal of the salt water in the fine po r e s has not 

p rog re s sed much. 

The c o a r s e r the soil po res the more water i s wasted in flushing the 

a l ready c leansed p o r e s . Flushing therefore should be done with a smal l 

quantity of mois ture pe r unit t ime and no more wa ter shall be used 

than i s needed to move water through the po re s which contain wa te r , 

without filling the cap i l l a r ies containing a i r . 

The theory of unsaturated flow improves the insight in how to 

counteract salinity and improves the possibil i ty of finding the most 

appropr ia te techniques for leaching. 

3. a) The required ana lyses 

The de terminat ion of the p rope r t i e s of the unsaturated zone for 

engineering p ro jec ts i s not near ly as general ly accepted a s the d e t e rm i ­

nation of flow r e s i s t ances in open water cou r ses or pe rmeabi l i t i e s of 

the soil l a y e r s . It should, however , be t r i ed to make a number of p r o ­

pe r t i e s available as bas i s for design dec is ions . 

The analyses of the desorpt ion curve i s one of the f i rs t de terminat ions 

to be c a r r i ed out. Often these ana lyses a r e r e s t r i c t ed to f ie ld capacity 

(_ pF 2.5) and wilting point (pF 4 . 2 ) . This i s , however, insufficient. 

The de terminat ions should cover the whole range of mois tu re s t r e s s e s 

between pF 6.0 and 0 . 5 . This enables to calculate any in termedia te 

pF-va lue by in terpolat ion. 

The next point of impor tance i s the de terminat ion of the a i r entry 

point. This i s the mo is tu re tension at which the a i r just s t a r t s to en ter 





into the soil s ample . It m a r k s the t rans i t ion between sa tura ted and un­

sa tura ted condit ions. It t herefore defines the range of s t r e s s e s for 

which the sa tura ted permeabi l i ty i s s t i l l val id. 

In th is r e spec t the sa turated permeabi l i ty of the soil i s of importance 

a s the upper l imit of the unsaturated permeabi l i ty . It will be valuable 

to de termine this sa tura ted permeabi l i ty for the same l aye r s of the 

profile as for which the de sorption curve and a i r entry point a r e obtained. 

It would a l so be of impor tance to de termine the unsaturated p e r m e a ­

bility at different levels of sa turat ion but th is de terminat ion i s still of 

such a difficulty that i t does not seem probable that these va lues will be 

obtainable for p r ac t i ca l work. It will be d i scussed that the desorpt ion 

curve gives poss ib i l i t ies of de termining the unsaturated conductivity 

mathe mat i c a l ly. 

b) The way in which the analyses should be used 

The project p lanner will need a number of formulae which-by i n s e r t ­

ing the p roper cons tan ts - enables h im to calculate the mois tu re content,^ 

the mo is tu re s t r e s s or the velocity of mo i s tu re flow for a given unsa tu r ­

ated soil l ayer under given boundary conditions. The complexity of the 

phenomenon of unsaturated flow makes it n e ce s s a ry to simplify in a 

r igorous way the p r inc ip les , underlying these formulae . In general it 

will be advisable to use steady formulae, because the unsteady state 

flow conditions which may agree be t te r with the actual situation a r e 

r a t he r unwieldy and often even not accessab le for exact solutions. 

A second simplification i s the neglect of hy s t e r e s i s effects, the 

effect which i s the cause that the mo is tu re content, at which an 

equi l ibr ium i s es tabl ished, will depend on the d i rect ion from which the 

equi l ibr ium is approached. The water content of the soil may attain an 

equil ibrium by extract ion or by suppletion of wa te r . The equil ibrium 

moi s tu re content in case of extract ion will be lower than the content, in 

equi l ibr ium -with the same mois tu re s t r e s s , but under influence of uptake 

of wa t e r . 

