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Íàâåäåíî àíàë³ç ðåçóëüòàò³â ïåðâèííî¿ îïòèì³çàö³¿ ãðàíóëîìåòðè÷íîãî ñêëàäó ãðà-

í³òíîãî â³äñ³âó, ùî âèêîðèñòîâóºòüñÿ ÿê ñåðåäí³é òà äð³áíèé çàïîâíþâà÷ äëÿ öå-

ìåíòâì³ñíèõ â³áðîïðåñîâàíèõ ìàñ. Àíàë³ç ïðîâîäèâñÿ øëÿõîì ç³ñòàâëåííÿ çíà-

÷åíü íàñèïíî¿ ãóñòèíè ï³ä íàâàíòàæåííÿì ³ êîåô³ö³ºíòà óù³ëüíåííÿ, ÿê³ õàðàêòå-

ðèçóþòü çðó÷í³ñòü óêëàäàííÿ îáðàíèõ ñêëàä³â òà çäàòí³ñòü çåðåí ðîçì³ùóâàòèñÿ â
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ìàòåìàòè÷íîãî ïëàíóâàííÿ. Çà ðåçóëüòàòàìè îïðàöþâàííÿ åêñïåðèìåíòàëüíèõ äàíèõ

³ç ïîäàëüøèì ìàòåìàòè÷íèì àíàë³çîì ð³âíÿíü ðåãðåñ³¿ òà ä³àãðàì «ñêëàä–

âëàñòèâ³ñòü» âñòàíîâëåíî çàêîíîì³ðíîñò³ çì³íè íàñèïíî¿ ãóñòèíè ï³ä íàâàíòàæåí-

íÿì ³ êîåô³ö³ºíòà óù³ëüíåííÿ òðèôðàêö³éíèõ øèõò çàëåæíî â³ä ¿õ ñêëàäó.
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Âñòóï
Åíåðãîåôåêòèâí³ òåõíîëîã³¿ áóä³âåëüíèõ ìà-

òåð³àë³â íà ñüîãîäí³ º íàéá³ëüø çàòðåáóâàíèìè â
Óêðà¿í³ [1]. Öå çóìîâëåíî íå ëèøå òðàäèö³éíèì
ïðàãíåííÿì çíèçèòè ÷àñòêó âèòðàò íà ïàëèâíî-
åíåðãåòè÷í³ òà ìàòåð³àëüí³ ðåñóðñè âèðîáíèöòâà,
àëå é ñó÷àñíîþ ñèòóàö³ºþ â Óêðà¿í³. Â³áðîïðåñó-
âàííÿ âèðîá³â ³ç öåìåíòâì³ñíèõ ìàñ áåç êðóïíîãî

ùåáåíþ äàº çìîãó çàáåçïå÷èòè ìåõàí³çàö³þ îñ-
íîâíèõ òåõíîëîã³÷íèõ ïðîöåñ³â çà äóæå íèçüêèõ
âèòðàò åëåêòðîåíåðã³¿. Öå îñîáëèâî àêòóàëüíî ï³ä
÷àñ âèãîòîâëåííÿ øòó÷íèõ âèðîá³â ³ êîíñòðó-
êòèâíèõ åëåìåíò³â äëÿ ìàëîïîâåðõîâîãî áóä³âíè-
öòâà, áåçíàï³ðíèõ âóçë³â âîäîïðîâ³äíèõ ñèñòåì,
êàíàë³çàö³éíèõ ëîòê³â, ê³ëåöü êîëîäÿç³â, áîð-
äþðíîãî êàìåíþ, òðîòóàðíî¿ ïëèòêè òîùî [2].
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Øèðîêèé àñîðòèìåíò òàêèõ âèðîá³â äîö³ëü-
íî îòðèìóâàòè ç öåìåíòîâì³ñíèõ ìàñ ç³ çíèæå-
íèì âì³ñòîì öåìåíòó òà âîäè çàòâîðåííÿ ïðè ð³çíèõ
âàð³àíòàõ ìåòîä³â ôîðìóâàííÿ, ùî ïîºäíóþòü
â³áðàö³þ òà ï³äïðåñóâàííÿ. Âèêîðèñòàííÿ ïîä³áíèõ
êîìá³íîâàíèõ ìåòîä³â ôîðìóâàííÿ äîçâîëÿº
îáìåæèòè âì³ñò äîðîãîãî öåìåíòó (÷àñòî íèæ÷å
10–12 %) ³ çàáåçïå÷èòè âèðîáàì íåîáõ³äí³ ì³öí³ñí³
õàðàêòåðèñòèêè òà ìîðîçîñò³éê³ñòü çà çíèæåíèõ
ïàðàìåòð³â òåïëî-âîëîã³ñíî¿ îáðîáêè àáî íàâ³òü
ëèøå ïðè âèêîðèñòàíí³ ïðèðîäíîãî ñóø³ííÿ [3].

