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Ð. Àíãåëîâà – Äîëãîâðåìåííàÿ ïðî÷íîñòü öåìåíòî-ëåññîâûõ ñìåñåé – áëàãîïðèÿòíûé
ôàêòîð äëÿ èõ ïðèëîæåíèÿ ïðè óêðåïëåíèè ëåññà. Èññëåäîâàíèÿ ïðîâîäèëèñü ñ ïåñ÷à-
íûì, òèïè÷íûì è ãëèíèñòûì ëåññîì èç Ñåâåðíîé Áîëãàðèè. Ïîëó÷åííûå ðåçóëüòàòû ïîêàçû-
âàþò çíà÷èòåëüíîå (1.5—5 ðàç) óâåëè÷åíèå ïðî÷íîñòè öåìåíòî-ëåññîâûõ ñìåñåé ïîñëå äëè-
òåëüíûõ ñðîêîâ òâåðäåíèÿ ïî ñðàâíåíèþ ñî ñòàíäàðòíûì ïåðèîäîì èñïûòàíèÿ (1 ìåñÿö).
Óâåëè÷åííàÿ ïðî÷íîñòü ÿâëÿåòñÿ áëàãîïðèÿòíûì ôàêòîðîì äëÿ ðàçíîîáðàçíîãî è øèðîêî-
ãî ïðèëîæåíèÿ ýòîãî ìàòåðèàëà. Ìåòîäû, îòíîñÿùèåñÿ êî ãðóïïå ïîâåðõíîñòíîãî ñìåøè-
âàíèÿ (öåìåíòî-ëåññîâûå ïîäóøêè; ïðîòèâîôèëüòðàöèîííûå ýêðàíû è ïîêðûòèÿ) øèðîêî
èñïîëüçóþòñÿ â Áîëãàðèè. Ê ñîæàëåíèþ ãðóïïà ìåòîäîâ ãëóáèííîãî óêðåïëåíèÿ (ãëóáèííîå
ñìåøèâàíèå, ãèäðîñòðóéíîå óêðåïëåíèå è öåìåíòî-ãðóíòîâûå ñâàè) èñïîëüçóþòñÿ òîëüêî â
êà÷åñòâå èñêëþ÷åíèÿ. Ãëóáèííîå óêðåïëåíèå îáåùàåò äàòü õîðîøèå ðåçóëüòàòû ïðè îáðà-
áîòêå ñèëüíîïðîñàäî÷íûõ ëåññîâûõ ãðóíòîâ, âîäîíàñûùåííûõ ëåññîâ, â ëåññîâûõ ðàéîíàõ
ñ ïîâûøåííîé ñåèñìè÷åñêîé àêòèâíîñòüþ è ïðè ïðèëîæåíèÿõ ñ åêîëîãè÷åñêèì àêöåíòîì.

Abstract. The investigations are carried out with sandy, silty and clayey loess varieties from North
Bulgaria. The obtained results manifest a significant increase of the compressive strength of
loess-cement mixtures in time (1.5—5.0 times) in comparison with the standard test period
(1 month). This is a favourable factor for wide and various application of this material. The
methods included in the group of surface mixing (soil-cement cushions; impervious screens and
protective facings) are developed and widely used in Bulgaria. Unfortunately, the group for deep
stabilization (deep mixing method; jet-grouting and soil-cement piles) is only occasionally ap-
plied in Bulgaria. Deep mixing stabilization is of great promise in treatment of high collapsible
loess bases, saturated loess, loess areas with high seismic intensity and different environmental
applications.
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Introduction

The main unfavorable properties of loess with re-
spect to construction are: its ability to collapse when
moistened; its significant water permeability and its
intensive softening in case of water interaction. These
are the major prerequisites for application of differ-
ent methods for loess improvement. In a number of
regions, what threatens the structures besides collaps-

ibility is also high seismic intensity. The anti-collaps-
ible treatment of the base or reinforcement of the
loess and of a building after its collapsing may come
up to 10—20% of its cost, respectively, which by itself
is an illustration of the importance of the research
in this field (Evstatiev et al., 2002).

