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Deformation Properties of Bulgarian Loess Soils

Proprietés de Deformation du Loess Bulgare

M MINKOV,

D.EVSTATIEV.

A P ALEXIEV and

P.DONCHEV Loess Laboratory, Water Research Institute, Bulgarian Academy of Sciences, Bulgaria

SYNOPSIS The main particularity of the Bulgarian loeas soils is their relatively large
compressibility to subsidence ratio due $o & high natural water cortent. By thelr subeiden-
tilal cheracteristice the Bulgarian loess solls are occupying an intermediate position bet-
ween the loess soils in the world, with a maximum subsidence of 1.7 meters related to water-
workse. Experimental resulte obtained by different technics in laboratory conditions, as well
as in situ, are exposed and two models of the loess deformation are described, Data from
meagurements of real strueture subeidence, loaded plates with different plate diameter, and
induced subsidence by means of large area ponding are discussed. More attention is given on
the important case of two-layered foundations because about fifty big structures including

a nuclear plant are founded on soil-cement cughine in Bulgaria. In situ tests have shown
that the loess deformation behaviour is better approached by a model related both to the
elastic and Winkler's half-space. A thermodynamical approach, developed recently, is applied

for a brief discusaion of a large scale blast compaction of loess in situ.

REGIONAL CHARACTERISTICS

As 1t is well known the indices expressing
the deformation properties depend on the
loading. Thie ie why, in order to have a
comparative value, their regional cheracte-
ristiecs must be drawn up from data obtained
by teste at the same load. The criterion,
proposed by Abelev (1948) for the determi-~
nation of the subsidence by the value of the
relative subeidence at ths most often met
contact pressure (3 kg/em“), although alrea-
dy rejected as an universal index, is quite
sultable for comparative and classification
purposes and for the determination of the
regularity in the regional change of the
deformation behaviour of the loess soil at
additional 1o ad, The total va-
lue of the subsidence under
natural 1oad 1is also of impor-
tance for the comparieson and classification.
Unfortunately, the sclentifiec litersture ias
ati1ll quite poor in c omparaetive
raegionel investigations, which, if competen-
tly interpreted, may prove to be very use-
ful for the correct determination of the me-
thods for elimination of subsidence of dif=
ferent loess soils and bages.

From the gubsidence curve at a load p =

= 3 kg/em? (Fig.1), the relative subeidence
a3 )y the relative settlement before the

subsidence (4h/h), the modulus of one dimen-

tional compression (M), and the total comp-

ression deformation = settlement + subsi-

dence (S3) are determined.

For Bulgarian loess solls these indices
chunge within large limits and they depend
on a number of conditions, firast and fore-

a) Typical curve of loess subsi-

Fig., 1
dence under load of 3 kg/cmé

b) Typical stress-strain curve
for saturated loess under a
louded plate

most on the density, the natural water con-
tent, and on the composition of the loess.
Table 1 presents the arithmeticel mean va-
lues of these indices of the basic loess
varieties in Bulgaria. They express the
change of the deformation properties depen-
ding on the composition of the loesas and on
the structure of a normel feacies
r o w (from the loess sands to the loess
c¢lay) characterigtic for the loess complex
in North Bulgaria. At = gradual change of
I_ from 3,6 to 23 the deformation indices
change p.rabolically following the changes
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Table 1

Facles row Horison 4h/h  dops S M Ip n 7 w S,
% % % kelom® % % gr/em’ % %
Loess-like sand I 5.8 2,0 7.8 135 3.6 46 1.44 9.0 25
Sundy loess I+II 6.5 4.5 11,0 125 6.4 48 1.42 10.5 30
Typical Loess I+I1 8.3 6.5 14.3 90 10 49 1.39 13.8 45
Clayey loess I+11 8.5 7.0 15.5 55 17 48 1.47 19.0 55
Loess-like clay I+II 7.0 2,0 9.0 65 23 43 1.55 22,0 70

w

NOTE: Each value is an arithmetical mean from 500 tests

in the density (n,;) and the water content
(w,Sp). It is churacteristic that the set-
lement dominates strongly over the subsidence
und the extreme members, where dip,tends tow-
urd zero, the deformation goes off almost
entirely as a settlement, The large value of
the summary one-dimentional compression de-
formation at a comparatively small subsiden-
ce and un increased settlement 1s a charac-
teristic sign of loess soils from the mode-
rately damp regions to the damp ones of the
moderate climatic belt. They differ by this
sing from the loess soils in the arid conti-
nent.l regions, where the subsidence domina-
tes over the settlement (at equul other con-
ditions). This is explained with the differ-
ence in the relations between the water con-
tent indices and the density ones and it de-
termines the approach to the treatment of
the deformetlion properties.

