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Step-by-Step Transition from Clay to Soil Shrinkage Curve 
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Abstract: Clay and soil containing it have shrinkage curves that are qualitatively different in shape. The objective of this 

work is to qualitatively show with maximum simplicity, how a clay shrinkage curve turns into a soil shrinkage curve. Be-

cause of the crack volume the measured shrinkage curve is not the single-valued feature of a soil. We use a concept of the 

reference shrinkage curve that is only stipulated by soil shrinkage without cracking, single-valued, and qualitatively simi-

lar to an observed shrinkage curve. We also use new concepts of an intra-aggregate soil structure: (i) a deformable, but 

non-shrinking surface layer of aggregates that loses water during shrinkage; and (ii) lacunar pores (micro-cracks) inside an 

intra-aggregate clay that increase in volume during shrinkage. Then, through a series of consecutive steps, illustrating 

each step by a separate graphic presentation, we move from a clay shrinkage curve to a soil shrinkage curve with pre-

dicted qualitative features that coincide with those experimentally observed in numerous soil shrinkage publications. We 

thereby demonstrate the qualitative physical impact of the intra-aggregate structure on soil shrinkage. 

Keywords: Clay, soil, reference shrinkage, lacunar pores, aggregate surface layer. 

1. INTRODUCTION 

 The shrinkage curves of a soil (e.g., [1, 2]) and the clay 

contributing to it (e.g., [3]) are qualitatively different (Fig. 1) 

even if the organic matter content is negligible and the clay 

is the only shrink-swell component of the soil. These differ-

ences were recently quantitatively explained at any clay con-

tent [4-6]. The qualitative differences between the shape of 

clay and aggregated soil shrinkage curves are as follows [4]: 

(a) unlike pure clays (Fig. 1a), in the main part of the 

structural shrinkage area (Ws<W<Wh; Fig. (1b)) the 

soil shrinkage curve is convex upward; 

(b) unlike pure clays (Fig. 1a), the slope of the soil 

shrinkage curve in the structural shrinkage area is es-

sentially less than unity and, in general, varies with 

water content; the shrinkage curve can even have an 

inflection point in the area (see Fig. (1b), curves 1 

and 2) (e.g., [2]); 

(c) in the basic shrinkage area (Wn<W<Ws; Fig. 1b) the 

shrinkage curve slope is constant for a given soil, but 

unlike the different clays (when the slope is always 

equal to unity; Fig. (1a)) for different soils the slope 

varies between zero and unity; and 

(d) unlike pure clays, the maximum swelling point, Wh 

(or the shrinkage start point) of a soil can be situated 

at the pseudo saturation line (Fig. 1b) (e.g., [2]). 

 In general, the shrinkage curve of an aggregated soil is 

non-single valued because the volume of (macro) cracks 

between primary aggregates depends on sampling, sample 

preparation, sample size, and drying regime [7-12]. How- 
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ever, the qualitative view of the shrinkage curve in Fig. (1b) 

is kept at any inter-aggregate cracking. For this reason, to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Qualitative view of (a) the clay and (b) soil shrinkage 

curves (modified Fig. (1) from [4]). Subscripts “z”, “n”, “s” and 

“h” correspond to the shrinkage limit, air-entry point, final point of 

structural shrinkage, and maximum swelling point, respectively. 

The curve slope in the basic shrinkage area for clay is always unity, 

but for soil it can also be less than unity. Curves 1 and 2 are the 

observed variants in the structural shrinkage area. Dashed and 

dash-dot lines are the true and pseudo saturation lines, respectively. 

(Wh
*
-Wh)/ w gives the volume of non-connected isolated pores that 

remain non-water filled. 
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consider the effects of soil structure on shrinkage curve, 

Chertkov [4-6] used the reference shrinkage curve that by 

definition only corresponds to soil clay shrinkage without 

inter-aggregate cracking and can be predicted in a single 

valued manner. The negligible volume of inter-aggregate 

cracks suggests sufficiently small samples and an approxi-

mately constant volume of structural (inter-aggregate) pores 

whose deformation initiates the development of inter-

aggregate cracks. 

 The reference shrinkage curve can be interesting for nu-

merous applications, and first of all for estimating the crack 

volume contribution to a measured shrinkage curve. In addi-

tion, since the reference shrinkage curve differs from the 

observed shrinkage curve quantitatively, but not qualita-

tively, it can also be used to reach fundamental understand-

ing of the origin of the abovementioned differences between 

the shrinkage curves in Fig. (1a) and Fig. (1b). 

 All the current models of the soil shrinkage curve, at all 

the differences between them, are based on the approxima-

tion of the experimental shrinkage curve data by some a pri-

ori taken mathematical expression (different for each differ-

ent approach) [10, 11, 13-20]. Such expressions are not de-

rived from considerations of the soil inter- and intra-

aggregate structure, but justified by the fitting of their pa-

rameters (from 3 to 11 depending on the approach) to the 

experimental shrinkage curve data. The a priori accepted 

mathematical approximation of a shrinkage curve can be 

useful for applications (e.g., [19, 20]) and other aims (e.g., 

[18]). However, explanation and understanding of the char-

acteristic features (see above (a) through (d)) of a soil 

shrinkage curve and their origin, implies qualitative or quan-

titative derivation of the shrinkage curve from inter- and 

intra-aggregate soil structure. Accepting some empirical ap-

proximation for the shrinkage curve from the beginning (in 

the frame of existing models) obviously makes such a deri-

vation meaningless because one can only obtain the ap-

proximation that has been a priori given. 

 Chertkov [4-6] relied on the new concepts (and, corre-

spondingly, assumptions) of intra-aggregate soil structure. 