The greatest part of construction activities in Bul-
garia is concentrated in Danubian loess area. All
nuclear energy facilities and several thermal power
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stations in Bulgaria are situated and will be con-
structed over all this territory. The growth of the cit-
ies along the Danube River in the future will lead to
utilization of high loess terraces, where the loess sub-
sidence is the biggest. Stabilization of soils by mixing
with binding substances has found wide application
in creation of artificial material distinguished with
properties designed in advance. This material is suit-
able for road construction; facing on earthen dams;
impermeable screens and barriers; foundation cush-
ions; walls and piles (Ìèíêîâ è Åâñòàòèåâ, 1975;
Litton and Lohnes, 1982; Âåòøòåéí è Òîêèí, 1982;
Òîêèí, 1984; Åâñòàòèåâ è Àíãåëîâà, Ðåä., 1993; Zan
Yuewen, 1996). These methods enable to utilize the
local soils as a building material. The mixing of soils
with binding substances (most often with cement) is
carried out as well as on the ground surface as in
depth. Using both technological schemes can broad-
en the application sphere of the soil improvement.

Characteristics of examined loess soils
and investigation methods

The investigations are carried out with three loess
varieties: sandy loess, silty loess and clayey loess (Ta-
ble 1). They differ in their grain-size distribution and
also in the chemical and mineral composition.

The examined loess soils are most often subjected
to cement stabilization. The special features in their
microstructure and mineral components have been
discussed in details by Angelova and Evstatiev, 1990.
The loess soils were stabilized with Portland cement
PC 35. The cement content was 5, 7, 10 and 15%.
Sandy loess-cement samples were compacted at op-
timum water content WO = 16% to dry density ñd =
1.55; 1.58; 1.62; 1.65 g/cm3. Silty loess-cement sam-
ples were compacted at WO = 17.5% to ñd = 1.55; 1.60;
1.65; 1.70 g/cm3 and clayey loess-cement samples —
at WO = 18% to ñd = 1.60; 1.64; 1.68; 1.73 g/cm3.
After different periods of curing (from 2 days to 2
years) in air-moisture environment the samples were
water-soaked for 24 h and used for various kinds of
analysis: unconfined compression test; scanning elec-
tron microscopy; determination of chemical and
mineral composition; mercury porosimetry.

Loess-cement strength gain and main
affecting factors

The strength of loess-cement mixtures increases in
time at different rate (Fig. 1). Four stages have been
found out: I — a quick increase of strength (up to
one month); II — a slower increase (between the first
and sixth month); III — a second increase at a higher
rate (6—9 month); IV — an insignificant gain or re-
tention of strength (9—24 month). During the first
month products of intensive cement hydration have
been observed — calcium silicate hydrates C-S-H and
calcium aluminate hydrates C-A-H. Needle-like
phases of calcium silicate hydrate C-S-H I type (Di-
amond, 1976) predominate in sandy loess-cement
and silty loess-cement mixtures. The larger quantity
of C-S-H I type is formed in the samples with lower
dry density ñd and higher cement content. Till the
30th day the mixtures alkalinity is high (pH = 12—13).
It has been established that the degree of bonding of
water molecules increases 2—3 times during the 1st

month, which affects the strength favorably in addi-
tion (Àíãåëîâà, 1987). About the end of the 1st month
in all the three loess soils starts the formation of a
network-like binding substance, probably a C-S-H II
type (Åâñòàòèåâ, 1984; Àíãåëîâà, 1987).

During the second stage (30—180 days) strength
increases at a slower rate (Fig. 1). The initiation of
phase transformation of the mass of calcium silicate
hydrates has been observed in this period — the vol-
ume of needle-like C-S-H decreases and formation
of network-like C-S-H and gel-like C-S-H increases.
It has been established that pH continues to decrease
and reaches values of 11—11.5.