This hy s t e r e s i s effect i s not yet sufficiently studied to be accounted 

for in applied work. A f i rs t approximation could be to a s sume that 

at the same mois tu re content the adsorpt ion curve shows mois tu re 
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St res ses which a r e 2 .5 t imes l a r g e r than the s t r e s s e s which make 

up the de sorption cu rve . Because the l a r g e r p a r t of the p rob lems for 

which the unsaturated mois tu re conditions a r e of impor tance deals with 

extract ion of wa te r , the desorption curve i s sufficiently a ccu ra t e . 

4 . Bas ic p r inc ip les of capi l lar i ty 

In porous ma t e r i a l one may dist inguish a pore d i amete r d p fa 

pa r t ic le d i amete r d^., a capi l lary suction H7 , an a i r entry s t r e s s ^a 

a sa tura ted permeabi l i ty k an unsaturated permeabi l i ty k c and 

s evera l pore space va lues P . (see fig. 5 page 23) . 

The shape of the cap i l la r ies i s r a t he r i r r egu l a r in c r o s s section 

and ramified and not ve ry accessab le to a mathemat ica l descr ipt ion. 

Still everywhere in the world sc ient is ts a r e t rying to solve the re lat ion 

between the conditions of mois tu re in s t ra ight c i r cu la r cap i l la r ies of 

constant d imensions and the sys tem of po r e s and holes in a porous 

soil (SCHEIDEGGER). Up to now the r e su l t s of these s tudies have not 

yet been ve ry successful . Still th is i s the only way open to applied 

science to use the desorption curve a s an indication for the magnitude 

of the unsaturated conductivity. 

The capi l lary conditions in the soil a r e governed by th ree r e la t ions . 

These re la t ions a r e : 

1) The re lat ion between the pore s ize and the soil mois tu re s t r e s s . 

This re la t ion i s given by the equation: 

*V = 0<i —P H"' = soil mois tu re s t r e s s 
F p 

°\j = constant of capi l lary r i se 

C p = wetted p e r ime t e r of pore 

„,, j . . . , ., F n = c ross -sec t iona l a r e a of pore 

I h e descr ip t ion of the pore if 

by the p a r a m e t e r s F and O can be used 

for po re s of any shape and s i ze . 

2) The re lat ion between pore size and conductivity. 

This re lat ion i s given by the equation: 
3 Kc = capi l lary conductivity 

c 2 r 2 o (X = constant of capi l lary flow 
T> U P 

Op = c ross -sec t iona l a r e a of 
bundle of cap i l la r ies 
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The equation holds for a bundle of s t ra ight , not ramified po r e s of random 

but constant shape. In the formula a factor F / O r eca lcu la tes the amount 
P P 

of flow through the c r o s s sectional a r e a of the po re s to the c r o s s -
sectional a r e a of the bundle including the th ickness of the walls of the 
p o r e s . The remaining factor &C2-̂ p / C p r ep r e sen t s the equation of 
Poisseui l le for the capi l lary conductivity for a capi l lary of random but 
constant shape. 

3) The re lat ion between the soil mo i s tu re s t r e s s and the soil mois tu re 

content. 

This re lat ion i s given by the equation: 

H? V ^n ^~ c o n s^a-nt of capi l lary a d so rp -
V = A * s " s ' t ion 

Y m ^c= volume of po re s allowing 
a- capi l lary flow 

V = mois tu re content of these s 
po res 

V = content of adsorbed non 
capi l lary mois tu re 

The equation d is t inguishes between mois tu re subject to capi l lary 

movement in the uninterrupted body of water in the capi l lary po res 

indicated by V and the mois tu re absorbed of capi l lary bound in contact 

r ings of mo i s tu re between adjacent soil p a r t i c l e s , indicated by V . 

