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Îäíèì èç íàèáîëåå ýôôåêòèâíûõ ïðè¸ìîâ ïðè ãåîòåõíè÷åñêîì ñòðîèòåëüñòâå â óñëîâèÿõ ãîðîäñêîé ñðå-
äû, ïîçâîëÿþùèé â êîðîòêèå ñðîêè è ñ ìèíèìàëüíûì óùåðáîì îáåñïå÷èòü ñòàáèëèçàöèþ ãîðíûõ ïîðîä è
èñêëþ÷èòü ïîïàäàíèå âîäû â ãîðíûå âûðàáîòêè, ÿâëÿåòñÿ ñòðóéíàÿ òåõíîëîãèÿ (Jet Grouting) çàêðåïëåíèÿ
ãðóíòîâ. Íî å¸ øèðîêîå ïðèìåíåíèå ñäåðæèâàåòñÿ îòñóòñòâèåì ìåòîäîëîãèè âûáîðà ñîîòíîøåíèÿ îáú¸ìîâ
çàêðåïëÿåìîãî ïðîñòðàíñòâà ê íåçàêðåïëåííîìó, ÷òî ñóùåñòâåííî çàòðóäíÿåò íàçíà÷åíèå ïðîåêòíûõ õàðàê-
òåðèñòèê ñèñòåìû ãîðíàÿ âûðàáîòêà—çàêðåïëÿåìûé ìàññèâ. Ñ öåëüþ îïðåäåëåíèÿ èõ âåëè÷èí ïðîâåäåíî
ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñèñòåìû ãîðíàÿ âûðàáîòêà—çàêðåïëÿåìûé ìàññèâ. Â êà÷åñòâå èñõîäíûõ äàí-
íûõ ïðèíÿòû èíæåíåðíî-ãåîëîãè÷åñêèå óñëîâèÿ, òèïè÷íûå äëÿ öåíòðàëüíîé ÷àñòè ã. Ìîñêâû. Îáîñíîâàíû
ðàñ÷¸òíûå ïàðàìåòðû ñèñòåìû ãîðíàÿ âûðàáîòêà—çàêðåïëÿåìûé ìàññèâ ïðè ïðîõîäêå ïîäçåìíîé âûðàáîòêè
êðóãëîãî ñå÷åíèÿ â ñëàáûõ ãðóíòàõ ñ èñïîëüçîâàíèåì èõ îïåðåæàþùåãî çàêðåïëåíèÿ ãðóíòîáåòîíîì.
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One of the most effective methods in the geotechnical construction at the urban conditions, which allows provid-
ing the stabilization of the rocks and elimination of the ingress of water into the mine workings, in a short time and
with minimal damage, is the jet technology (JetGrouting) of fixing of the soils. But with all advantages of JetGrouting
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technology, its wide application is constrained by the lack of the methodology for choosing the ratio of the fixed space
volume to the unfixed, which significantly complicates the appointment of design characteristics of the system «mine
working-massif of rocks to be fixed». In this regard, it was necessary to carry out the mathematical modeling of the pa-
rameters of this system. Engineering-geological conditions typical for the central part of Moscow have been accepted
as initial data. The substantiation of design parameters of the system during the penetration of mining with round sec-
tion in weak soils by their advanced fixing by a grouting has been presented.

K e y w o r d s: weak soils; soil concrete; elastic-plastic model; limited plastic deformation without destruction;
coefficient of increase of characteristics of plasticity of soils; conditional filling; mining.

