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ABSTRACT

There is the spedfic form of a microrelief of swelling clay soils, cdled gilgai. The relief consists of mound,
depresgons, and even sedions of the surface Existing models of the phenomenon do noacourt for the role
of horizontal shrinkage aadks and are quditative. The objedive of this work is to propose aquantitative
model of possble interconredions between the formation d shrinkage aadks, verticd and haizontal, and the
gilga microrelief. Preliminarily, a summary is given of available models of the verticd and haizontal
shrinkage adadks in soils. A proposed mechanism of the gilgai formation is based ona width increase of the
air-filled haizontal crads during a wetting season. Some simple relations are wnsidered between the gil gai
microrelief and verticd and haizontal shrinkage aadking. The analysis results of available data on
geometricd gil gai charaderistics favor the feasibility of the model.

1INTRODUCTION
A microrelief of heavy clay soils with a high shrink-swell cgpadty in a horizontal or wealy
inclined clay plain frequently consists of aternating microelevations (mounds), micro-depressons
(depressons), and even sedions (shelves) and is cdled gilgai (the term introduced by Australian
soil scientists) (Edelman and Brinkman [1]; Rus<ll and Moore [2]; Paton [3]; Knight [4]; Wilding
and Tesder [5]; Klich et al. [6]; Goode ¢ al. [7]; White [8]). There ae several forms of gilgai
(Wilding and Tesger [5]), the most frequent being the round gilgai. The typicd dimensions of the
gilgal are & follows. the mean distance between mounds (or depressons) is up to several meters,
the mean mound diameter is up to ~2m; the maximum verticd interval "moundtodepressioh is

up to severa tens of centimeters. The important feaure acompanying a gilgai microrelief is the
development in dry season of the verticd ground surface cadks with a mean surfacewidth up to
severa centimeters, a depth (by limit of probe penetration) up to several tens of centimeters, and a
length of surface cadk segment up to 3m (Knight [4]). During wet periods the aads close, but not
totally. Many subhorizontal cradks are dso observed in photos of the verticd subsoil sedions
(Knight [4]).

The oondition diversity of gilgai observation suggests different possble medanisms for
gilgai origin. A brief review of corresponding models was given by Knight [4] as well as Wilding
and Tesger [5]. The models are based on differential loading and soil movements along shea
planes (slickensides) after the fail ure of soil material nea verticd crads as aresult of swellingand
the falli ng of the surfacesoil i nto the aadks. On the whole these models are qualitative. Except for
that the models do not take into acount the potential role of horizontal shrinkage adadks at gilgai
formation.

The objedive of this work is to propcse aquantitative model of possble interconnedions
between the formation of verticd and horizontal shrinkage aads on the one hand and round gil gai
on the other hand, as well as to validate the model using avail able data. The model to be proposed
is based on the previous modeling of verticd (Chertkov and Ravina [9]) and horizontal (Chertkov
and Ravina [10, 11]) shrinkage aadk networks in swelling soils. For readers convenience we
preliminarily give abrief summary of the models.



2 SUMMARY OF MODELING THE VERTICAL AND HORIZONTAL CRACKSIN
SWELLING SOILS
According to a model of verticd shrinkage aadks (Chertkov and Ravina [9]) the knowledge of the

maximum crack depth, zq,, the thickness of an upper intensive-cradking layer, z5, and the

variation with depth of the horizontal surfaceshrinkage, d (z) (from the water content profile and

the shrinkage arve of the soil matrix) alow one to find in successon the average spadng between
crad intersedions with a straight line, d(2), the mean spedfic length of crad traces per unit area
of a horizontal crosssedion, L(2), the width of verticd cracks at a depth z, R(zh) (where h is
cradk-tip depth, h > 2), and the total spedfic volume of verticd cradcks at depth z, Vv(z) . The
model was verified by experimental data on cradk volume from Zein el Abedine and Robinson
[12], Yadon and Kalmar [13], Dasog et al. [14], and Bronswijk [15].

The model of horizontal shrinkage aadks (Chertkov and Ravina[10, 11]) determines the key
parameter to be the maximum verticd size of gilgai (seebelow). For this reason the summary of
the model will be in more detail. The model assumes that thin layers of drying soil along vertica-
cradk walls tend to contrad but the moist soil matrix hinders this. This causes development of
horizontal crads (or close to them) starting from the walls of verticd crads. The model also
asaumes that, on the average, the distribution of volume (and width) of horizontal cradksis smilar
for any verticd profile.