The third stage (180—270 days) is characterized
by a second period of relatively rapid increase of the
strength. This is more typical for the silty loess mixed
with more than 5% cement. Gel-like mass, similar to
the III type C-S-H, connecting the soil particles can
be observed in the silty loess-cement samples. The
clayey loess — cement mixtures show different kind
of structure and the main binding substance, depend-
ing on the degree of compaction (Angelova and
Evstatiev, 1990). The processes determining the
strength gain in this stage are: activation of the fine
quartz particles surface; additional pozzolanic in-

Table 1
Index properties of the investigated loess soils

Index Sandy loess Silty loess Clayey loess 
Grain-size distribution, %    
Sand 2-0.05 mm 52 34 20 
Silt 0.05-0.002 mm 48 64 71 
Clay < 0.002 mm 0 2 9 
Consistency limits, %    
Liquid limit WL 26.9 25.2 34.2 
Plastic limit WP 25 21.1 18.6 
Plasticity index IP 1.9 4.1 15.6 
Optimum water content WO, % 16 17.5 18 
Maximum dry density ρdmax, g/cm3 1.62 1.69 1.72 
Density of solid particles ρs, g/cm3 2.76 2.74 2.74 

 



Fig. 2. Relationship between time and unconfined compressive strength RC for sandy loess-cement
mixtures: a) initial dry density ñd = 1.65 g/cm3; b) initial dry density ñd = 1.55 g/cm3

Fig. 3. Relationship between time and unconfined compressive strength RC for silty loess-cement mix-
tures: a) initial dry density ñd = 1.70 g/cm3; b) initial dry density ñd = 1.55 g/cm3

Fig. 1. Rate of loess-cement strength gain during a period of two years: I stage — 1—30 days; II stage —
30—180 days; III stage — 180—270 days; IV stage — 270—720 days



Fig. 4. Relationship between time and unconfined compressive strength RC for clayey loess-cement mixtures: a) initial dry density
ñd = 1.73 g/cm3; b) initial dry density ñd = 1.60 g/cm3

Fig. 5. Main applications of the loess-cement mixing in Bulgaria.
1 — loess-like sand; 2 — sandy loess; 3 — silty loess; 4 — clayey loess; 5 — loess-like clay; 6 — loess-like sediments, originated from
weathered marls in Fore-Balkan; 7 — foundation cushions; 8 — impermeable screens and facings; 9 — road bases
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teraction and growth of the new binding mass vol-
ume. The latter has been proved by the pore-size dis-
tribution data in silty loess-cement mixtures. The to-
tal porosity decreases insignificantly (1.87% for the
mixture with 15% cement) till the 270th day, but the
amount of pores > 0.1 μm decreases twice, while the
amount if pores < 0.1 μm increases.

In the fourth stage (270—720 days) insignificant
strength gain or strength retention are established. Only
the mixtures of clayey loess and < 10% cement, com-
pacted to a lower than the maximum dry density, ex-
hibit a strength decrease from 0.5 to 1.5 MPa (Fig. 4).
This could be explained with the formation of C-S-
H, which are transformed and reduce the quantity of
strong bonds in the case of active clay minerals and
low cement content. The network-like and gel-like C-
S-H are the main binding elements during the fourth
stage, but the needle-like C-S-H are encountered too.
The values of pH decrease to 9.4—9.7.

The influence of the initial dry density on the
unconfined compressive strength is much stronger
in later periods of hardening, especially after 2 years
(Fig. 2, 3 and 4). The effect of cement quantity (5—
15%) is manifested more considerably till 270th day.
This is mainly due to the intensive cement hydration
in the early stages. In a year alite is almost complete-
ly hydrated and belite – to the extent of about 70%.

For practical application it is important that in-
vestigated loess varieties, stabilized with 5—15% ce-
ment and compacted to maximum dry density, in-
crease their strength after two years 1.5—5.0 times (Fig.
2, 3 and 4) in comparison with the standard test pe-
riod (after 1 month).