Ê íàñòîÿùåìó âðåìåíè ðàçðàáîòàí ðÿä òåõíî-
ëîãè÷åñêèõ ïðè¸ìîâ, ïîçâîëÿþùèõ ïðîèçâîäèòü
ãåîòåõíè÷åñêèå ñòðîèòåëüíûå ðàáîòû â ñëîæíûõ
èíæåíåðíî-ãåîëîãè÷åñêèõ óñëîâèÿõ. Ê òàêèì ïðè¸-
ìàì ñëåäóåò îòíåñòè: çàìîðàæèâàíèå, ñèëèêàòèçà-
öèþ, öåìåíòàöèþ èëè ñìîëèçàöèþ [4] è ñòðóéíóþ
òåõíîëîãèþ (Jet Grouting) çàêðåïëåíèÿ ãðóíòîâ [3].
Ïðè÷åì ïîñëåäíÿÿ â óñëîâèÿõ ïëîòíîé ãîðîäñêîé
çàñòðîéêè äà¸ò âîçìîæíîñòü â êîðîòêèå ñðîêè è ñ
ìèíèìàëüíûì óùåðáîì äëÿ æèëûõ çäàíèé è ñî-
îðóæåíèé, èìåþùèõ êóëüòóðíî-èñòîðè÷åñêîå çíà-
÷åíèå, îáåñïå÷èòü óñòîé÷èâîñòü ãîðíûõ ïîðîä è
èñêëþ÷èòü ïðîíèêíîâåíèå ãðóíòîâûõ âîä â ãîð-
íûå âûðàáîòêè. Ñóùíîñòü ñòðóéíîé òåõíîëîãèè
çàêëþ÷àåòñÿ â èçìåíåíèè ïðî÷íîñòíûõ ñâîéñòâ
ìàññèâà ãðóíòîâ ïóò¸ì âîçäåéñòâèÿ íà íåãî èçëè-
âàþùåéñÿ èç ñîïëà ôîðñóíêè âûñîêîñêîðîñòíîé
ñóñïåíçèîííîé âîäîöåìåíòíîé ñòðóè, âðàùàþùåé-
ñÿ â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé ê îñè ïðåäâà-
ðèòåëüíî ïðîáóðèâàåìîé äî ïðîåêòíîé îòìåòêè
ñêâàæèíû, ñ îäíîâðåìåííûì ïåðåìåùåíèåì ôîð-
ñóíêè, îáðàòíûì õîäîì, âäîëü ýòîé îñè äî ñëåäóþ-
ùåé ïðîåêòíîé îòìåòêè áåç ñîçäàíèÿ â ìàññèâå
èçáûòî÷íîãî äàâëåíèÿ. Â ðåçóëüòàòå ðàçðóøåíèÿ è
ïåðåìåøèâàíèÿ ãðóíòîâ ñóñïåíçèîííîé ñòðóåé
ôîðìèðóåòñÿ çàêðåïë¸ííûé ïîðîäíûé ìàññèâ öè-
ëèíäðè÷åñêîé ôîðìû çàäàííîé äëèíû, ñîñòîÿùèé
èç íîâîãî ìàòåðèàëà — ãðóíòîáåòîíà. Ïî ñîñòàâó
ïîëó÷àåìûé ãðóíòîáåòîí ìîæåò áûòü áëèçîê ê
ìåëêîçåðíèñòûì áåòîíàì, îñîáåííî åñëè ðàçðóøà-
åìûé ãðóíò ïðåäñòàâëåí ïåñ÷àíûìè ðàçíîñòÿìè,
÷òî õàðàêòåðíî äëÿ óñëîâèé ñòðîèòåëüñòâà â
ã. Ìîñêâå. Ïðè âñåõ äîñòîèíñòâàõ òåõíîëîãèè Jet
Grouting å¸ ïðèìåíåíèå ñäåðæèâàåòñÿ îòñóòñòâèåì
ìåòîäîëîãèè âûáîðà ñîîòíîøåíèÿ ìåæäó çàêðåï-
ëÿåìûì è íåçàêðåïë¸ííûì îáú¸ìàìè ïîðîäíîãî
ìàññèâà, ÷òî ñóùåñòâåííî çàòðóäíÿåò íàçíà÷åíèå
ðàñ÷¸òíûõ ïàðàìåòðîâ è ïðîåêòíûõ õàðàêòåðèñòèê
ñèñòåìû ãîðíàÿ âûðàáîòêà — çàêðåïëÿåìûé ìàñ-
ñèâ [5]. Äëÿ óñòàíîâëåíèÿ èõ âåëè÷èíû ïðîâåäåíî
ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñèñòåìû ãîðíàÿ
âûðàáîòêà—çàêðåïëÿåìûé ìàññèâ. Â êà÷åñòâå èñ-
õîäíûõ äàííûõ ïðèíÿòû èíæåíåðíî-ãåîëîãè÷åñ-
êèå óñëîâèÿ, õàðàêòåðíûå äëÿ öåíòðàëüíîé ÷àñòè
ã. Ìîñêâû.