Ó òàêèõ òåõíîëîã³ÿõ îñîáëèâî¿ âàãè íàáóâàº
ðàö³îíàëüíèé ï³äá³ð ôðàêö³éíîãî ñêëàäó çà-
ïîâíþâà÷à, ÿêèé áåçïîñåðåäíüî âèçíà÷àº çíà÷åí-
íÿ â³äêðèòî¿ ïîðèñòîñò³ òà ïàðàìåòðè ñòðóêòóðè
ìàòåð³àëó ó âèðîáàõ, à îòæå, ³ñòîòíî âïëèâàº íà
ì³öí³ñòü ³ ìîðîçîñò³éê³ñòü. Áåçïåðå÷íî, âàæëèâè-
ìè çàëèøàþòüñÿ é ³íø³ òåõíîëîã³÷í³ ïàðàìåòðè:
ìàðêà òà âì³ñò öåìåíòó, âîëîã³ñòü ìàñè, ÷àñòîòà é
àìïë³òóäà â³áðàö³¿, ïðåñîâå çóñèëëÿ òà âàð³àíòè
íàâàíòàæåííÿ, ãàáàðèòè é ôîðìà îñíàùåííÿ äëÿ
ôîðìóâàííÿ òîùî. Âîäíî÷àñ óñ³ çàçíà÷åí³ ïàðà-
ìåòðè âçàºìîïîâ’ÿçàí³, ùî ðîáèòü çàäà÷ó îïòèì³-
çàö³¿ ïðîöåñó îäåðæàííÿ âèðîá³â ³ç íàïåðåä çàäà-
íèìè õàðàêòåðèñòèêàìè íàäçâè÷àéíî ñêëàäíîþ [4].

Ðàçîì ³ç òèì, îïòèì³çàö³þ ãðàíóëîìåòðè-
÷íîãî ñêëàäó ³íåðòíîãî çàïîâíþâà÷à ìîæëèâî
çä³éñíèòè ùå íà ñòàä³¿ ëàáîðàòîðíèõ åêñïåðèìåíò³â,
ùî ñòâîðþº áàçîâó îñíîâó äëÿ ïîäàëüøèõ äîñë³-
äæåíü ó êîíêðåòíèõ âèðîáíè÷èõ óìîâàõ. Ñàìå öÿ
ìåòà áóëà ïîñòàâëåíà â äàí³é ðîáîò³, à ñàìå: îïòè-
ì³çóâàòè ãðàíóëîìåòðè÷íèé ñêëàä ³íåðòíîãî çà-
ïîâíþâà÷à, ùî ì³ñòèòü: ãðàí³òíèé ãðàâ³é ôðàêö³¿
5–10 ìì, ãðàí³òíèé â³äñ³â ôðàêö³¿ 0–3,5 ìì òà
ï³ñîê ôðàêö³¿ <0,3 ìì.