In Minkov's work (1968) are presented in de-
tail the territorial changes of the deforma-
tion indices in areal und vertical direction,
the dependence ofdy,; on the composition und
structure, the morphometry of the micro und
mesorelief on the water content and density
indices, etc. Certaln corrections sre intro-
duced in some of the existing indices for
indirect eveluation of the subsidence, and

a number of new criteria for its quantita-
tive and yuulitative prognosis are proposed.
For instance with the help of tne volume of
the pores and tne water content , the value
of 7> may be opproximately calculated ofter
the formula: &> = K (n-40)(30-w). The coef-
ficient K shows the influence of the compo-
gition of the loess: for loess sand K = 0,02;
for sandy loess K = 0.03; for typical loess
K = 0,05; fcr clayey loess K = 0,08 and for
loess-like clay K = 0.09. From the obtained
value for 4,55 after the brief G.Stefanoff's
method the approximaiive velue of the rela-
tive subsidence for eech desired load for

n > 40 per cent may be obtained.

The actuel relation between the one-dimenti-
onal corpression modulus M and the deforma-
tion modulus E, obtained by means of loaded
plates with large area is of importance for
practicel purposes. It is accepted in the

Bulgurian literature up to now (G. Stefanoff
end B, Kremekovs, 1960§ that E/M is close to
2., The investigations carried out during re-
cent yeers point out that when ;> 1 pe

cent, E varies between 180 and 220 kg/cm® at
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E/M near 2.3 to 3,0; when d5,3<1 per cent,

E varies between 200 and 350 kg/cm® at E/M
near 2,6 to 3,0, It is evident that in both
cases E, which is more representetive, 1is
from 2,5 to 3.5 times larger than M. This
points out that M must not be used for the
calculetion of the settlement, 1f the order
of the E/M relation is not established. This
relation may be accepted with an accuracy
gufficient for practical purposes, as fol-
lows: for subsidence soils with £5,5 > 1 per
cent, E/M = 2,5; for non-subgidence soils
with J,,7< 1 per cent, E/l = 3.0.

The total value of subsidence under natursl
load J,glves the possibility a classificati-
on of the soil base of first and second type
to be carried out as well as to estimate the
amount of the expected subsidence at the se-
cond type base, On the basis of a determina-
tion of Jy according to a large number of
tests a map of the thickness of the upper
non-gsubgidence zone, a map of the thickness
of the subsidence zone, and a mep of the zo-
netion of the loess region in Northern Bul-
garia after the value J, (Jr = 0.00 cm; Jyup
to 25 em; Jy up to 50 cmj J/ up to 75 cm and
Jdy over 75 cm) on a scale 1" : 500 000 were
made up. The first type base soils with J,=
= 0.00 cm predominate., The base soils with
Jy over 75 cm cover only 4-5 per cent of the
loess region. The maximum subsidence, estab-
lished only in one place under an irrigation
-canal, 1s 170 cm. It is evident that accor-
ding slso to this index Bulgeriaen loess
s0ils occupy an intermediate place between
the "warm" loess soils of the arid regions
with Jy up to 200 - 300 cm and the "cold"
perig{acial loess so0ils, where the loess
soll bases are usually from the first type.

The zonation of the area according to the {,
is regulated with a normative document
which serves as an appliance for the deter-
mination of the subsidence and the type of
the loess soil base in the Initial stages of
the investigation and planning, In 1976 a
new complex zonation of the loess in Bulge-
ria on a scale 1:200 000 wes commenced,

By means of comperative investigations 1t
was established that the estimated velues of
J,, obtained in laboratory, are larger than
tge real ones, obtalned by continued satura-
tion with water of the loess massive in lar-
ge area pits. The coefficient of discrepancy
K in the expression J'% = Jy / K 1s the



greateat at the bases of the slightly expre-
osed second type with Jy up to 25 cm. Here
K varies from 0,70 to 7.00 with a mean va-
lue of about 3 (for 15 tests). Toward the
stronger subsidence soil beses the discre-
pancy decreases andif J; is greater than

75 em, K veries in narrow limite and its
mean value is about 1.0 to 1.2. Thig fact
is of great importance for the meking up of
prognosis maps. The estimaetion on the basis
of laboratory data is possible only after

s preliminary determination of the amount
of discrepancy.