Îäíàêî ïðîõîäêà âûðàáîòêè ïî óêàçàííîé òåõ-
íîëîãèè ïîäðàçóìåâàåò ïîëíîå èçìåíåíèå ïðî-
÷íîñòíûõ ñâîéñòâ ãðóíòà âñåãî ìàññèâà, ÷òî ïðè-

âîäèò â äàëüíåéøåì ê çíà÷èòåëüíûì ýíåðãåòè÷åñ-
êèì çàòðàòàì, ñâÿçàííûì êàê ñ ïîâûøåííûì îáú¸-
ìîì çàêðåïëÿåìîãî ïðîñòðàíñòâà, òàê è ñ ïîñëåäó-
þùèì ïðîöåññîì ðàçðóøåíèÿ ãðóíòîâ, ïðèîáðåòà-
þùèõ â ñîîòâåòñòâèè ñ ïðèíÿòîé òåõíîëîãèåé âû-
ñîêèå ìåõàíè÷åñêèå õàðàêòåðèñòèêè, â òîì ÷èñëå è
â ïðåäåëàõ êîíòóðà áóäóùåé ãîðíîé âûðàáîòêè.

Ñ öåëüþ ñíèæåíèÿ ýíåðãîçàòðàò íà ïðîâåäåíèå
ãîðíîé âûðàáîòêè ñ èñïîëüçîâàíèåì ñòðóéíîé òåõ-
íîëîãèè ïðåäëàãàåòñÿ âûïîëíÿòü îãðàíè÷åííîå ïî
îáú¸ìó ìàññèâà èçìåíåíèå ìåõàíè÷åñêèõ ñâîéñòâ
ãðóíòîâ, ò. å. ïðîöåäóðó çàêðåïëåíèÿ òîëüêî äëÿ
òåõ ãðóíòîâ, êîòîðûå îêðóæàþò êîíòóð áóäóùåé
âûðàáîòêè.

Òàêèì îáðàçîì, ôîðìèðóåòñÿ ìàññèâ ñ èçìå-
í¸ííûìè ñâîéñòâàìè, îõâàòûâàþùèé ïðîñòðàí-
ñòâî, çàïîëíåííîå ñëàáûìè ãðóíòàìè, âûïîëíÿþ-
ùèìè ðîëü óñëîâíî îïåðåæàþùåé çàêëàäêè. Åñëè
ïðåäïîëîæèòü, ÷òî ãðóíòû ñ èçìåí¸ííûìè ìåõà-
íè÷åñêèìè ñâîéñòâàìè â îêðóæåíèè âûðàáîòêè,

îáëàäàþùèå êàê âíóòðåííèì òðåíèåì �, òàê è
ñöåïëåíèåì Ñ, ïðåäñòàâëÿþò óïðóãîïëàñòè÷åñêèé
ìàññèâ, ñîîòâåòñòâóþùèé ìîäåëè Í.Ñ. Áóëû÷åâà
(ðèñ. 1, à.) è õàðàêòåðèçóåìûé ãðàôèêîì (ðèñ. 1, á.),
òî åãî ðàçðóøåíèþ áóäåò ïðåäøåñòâîâàòü íåêîòî-
ðàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ, ïðîòåêàþùàÿ ñ îïðå-
äåë¸ííîé ñêîðîñòüþ. Îòïîð, ñîçäàâàåìûé «óñëîâ-
íî îïåðåæàþùåé çàêëàäêîé», ïðåäñòàâëåííûé íà
ìîäåëè â âèäå âíóòðåííåãî äàâëåíèÿ p, ðàñïðå-
äåë¸ííîãî ðàâíîìåðíî ïî êîíòóðó âûðàáîòêè ðà-
äèóñà r0, áóäåò âûñòóïàòü â êà÷åñòâå ñèëîâîãî ôàê-
òîðà, çàìåäëÿþùåãî ïðîöåññ ðàñïðîñòðàíåíèÿ ïëàñ-
òè÷åñêîé äåôîðìàöèè è îòäàëÿþùåãî íà÷àëüíûé
ìîìåíò îáðàçîâàíèÿ çîíû ðàçðóøåíèÿ.