The l a t t e r mois tu re const i tutes an in ter rupted body of wa te r , not subject 

to free capi l lary flow and par t ly moving in the vapour phase . It should 

be born in mind that the total pore space P i s equal to the capi l lary pore 
space P p lus the pore space of the adsorbed water P . Also i s the s a 
capi l lary mois tu re content V plus the pore space of the adsorbed 

5 

water P equal to the total mo i s tu re content V or 
p _V = ( P + P ) - ( V + P ) = P - V s s v s a ' x s a ' 

The mois tu re content V may be equated with the total mois tu re content V. 

The re lat ion between the de sorption equation and the conductivity equation 

has to be s i tuated in the coherent space a s far as occupied by the 

mois tu re indicated with V . 
s 

The pr inciple behind the t h ree formulae will f i rst be explained for 

the s implest case of soil p a r t i c l e s of constant size without much r ega rd 

for the curved and ramified shape of the p o r e s . 
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a. The relat ion between wetted p e r ime t e r of the pore and the mois tu re 

s t r e s s 

In general the mois tu re s t r e s s depends on the size and shape of the 

pore a s given in the express ion: 
W 0 075 w e t t e d p e r ime t e r /^\ 

~ * c ro s s - sec t i ona l a r e a 

Fo r c i r cu la r tubes the general ly accepted re lat ion between suction and 

pore d i amete r i s : 

j. . . d = pore size 
— (2) P 

T = surface tension on liquid a i r 
=, interface 
@ = angle of contact between 

liquid and solid 
(3) S ~ density of liquid 

g = acce lera t ion of gravity 

c = constant, combining the four 
values given above for 20° C 

The value l / d c lear ly comes from If d/—U— , the wetted p e r ime t e r 

and c ro s s - sec t i ona l a r e a of formula 1. 

The pore size d_ i s with r ega rd to the in t r ica te shape of the pore 

r a the r undefined and a d i rec t measu remen t i s not c a r r i ed out eas i ly . 

Fo r a soil , consist ing of uniform pa r t i c l e s and a pore space of about 

40%, the re lat ion was found: 

i i c _ 0 . 8 3 , . . ... 
V = "dT " ~S£~ dk = S r a m s i z e (4) 

b . Geometry of the soil p o r e s 

The geometry of the soil p o r e s may be calculated for an a r r angement 

of 8 spheres in a p r i sma t i c a r r angement with 6 side p lanes a s depicted 

in fig. 1. The sharp angle has for all side p lanes the valueo< . This angle 

can be va r ied between 90 and 60 d eg r e e s . In fig. 1 number of geometr ic 

length a r e given. The volume I of the p r i s m can be calculated a s : 

I = AD x BE x F I . 

d k ^sin o( 2 cos2Q( i 
1 + cosfX j 





V 1+C 

GH=d k \ /——— K V2(1 + c 

cos -<*• 
2 N^ 
T\r-

t g l «•= sin °c 
2 1+cos«. 

AB =AD=d k 

BE = dksinot 
AE= d k cos« 
£ p . d k sinoc cos«. 

1 -t-cos oc 

AC=dk VäÖTcösöö1 

BDrdKVicTIcoTör) 

;_i 
o s« ) 2 

cosoc 

A l = d k 

AC= dk V2(1 + cos«)' 

A F - d ^ / g « " -
* V l + c o s « . 

IF = d k \ / l - 2 - £ ° ^ 2 
K\J 1+cosot 

AK=V3(1 + 2cos«.)' 

IC =V3(1-2cos «.)' 

BD = d k V 2 ( 1 _ c o s « ) ' 

BM = dk \ / 3 - 2 c o s o c ' 

OR=dk V3_2 cosa.'_l 
K 2 

2 c o s CK. 
1 +cos oc 

V-dgUa\/l- ^ ' - ^ 

acos^ot 
i -

1+COSOC 

f i g i a 

fig 1C 

f i g i ( 
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The pore volume v is obtained by subtracting the volume of the spheres 

within the prism, equal to the volume of one sphere from the volume of 

the prism. The pore space in percentage is equal to 100v/l or: 

T/6 
p = 1 -

sin <X \k - 2 cols2^ ' 
" 1 + COSCX 

The following values are calculated. 