These concepts were in part inspired by observations from 

[21]. In general, in addition to the structural pores (associ-

ated with inter-aggregate space) and clay pores (associated 

with the space between clay particles), the soils also contain 

the micro-cracks or lacunar pores inside a clay of primary 

aggregates [21]. These researches observed lacunar pores 

(Fig. 2) in clay matrices entering the oven-dried artificial 

clay-silt-sand mixtures. At sufficiently small clay content, c 

the lacunar pores are three-dimensional, have an appreciable 

volume (up to that of inter-grain space), and form a network. 

By increasing the clay content the lacunar pore network 

gradually disappears, and only isolated (hidden) lacunar 

pores remain. At sufficiently high clay content the lacunar 

pores have a crack-like shape and negligible volume. 

 The consideration of the reference shrinkage curve was 

based on three assumptions [4]. 

Assumption 1 

 At a given clay type and porosity p of silt and sand grains 

coming into contact, there is such a critical clay content, c
*
 

that at a soil clay content c>c
*
 lacunar pores inside clay and 

grain contacts are lacking (Fig. 2a), but at a soil clay content 

c<c
*
 lacunar pores exist and grain contacts can exist at suffi-

ciently small water contents (Fig. 2b and 2c). If c<c  and the 

lacunar pores exist (Fig. 2b and 2c) they can reach the sizes 

of inter-grain spaces and are usually large compared to clay 

pores and emptied (if water-filled) before them. Observa-

tions [21] show that c  can be between 0.3 and 0.8, but a 

typical value c 0.4 [22]. The critical value c
*
 to be defined 

by the above assumption is expressed through porosity p, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). The illustrative scheme of the internal structure of aggregates at a clay content: (a) c>c , without lacunar pores; (b) c<c , with lacu-

nar pores and silt-sand grain contacts at w=0; and (c) c<c , with lacunar pores and non-totally contacting silt-sand grains at any water content 

(Fig. (2) from [6]). 
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relative volume of the clay solids, vs, and the relative oven-

dried clay volume, vz (the vs and vz values are connected with 

clay type, see [23, 24]) and is in agreement with data from 

[21]. 

Assumption 2 

 The shrinkage of an intraaggregate clay, aggregates, and 

soil, as a whole, starts simultaneously at total soil water con-

tent, Wh corresponding to the point of maximum soil swel-

ling or point of shrinkage start (Fig. 1b). 

Assumption 3 

 Water in the clay pores of a deformable, but non-

shrinking surface layer of aggregates (Fig. 2) with modified 

pore structure (interface layer) and the layer volume, deter-

mine a soil reference shrinkage curve in the structural 

shrinkage area. 

 The quantitative consideration from [4-6] is quite com-

plex. At the same time, based on the above concepts and 

assumptions, one can propose the relatively simple qualita-

tive explanation of the above shape features of the soil refer-

ence shrinkage curve originating from those of the clay 

shrinkage curve. Thus, unlike the quantitative consideration 

from [4-6] that was conducted using a number of inevitable 

complications, the objective of this work is to show that a 

simple qualitative physical explanation and understanding of 

the transformation of a clay shrinkage curve (Fig. 1a) to the 

reference shrinkage curve of a soil (Fig. 1b) with any clay 

content and with the above characteristic features from (a) to 

(d), can be reached without any calculations and only using 

rather simple means. In addition, our aim is to illustrate the 

approach with maximum possible simplicity and clearness, 

step by step, using a separate graphic presentation for each 

step (unlike [4-6] where the steps are shown together, in one 

complex figure). 

 Correspondingly, the data that we are going to use for 

comparison with theoretical results, relate to the qualitative 

aspects of the shrinkage curve shape. The qualitative aspects 

were formulated above as characteristic features from (a) to 

(d) [4-6] and visually shown in Fig. (1). As for the experi-

mental observations of these qualitative aspects, the reader 

can turn to numerous soil shrinkage publications, major of 

which have already been mentioned above. Notation is 

summarized at the end of the paper. 

2. THE SHRINKAGE CURVE OF A PURE CLAY 

( )(wV ) 

 We start from a disaggregated clay. The shrinkage curve 

of a disaggregated clay can be written as 

)(wV =1/ s+ )(
cp
wV             (1) 

where V is the specific volume of the clay; w  - the gra-

vimetric water content of the clay; s - the density of solids 

(clay particles); and Vcp - the specific volume of the clay 

(matrix) pores. In the frames of the model [23, 24] Eq. (1) 

gives (see Fig. (1a), solid line shows a qualitative view of 
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where 
z

w , 
n

w , and 
M

w  are the clay shrinkage limit, air-

entry point, and the liquid limit, respectively (at natural 

swelling only the maximum swelling point, 
h
w <

M

w  is 

reached); w – the water density; and a - a coefficient de-

pending on Vz, 
M

w , and s [23, 24]. 

3. THE SHRINKAGE CURVE OF AN INTRA-

AGGREGATE MATRIX (U(w)) 

 The aim of this section is to show the link between the 

shrinkage curve of an intra-aggregate matrix (Fig. 2) and the 

above shrinkage curve of a clay that contributes to it. 

3.1. Lacunar Pore Volume (Ulp(w)) and Lacunar Factor 

(k) 

 The specific volume U(w) of the intra-aggregate matrix 

(Fig. 2a, 2b, and 2c) where w is the gravimetric water con-

tent of the matrix, includes the constant specific volume 1/ s 

of solids as well as the specific volumes of lacunar pores Ulp 

and clay pores Ucp as (note that here we rely on the assump-

tions from Section 1) 

U(w)=1/ s+Ulp(w)+Ucp(w), 0 w wh          (3) 

where wh is the maximum swelling point of the intra-

aggregate matrix at natural swelling (wh<wM where wM is the 

liquid limit of the intra-aggregate matrix). In Eqs. (2) and (3) 

for the sake of simplicity we do not take into account a pos-

sible small difference between the density of silt-sand grains 

and clay solids, and correspondingly, the difference between 

the clay content by weight and the volume fraction of clay 

solids. The corresponding modification is possible but intro-

duces a superfluous complication. 