Â ñëó÷àå äåéñòâèÿ âíóòðåííåãî äàâëåíèÿ p, äîñ-
òàòî÷íîå óñëîâèå èñ÷åðïàíèÿ ïðî÷íîñòè ãðóíòà
áóäåò èìåòü ñëåäóþùèé âèä [1]:
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ãäå � — óäåëüíûé âåñ ãðóíòîâ, Í/ì3; H — ãëóáèíà
çàëîæåíèÿ âûðàáîòêè, ì; G — ìîäóëü ñäâèãà, MÏa.
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Ïðè ýòîì ñîîòíîøåíèå ìåæäó íîðìàëüíûìè
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âèÿ, ÷òî íà êîíòóðå ñå÷åíèÿ âûðàáîòêè (ïðè r = r0 )
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Äàëåå âîñïîëüçóåìñÿ óñëîâèåì íåïðåðûâíîñòè
íàïðÿæåíèé íà ãðàíèöå ìåæäó ïëàñòè÷åñêîé è
óïðóãîé çîíàìè ïðè r = re, ãäå íàïðÿæåíèÿ îäíî-
âðåìåííî îïðåäåëÿþòñÿ êàê ïî çàêîíàì òåîðèè
óïðóãîñòè, òàê è ïî òåîðèè ïëàñòè÷íîñòè (ðèñ. 1, á,
òî÷êà À).

Â ñâÿçè ñ ýòèì äëÿ òî÷åê íà ãðàíèöå ïëàñòè÷åñ-
êîé è óïðóãîé îáëàñòåé äîëæíû áûòü, âî-ïåðâûõ,
ñïðàâåäëèâû ñîîòíîøåíèÿ (9), âî-âòîðûõ, íàïðÿ-
æåíèÿ 
 r è 
� äîëæíû óäîâëåòâîðÿòü ïåðâîìó âà-
ðèàíòó òåíçîðà íàïðÿæåíèé óïðóãîñòè (äëÿ óïðó-
ãîé çîíû), èìåþùåãî âèä:


 
 � ��r H C� � � �2( )ctg const . (10)

Ïîäñòàâëÿÿ â (10) çíà÷åíèÿ íàïðÿæåíèé (9) è
âûïîëíÿÿ ïðîñòåéøèå ïðåîáðàçîâàíèÿ, ïîëó÷èì
âûðàæåíèå, îïðåäåëÿþùåå îòíîñèòåëüíûé ðàäèóñ
ãðàíèöû çîíû ïëàñòè÷åñêèõ äåôîðìàöèé:

r

r

H C

p C

e
a

0

1

1�
�

�
�

�

�
�

�

�
�

� �

�
�

ctg

ctg
( sin ) . (11)
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Ðèñ. 1. Ñõåìà (à) è äèàãðàììà íàïðÿæåíèé (á) óïðóãîïëàñòè÷åñêîé ìîäåëè ñ îãðàíè÷åííîé ïëàñòè÷åñ-
êîé äåôîðìàöèåé ìàññèâà ñ ãîðíîé âûðàáîòêîé: 1 – çîíà óïðóãèõ äåôîðìàöèé; 2 – çîíà ïëàñòè÷åñ-
êèõ äåôîðìàöèé, ïðîòåêàþùèõ áåç ðàçðóøåíèÿ; 3 – çîíà ðàçðóøåíèÿ, õàðàêòåðèçóþùàÿ ïîñòå-

ïåííûì ñíèæåíèåì ñîïðîòèâëåíèÿ
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Ðèñ. 2. Çàâèñèìîñòè âåëè÷èíû êîýôôèöèåíòà ïîâûøåíèÿ õàðàêòåðèñòèêè ïëàñòè÷íîñòè ãðóíòîâ kpl îò ãëóáèíû
çàëîæåíèÿ âûðàáîòêè Í, ïðè ðàçëè÷íûõ çíà÷åíèÿõ Ñ, ÌÏà: à – 6, á – 18, â – 30 ïðè � = 0,026 ÌÍ/ì3; � = 35°