Table 1 

6< = 90 85 80 75 70 65 60 

P = 0.476 0 .471 0.454 0.427 0.387 0.332 0.260 

I = 1.000 0.989 0.959 0.913 0.854 0.784 0.707 

The ratio of wetted perimeter over cros s-sectional area of the pore 

depends on the position of the cross section. 

erf 
In fig. la this ratio is: fdk = s i n ^ _ < r / 4 (5) 

rr 
In fig. lb this ratio is: fd .̂ = > , ? .y-~. .-r- (6) 

\ / 2 ( l + C O S Î < - 2 cos^ffl -*\Ç4 

In fig. lc this ratio is : fd^ = -
\/2(l - c o s * ) ' - TT/4 (7) 

The following values for f(dk) are obtained: 

Table 2 

o( 90 85 80 75 70 65 60 

Fig. la formula 5 14.64 14.90 15.75 17.39 20.37 25.97 38.91 

Fig. lb formula 6 2.59 2.44 2.38 2.35 2.38 2.46 2.59 

Fig. lc formula 7 2.59 2.79 3.04 3.36 3.85 4.28 5.00 

The values according formula 5 have to be inserted in formula 1 in case 

of moisture extraction, to which a shape factofYnas to be added. This 

shape factor Q( allows for the discrepancy between the actual situation 

and the calculation for uniform spherical soil particles in a homogeneous 
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p i l e . T h e r e f o r e the f o r m u l a h a s t o be w r i t t e n a s : 

V = 0.075CX f ( d k ) A (8) 

F o r P = 40% we ob ta in : W = 0 . 075 <* 1 9 . 4 7 •}- = 1 .46fl(-i-
dk' d k 

C o m p a r e d w i th f o r m u l a 4 , t he v a l ue of 0(, m u s t be of the o r d e r of 0 . 5 7 . 

T h i s m e a n s t ha t in a n o r m a l so i l t he we t t ed p e r i m e t e r i s s m a l l e r o r t he 

c r o s s - s e c t i o n a l a r e a of t he p o r e i s l a r g e r t h an in a g e o m e t r i c a l a r r a n g e ­

m e n t of so i l p a r t i c l e s . The f o r m u l a b e c o m e s t h e r e f o r e : 
*u/ - n 04.1 f(A \ •* w i th for d k t he v a l u e s of t a b l e 2 a c c o r d i n g 
>K - U.U<KJ n d k j g - t o f o r m u i a 5 . 

The m e n i s c u s of t he l a r g e s t s i z e i s c a l c u l a t e d a c c o r d i n g to f o r m u l a 

6 . -For a c ub i c l e a r r a n g e m e n t the l a r g e s t m e n i s c u s i s 5 . 66 t i m e s a s 

l a r g e a s t he s m a l l e s t . In t he t e t r a h e d r o n a l a r r a n g e m e n t t h i s r a t i o i s 

1 to 1 5 . The c a l cu l a t i on of f o rmu l a 6 d o c s not h o w e v e r d e s c r i b e a r e a l 

p o r e in i t s l ong i tud ina l d i r e c t i o n , bu t m o r e a t r i gh t a n g l e s . The l a r g e s t 

p o r e s i z e w i l l be m o r e n e a r t he so lu t ion of f o r m u l a 7, and t h i s f o rmu l a 

s hows t ha t t he l a r g e s t p o r e i s 5 . 66 to 7 . 7 8 t i m e s a s l a r g e a s the 

s m a l l e s t . 

The p r o p e r t i e s of a g e o m e t r i c a r r a n g e m e n t d i f fer f r o m the p r o p e r ­

t ies , of an a c t u a l so i l b e c a u s e of i r r e g u l a r i t i e s in t he shape of t he 

p a r t i c l e s and in t he a r r a n g e m e n t . The p o r e s p a c e s above 4 7 . 6 % o r 

b e low 26% have no s imp l e c o m p a r i s o n in t he g e o m e t r i c a l a r r a n g e m e n t . 