Ìàòåð³àëè òà ìåòîäè äîñë³äæåíü

Ãðàí³òíèé ãðàâ³é (äàë³ ïîçíà÷àâñÿ ÿê X) òà
ãðàí³òíèé â³äñ³â (äàë³ ïîçíà÷àâñÿ ÿê Y) ïîñòà÷à-
ëèñÿ ç³ Øìàòê³âñüêîãî ðîäîâèùà (Ïîëòàâñüêà îá-
ëàñòü), âèõ³äíèé ãðàíóëîìåòðè÷íèé ñêëàä ³ âî-
ëîã³ñòü íå êîíòðîëþâàëèñÿ òà â åêñïåðèìåíòàõ
âèêîðèñòîâóâàëèñÿ ó ñòàí³ òîâàðíî¿ ïîñòàâêè.
Ï³ñîê ïîñòà÷àâñÿ ÏðÀÒ «Êðåìåí÷óöüêèé ð³÷êî-
âèé ïîðò» (ì. Êðåìåí÷óê) – ïîçíà÷åíèé Z ³
òàêîæ çàñòîñîâóâàâñÿ ó ñòàí³ òîâàðíî¿ ïîñòàâêè.
Äëÿ äîçóâàííÿ êîìïîíåíò³â âèêîðèñòîâóâàëè
åëåêòðîíí³ âàãè (ìàðêà Constant, ìîäåëü
14192-640Ñ) ³ç òî÷í³ñòþ çâàæóâàííÿ 0,1 ã ïðè
íàâ³øóâàíí³ ïî 500 ã äëÿ êîæíîãî åêñïåðèìåíòó.
Ïðîöåñ çì³øóâàííÿ êîìïîíåíò³â øèõò, âèì³ðþ-
âàëüíå îáëàäíàííÿ òà ïðèíöèï çä³éñíåííÿ
âèïðîáóâàíü äåòàëüíî íàâåäåíî ó [5,6]. Â³äïîâ³äí³
íàñèïí³ ãóñòèíè ï³ä íàâàíòàæåííÿì (ρi) òà
êîåô³ö³ºíò óù³ëüíåííÿ (Êó) òàêîæ ðîçðàõîâóâà-

ëèñÿ çã³äíî ç ìåòîäèêîþ [5]. Âàðòî çàçíà÷èòè, ùî
êîåô³ö³ºíò óù³ëüíåííÿ õàðàêòåðèçóº øâèäê³ñòü
óñàäêè øèõòè ï³ñëÿ ñòðóøóâàíü, òîáòî ôàêòè÷íî
¿¿ ÷óòëèâ³ñòü äî íèçüêî÷àñòîòíî¿ â³áðàö³¿. Çíà÷åí-
íÿ Êó òà ρi âçàºìîïîâ’ÿçàí³ ì³æ ñîáîþ îïîñå-
ðåäêîâàíî. Íàñèïíà ãóñòèíà øèõòè ï³ä íàâàíòà-
æåííÿì âèçíà÷àº çðó÷í³ñòü óêëàäàííÿ, à ñàìå
çäàòí³ñòü ¿¿ çåðåí ðîçì³ùóâàòèñÿ â ïîðàõ äî óòâî-
ðåííÿ ìàêñèìàëüíî ìîæëèâî¿ êîíñîë³äîâàíî¿
ñòðóêòóðè.

Äëÿ â³çóàë³çàö³¿ çàïëàíîâàíèõ åêñïåðèìåíò³â
ôðàêö³éí³ ñêëàäè øèõò íàíîñèëè íà êîíöåíòðà-
ö³éíèé ð³âíîñòîðîíí³é òðèêóòíèê, êîæíà òî÷êà
ÿêîãî â³äîáðàæàº ïåâíèé ñêëàä ó áàðèöåíòðè÷íèõ
êîîðäèíàòàõ XkYlZm (äå X, Y, Z – ãðàí³òíèé ãðàâ³é
ôðàêö³¿ 5–10 ìì, ãðàí³òíèé â³äñ³â ôðàêö³¿
0–3,5 ìì òà ï³ñîê ôðàêö³¿ <0,3 ìì, â³äïîâ³äíî, à
íèæí³ ³íäåêñè âêàçóþòü âì³ñò êîæíîãî ç êîìïî-
íåíò³â ó ìàñ.%). Äëÿ îïòèì³çàö³¿ ãðàíóëîìåòðè-
÷íîãî ñêëàäó áóëî âèêîíàíî ñåð³þ ïîñë³äîâíèõ
åêñïåðèìåíò³â ³ç ïðîì³æíèì àíàë³çîì ðåçóëüòàò³â
çíà÷åíü ρi òà Êó ç ìåòîþ çâóæåííÿ êîíöåíòðàö³é-
íèõ ìåæ ä³ëÿíêè ðàö³îíàëüíèõ ñêëàä³â øèõò. Ïà-
ðàëåëüíî äëÿ óçàãàëüíåííÿ îòðèìàíèõ ðåçóëüòàò³â
çàñòîñîâóâàâñÿ ñèìïëåêñ-´ðàò÷àñòèé ìåòîä ìàòå-
ìàòè÷íîãî ïëàíóâàííÿ (ìåòîä Øåôôå) [7] ç îò-
ðèìàííÿì ð³âíÿíü ðåãðåñ³¿ ó âèãëÿä³ ïîë³íîì³â
ïåâíîãî ïîðÿäêó (çàëåæíî â³ä ê³ëüêîñò³ âèïðîáó-
âàíèõ ñêëàä³â òà ¿õíüîãî ðîçòàøóâàííÿ íà
ñèìïëåêñ-´ðàòö³). Ñèìïëåêñ-´ðàòêà äëÿ ìàòåìàòè-
÷íî¿ îáðîáêè ðåçóëüòàò³â åêñïåðèìåíò³â ³äåíòè-
÷íà êîíöåíòðàö³éíîìó òðèêóòíèêó ñêëàä³â øèõò,
àëå âì³ñò êîìïîíåíò³â äëÿ çàïèñó áàðèöåíòðè-