Òîãäà ïîñëå ïîäñòàíîâêè â âûðàæåíèå (2) ðå-
çóëüòàòà (11) ïðåäåëüíàÿ ïëàñòè÷åñêàÿ äåôîðìà-
öèÿ ñ ó÷¸òîì âíóòðåííåãî äàâëåíèÿ íà êîíòóð âû-
ðàáîòêè áóäåò ðàâíà:

�
� � � �

�
��

( ) ( sin ) sinp
aH C

G

H C

p C
�

� �

�
�

�

�
�

�

�
�

ctg ctg

ctg2
1

2

�,(12)

à óñëîâèå èñ÷åðïàíèÿ ïðî÷íîñòè, â ñîîòâåòñòâèå c
(1), ïðèíèìàåò âèä:

� �
�

� �

�
� �

H C

G

H C

p C

a

c
p� �

�
�

�

�
�

�

�
� �

ctg ctg

ctg2
1

2

sin ( sin ) ( ) .(13)

Ïðåîáðàçóåì ëåâóþ ÷àñòü ðàâåíñòâà (13) ñëåäó-
þùèì îáðàçîì:

C

G

H C

C

Ccos

( sin )
( sin )

sin�

�

� �

�
�

�

2 1
1

1

�

�
�

�

�
�

�

�
�

ctg

ctg

ctg

ctg
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�

�

�
�
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��

p C

Ï
C

p C

a

e

a

c

�

�

�
�

�

�
� �

� �
�

�

�
�

�

�
� �

2

0

2

0( ) ,
C

p C

actg

ctg

�

��

�

�
�

�

�
�

2

,

ãäå
� �

�
�

�

�

H C

C
Ï

�
�

�

�
�

�

�
� �

ctg

ctg
( sin )

sin

1

1

— õàðàêòåðèñòè-

êà ïëàñòè÷íîñòè ãðóíòîâ ïðè îòñóòñòâèè âíóòðåí-
íåãî äàâëåíèÿ.

Òîãäà

�
�

�
� �ñ

p
a

ñ
pC

p C

( ) ( ) ,�
�

�

�
�

�

�
�

ctg

ctg

2

(14)

ãäå � c
( )0 — îáùàÿ ïðåäåëüíàÿ äåôîðìàöèÿ ãðóíòîâ

ïðè îòñóòñòâèè âíóòðåííåãî äàâëåíèÿ.

Èç (14) ñëåäóåò, ÷òî ìíîæèòåëü
C

p C

actg

ctg

�

��

�

�
�

�

�
�

2

,

áóäåò ïðåäñòàâëÿòü ñîáîé ïàðàìåòð çàìåäëåíèÿ
ïðîöåññà ðàñïðîñòðàíåíèÿ ïëàñòè÷åñêîé äåôîð-
ìàöèè. Âåëè÷èíà îáðàòíàÿ åìó áóäåò ñîîòâå-
òñòâåííî êîýôôèöèåíòîì ïîâûøåíèÿ õàðàêòåðèñ-
òèêè ïëàñ- òè÷íîñòè ãðóíòîâ, îêðóæàþùèõ âûðà-
áîòêó, êîòîðûé ñ ó÷¸òîì ââåä¸ííîãî îáîçíà÷åíèÿ
kpl áóäåò îïðåäåëÿòüñÿ, êàê

k
p C

C
pl �

��

�
�

�

�
�

�

ctg

ctg

�

�

�

�

( sin )

sin

.