P r o b l e m 1. A so i l h a s a p o r e s p a c e of 45% and i s c o m p a c t e d to 38%. 

The p a r t i c l e s i z e i s u n i f o rm , t he d i a m e t e r i s 80^,. 

D e t e r m i n e the s i z e of t he s m a l l e s t and l a r g e s t p o r e s b e f o r e c o m ­

pa c t i o n . D e t e r m i n e t he r e duc t i on in p e r c e n t a g e for t he l a r g e s t and 

s m a l l e s t p o r e due t o c o m p a c t i o n . 

E x a m p l e 2 . Make an e s t i m a t e of t he d i f f e r ence in t he he igh t of c a p i l ­

l a r y r i s e b e tween a m e d i u m c on so l i d a t ed so i l of 40% p o r e s p ace and a 

so i l a t m a x i m u m con so l i d a t i on . The p a r t i c l e s i z e i s lOOfj.. 

The d i f f e r ence i n he igh t of c a p i l l a r y r i s e for m a x i m u m and n o r m a l 

c on so l i da t i on i s : 
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0.075OC ( 

= d k 
0 .075.057 

~ ÔTÔ"ï 

= 83. 5 cm 

f ( d k ) c - f ( \ ) 

(38.91 - 1940) 

m e 

Example 3. A p las t ic d ra in tube of 5 cm d iamete r and 5 g r am weight p e r cm 

length has s l i ts of 3 cm length and 0 .6 m m width. The capi l lary force of the 

meniscus in these slits i s able to exclude water from the tube in case this i s 

d ry . Will the d ra in tube float on the water in the t r ench or will it sink? What 

width should a r ec tangular hole of 1 cm length be given to make sure that 

wa te r will not be excluded and floating will be prevented? 

A cylinder of r adius r , floating in water with i t s axis of rotation 

pa ra l l e l to the wa ter surface , will p e r cm length displace a volume 

of wa te r , dependant on the ra t io of immer s ion h / r or F / r , F 
2 

being the c i rc le segment in cm and h the depth of immers ion 

(see fig. 2) 
•<- 2 r > 

fig. 2 

Table 3 on c i r cu la r d imens ions , to be taken from any mathemat ica l 
2 

t able ,shows the following relat ion between h/r and F / r . 

Table 3 

h / r 0 .10 

F / r 2 0 .06 

0 .20 

0 .16 

0.30 

0.30 

0 .40 

0 .44 

0.50 

0 .61 

0 .60 

0 .79 

0.70 

0 .98 

0.80 

1.17 

The depth of immer s ion h depends on the equi l ibr ium between d i s ­

placed water and weight. The d isplacement of a tube of 5 g r , equal 

to 5 cc of wa te r , i s calculated a s : 
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The corresponding value for F/r = 0. 80 is according table 3 h/r = 

0. 60. The drain therefore will float with a depth of immersion of 

0.60 x 2.5 cm = 1.5 cm. 

The slits in the tube with a length 1 = 3 cm and a width 

w = 0.06 cm can resist a capillary tension of 

V = 0.075 2(1+w> = 0.15 ( i + - ! = 0.15 x 17 1 l w v 1 w / 

The menisci can hold the pressure head of 1.5 cm and then has 

still 1 cm in reserve. The drain tube will float in the trench. 

For a rectangular slit of 1 cm length and a width w, which cannot 

hold more than 1.5 cm of pressure the width is calculated as: 

\iJ -n A^li M
 1 1 0 . 4 5 1 0 . 15 . . . 