 The small variation dUcp of the clay pore volume at 

shrinkage (dUcp<0), corresponding to a water loss dw<0, 

initiates both the variation dU of the intra-aggregate matrix 

volume (dU<0) and the variation dUlp of the lacunar pore 

volume (dUlp>0 since the shrinkage of intra-aggregate clay 

leads to the lacunar pore volume increase). According to Eq. 

(3) the obvious volume balance takes place as 

dUcp=dU - dUlp , 0 w wh .           (4) 

 Based on the balance relation one can present dUlp and 

dU as 

dUlp=-k dUcp , 0 w wh            (5) 

dU=(1-k) dUcp , 0 w wh .            (6) 
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 In general, in Eqs. (5) and (6) the lacunar factor, k is a 

function of clay and water content, k(c, w) with values vary-

ing in the range 0 k 1. At a high clay content (c>c ) the la-

cunar pore volume is negligible (Fig. 2a) and according to 

Eq. (5) k=0 in the whole range 0 w wh. At c<c  lacunar 

pores exist and according to Eqs. (5) and (6) 0<k 1. We as-

sume that at c<c  as in the case c>c  when k=0=constant as a 

function of w, k does not also depend on water content, but 

can vary with clay content in the above range 0<k 1. We 

will see that experimental observations justify this assump-

tion. Then, integrating Eq. (5) at any clay content over water 

content from the initial wh value to a current w value, and 

taking into account the initial conditions, Ulp(wh) Ulph and 

Ucp(wh)=wh/ w as well as the fact that k does not depend on 

water content, we find for any given clay content a linear 

relation between the lacunar pore volume (Ulp(w)) and the 

clay pore volume (Ucp(w)) at shrinkage to be 

Ulp(w)=Ulph+k(wh/ w-Ucp(w)), 0 w wh .          (7) 

3.2. The Shrinkage Curve of an Intra-Aggregate Matrix 

(U(w)) vs. the Shrinkage Curve of a Clay ( )(wV ) (Fig. 3) 

 Although lacunar pores change in volume (Eq. (7)) dur-

ing shrinkage they are emptied (if water filled) before the 

shrinkage starts (because of their size and capillarity). That 

is, at any water content 0 w wh of the intra-aggregate ma-

trix, water is only contained in clay pores (Fig. 2). It follows 

a simple relation between the gravimetric water content ( w ) 

of a pure clay (per unit mass of oven-dried clay) and that (w) 

of the intra-aggregate matrix (Fig. 2) (per unit mass of oven-

dried matrix) containing the clay as 

w= w c , 
h

0 ww , 0 w wh           (8) 

(where c is the clay content of the matrix and soil) and a 

similar relation 

Ucp(w)=Vcp( w ) c , 
h

0 ww , 0 w wh          (9) 

between the specific volume Vcp of clay pores (per unit mass 

of oven-dried clay) and specific volume Ucp of clay pores of 

the intra-aggregate matrix (Fig. 2) (per unit mass of oven-

dried intra-aggregate matrix) containing the clay. In addition, 

from Eq. (1) 

)(cp wV = )(wV -1/ s .          (10) 

 Thus, Eqs. (9), (10), and (8) determine Ucp(w) through 

V(w/c). Similarly, Eqs. (7), (9), (10), and (8) determine 

Ulp(w) through V(w/c). Finally, Eqs. (3), (7), (9), (10), and 

(8) determine the specific volume of the intra-aggregate ma-

trix, U(w) through the specific volume V(w/c) of the clay 

contributing to the matrix (Fig. 2) as 

U(w)=1/ s+Ulph+k wh/ w 

 +(1-k)c(V(w/c)-1/ s) , 0 w wh .         (11) 

 Eq. (11) relates to any clay content. At c<c  in Eq. (11) 

Ulph>0 and 0<k=const 1. At c>c  in Eq. (11) Ulph=0 and k=0. 

Thus, there is the linear relation between U(w) and V(w/c). 

Replacing V(w/c) in Eq. (11) from Eq. (2) [23] one can ob-

tain the following presentation of U(w) 
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 Uz and b are expressed through clay parameters (Eq. (2)) 

and the intra-aggregate matrix parameters (Eq. (11)). Here 

we are only interested in the qualitative view of U(w) in 

comparison with the V( w ) dependence in Fig. (1a). Fig. (3) 

shows such a view of U(w) at 0<k<1 (i.e., for c<c  and 

Ulph>0). The w value along the water content axis in Fig. (3) 

is connected with w  in Fig. (1a) by Eq. (8). In particular, 

wz= z
w c, wn= n

w c, and wh= h
w c. 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Qualitative view of the shrinkage curve U(w) of the intra-

aggregate matrix (corresponding to the shrinkage curve V( w ) of 

clay contributing to the matrix in Fig. (1a); with w= w c). Lacunar 

factor k is in the range 0 k 1. The k value depends on c>c  (Fig. 

2a) or c<c  (Fig. 2b and 2c) and the lacunar pore volume in the last 

case. In the basic shrinkage area, wn<w<wh the slope dU/dw=(1-

k)/ w 1/ w. At k>0 the shrinkage curve, U(w) starts at the pseudo 

saturation (dash-dot) line; the (wh
*
-wh) shear relative to the true 

saturation (dashed) line is connected with non-filled lacunar pores. 