Linear shrinkage, £ (z) of the soil matrix at a depth z is conneded with surfaceshrinkage,

5(2)250(2—50) . Linea verticd shrinkage & a point on the wall of a verticd crad, s(z, h)

depends on the aadk depth, h and the depth of the point on the wall, z< h. At crack walls
e(z, h)z so(z). Below the aad tip (z> h) the linea shrinkage wincides with so(z). The value,

AS(Z, h)
Ch
AS(Z, h) _ E’Z(e(z', h)— £ (z')}jz', z<hs< Z )

0 0, h<zszm

is defined as the potential relative subsidence at depth z of a verticd profile mntaining a verticd
crack of depth h. The value AS(Z, h) at depth z, averaged on al depths h of verticd crads,

zshsz A_S(z) is defined as the mean potential relative subsidence (MPRS)
m

z
25(2) = —— [28(z,h)R(z,h)dL(h) @
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where functions 5(2) , L(h), and R(z, h) determine the weight fador in the averaging.

Available experimental data dlow for the following approximation of linea shrinkage & the
crack wall

[E0(0). 0<z<R(0,h)
e(zh)=0°
Deo(z ) R(O,h)s z<h
where the relation between pointszand Z' isdetermined by the cndition
(z-R(0,h))/(h-R(O,h)=2/h  (R(0,h)sz<h and 0<sZ <h). (4)
The total spedfic width of the horizontal ruptures on the walls of vertica crads (per unit length of
verticd profile) is equal to (-dAS(z)/dz). Considering all verticd profiles to be similar, the total
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spedfic volume of the horizontal crads, Vh (z) is equal to the total spedfic width of the
horizontal ruptures

=950 (o), 2o

Vh (Z): o % dAiSZ( ) : (%)
0 0 if 250
=i , dz

The multiplier, 1- 95 (z) excludes from the total volume V,, (z) avolume & the intersedions with

verticd cradks that is aready included in their volume. Replacament of (1—5(2)) by d(2) in egn
(5) gives an expresson for the mean width of horizontal cradks at a depth z Rh (z) The

cumulative mean width, W (z) of horizontal cracks upwards from depth z,, (or cumulative
spedfic volume of the aadks per unit surface aeg is

_ m
W(z) = th(z')dz' , 0O<z=<zy . (6)
z

According to an estimate from Chertkov and Ravinas [10] Fig.6 the mean value of
W (0) 00.002m.

3 A CONCEPTUAL MODEL OF GILGAI FORMATION ASSOCIATED WITH A
SHRINKAGE CRACKS NETWORK
We asaume that before gilgai formation a dry soil contains both subverticd and subhorizontal
cracks (Fig.1a) with width, depth, spadng, and volume distributions that are described by the
above models (Chertkov and Ravina [9-11]). It is worth noting that shea crads (dlickensides) can
also be present. However, their volume is asaumed to be negligible mmpared to that of the verticd
and horizontal crads.
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Figure 1: Scheme of mound formation. a. Verticd and horizontal shrinkage aadks after the dry
season (L is a spadng between the degoest cradks of depth z.,). b. The lower dotted line is the

verticd crosssedion of an interface between imbibed water and air in shortening and widening
horizontal crads (see ashaded dlit). The upper dotted lineisamound of diameter D and height H.

During the wet season water infiltrates through the soil surface ad verticd-cradk walls. Asa
result of soil swelling the verticd cradks close except for the some of the largest - those of depth

zm (Fig.1). The latter also close, but not totally. In addition, closing of the relatively short vertice



cracks as well as swelling of wetted soil layers along walls of the largest verticd ones leal to
seding of the horizontal shrinkage aadks that go out of the verticd-cradk walls. Movement of a
boundary (interface between imbibed water and air entrapped within the horizontal cradks
(Fig.1b) lea to shortening of the aadks in horizontal diredions (Fig.1b). However, we a&sume
that due to the softness of the upper wetted soil a volume of air-filled horizontal cradks is
approximately retained when moving the boundary. Therefore, the width of the dry parts of air-
filled horizontal cradks $hould enlarge (Fig.1b) and lead to a mound formation. An equili brium
pasition of the boundary (interface (Fig.1b) corresponds to the equality between the forces of air
presaure in horizontal cradks, the weight of mound soil, and the overburden presaure. A dry clay
soil israther more rigid than awet one. Therefore, during the foll owing dry season the mounds can
be kept due to the dry-soil rigidity.