H-* = 0 . 1 5 l=- + — J w = -1—- . •- w = -.—= . - = 0 . I l l c m . 
1 \1 w/ 1 vi/ - 0.45 1.5-0.15 

A slit of 10 mm long and 1.11 mm wide at every few meters is 

sufficient to keep this drain tube from floating. 

5. a) The conductivity of porous material of uniform particle size 

The conductivity of a straight, circular, not ramified capillary of 

uniform cross-section is expressed by the formula of Poisseuille. 

This formula shows a clear similarity with the flow formula of Darcy. 

rf r4 d ^ 1 f f T r M qr 2 dH' /ox - ^ , , • 
q = 'J —-— = i -! |! r — (9) compare with q = k f l 

dl 2 "[ \ 2 cFf r J dl 
2 

= cross-sectional r = radius of tube 
area of capillary "\ - viscosity of fluid in ƒ g units 

= gradient k = r / 8 ^ = conductivity constant 
p = specific gravity 

, . . .. "g = acceleration of gravity 
conductivity constant & & 3 

This formula is adapted to non-circular cross-sections of pores by 

expressing the conductivity constant in terms of the wetted perimeter 
2 

Cd̂ . and the cross -sectional area of flow Fd j^-. Further for aoils the 
intensity of flow should be expressed in terms of the area taken 
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2 
m by the cap i l la r ies - pore plus soil Od ^ - instead of by the pore a lone. 

The formula for the conductivity of a unit a r e a of soil k expressed 

in the a r ea of flow and the wetted p e r ime t e r of a single capi l lary now 

becomes : 

k = Lr- {Te™ a r e a ° f flOW)3 Z = £ - I ± d \ (10) 
^' I (mean wetted p e r ime t e r ) (soil a rea ) 2"TC^O 

ß = shape factor 

The c ros s -sect ional a r e a of the tube in this c a s e , however, differs 

from that of the capi l lary suction. In th is case an average value for F 

and C should be taken instead of the l a rges t or the sma l les t . 

In th is case F i s obtained by dividing the total pore volume 

(I -II / 6 )dx3 by the pore length d^ or 

2 
- i 

•jf I 

The wetted p e r ime t e r i s found by dividing the surface of the spheres 

T d ^ by the length d .̂ of the po r e , so that: 

c =TTdk 

The a r ea of soil p a r t i c l e s plus pore a r ea i s : 

O = sinc< d2k 

Fo r k i s obtained the express ion: 

v = t L | s i n ûA/1 - 1 + cost* ~6~ J d 2 k 

2'1 ^ sinO< 

For the success ive va lues of the t e r m compris ing this var iable 

becomes : 

(12) 

Tabel 4 

tk 
f (f*)xl0-6 

1 r ,wx„,n 

90 

1095 

-6 464 

85 

1026 

435 

80 

850 

360 

75 

620 

263 

70 

388 

165 

65 

198 

84 

60 

73 

31 
2T 

i 
Fo r —— is used: 49050 for k and dk in cm. sec 

1 or: 0.424 for k in m /24 hours and d-. in mic ron 
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2 
Exper imenta l ly the re lat ion between k and d v £ ° r a po re space 

of 40% and the r a ther homogeneous par t ic le size of graded samples 

of sand was found as 
k = 0.000370 d 2

k 

F r o m pore space geometry, i s der ived: 

k = 0.000197 d 2
k s *• 

The factor ß in formula 12, accounting for the var ia t ions in shape 

of the capi l lary c ros s sec t ions , the d ivergence from the geometr ica l 

a r r angement of the pa r t i c l e s and of the spher ica l form has apparently 

the value of 370/197 or 1.88. 