ANISOTROPY OF LOESS BASES

Anisotropy 1s a cheracteristic feature of
the structure and texture of Bulgarien
loess soils and bases.

The structural anisotro-
p ¥ 1nfluences the deformation behaviour
of the loess samples and consists of: a) a
vertical position of the long axes of the
lurger part of the macropores, which is
characteristic mainly for the typicael and
the clayey losses, and more specially for
the foseil pedocomplexes; b) an irreguler
distribution and & different extent of in-
crustation of the pores and macropores in
the carbonate horizons of the fossil pedo-
complex and capillary zones of paleoaqui-
fers, and c¢) horizontal position of the
long axes and the flat wells of a large
part of the minus 0,005 mm particles in
loess sands and non-macroporous sandy loess.

The textural anisotropy
influences the deformetion behaviour of the
loesss massive as a soll base and is expres-
-sed in the presence of: a) fossil pedocom-
plexes from 1 to 7, b) stronfly compacted
zones on the place of the paleocaquifers ov-
er the older pedocowplexes; ¢) over-moiste-
ned zones 1n the places of constznt or tem-
poral water bearing horizons; d) numerous
negative forms of the loess micro und meso-
relief; h) compacted, over-moistened and
structurally worked over sites in the places
of former structures; i) numerous places
with a greatly reduced water content in
pleces of perennials with a large transpi-
ration capacity (alfalfa, acacia ete).

Bece-use of ite great textural anisotropy,
the horizontel section of the soil base
bears a resemblance to a motley "mosaic"
of gectors dissimiler in form and size with
different deformation properties - from a
water-saturated, greatly compacted (n ubout
36 to_38 per cent, J g ebout 1.70 to 1,75
gr/cm’) and a non sugsident at great loads
loess s0il to a greatly subsident one,whose
deformation modulus differs from 3 to 5 ti-
mesg. Such differences have been established
many times even in the foundations of a mid-
dle-size building. This circumstunce nece-
ggltutes the elaboration of a new detuiled
typification, which includes in its three
types, 8 sub-types and 12 classes - the
whole variety of the loess soil bases in
Bulgaria (M.Minkov und D. Evstatiev,1975).

Owing to the great textural enisotropy the
vertical section of the soil buse represents
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a two-layer or a multi-layer system from two
up to a dozen of layers, with u different
deformation behaviour. This fact simulutes
our experiments on the deformation behaviour
of naturally or artificlally formed two-luy-
er ground bases with an upper stronger layer.
A typicel two-layer soil base with an upper
stronger und water-tight luyer is created in
a case of foundation with a soil-cement cu-
shion (Minkov und Evegtatiev, 1975). at a
suitable thickness and hardness it redistri-
butes the contact stresses to safe values at
the limit of the naturul loess., Thus over
50 buildings and equipments of nuclear and
power plants, high television towers, indus-
trial equipments, 8 to 18 storey residentiul
buildings, hotels etc. have been built. The
average thickness of the cushion is 1.0 to
1.5 m. und under the heavliest equipment it
is up to 3.0 meters. For cement quantities
from 2 to 6 per cent the deformation_modulus
of the cushion is 1000 to 1200 kg/cm2.

From the existing tests on two-layer systems
of this type 1t was determined that: a) the
gettlement with buildings on a soil-cement
cushion at a« first type loess base is max

2 - 3 cm, while the stresses on the cushion
ure from 3 to 5 kg/em?; b) the deformation
modulus - according to datas from geodetic
measurements and from plate loadings - is
larger than the calculated equivalent defor-
mation modulus for a two-layer base; c) the
stresses, at which the destruction of the
cushion occurs, are 1.5 to 2 times greater
thun those after which the "stress-settle-
ment" dependence ceases to be linear; d) be-
fore the destruction the bending of the cu-
shion increases sharply; radial fissures ap-
pear, and under the plate a rupture surface
in the shape of & frustrum of a cone is for-
med, whose generant is ineclined toward the
axis of loading at «n angle of 40 degrees.