Ðèñ. 1. Ñêëàäè øèõò ïåðøî¿ ñåð³¿ åêñïåðèìåíò³â íà

êîíöåíòðàö³éíîìó òðèêóòíèêó (õðåñòèêàìè ïîçíà÷åíî

ñêëàäè øèõò òà ïðîñòàâëåíî a, b, c, d, e, ÿê³ âèçíà÷åíî

äëÿ ñåð³¿ åêñïåðèìåíò³â (2) – äèâ. ó òåêñò³)
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÷íèõ êîîðäèíàò ïîäàíî ó ìàñîâèõ ÷àñòêàõ, ñó-
ìàðíî ð³âíèõ îäèíèö³. Íàî÷í³ñòü ðåçóëüòàò³â ìà-
òåìàòè÷íîãî àíàë³çó çàáåçïå÷óâàëàñÿ ïîáóäîâîþ
íà ñèìïëåêñ-´ðàòö³ ³çîë³í³é äëÿ ρ15 òà Êó â êîæí³é
³ç ñåð³é åêñïåðèìåíò³â, ðîçðàõîâàíèõ çà ð³âíÿí-
íÿìè ðåãðåñ³é.

Ðåçóëüòàòè òà îáãîâîðåííÿ
Ñåð³þ åêñïåðèìåíò³â (1) ïðîâîäèëè íà ñêëà-

äàõ øèõò, ôîðìóëüí³ çàïèñè ÿêèõ â³äîáðàæåíî íà
êîíöåíòðàö³éíîìó òðèêóòíèêó (ðèñ. 1). Ðîçðàõî-
âàí³ çíà÷åííÿ ρi (ã/ñì³) òà Êó íàâåäåí³ â òàáë. 1.

Íà ïî÷àòêó àíàë³çó ðåçóëüòàò³â åêñïåðèìåíò³â
âàðòî â³äçíà÷èòè çàãàëüíó çàêîíîì³ðí³ñòü – äëÿ
âñ³õ ñêëàä³â øèõò ñïîñòåð³ãàºòüñÿ ìîíîòîííå çðî-
ñòàííÿ çíà÷åíü íàñèïíî¿ ãóñòèíè ï³ä íàâàíòàæåí-
íÿì â³ä ρ0 äî ρ15. Òîìó ïîð³âíþâàòè çðó÷í³ñòü
óêëàäàííÿ øèõò äîö³ëüíî çà çíà÷åííÿìè ρ15, ÿê
íàéá³ëüø ³íôîðìàòèâíîãî ïîêàçíèêà çäàòíîñò³
øèõò ôîðìóâàòè êîíãëîìåðàò çåðåí, ñòðóêòóðà
ÿêîãî íàéá³ëüø íàáëèæåíà äî ìîíîë³òíî¿ òà
äîçâîëÿº ïðîãíîçóâàòè âèñîê³ çíà÷åííÿ ì³öí³ñíèõ
õàðàêòåðèñòèê ³ ìîðîçîñò³éêîñò³ ï³ñëÿ â³áðîïðåñó-
âàííÿ âèðîá³â.

Ïðè öüîìó çíà÷åííÿ Êó òàêîæ áàæàíî ìàòè
âèñîêèìè, îñê³ëüêè äëÿ òàêèõ øèõò â³áðîïðåñó-
âàííÿ ìîæíà áóäå çä³éñíþâàòè â åíåðãîîùàäíèõ
ðåæèìàõ: ç³ çíèæåíèì â³áðîïðèñêîðåííÿì,
ìåíøèì ïðåñîâèì çóñèëëÿì, ñêîðî÷åíèì ÷àñîì
â³áðàö³¿ àáî çàì³íþþ÷è áåçïåðåðâíèé ðåæèì
â³áðàö³¿ ³ìïóëüñíèì. Âàæëèâî òàêîæ çâåðòàòè óâàãó
íà çíà÷åííÿ ρ0, àäæå âèñîê³ éîãî ïîêàçíèêè
õàðàêòåðèçóþòü íèçüêó ñõèëüí³ñòü øèõò äî
ðîçôðàêö³îíóâàííÿ, òîáòî ï³ñëÿ ïåðåì³øóâàííÿ òà