The sa turated conductivity of an a r r angement of spheres of uni­

form d iamete r becomes 

k = 0. 4905 x 1. 88 x (f(*) d2
k 

k = 0.92 f (of) d 2
k (13) 

b) The indicative value of the capi l lary tension for capi l lary conductivity 

C 
F 

The capi l lary tension was descr ibed byû<S-^ • The capi l lary 
F •? F 

conductivity was given by fi ( =̂r )^ • Q • One may a s sume that the 

factor F / O will not be influenced very much by the i r r egu l a r i t i e s of 

the shape and s ize of the soil p a r t i c l e s . The d iscrepancy between 

calculated and observed capi l lary tension and conductivity a r e accounted 

for by the shape factors & and ß 

The possibil i ty to calculate the capi l lary conductivity from the 
1 F 2 capi l lary tension i s based on the fact, that the value (—; p ) should 

be equal to fi (•*-,) or 

i 2 = fi 
1 A a 

In real i ty - =7^1E-_2 = 3 . 0 8 = 1 . 7 3 x 1 . 8 8 = 1 . 73 ,0 
or °-57^ 



> -! '' 
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This means that the shape f ac tors , which were not accounted for as 

tor tuosi ty and ramificat ion dec rease the conductivity by a factor of 

1.73 . As long a s no va lues , originating from d i rec t observat ions 

concerning this factor can be made available the value of 1. 7 may be 

the bes t e s t imate for p rac t i ca l u s e . 

Example 4 . Calculate the percentage of change in pe rmeabi l i ty , due 

to maximum consolidation of a soil as compared with average consol i ­

dation. 

Assuming average consolidation at P = 40% and maximum consol ­

idation at P = 26%, the percentage ra t io i s expressed by: 
1 0 0 k 1 8 _ i 0 0 0 . 9 2 . 0.000031 d 2 k = 1 0 0 ï 31 = ±5^% 

k 4 0 ' 0 .92 . 0.000197 d 2 k
 i y r 

The percentage of reduction of the permeabi l i ty does not depend 

on the pore s i ze . By sonsolidation t h e permeabi l i ty i s reduced 

cons iderably . 

Example 5. A soil i s covered with a thin film of wa te r , kept at con­

stant l eve l . The soil i s of uniform pore s ize , no sealing o ccu r s , no 

capi l lary suction i s a s sumed in the soi l . The pa r t ic le size i s lOOy., 

the pore space i s 40%. How much water will infil trate under these 

steady conditions ? Also de termine the r a te of infi l tration, assuming that 

a thin l ayer of fine ma t e r i a l with a pa r t i c le size of lOfi, due to seal ing, 

covers the so i l . The pore space i s 35%. 

Using the formula k s = 0.00037 dr^ the r a te of infil tration 

i s calculated a s k s = 3.70 m / 24 hours 

Fo r the pore space of 35% the formula to be used r eads 

k s = 0 .00011 d 2
k 

k s = 0 .011 m / 24 hours 

The d ec rease in par t ic le s ize due to separat ion of the coa r se 

and fine fraction has a l a r g e r influence on permeabi l i ty than 

the decrease i npo r e space due to compaction. 

6 . The mois tu re retaining capacity 

The capacity of a soil to r e ta in mois tu re against suction depends 

on the negative p r e s s u r e , exerc ised by capi l lary f o rces . When they 
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balance against the suction fo rces , no p r e s s u r e gradient i s p resen t 

and no mois tu re flow will appear . The capi l lary forces depend on the 

wetted p e r ime t e r and the a r e a of the men i s cus . 

By increas ing the mois ture s t r e s s f i rs t the meniscus in the 

smal les t po r e , descr ibed by formula 5, will give way and only the 

mo i s t u r e , p r e sen t in the c i r cu la r wedges at the contact points of two 

spheres will r emain in the soi l . In th is case the capi l lary force in the 

mo i s tu re of the c i r cu la r wedges i s h igher than the suction force 

descr ibed by formula 5, which emptied the p o r e . The mois tu re content 

will d ec r ea se to a smal l extent by increas ing mois tu re s t r e s s from 

z e ro to a f i rs t small value due to the l a r g e r c ap i l l a r i e s , for which the 

tension n ece s sa ry to empty them, i s descr ibed by formula 6 and 7 . 