1

(15)

Òîãäà êîýôôèöèåíò ïîâûøåíèÿ óñòîé÷èâîñòè
ks, âõîäÿùèé â ñîñòàâ êðèòåðèÿ óñòîé÷èâîñòè ãðóí-
òîâ âèäà � 

Hk k s c� , äëÿ ïðåäëàãàåìîé òåõíîëî-
ãèè ïðîõîäêè ãîðíîé âûðàáîòêè, áóäåò îïðåäå-
ëÿòüñÿ, ñ ó÷¸òîì (15), ïî ôîðìóëå âèäà:

k k Ïs pt� � �1
1

1
sin

[ ]sin

� �
� (16)

Èç ôîðìóëû (16) ñëåäóåò, ÷òî óâåëè÷åíèå âíóò-
ðåííåãî äàâëåíèÿ p, ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ,
ïðèâîäèò ê ïîâûøåíèþ óñòîé÷èâîñòè ãðóíòîâ,
îêðóæàþùèõ âûðàáîòêó.

Äëÿ êîëè÷åñòâåííîé îöåíêè âëèÿíèÿ «óñëîâíî
îïåðåæàþùåé çàêëàäêè» íà óñòîé÷èâîñòü ãðóíòîâ,
îêðóæàþùèõ ïîäçåìíóþ ãîðíóþ âûðàáîòêó êðóã-
ëîãî ñå÷åíèÿ, îïðåäåëèì ÷èñëåííûå çíà÷åíèÿ êî-
ýôôèöèåíòà ïîâûøåíèÿ õàðàêòåðèñòèêè ïëàñòè÷-
íîñòè ãðóíòîâ äëÿ ðàçëè÷íûõ âíåøíèõ óñëîâèé.

Äëÿ ýòîé öåëè â êà÷åñòâå èñõîäíûõ çíà÷åíèé
ïàðàìåòðîâ, ñîñòàâëÿþùèõ ôîðìóëó (15), ïðèìåì

� = 0,026 ÌÍ/ì3; � = 35°; p = kp �H (kp= 0,2; 0,3; 0,4;
0,5; 0,6); H = 10, 20, 30, …,100 ì; Ñ = 6ÌÏà; 18ÌÏà;
30ÌÏà.

Âûâîäû

Ïî ðåçóëüòàòàì âû÷èñëåíèé ïîñòðîåíû ãðàôè-
÷åñêèå çàâèñèìîñòè (ðèñ. 2).

Àíàëèç êîòîðûõ ïîçâîëÿåò çàêëþ÷èòü ñëåäóþ-
ùèå âûâîäû:

1. Ïðè ïîñòîÿííîé ãëóáèíå çàëîæåíèÿ âûðà-
áîòêè Í íàáëþäàåòñÿ ðîñò âåëè÷èíû êîýôôèöèåí-
òà ïîâûøåíèÿ õàðàêòåðèñòèêè ïëàñòè÷íîñòè ãðóí-
òîâ kpl ïðîïîðöèîíàëüíîãî âåëè÷èíå îòïîðà p, ñîç-
äàâàåìîãî «óñëîâíî îïåðåæàþùåé çàêëàäêîé».
Òàê, ïðè Í = 100 ì ðîñò ñîîòâåòñòâåííî ñîñòàâëÿåò
ïðè Ñ = 6 ÌÏà – 14,88%; ïðè Ñ =18 ÌÏà – 5,6%;
ïðè Ñ =30 ÌÏà – 3,46%.

2. Ïðè ïîñòîÿííîé âåëè÷èíå îòïîðà ð îòìå÷à-
åòñÿ óâåëè÷åíèå êîýôôèöèåíòà ïîâûøåíèÿ ïëàñ-
òè÷íîñòè ãðóíòîâ kpl , ïðîïîðöèîíàëüíîå ðîñòó
ãëóáèíû çàëîæåíèÿ âûðàáîòêè Í. Íàïðèìåð, ïðè

p = 0,6 �H ðîñò kpl ñîñòàâëÿåò ïðè Ñ = 6 ÌÏà —
28%; ïðè Ñ = 18 ÌÏà — 9,2%; ïðè Ñ = 30 ÌÏà —
5,47%.

3. Íàèáîëüøèé ýôôåêò îò çàìåäëåíèÿ ïðîöåñ-
ñà ðàñïðîñòðàíåíèÿ ïëàñòè÷åñêîé äåôîðìàöèè
ïðîÿâëÿåòñÿ â ãðóíòàõ, õàðàêòåðèçóþùèõñÿ ìàëûì
ñöåïëåíèåì (Ñ = 6 ÌÏà).
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