çàñèïàííÿ ó âèì³ðþâàëüíèé ïðèñòð³é ðîçøàðó-
âàííÿ íà âåëèê³ òà äð³áí³ çåðíà ó ïîä³áíèõ âè-
ïàäêàõ º ì³í³ìàëüíèì. Â³äïîâ³äíî, ó âèðîáíè÷èõ
óìîâàõ ìîæíà ñòâîðþâàòè ðåçåðâè çàçäàëåã³äü äî-
çîâàíèõ ³ çì³øàíèõ øèõò ³ç ¿õí³ì áóíêåðíèì çáå-
ð³ãàííÿì.

Ñåðåä ³íäèâ³äóàëüíèõ êîìïîíåíò³â øèõò
íàéá³ëüøà íàñèïíà ãóñòèíà ï³ä íàâàíòàæåííÿì
ρ15 ñïîñòåð³ãàºòüñÿ ó ãðàí³òíîãî â³äñ³âó, à
íàéìåíøà – ó ãðàí³òíîãî ãðàâ³þ (òàáë. 1).
Äâîôðàêö³éíà øèõòà áåç âèêîðèñòàííÿ ãðàí³òíî-
ãî â³äñ³âó X50Z50 çàáåçïå÷óº ìàêñèìàëüí³ çíà÷åí-
íÿ ïîêàçíèê³â ρ15 òà ρ0, àëå ñåðåäíº çíà÷åííÿ
Êó (òàáë. 1). Çíà÷åííÿ ρ15 çíèæóºòüñÿ ó íèçö³
êðàùèõ ³ç âèïðîáóâàíèõ ñêëàä³â øèõò:
X50Z50–X25Y50Z25–X75Z25–X25Y25Z50. Ö³ æ ñêëàäè
ìàþòü âèñîê³ çíà÷åííÿ âèõ³äíî¿ íàñèïíî¿ ãóñòè-
íè ρ0, ùî âêàçóº íà ¿õíþ äîäàòêîâó ïåðåâàãó –
íèçüêó ñõèëüí³ñòü äî ðîçôðàêö³îíóâàííÿ. Ó ïî-
ðÿäêó ñïàäàííÿ çíà÷åíü ρ0 ñêëàäè øèõò ðîçòàøî-
âóþòüñÿ â ðÿä: X50Z50–(X75Z25≡X25Y50Z25)–
(X50Y25Z25≡X25Y25Z50) (òàáë. 1). Ðàçîì ³ç òèì, ó
çàçíà÷åíèõ äâîôðàêö³éíèõ øèõò íå ñïîñòåð³-
ãàþòüñÿ âèñîê³ çíà÷åííÿ Êó. Á³ëüø âèñîê³ çíà-
÷åííÿ Êó õàðàêòåðí³ äëÿ äâîôðàêö³éíèõ øèõò
áåç ó÷àñò³ ãðàí³òíîãî ãðàâ³þ. Ó ïîðÿäêó ñïàäàííÿ
çíà÷åíü Êó ìîæíà âèä³ëèòè ðÿä øèõò:
Y50Z50–X25Y50Z25–X25Y25Z50–Y25Z75 (òàáë. 1). ßê
âèäíî, äî öüîãî ðÿäó ïîòðàïèëè é äâà ³ç ðàí³øå
â³äçíà÷åíèõ çà âèñîêèìè çíà÷åííÿìè ρ15 ñêëàäè
øèõò: X25Y50Z25 òà X25Y25Z50. Î÷åâèäíî, ùî ïî-
äàëüøó îïòèì³çàö³þ ôðàêö³éíîãî ñêëàäó øèõò ñë³ä
ïðîâîäèòè â á³ëüø âóçüê³é êîíöåíòðàö³éí³é

Òàáëèöÿ 1

Ðåçóëüòàòè ñåð³¿ åêñïåðèìåíò³â (1)