 

 At first glance the presentations of Eqs. (2) and (12) as 

well as dependences V(w ) in Fig. (1a) and U(w) in Fig. (3) 

are similar. Indeed, in both cases Fig. (1a) and Fig. (3) there 

are two linear sections and a “squared” section. However, 

one can also see two very essential qualitative differences 

between U(w) (Eq. (12)) and V(w ) (Eq. (2)). The former 
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shrinkage area (wn w wh) (Fig. 3) compared with the slope 

of the V(w ) curve in its basic shrinkage area 

(
hn
www ) (Fig. 1a). The slope 

w
/1d/d =wV  at 

hn
www  (Eq. (2)) for any clay (Fig. 1a). Unlike that, 

according to Eq. (12) the slope 

w/)1(d/d kwU =  , wn w wh         (13) 

and depends on the k value (see Fig. 3). In turn, the k factor 

depends on the clay content and characteristics of clay and 

silt-sand grains contributing to the soil (see Section 3.1). 

Only at c>c  
w

/1d/d =wU  in Fig. (3) in the total range 

wn w wh similar to clay (Fig. 1a) because k=0. At c<c  (Fig. 

3) the slope is constant and less than unity ((1-k)/ w) in the 

total range wn w wh. Equation (13) can be directly obtained 

from Eq. (6) because at wn w wh dUcp=dw/ w. The above 

analysis is necessary to understand the relations between 

V(w ) and U(w). 

 The second qualitative difference relates to the position 

of the saturation line of the U(w) curve (Fig. 3) unlike the 

position of the saturation line of the V(w ) curve (Fig. 1a). 

In the range 
hn
www  the shrinkage curve V(w ) of a 

disaggregated clay always coincides with its saturation line 

(see Eq. (2) and Fig. 1a). Unlike that, the point Uh=U(wh) of 

the shrinkage curve U(w) of the intra-aggregate matrix (Fig. 

3) is only situated on the true saturation line, 1/ s+w/ w if 

k=0 and Ulph=0 (see Eq. (12) at wn w wh). This is realized 

for clay contents c>c  and corresponds to the absence of la-

cunar pores. If k=const>0 (Fig. 3) lacunar pores exist, their 

volume remains empty, and the true saturation line, 

1/ s+w/ w is not reached at swelling. In this case (c<c ) the 

point Uh=U(wh) of the shrinkage curve U(w) (Fig. 3) is situ-

ated on a 1:1 line (with unit slope) that is a pseudo saturation 

line.  

 It is worth emphasizing that both the above qualitative 

differences between U(w) and V( w ) are direct consequences 

of lacunar pores existing in the intra-aggregate matrix (Fig. 

2b) and the increase in lacunar pore volume (Ulp(w)) (Eqs. 

(7)-(10)) during shrinkage. At high clay content, c>c  when 

there are no lacunar pores (Fig. 2a), these qualitative features 

of U(w) compared with )(wV  are absent; that is, the dashed 

and dash-dot lines in Fig. (3) coincide with each other and 

with U(w) at wn w wh. 

 Note that at high clay content (c>c ) the shrinkage curve 

of the intra-aggregate matrix, U(w) (Fig. 3) can be directly 

observed as the shrinkage curve of a clay paste with silt-sand 

admixture (e.g., [25]). However, at sufficiently small clay 

content (at c<c ) the shrinkage curve U(w) (Fig. 3), it seems, 

cannot be directly observed because of the quick formation 

of a superficial aggregate layer that is present in any sample 

along with an intra-aggregate matrix (Fig. 2b). 

 Finally, note that in the following consideration the 

shrinkage curve of the intra-aggregate matrix, U(w) plays the 

part of an important auxiliary curve. 

4. THE SHRINKAGE CURVE OF AN AGGREGATE 

SYSTEM (Ua(W)) 

 The shrinkage curve of an aggregate system is a corre-

spondence between the total gravimetric water content (W) 

and specific volume (Ua) of the system. Both consist of two 

contributions [4-6]. The aim of this section is to show, step 

by step, the transition from the U(w) auxiliary curve to the 

shrinkage curve Ua(W). 

4.1. Contributions to the Total Water Content (W) and 

Volume (Ua) of an Aggregate System 

 According to Fig. (2) and assumptions from Section 1 the 

total water content of an aggregate system (and soil) (W) 

includes contributions of the intra-aggregate matrix (w ) and 

interface layer ( ) as 

W=w +  .           (14) 

 Structural and lacunar pores are empty at shrinkage be-

cause of their size and capillarity. Thus, the w  and  contri-

butions are interconnected because the interface clay pores 

giving the  contribution and pores of intra-aggregate clay 

giving the w  contribution (Fig. 2) are at the same varying 

suction. We will consider w  to be an independent variable 

that varies in the range 0 w wh  where wh  corresponds to 

the state of the maximum aggregate and soil swelling. 

 According to Fig. (2) and assumptions from Section 1 the 

specific volume of aggregates (Ua) also includes contribu-

tions of the intra-aggregate matrix (U ) and non-shrinking 

interface layer (Ui). U  and Ua can also be considered as 

functions of the independent parameter w . Thus, 

Ua(w )=U (w )+Ui , 0 w wh  .         (15) 

4.2. Contribution of the Intra-Aggregate Matrix (U (w )) 

to the Aggregate Volume (Ua) vs. the Shrinkage Curve of 

the Intra-Aggregate Matrix (U(w)) (Fig. 4) 

 The U (w ) dependence in itself (Fig. 4) is not a real 

shrinkage curve because it only gives one contribution (of 

the intra-aggregate matrix; Fig. (2) to the specific volume, Ua 

(another one is Ui, Eq. (15)). This is why the U (w ) curve is 

situated below the saturation line in Fig. (4). However, 

U (w ) is directly and simply connected with the auxiliary 

shrinkage curve of the intra-aggregate matrix, U(w) (Fig. (3); 