ON THE CHARAGCTERISTICS OF THE DEFORMATION
AND CALCULATION METHODS

It is proved by Kroutov and Bojko (1972)
that the subsidence (stage 2 in Fig. 1b) is
not a destruction, but is a compaction of
the soil base, ufter which tne deformation
curve gets the characteristics hebitual for
other poils (steges 3 end 4 in Fig. 1bLThis
interpretation of the development of the
deformation is of great practicel importen-
ce, It congiste in the possibility to de-
termine the initial load of loess subsiden-~
ce P (stage 1) and in the necessity of a
conslderable increase of the loading and
duration of the test after stage 2, as well
as in the proof that stage 3 is & nornmel
gettlement at quite great loadings (3 - 4
xg/em2), from where the conclusion is drawn
that if the subsidence (stage 2) ig elimi-
nated beforehsnd, the loess soil base may
be treated as an ordinary soil base.

This conclusion is of great importance for
those investigetors, who distrust the pro-
perties of soils whose subsidence is elimi-
nated, for instance by soil compaction with
a preliminary moistening and energy of
deep explosion (I. M., Litvinov's method),
As a result of the dynamic character of the
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compaction, the density of the soil base at
depth of 4 to 5 meters corresponds to that
one at a complete sgbsidence under load

P = 2.5 + 3.0 kg/cm, In the process of dis-
sipation of the water pressure a tyxotropic
consolidation of the structure tekes place
and the newly obtained soill base may be loa-
ded with 2.5 to 3.0 kg/cem¢, like an ordinary
poll bese., On such a base an 18 storey bulld
=ing was buillt on 8 common foundation slab
at Pwom= 3,0 kg/cm“ and a thickness of the
subsidence zone before the compaction of
about 20 meters.

In the normative documents of meny countries
the gettlement of the loess soil base 1s
prognosticated on the base of the hypothesis
for the isotropic elasic semi-infinite space
in gpilte that the real deformations differ
conslderably from the prognosis. To the date
on this problem found by other authors we
shall add the following ones: a) the real
settlement of a number of many-storey buil-
dings is from 3 cm to 5 ¢m, and the calcula-
ted one - from 12 em to 20 cm; b) the defor-
mations to one side of the foundetions are
distributed to several smaller distances -
from those obtained after the adopted cal-
culation methods. During experimentel load-
ings with a circular plate this distance is
hardly 3 to 5 cm close to the external edge
of the plete. On reconstructing the city of
Russe, which 1s bullt on a loess soil base
with a thickness of 12 to 40 meters, a prac-
tically important interaction of the foun-
dations of 4-5 and 12-13 storey buildings
adjoining each other was established nowhere.

These data give us grounds to join the opi-
nions set forth in the speclal literature,
that loess soll bases may be treated as
Winkler's foundations (N. A,Tsytovich and

I. I.Cherkassov, 1970), or better as a com-
bined Winkler's - Elastic semi-space,which
has the particulerities of both, because,ev=-
en though at small distances, settlements
around the plate still exist.

Certailn facts, for instance the convex shape
of the deformation curves in the beginning
of the loading (obtained from 15 experimen-
tal loadings with a plate of 0,80 m dia.)
make us think that also some of the recently
developed theoretical anelyses, which treat
the earth's crust as a non-linear-deforming
body, could be applied to the loess soil
base problems.

An essential reason for the search for new,
more sultable calculation methods is presen-
ted also by the avallability of a clearly
expressed verticel textural anisotropy of
the loess so0ll bases. Quite often, especial-
ly for the first type loess bases, the dif-
ference in the modulus of the general defor-
mation of the loess soil directly under the
foundation and at the lowest part of the
gection reaches 500 per cent, If a soll com-
paction by preliminary moistening and ener-
gy of deep explosions 1s applied in order to
improve the foundetion,_the modulus would
increase from 100 kg/em2 at a depth of 3 m
up to 800 kg/cm? at a depth of 15-16 meters.
These differences ure quite big, so it will
be not correct to consider as a homogeneous
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elastic semi-infinite space bases of this
type (especially at large foundations with
a deep spreading of the deformation zone).
In such cases more complicated models, as
for instance Klein's one, epplicable to the
foundations, whose deformation properties
increase in a power function from the depth
must be used.

It is evident, that because of the complica-
ted structural and textural veriety of the
loess soll bases, one must get out of the
frames of the ideal homogeneous elastic
seml-infinite space and look for new, more
suitable for the real conditions calcula-
tion models and achemes.
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