№ 
Формульний запис 

складу 
ρ0 ρ5 ρ10 ρ15 Ку 

1 X 1,377 1,408 1,423 1,439 1,045 

2 Y 1,535 1,623 1,654 1,687 1,099 

3 Z 1,526 1,592 1,623 1,644 1,077 

4 X25Y75 1,481 1,544 1,583 1,613 1,089 

5 X50Y50 1,377 1,431 1,456 1,481 1,076 

6 X75Y25 1,439 1,490 1,526 1,535 1,066 

7 X25Z75 1,464 1,499 1,517 1,535 1,048 

8 X50Z50 1,710 1,790 1,820 1,846 1,080 

9 X75Z25 1,644 1,699 1,733 1,757 1,069 

10 Y25Z75 1,544 1,633 1,644 1,699 1,100 

11 Y50Z50 1,499 1,544 1,633 1,665 1,111 

12 Y75Z25 1,554 1,633 1,676 1,699 1,093 

13 X25Y50Z25 1,644 1,757 1,794 1,820 1,107 

14 X50Y25Z25 1,583 1,644 1,665 1,687 1,066 

15 X25Y25Z50 1,583 1,654 1,710 1,745 1,103 
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ä³ëÿíö³, îáìåæåí³é íà ðèñ. 1 òî÷êàìè, ùî â³äïî-
â³äàþòü ñêëàäàì X50Z50, X75Z25, X25Y50Z25 ³ X25Y25Z50,
òîáòî òèì, ùî âõîäÿòü äî ðÿäó ç âèñîêèìè çíà-
÷åííÿìè ρ15. Íà êîíöåíòðàö³éíîìó òðèêóòíèêó
òî÷êè öèõ ñêëàä³â øèõò â³äïîâ³äàþòü âåðøèíàì
òðàïåö³¿, ñêëàäåíî¿ ç òðüîõ òðèêóòíèê³â (ðèñ. 1).
Âðàõîâóþ÷è, ùî â ñåðåäèí³ á³ëüøî¿ ñòîðîíè òðà-
ïåö³¿ çíàõîäèòüñÿ òî÷êà ñêëàäó X50Y25Z25 ³ç íåâè-
ñîêèì çíà÷åííÿì ρ15, ä³ëÿíêó ïåðñïåêòèâíèõ
ñêëàä³â ìîæíà ùå çâóçèòè øëÿõîì âèêëþ÷åííÿ
íåäîö³ëüíèõ åêñïåðèìåíò³â ó êîíöåíòðàö³éí³é
ä³ëÿíö³ òðèêóòíèêà X75Z25–X50Z50–X50Y25Z25

(ðèñ. 1). Â³äïîâ³äíî, ó ñåð³¿ åêñïåðèìåíò³â (2) îá-
ðàí³ êîíöåíòðàö³éí³ ä³ëÿíêè, ùî ñêëàäàþòü äâà
òðèêóòíèêè: X50Z50–X50Y25Z25–X25Y25Z50 ³ X50Y25Z25–
X25Y25Z50–X25Y50Z25 (ðèñ. 1).

Îñê³ëüêè åêñïåðèìåíòàëüí³ äàí³ äëÿ ñêëàä³â,
ùî â³äïîâ³äàþòü âåðøèíàì çàçíà÷åíèõ òðè-
êóòíèê³â, áóëè âèçíà÷åí³ (òàáë. 1), äëÿ äîñë³-
äæåíü îáðàí³ øèõòè, òî÷êè ÿêèõ â³äïîâ³äàþòü
ñåðåäèí³ ñòîð³í öèõ òðèêóòíèê³â (íà ðèñ. 1 ïîçíà-
÷åí³ õðåñòèêàìè òà ìàþòü ïîçíà÷åííÿ a, b, c, d, e).

Ìàòåìàòè÷íà îáðîáêà ðåçóëüòàò³â åêñïåðè-
ìåíò³â (òàáë. 1) ³ç âèêîðèñòàííÿì ìåòîäó Øåôôå
äëÿ ïîøóêó ð³âíÿííÿ ðåãðåñ³¿ ó ôîðì³ ïîë³íîìà
4-ãî ïîðÿäêó äîçâîëèëà äî âèùå íàâåäåíî¿ ñåð³¿
äîñë³äæåíü çàëó÷èòè ïåðñïåêòèâí³ ñêëàäè äëÿ äî-
äàòêîâèõ åêñïåðèìåíò³â. Ìîòèâàö³ºþ äëÿ ïðîâå-
äåííÿ äîäàòêîâèõ åêñïåðèìåíò³â ñòàâ àíàë³ç
íàî÷íèõ çàêîíîì³ðíîñòåé ðîçïîä³ëó çíà÷åíü ρ15

(ðèñ. 2) òà Êó (ðèñ. 3) íà ñèìïëåêñ-´ðàòö³ ó âñ³é
êîíöåíòðàö³éí³é ä³ëÿíö³ ñêëàä³â (ðèñ. 1).