Section 3). U (w ) and U(w) only differ by normalization. U  

and w  are the specific volume and water content contribu-

tions of the intra-aggregate matrix per unit mass of the oven-

dried soil as a whole, including the solid mass of the inter-

face layer (see Fig. 2). U and w, however, are the specific 

volume and water content of the same intra-aggregate matrix 

per unit mass of the oven-dried matrix itself, i.e., without the 

solid mass of the interface layer (see Fig. 2). It follows that 

the water content values along the w and w  axes in Fig. (4) 

are connected as 

w =w/K ,          (16) 

and corresponding U and U  values as 

U =U/K            (17) 
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where K>1 is the ratio of the aggregate solid mass to the 

solid mass of the intra-aggregate matrix (i.e., the solid mass 

of aggregates without the interface layer, see Fig. (2). Hence, 

the relation between U (w ) and U(w) is 

U (w )=U(w K)/K, 0 w wh  .         (18) 

 Thus, the U (w ) curve (Fig. 4) is expressed through the 

auxiliary shrinkage curve U(w) (Section 3) and K ratio. The 

latter is connected with the Ui contribution (see Section 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Transition from the shrinkage curve, U(w) of the intra-aggregate matrix to the contribution, U (w ) of the intra-aggregate matrix to 

the specific volume of an aggregate system (Ua) and soil (Y), for clay contents c<c , based on Eqs. (16)-(18). In particular, w z=wz/K, 

w n=wn/K, w h=wh/K. Dashed and dash-dot lines are as in Fig. (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Transition from the contribution, U (w ) of the intra-aggregate matrix to the aggregate shrinkage curve in coordinates Ua and w  at 

c<c , based on Eq. (15) and accounting for the condition of Eq. (19). Dashed and dash-dot lines are as in Fig. (1). 
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 According to Eqs. (16) and (18) dU /dw =dU/dw (Fig. 4; 

0 w wh ; 0 w wh=Kwh ). In particular, the basic shrinkage 

area, wn w wh of U(w) (Fig. 4) where dU/dw=(1-k)/ w (Eq. 

(13)) corresponds to the basic shrinkage area, 

wn =wn/K w wh  of U (w ) (Fig. 4) where U (w ) has the 

similar slope, (1-k)/ w. For the sake of simplicity Fig. (4) 

only shows the U(w) U (w ) transition for the case c<c  

when 0<k 1 (Fig. 3). At k=0 (c>c ) the slope of U(w) and 

U (w ) in corresponding basic shrinkage areas coincide with 

the slope of the saturation line (the dashed line in Fig. (4) 

that at k=0 coincides with dash-dot line). 

4.3. The Shrinkage Curve of Aggregate System in Coor-

dinates Ua and w  vs. the Contribution of Intra-Aggregate 

Matrix (U (w )) (Fig. 5) 

 According to Eq. (15) the shrinkage curve Ua(w ) only 
differs from the U (w ) curve (Section 4.2, Fig. 4) by the con-
stant shear Ui along the axis of the specific volume (Fig. 5). 
This means that all that was said in Section 4.2 with respect 
to the dU /dw  slope in the basic shrinkage area wn w wh  
(Fig. 4) and the slope value connection with clay content, 
also relates to the dUa/dw  slope in the same area (Fig. 5). 

 The Ua(w ) curve (Fig. 5) has an uncustomary view be-

cause (unlike U (w )) it was presented using an unusual (for 

Ua volume) w  coordinate. The presentation in usual coordi-

nates, Ua(W) is determined by a W(w ) dependence that 

changes the scale along the water content axis compared to 

w  (see Section 4.4). 

 In connection with the mutual situation of the U(w) curve 

(Fig. 3 and Fig. 4) and Ua(w ) curve (Fig. 5), it is important 

to emphasize that the Uh=U(wh) (Figs. 3-5) and Uah=Ua(wh ) 

(Fig. 5) values coincide as 

Uah=Uh            (19) 

because the water contents and specific volumes of the two 

aggregate parts - the non-shrinking interface layer and intra-

aggregate matrix (Fig. 2) - coincide at maximum soil swel-

ling (the shrinkage start point). Replacing in relation, 

Ui=Uah-Uh  (see Eq. (15) at w =wh ) Uah from Eq. (19) and 

Uh =Uh/K (from Eq. (17) at w =wh ) we obtain the important 

relation between the specific volume of the interface layer, 

Ui (Fig. 2 and Fig. 5), the specific volume of the intra-

aggregate matrix (Uh) (or specific volume of aggregates 

(Uah) as a whole) at maximum swelling, and the K ratio as 

Ui=Uh(1-1/K) .           (20) 

 This relation reflects the mutual arrangement of curves 

U(w), U (w ), and Ua(w ) in Figs. (3-5). 

 For the sake of simplicity Fig. (5) only shows the 

U (w ) Ua(w ) transition for the case c<c  when 0<k 1 and 

U(w) corresponds to Fig. (3). At k=0 (c>c ) the slope of 

U (w ) and Ua(w ) in Fig. (5) in the wn w wh  area coincide 

with the slope of the dashed and dash-dot lines that also co-

incide with each other. 

4.4. The Shrinkage Curve of an Aggregate System in Co-

ordinates Ua and W vs. the Same Shrinkage Curve in Co-

ordinates Ua and w  (Fig. 7) 

 We consider w  to be an independent variable (Section 

4.1). Then the contribution of the interface layer to the total 

water content W is = (w ) (see Eq. (14)). This dependence 

can be found quantitatively for the two possible types of 

modified pore-size distribution in the interface clay [4-6] 

from the pore-size distribution of the clay [23, 26] and from 

the dependence of the maximum size of water-filled clay 

pores on water content w  [27]. However, the qualitative 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). The qualitative view of two simplest possible variants of the (w ) dependence (entering Eq. (14)). h is the maximum water con-

tent of interface layer of aggregates. ws  corresponds to the completion of the structural shrinkage. 
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view of the (w ) dependence (Fig. 6) is sufficient for the 

aims of this work. This qualitative view flows out of simple 

considerations. (wh )= h (Fig. 6) gives the maximum water 

content of the non-shrinking interface layer when shrinkage 

starts. The interface clay pores are totally emptied during 

shrinkage at some ws  (Fig. 6) where wn <ws <wh  (wn  is the 

air-entry point of the intra-aggregate matrix; see Fig. (5)), 

i.e., (w )=0 at w ws  (Fig. 6). The ws  point is the final one 

of structural shrinkage and the initial one of basic shrinkage 

(Fig. 7). It is obvious that the (w ) dependence should be 

smooth at w =ws  ( 0d/dù
s

=
=ww

w ; Fig. (6). Then, the 

two curves in Fig. (6) show two of the simplest, geometri-

cally possible variants of such (w ) dependence with (curve 

1) and without (curve 2) inflection point. 