Present and future fields of application
of loess-cement mixtures in Bulgarian
building activities

Soil-cement cushion has been widely used in foun-
dation works on collapsible loess in Bulgaria (Ìèí-
êîâ è Åâñòàòèåâ, 1975; Åâñòàòèåâ è Àíãåëîâà,
Ðåä., 1993; Àíãåëîâà, 2004). More than 100 build-
ings and installations have been constructed on loess-
cement cushion including Kozloduy Nuclear Power
Plant, high TV broadcast towers and water towers,
residential and administrative structures (Fig. 5).

The total volume of these cushions exceeds 500 000
m3. The prevailing application of this method is in
Type I loess bases (mainly with loaded collapsibility;
Σ lcã ≤ 5 cm), but in combination with other improve-
ment methods (heavy tamping, for example) it has
also been used in Type II (mainly with unloaded col-
lapsibility; Σ lcã > 5 cm). The soil-cement cushion is
built using loess from the construction site itself,
mixed with 3—7% Portland cement and compacted
in layers of 0.15—0.20 m at WO until the attainment
of ñdmax. The thickness of the cushion is usually 1—
1.5 m and only in rare cases exceeds 3 m.

In Bulgaria loess-cement impervious screens are
used in construction of irrigation facilities as well as
landfill isolation (Fig. 5). A total of 15 balancing
reservoirs have been built with an area of about
150 000 m2 whose bottoms are covered by 0.10—0.15
m thick ordinary (compacted at WO) or plastic (at W
≈ WL) loess-cement mixture, overlaid by 0.15—0.20 m
protective compacted soil layer. Soil stabilization by
hydraulic binders (cement, lime fly ash) has found
limited application in road base construction in
Bulgaria. There are only a few cases of road base
built by loess mixed with 6—12% Portland cement,
which are located in the central and in the eastern
part of Danubian plain (Fig. 5). Soil-cement piles,
prepared by plastic loess-cement mixtures (silty loess
with 10% Portland cement and additive of surface
active agents) have been tested in the region of the
town of Rouse. Deep cement mixing pile is another
variant very suited for treating loess soils, especially
the saturated ones. Deep mixing method is widely
used for soft soil improvement and recently it is re-
ported for good results obtained in stabilization of
saturated loess (Zan Yuewen, 1996). The method has
been applied successfully for improvement of the soil
foundation of twelve and fifteen story buildings in
China. Experiments of the jet-grouting improvement
began in Bulgaria in 1985 and produced very good
results (Åâñòàòèåâ and Àíãåëîâà, Ðåä., 1993). Loess
is quite suitable for stabilization according to this
technology, because it is easily washed by the stream
of cement-mortar and the resulting plastic loess-ce-
ment has great strength.

Conclusions

The loess-cement mixture is an artificial material with
properties designed in advance (strength, density,
water resistance, etc.). The results obtained in this
study manifest a significant increase of the uncon-
fined compressive strength of this material in time
(1.5—5.0 times) in comparison with the standard test
period (after 1 month). This is a positive factor for
its more wide and multifarious application. The soil-
cement is produced as a result of using of two main
technological variants of soil mixing with binding
substances – on the surface and in depth. The meth-
ods included in the group of surface mixing (cush-
ions, impervious screens and protective facings) are
developed and widely applied in Bulgaria. The next
group for deep stabilization (deep mixing method,
jet-grouting and soil-cement piles) is more univer-
sal, modern and possesses great potentials for soil
base improvement. Unfortunately some of these meth-
ods are only occasionally used in Bulgaria because
of the shortage of appropriate equipment. Deep sta-
bilization is of great promise in treatment of high
collapsible Type II loess bases, saturated loess, loess
regions with high seismic intensity and environmen-
tal applications.
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Ðåçþìå. Ð. Àíãåëîâà — Äúëãîâðåìåííàòà ÿêîñò íà öèìåíòîëüîñîâèòå ñìåñè – áëàãîïðè-
ÿòåí ôàêòîð çà ïðèëàãàíåòî èì ïðè ïîäîáðÿâàíå íà ëüîñà. Íåáëàãîïðèÿòíèòå çà ñòðîè-
òåëñòâîòî ñâîéñòâà, ñ êîèòî ñå îòëè÷àâàò ëüîñîâèòå ïî÷âè — ñêëîííîñò êúì ïðîïàäàíå,
çíà÷èòåëíà âîäîïðîïóñêëèâîñò è èíòåíçèâíî ðàçìåêâàíå ïðè âçàèìîäåéñòâèå ñ âîäà — ñà
âàæíà ïðåäïîñòàâêà çà ïðèëàãàíå íà ðàçëè÷íè ìåòîäè çà òÿõíîòî ïîäîáðÿâàíå. Åäíà îñíîâ-
íà ãðóïà ìåòîäè å ñìåñâàíåòî íà ëüîñ ñúñ ñâúðçâàùè âåùåñòâà, â ðåçóëòàò íà êîåòî ñå
ïîëó÷àâà èçêóñòâåí ìàòåðèàë ñ ïðåäâàðèòåëíî ïðîåêòèðàíè ñâîéñòâà. Òîçè ìàòåðèàë å ïîä-
õîäÿù çà èçãðàæäàíå íà ïúòèùà, îáëèöîâêè íà çåìíî-íàñèïíè ÿçîâèðíè ñòåíè, ïðîòèâî-
ôèëòðàöèîííè åêðàíè è áàðèåðè, ïîäôóíäàìåíòíè âúçãëàâíèöè, ñòåíè è ïèëîòè.