²çîë³í³¿ ç îäíàêîâèìè çíà÷åííÿìè ρ15

(ðèñ. 2) òà Êó (ðèñ. 3) íàî÷íî ³íòåðïðåòóþòü
â³äïîâ³äí³ ð³âíÿííÿ ðåãðåñ³é çà óìîâè íåïå-
ðåðâíîñò³ ôóíêö³îíàëüíèõ çàëåæíîñòåé ó âñ³é
êîíöåíòðàö³éí³é ä³ëÿíö³ ñêëàä³â. Íà ðèñ. 2 âèäíî
äâ³ ä³ëÿíêè ñêëàä³â øèõò ³ç âèñîêèìè çíà÷åííÿ-
ìè ρ15, îáìåæåí³ ³çîë³í³ÿìè ρ15=1,8. Ïðè öüîìó
ä³ëÿíêà ñêëàä³â á³ëÿ ñòîðîíè X–Z êîíöåíòðà-
ö³éíîãî òðèêóòíèêà âæå áóëà çàïëàíîâàíà äëÿ ïî-
äàëüøèõ äîñë³äæåíü. Ðàçîì ³ç òèì, ³íøà ä³ëÿíêà
÷³òêî îáìåæåíà ³ ìàº ïåâíå çì³ùåííÿ ó á³ê êóòà Y
êîíöåíòðàö³éíîãî òðèêóòíèêà. Ñàìå òîìó äëÿ äî-
äàòêîâèõ åêñïåðèìåíò³â îáðàíà òðèêóòíà ä³ëÿíêà
ñêëàä³â, ùî ïðàêòè÷íî ïîâí³ñòþ íàëåæèòü âèä³-
ëåí³é ³çîë³í³ºþ ρ15 çàìêíåí³é ä³ëÿíêè (ðèñ. 2).
Á³ëüøå òîãî, ö³ ñêëàäè ìàþòü íå ëèøå âèñîê³ çíà-
÷åííÿ ρ15, à é îäíî÷àñíî âèñîê³ çíà÷åííÿ Êó (ðèñ. 3).

Ðåçóëüòàòè åêñïåðèìåíò³â äëÿ ñêëàä³â øèõò,
ïîçíà÷åíèõ a–e òà â³äçíà÷åíèõ õðåñòèêàìè íà
ðèñ. 1, íàâåäåí³ â òàáë. 2.

Â³äïîâ³äíå ð³âíÿííÿ ðåãðåñ³¿ ³çîë³í³é ðèñ. 2
äëÿ ñêëàä³â øèõò, íàâåäåíèõ ó òàáë. 1, ìàº òàêèé

âèãëÿä:

ρ15=1,439X+1,687Y+1,644Z–0,328XY+1,218XZ–
–0,002YZ+0,245XY(X–Y)+1,731XZ(X–Z)–
–0,115YZ(Y–Z)+1,547XY(X–Y)2–
–2,643XZ(X–Z)2+0,723YZ(Y–Z)2–10,515X2YZ+
+11,416XY2Z+2,933XYZ2

Ó ðåçóëüòàò³ åêñïåðèìåíò³â (òàáë. 2) â³äçíà-
÷åíî äâà ñêëàäè (a, b), äëÿ ÿêèõ çíà÷åííÿ ρ15 âèù³,
í³æ ðàí³øå çàô³êñîâàí³ ó ïåðø³é ñåð³¿ åêñïåðè-
ìåíò³â (òàáë. 1). Ïðè öüîìó ñêëàä a ìàº äîñèòü
âèñîê³ çíà÷åííÿ Êó (òàáë. 2), à ñêëàä b – íàéâèùå
çíà÷åííÿ âèõ³äíî¿ íàñèïíî¿ ãóñòèíè ï³ä íàâàíòà-
æåííÿì (ρ0), òîáòî øèõòà íå ñõèëüíà äî ðîç-
ôðàêö³îíóâàííÿ. Â³äïîâ³äíî, ðåçóëüòàòè öèõ
åêñïåðèìåíò³â ìàþòü ïîçèòèâíèé åôåêò ³ äîçâî-
ëÿþòü ñïðîãíîçóâàòè ñêëàäè øèõò äëÿ ïîäàëüøî¿
îïòèì³çàö³¿, ùî â³äïîâ³äàþòü ñåðåäèí³ ñòîð³í òðè-
êóòíèêà ç âåðøèíàìè X50Z50–X37,5Y12,5Z50–
X50Y12,5Z37,5 íà ðèñ. 1.