 The total water content W as a function of w  is 

W(w )=w + (w ) (Eq. (14)) where (w ) is from Fig. (6). The 

W(w ) dependence changes the scale along the water content 

axis compared to w  (Fig. 7). At 0 w ws  W=w  (Fig. 7). 

This means that Ua(w ) at 0 w ws  in Fig. (5) and Fig. (7) 

quantitatively coincides with Ua(W) at 0 W Ws (i.e., in par-

ticular, in the basic shrinkage area, wn w ws ) in Fig. (7). 

Only in the ws w wh  and Ws W Wh ranges of the struc-

tural shrinkage do the presentations Ua(w ) and Ua(W) (Fig. 

7) differ. The two variants of Ua(W) in Fig. (7) correspond to 

the two variants of (w ) in Fig. (6). Thus, the model pre-

dicts two possible qualitatively different types of reference 

shrinkage curve in the structural shrinkage area. Note that 

both the convex upward shape of Ua(W) in the structural 

shrinkage area (W>Ws) and two types of Ua(W) in the struc-

tural shrinkage area (Fig. 7) originate from the existence of 

the non-shrinking interface layer (Ui addition to Ua, Eq. (15)) 

and its dewatering (Fig. 6) depending on its pore-size distri-

bution. 

 As noted above, at W Ws and w ws , W=w  (Fig. 7) and 

Ua(W)=Ua(w ). Hence, the slope of the observed reference 

shrinkage curve, dUa/dW in the observed basic shrinkage 

area, Wn W Ws (wn w ws , see Fig. (7)) is also given by 

(1-k)/ w as dU /dw  and dUa/dw  (see the end of Section 4.2 

and beginning of Section 4.3). This means that all that was 

said in Section 4.2 with respect to the dU /dw  slope in the 

basic shrinkage area wn w wh  (Fig. 4) and the slope value 

connection with clay content, also relate to the dUa/dW slope 

in the same area, Wn W Ws (Fig. 7). 

 In connection with the mutual situation of the U(w) curve 

(Fig. 3 and Fig. 4), the Ua(w ) curve (Fig. 5), and the Ua(W) 

curve (Fig. 7), it is important to emphasize that wh (Figs. 3-5) 

and Wh (Fig. 7) coincide as 

Wh=wh            (21) 

 because the water contents and specific volumes of the 

two aggregate parts - the non-shrinking interface layer and 

intra-aggregate matrix (Fig. 2) - coincide at maximum soil 

swelling (the shrinkage start point). Accounting for wh=Kwh  

(Eq. (16)) and Wh-wh = h (Eq. (14)) Eq. (21) leads to a rela-

tion that is equivalent to Eq. (20). 

 Finally, in the case of the sufficient connectivity of lacu-

nar pores the Ua(W) shrinkage curve can reach the true satu-

ration line and have a horizontal section as a result of their 

filling at water contents Wh W Wh
*
 (Fig. 7). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Transition from the aggregate shrinkage curve in coordinates Ua and w  to that in coordinates Ua and W, at c<c . Dashed and dash-

dot lines are as in Fig. (1). 
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 For the sake of simplicity Fig. (7) only shows the 

Ua(w ) Ua(W) transition for the case c<c  when 0<k 1, and 

the Ua(W) curve starts at a pseudo saturation line (at W=Wh). 

5. THE SHRINKAGE CURVE OF A SOIL (Y(W)) VS. 

THE AGGREGATE SYSTEM SHRINKAGE CURVE 

(Ua(W)) (Fig. 8) 

 The specific volume of soil, Y(W) only differs from the 

specific volume of an aggregate system, Ua(W) by the spe-

cific volume Us of the inter-aggregate (structural) pores as 

Y(W)=Ua(W)+Us .          (22) 

 In the case of the reference shrinkage curve (by its defini-

tion) Us does not depend on water content W (see Section 1). 

Thus, the soil reference shrinkage curve, Y(W) is totally 

similar in shape to the aggregate shrinkage curve, Ua(W) 

(Fig. 8) with the addition of a horizontal section in the range 

Wh W Wm. This section corresponds to the emptying of the 

structural pores (if water filled), and relations Us=Yz-

Uaz=(Wm-Wh)/ w (see Fig. 8) take place. 

 Depending on lacunar pore connectivity the Y(W) curve 

can start on a pseudo saturation line (at W=Wm in Fig. 8) or 

reach the true saturation line and have an additional horizon-

tal section in the range Wm W Wm
*
 (Fig. 8) as a result of 

lacunar pore filling. 

 In the force of the similarity between Y(W) and Ua(W) 

(Fig. (8); Eq. (22)) it is obvious that in the basic shrinkage 

area (Wn W Ws) the slope dY/dW=dUa/dW=(1-k)/ w and also 

depends on the range of clay content: c<c , (0<k 1; the lacu-

nar pore volume is increasing with drying) or c>c  (k=0; 

lacking lacunar pores). It also follows from the same similar-

ity that both the convex upward shape of Y(W) in the struc-

tural shrinkage area (W>Ws) and the two types of Y(W) in the 

structural shrinkage area (Fig. (8) only shows type 2 of 

Y(W)) originate from the existence of the non-shrinking in-

terface layer of aggregates and its dewatering (Fig. 6) de-

pending on its pore-size distribution. 