Èçñëåäâàíåòî å èçâúðøåíî ñ ïåñú÷ëèâ, òèïè÷åí è ãëèíåñò ëüîñ îò Ñåâåðíà Áúëãàðèÿ,
êîèòî ñå îòëè÷àâàò ïî ñâîÿ ñúñòàâ è íàé-÷åñòî ñà îáåêò íà çàçäðàâÿâàíå ñ öèìåíò. Èçó÷åíè
ñà îñíîâíèòå çàêîíîìåðíîñòè âúâ ôîðìèðàíå ÿêîñòòà íà öèìåíòîëüîñîâèòå ñìåñè. Äîêàçàí
å ñòàäèéíèÿò õàðàêòåð ïðè íàðàñòâàíå íà ÿêîñòòà âúâ âðåìåòî. Óñòàíîâåíî å íåêîëêîêðàòíî
óâåëè÷åíèå íà ÿêîñòòà íà åäíîîñåí íàòèñê íà òîçè ìàòåðèàë âúâ âðåìåòî (1,5—5,0 ïúòè) â
ñðàâíåíèå ñúñ ñòàíäàðòíèÿ ñðîê íà èçïèòâàíå (1 ìåñåö), êîåòî å äîáðà ïðåäïîñòàâêà çà
íåãîâîòî øèðîêî è ðàçíîîáðàçíî ïðèëîæåíèå. Â Áúëãàðèÿ ÷åñòî ñà èçïîëçâàíè òåõíîëî-
ãè÷íèòå âàðèàíòè çà ñìåñâàíå íà ïîâúðõíîñòòà — èçãðàæäàíå íà ïîäôóíäàìåíòíè âúçãëàâ-
íèöè, ïðîòèâîôèëòðàöèîííè åêðàíè è ïîêðèòèÿ. Ìåòîäèòå çà ñìåñâàíå â äúëáî÷èíà (äúëáî-
÷èííî ñìåñâàíå, õèäðîñòðóéíî çàçäðàâÿâàíå, öèìåíòî-ïî÷âåíè ïèëîòè) ïî÷òè íå ñà ïðèëà-
ãàíè çàñåãà ó íàñ ïîðàäè ëèïñà íà ïîäõîäÿùà òåõíèêà è îáîðóäâàíå. Òå, îáà÷å ñà òâúðäå
óíèâåðñàëíè è ñà îñîáåíî ïåðñïåêòèâíè ïðè áúäåùî ñòðîèòåëñòâî â ñèëíî ïðîïàäú÷íè
èëè âîäîíàñèòåíè ëüîñîâè ïî÷âè, â ðàéîíè ñ ïîâèøåíà ñåèçìè÷íîñò è ïðè ðåøàâàíå íà
åêîëîæêè ïðîáëåìè.
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