The d ec rease in mo i s tu re content, however , cannot be l a rge because 

these l a r g e r po re s a r e only in terconnected by the po re s of formula 5 . 

Is the mo is tu re s t r e s s according to forfuifea 5 r eached, then a con­

s iderable p a r t of the volume of the po r e s i s empt ied. 

A further i nc rease of the tension will ex t rac t the mois tu re of the 

c i r cu la r wedges, see fig. 3, which withdraw to a position more and 

mo re nea r to the contact point. 

F ig . 4 shows the type of re la t ion that may be expected b e t w e e n ^ 

and the mo i s tu re content v . The range AB depicts the tension at which 

all po re s s t i l l can hold the i r wa t e r . The p a r t BC i s the range of emp ­

tying of the l a r ge r p o r e s . Between C and D the smal l po re s loose t he i r 

mo i s tu re and beyond point D the wedges of different contact points a r e 

no longer in mutual, contact . In the range between points D and E the 

mois tu re withdraws to the na r rowes t p a r t of the slit between the parti­

c l e s . 

In case of p a r t i c l e s of different s i ze , the p rope r t i e s of the pore 

a r r angement becomes l e s s d is t inct . However, ce r ta in general a spec t s 

may show up a s the p r e sence of a sa tura ted capi l lary zone (fig. 4 , 

range AB) or the l a rge var ia t ion in v a t smal l var ia t ion of W (fig 4 , 

range CD). In fig. 5 the general shape of the mo is tu re r e t en t ion curve 

or desorpt ion curve i s given. It i s habitual to plot these cu rves a s 

log y against v . 





fig. 4 
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The origin of the de sorption curve explains that the range ABC will 

depend strongly on both par t ic le size and a r r angemen t , the range DE 

depends on the s ize of the wedge between any two p a r t i c l e s and t h e r e ­

fore on the pa r t ic le size only. In th is pa r t the influence of the a r r a ng e ­

ment i s sma l l . The p a r t of low moi s tu re content i s mainly dependent 

on the soil t ex tu re . The range of the high mois ture contents i s mainly 

dependent on the soil s t r uc tu re . 

a. The mathemat ica l express ion of the pF - cu rve 

The two a spec t s of the desorpt ion cu rve , the influence of adsorpt ion 

p r o ce s s e s and the influence of soil s t ruc ture have to be incorporated 

in the formula for the s t r e s s-volume re la t ion. 

Giving the mois tu re tension influenced by adsorpt ion by V a and 

the ze ro point of th is scale by V a o then adsorption p r o ce s s e s a r e 

r endered by: 

r~ = v " m o r log V r - log V = -m log v 
' r o 

i 

The influence of the soil s t ruc ture i s mo re difficult to d e sc r ibe . It 

will be of the na ture of a skew probabil i ty distr ibution for which no for ­

mula i s c lear ly indicated. The wet end of the desorption curve , however, 

d e t e rmines the unsaturated permeabi l i ty and the curve for th is p roper ty 

enables to draw conclusions with r e spec t to the p F - cu rve . 

F r o m the formula for the unsatura ted permeabi l i ty ( § 9) for the 

wet end of the desorpt ion curve an equation may be der ived. The pa r t of 

the mois tu re s t r e s s influenced by soil s t ruc tu re i s indicated by V s> 

the ze ro point by V s o . The s t ruc ture indication in the desorption curve 

(for the derivat ion see formula 23) can be descr ibed by: 

v s = ^ ( « 2 y 2 ^ z t x y + 2 ) e - a V
 (14) 

The formula v - of importance for the calculation of the unsaturated 

flow - i s r a t he r unwieldly for other pu rpose s . It was found that the 

formula may quite sat isfactory be used a s a apar t of a formula with wider 

applicabili ty: 

v s ( PS_ ^ -n
 = { P^ 

V s o \ P S - v s ƒ - V 