 Worthy of special note is that the experimentally ob-

served constancy of the shrinkage curve slope of a soil in the 

basic shrinkage area (feature (c) in Section 1), in combina-

tion with the theoretically predicted expression for the slope 

(dY/dW=(1-k)/ w), do justify the above important assumption 

(Section 3.1) according to which the lacunar factor, k does 

not depend on water content. 

 Finally, note that the Us 0 value reflects a broad spec-

trum of practically important situations when the specific 

volume of structural pores, Us is rather less than the specific 

volume of interface clay pores, Ui  (  is the non-shrinking 

porosity of the interface clay). In this case Y(W) Ua(W) 

(Figs. 7 and 8). If Us<<Ui  the structural water content (be-

fore shrinkage starts) is rather less than the interface water 

content.  

 For the sake of simplicity Fig. (8) only shows the transi-

tion from Ua(W) to Y(W) in the case that was indicated in 

Fig. (1b) when c<c , 0<k 1, and the Y(W) curve starts at the 

pseudo saturation line. 

6. DATA TO BE USED 

 It is worth reiterating that the data that we use for com-

parison with theoretical results, relate to the qualitative as-

pects of the shrinkage curve shape (characteristic features 

from (a) to (d) from Section 1). Corresponding data are 

available from numerous soil shrinkage publications, for 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Transition from the aggregate shrinkage curve, Ua(W) to the soil reference shrinkage curve, Y(W), at c<c , based on Eq. (22). 

Dashed and dash-dot lines are as in Fig. (1). 

Yz 

 

Us 

 

Us 

 

Yh=Ym 

 Y(W) 

Ua(W)  (1) 

Ua(W)  (2) 

Wm 
 

Wz Wn 

 

Ws 

 

Wm* 
 

 

Ua(W) 

Wh 
 

Uah=Uh 

 

Uaz 

 

Total water content of soil, W, g g-1 

Sp
ec

ifi
c 

ag
gr

eg
at

e 
vo

lu
m

e,
 U

a, 
an

d 
 s

pe
ci

fic
 s

oi
l v

ol
um

e,
 Y

, c
m

3 g-1
 



86    The Open Mechanics Journal, 2008, Volume 2 V.Y. Chertkov 

instance, from [1, 2, 28]. The qualitative aspects of the 

shrinkage curve shape from the available publications are 

presented in Fig. 1 in a generalized form. 

7. RESULTS AND DISCUSSION 

 We assumed two new features of the intra-aggregate 

structure - the non-shrinking surface (interface) aggregate 

layer with varying water content and intra-aggregate lacunar 

pores with varying volume (Fig. 2). Then, we visually 

showed (Figs. 3-8) that the features lead to a number of 

qualitative peculiarities of the shape of the reference shrink-

age curve of an aggregated soil. These qualitative physical 

effects of the new intra-aggregate structure concepts are as 

follows: 

(i) The existence of the non-shrinking superficial aggre-

gate layer (Fig. (2); see [29]) (interface layer) leads to 

the convex upward shape of the reference shrinkage 

curve in the structural shrinkage area (see the se-

quence of Figs. (3-8)). 

(ii) Dewatering of the non-shrinking interface layer of 

aggregates (Fig. 6) depending on its pore-size distri-

bution leads to the specific course (with varying slope 

<1) and two possible types of reference shrinkage 

curve in the structural shrinkage area (see curves 1 

and 2 in Fig. (7)). 

(iii) The existence and increase of the lacunar pore vol-

ume inside the intra-aggregate matrix (Fig. 2b) with a 

decrease in water content and depending on clay con-

tent, lead to the reference shrinkage curve slope being 

equal to or less than unity in the basic shrinkage area 

(see the sequence of Figs. (3-8)). 

(iv) The existence and increase of the lacunar pore vol-

ume inside the intra-aggregate matrix (Fig. 2b) with a 

decrease in water content and depending on clay con-

tent, leads to a possible shear of the true saturation 

line relative to the pseudo saturation line (see the se-

quence of Figs. (3-8)). 

 One can now compare the results of predicting the quali-

tative peculiarities of the shrinkage curve shape (from (i) to 

(iv)) with results of numerous observations (see Section 6) 

that were formulated in Section 1 as points (a)-(d) [4-6] and 

as visually shown in Fig. (1). The comparison reveals the 

total coincidence between the predicted ((i)-(iv)) and ob-

served ((a)-(d)) peculiarities of the shape of the shrinkage 

curve. 

 Thus, a major result of this work is the qualitative expla-

nation of the origin of the observed qualitative differences 

between a clay shrinkage curve and the shrinkage curve of 

the soil containing it, based on the new assumed features of 

an intra-aggregate structure: the existence of lacunar pores 

and the increase in their volume during shrinkage as well as 

the existence of the deformable, but non-shrinking surface 

layer of aggregates and its dewatering during shrinkage. 

 The qualitative explanation of the V( w ) to Y(W) transi-

tion is important for the physical understanding of the inter-

connections between an intra-aggregate structure and a soil 

shrinkage curve, even though one can quickly measure the 

shrinkage curve and even though there are good fitting ap-

proximations for the shrinkage curve. In general, observed 

shrinkage curves can quantitatively differ from the reference 

shrinkage curve due to crack existence (for sufficiently large 

samples), but qualitatively they have the same characteristic 

features that are explained above. 