4 SOME SIMPLE RELATIONS BETWEEN GEOMETRICAL GILGAI CHARACTERISTICS
AND THOSE OF CRACKSIN THE FRAME OF THE MODEL
We aiter S as a spadng between the mounds and L as a spadng between the deegoest verticd

cracks (of depth z,,) (Fig.1a). Both Sand L are random values that vary in the ranges
Smin £S<Smax, ad Lz sL<Llmax. @)
According to the mnceptual model every mound is between two of the deepest cradks. However,

in general S# L since with the sufficiently small L value amound dces not develop between the
corresponding deeest cradks. For the same reason

Smax > Lyjax * ©)
and
Smin = L max - (10)

Equations (8)-(10) should be tested using experimental data and Chertkov and Ravinas [9] model.
According to the aonceptua model the verticd interval "moundtodepressioh, H is a
difference between the aumulative widths of horizontal cracks, W and W', before and after
wetting, respedively,
H=W-W . (11
Except for that the model assumes that the ar-filled horizontal-crack volume before and after
wetting is approximately constant, i.e.,

sAwv 0D’ 12

where D isamound diameter. From egns (11) and (12) we have

H 0(S2/D2 -1 W . 13)
All values entering egn (13) are random. It is clea that H min = 0. For Hmax ean(13) gives
H__ 0O(S2../D2 -1)W___ . (14)
max max — min max

Equation (14) should be tested using experimental data and Chertkov and Ravinas [10-11] model.

According to the anceptual model, mounds are between the deepest crads, but shelves and
depresgons are in the vicinity of the aads. That is, the mean spadng between mounds and that
between depressons (or shelves) should approximately coincide. This result should be tested.
Tensile shrinkage streses at the soil surface nea the deepest cracs are rather smaller than the
streses between the deegpest cradks. Therefore, the density of sufficiently shallow verticd cracks
(per unit areg on the surface of mounds sould be esentialy higher than on the shelves or in
depresgons. Thisresult should also be tested.



5 DATA USED IN THISWORK AND THEIR ANALY SISBASED ON THE MODEL
We used data from Knight [4] and the W (0) estimate from Chertkov and Ravina [10] that are

presented in Table 1. In the table S+ 43S, §di5§d, D+dD, z +0z, and W(0) are the

mean values and standard deviationsof S, S d (a spadng between depresson centers), D, Zy and

W. risaratio of cradk density (per unit areg on mounds to that in depresgons (or shelves).

Table 1: Data used in this work
S+5S* S +#85°* D+D°  Hma' ZoiJZOd w@o° r

d-d
(m) (m) (m) (m) (m) (m)
3.1+0.6 34+0.6 16+06 0.2 0.15+0.10 0.002 =2
gKnight [4], Table 1 and batom of p.249,
P Knight [4], Table 1.
°Knight [4], bottom of p.249.
dKnight [4], Table 2.
€ Chertkov and Ravina[10], Fig.6.
"Knight [4], bottom of p.254.
Estimates of Smax and Sy, flow out of Table 1 as
Smax 0S +6S03.7m , (15
Spip 0S -85 025m . (16)
To estimate Li, and Lymax we take into acount the mean spadng between the deepest cracks
(Chertkov and Ravina[9])
d(zm) 0215z, . 17
Then fromegn (17) and Table 1
Lmin Dd(zm)|z 0215z, - &z,) 02.15(0.05m 00.1m . (19
omin

Accourting for the Poison distribution of the deeest-verticd-crack spadng (i.e.,
F(L) =expL/d) is the probability that a spadng exceals the L value) (Chertkov and Ravina
[9]), egn (17), and Table 1, one can estimate (at F < 0.01)

Lmax D4.6d(zm) 04.6 EP_.15(20 + 620) 04.62.15[0.25m 02.5m . (19
‘Zomax
An estimate of Dmin flows out of Table 1
Dmin OD -46D O1m . (20)

Finally, to estimate Wy ax, We &sume the Poisson distribution of the aimulative width, W of

horizontal shrinkage aadks in dry season (similar to L value), i.e., F(W) =exp(-W /W (0)) isthe
probability that the aimulative width exceeds the W value. Then at F < 0.01 and ac®urnting for
W (0) from Table 1, one can find

W___ 04.6W(0) J0.01m . (21)
max



6 RESULTS AND CONCLUSION
Estimates from egns (16) and (18) are in agreement with egn(8). Similarly estimates of egns (15)
and (19) correspond to egn (9), and estimates of eqns (16) and (19) to egn (10).
Using egns (15), (20), and (21) the right side of egn (14) gives ~0.13m against
Hmax 00.2m (Table 1). This comparison is stisfadory acaurting for an approximate volume
conservation of air-fill ed horizontal cradks (Sedion 3 and approximate egn (12)).

Closeness between §d + 6§d and S+ S (Table 1) confirms the model prediction relative
to an approximate mincidence of the mean spadng between mounds and that between depressons
of gilgai relief. Finaly, the value of the r ratio (Table 1) confirms the model prediction with
resped to the density ratio of shallow verticd cradks on the surfaceof mounds and depressons.

Thus, data from Knight [4] are in agreement with the model predictions and evidence is in
favor of the feasibility of the model refleding a passble mecdhanism of gilgai relief development.
Note, that in red conditions, a natural spatial variability of soil shrinkage properties can influence
geometricd charaderistics of agilgai relief. However, the &ove reguarities sould be kept on the
average.
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