8. CONCLUSION 

 This work shows how a clay shrinkage curve turns into a 

soil shrinkage curve. Assumptions about an increase in lacu-

nar pore volume and dewatering of a non-shrinking superfi-

cial aggregate layer at soil shrinkage enable one to qualita-

tively explain the origin of the observed peculiarities of the 

shrinkage curve shape of aggregated soils. Conversely, these 

observed peculiarities suggest the indicated new features of 

an intra-aggregate structure. The physical understanding of 

the transformation of the clay shrinkage curve to the soil 

shrinkage curve and of the new features of the intra-

aggregate structure underlying this transformation, are essen-

tial for numerous applications; first of all, for the physical 

modeling of soil shrinkage, water retention, hydraulic con-

ductivity, water flow, and solute transport. In addition, the 

concepts and results of the model can also be useful for the 

physical explanation of crack contribution into a measured 

shrinkage curve [30, 31], the hysteretic shrinkage-swelling 

phenomenon, the effects of compaction and consolidation on 

soil shrinkage-swelling in the field, the effects of the non-

total closing shrinkage cracks at soil wetting in field condi-

tions, and soil crusting. 

NOTATION 

a = coefficient in Eq. (2) (cm
3
g

-1
) 

b = coefficient in Eq. (12) (cm
3
g

-1
) 

c = weight fraction of clay solids of the total solids 
(clay-silt-sand) (dimensionless) 

c  = critical clay content; at c>c  lacunar pores are ab-
sent at any water content (dimensionless) 

K = ratio of aggregate solid mass to solid mass of intra-
aggregate matrix (dimensionless) 

k = lacunar factor entering Eqs. (5) and (6) (dimension-
less) 

p = porosity of silt and sand grains coming into contact 
(dimensionless) 

U = specific volume of a soil intra-aggregate matrix per 
unit mass of the oven-dried matrix itself; U(w) is 
the auxiliary shrinkage curve (cm

3
 g

-1
) 

Ua = specific volume of soil aggregates per unit mass of 
oven-dried soil (cm

3
 g

-1
) 

Uah = Ua(wh ) value (cm
3
 g

-1
) 

Uaz = oven-dried Ua value (cm
3
 g

-1
) 

Ucp = specific volume of clay pores in an intra-aggregate 
matrix per unit mass of the oven-dried matrix itself 
(cm

3
 g

-1
) 

Uh = U(wh) value (cm
3
 g

-1
) 
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Ui = contribution of an interface aggregate layer to Ua 
per unit mass of oven-dried soil (cm

3
 g

-1
) 

Ulp = specific volume of lacunar pores in an intra-
aggregate matrix per unit mass of the oven-dried 
matrix itself (cm

3
 g

-1
) 

Ulph = Ulp(wh) value (cm
3
 g

-1
) 

Us = specific volume of structural pores per unit mass of 
oven-dried soil (cm

3
 g

-1
) 

Uz = oven-dried U value (cm
3
 g

-1
) 

U  = contribution of an intra-aggregate matrix to Ua and 
Y per unit mass of oven-dried soil (cm

3
g

-1
) 

Uh  = U´(wh ) value (cm
3
 g

-1
) 

Uz  = oven-dried U´ value (cm
3
 g

-1
) 

V = current value of the specific volume of a clay matrix 
(cm

3
 g

-1
) 

Vcp = specific volume of clay matrix pores (cm
3
 g

-1
) 

Vz = specific volume of a clay matrix in the oven-dried 
state (cm

3
 g

-1
) 

vs = relative volume of clay solids (dimensionless) 

vz = relative oven-dried clay volume (dimensionless) 

W = total gravimetric water content per unit mass of 
oven-dried soil (g g

-1
) 

Wh = W value at maximum aggregate (and soil) swelling 
or initial shrinkage point (g g

-1
) 

Wh
*
 = W value that corresponds to possible filling of lacu-

nar pores (gg
-1

) 

Wm = W value that corresponds to possible filling of struc-
tural pores (g g

-1
) 

Wm
*
 = W value that corresponds to possible filling of lacu-

nar and structural pores (gg
-1

) 

Wn = W value at the end point of the basic shrinkage area 
of a soil (g g

-1
) 

Ws = W value at the end point of the structural shrinkage 
area of a soil (g g

-1
) 

Wz = W value at the shrinkage limit of a soil (g g
-1

) 

w = gravimetric water content of an intra-aggregate ma-

trix per unit mass of oven-dried intra-aggregate ma-

trix itself (g g
-1

) 

wh = w at the maximum swelling point of the intra-

aggregate matrix; wh=Wh (g g
-1

) 

wn = w at the end point of the basic shrinkage of the in-

tra-aggregate matrix (g g
-1

) 

wz = w value at the shrinkage limit of the intra-aggregate 

matrix (g g
-1

) 

w  = contribution of an intra-aggregate matrix to the total 

water content W per unit mass of oven-dried soil (g 

g
-1

) 

wh  = w  maximum at maximum aggregate swelling Wh; 

wh <Wh (g g
-1

) 

wn  = w  at the end point of the basic shrinkage of the soil, 

Wn; wn =Wn (g g
-1

) 

ws  = w  at the end point of the structural shrinkage of the 

soil, Ws; ws =Ws (g g
-1

) 

wz  = w  value at the shrinkage limit of the soil, Wz; 

wz =Wz (g g
-1

) 

w  = gravimetric water content of a clay matrix (g g
-1

) 

h
w , = w  values at maximum swelling, liquid limit,  

M
w ,  air-entry point, and shrinkage limit, respectively  

n
w ,

z
w   (g g

-1
) 

Y = specific volume of a soil (cm
3
 g

-1
) 

Yz = oven-dried Y value (cm
3
 g

-1
) 

 = rigid clay porosity of an interface aggregate layer 

(dimensionless) 

s, w =  density of solids and water (g cm
-3

) 

 = contribution of interface layer to W per unit mass of 

oven-dried soil (g g
-1

) 

h =  maximum at maximum aggregate swelling Wh (g 

g
-1

) 
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