Ðåçóëüòàòè åêñïåðèìåíò³â çàïëàíîâàíèõ
ñêëàä³â øèõò íàâåäåí³ â òàáë. 3 (äëÿ øèõò
íà ñåðåäèí³ ñòîð³í òðèêóòíèêà ñêëàä³â
X50Z50–X37,5Y12,5Z50–X50Y12,5Z37,5 çàñòîñîâàíà íó-
ìåðàö³ÿ ðèìñüêèìè öèôðàìè I–III; ñêëàä IV –
êîíòðîëüíèé äëÿ îö³íþâàííÿ ïîõèáêè ð³âíÿíü
ðåãðåñ³¿). Ñêëàäè øèõò I–III õàðàêòåðèçóþòüñÿ
äåùî ìåíøèìè çíà÷åííÿìè ρ15 ïîð³âíÿíî ç
äâîôðàêö³éíèì ñêëàäîì øèõòè X50Z50 (òàáë. 2, 3).

Â³äïîâ³äíå ð³âíÿííÿ ðåãðåñ³¿ ³çîë³í³é ðèñ. 3
äëÿ ñêëàä³â øèõò, íàâåäåíèõ ó òàáë. 1, ìàº òàêèé
âèãëÿä:

Ðèñ. 2. ²çîë³í³¿ çíà÷åíü ρ15 äëÿ ñêëàä³â øèõò, íàâåäåíèõ ó

òàáë. 1
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Êó=1,045X+1,099Y+1,077Z+0,016XY+
+0,076XZ+0,092YZ+0,021XY(X–Y)–
–0,197XZ(X–Z)–0,096YZ(Y–Z)+
+0,053XY(X–Y)2–0,357XZ(X–Z)2+
+0,187YZ(Y–Z)2–3,008X2YZ+
+2,053XY2Z+1,616XYZ2

Ö³ øèõòè ìàþòü áëèçüê³ çíà÷åííÿ ρ15, ùî
âêàçóº íà íàÿâí³ñòü åêñòðåìóìó â êîíöåíòðàö³éí³é
ä³ëÿíö³, îáìåæåí³é òî÷êàìè ¿õ ñêëàä³â. Íà öå òà-
êîæ âêàçóº ìàêñèìàëüíå çíà÷åííÿ ρ15=1,887 äëÿ
êîíòðîëüíîãî ñêëàäó IV (òàáë. 3), ùî íàëåæèòü äî

äîñë³äæóâàíî¿ êîíöåíòðàö³éíî¿ ä³ëÿíêè. Ïðè
öüîìó çíà÷åííÿ Êó äëÿ êîíòðîëüíîãî ñêëàäó IV º
íàéíèæ÷èì, à ïî÷àòêîâà íàñèïíà ãóñòèíà ï³ä íà-
âàíòàæåííÿì (ρ0=1,807 ã/ñì3) – íàéâèùîþ.

Äëÿ ñêëàä³â øèõò I–III çíà÷åííÿ ρ15 º
äîñòàòíüî âèñîêèìè. Â³äïîâ³äíî, ó äîñë³äæóâàí³é
êîíöåíòðàö³éí³é ä³ëÿíö³ ñë³ä î÷³êóâàòè ìåíø âè-
ðàæåíó çðó÷í³ñòü óêëàäàííÿ øèõò ïðè â³áðîïðå-
ñóâàíí³, òîáòî ó ì³æçåðíîâîìó ïðîñòîð³ çáåðåæåòü-
ñÿ áàãàòî ïîðîæíèí. Òîìó äëÿ ïîäàëüøèõ äîñë³-
äæåíü äîö³ëüíî âèêîíàòè îïòèì³çàö³þ ãðàíóëî-
ìåòðè÷íîãî ñêëàäó øèõò ó êîíöåíòðàö³éí³é
ä³ëÿíö³, îáìåæåí³é ρ15=1,8 (ðèñ. 2).

Âèñíîâêè

Ó ðåçóëüòàò³ çä³éñíåíîãî êîìïëåêñó òåîðå-
òè÷íèõ òà åêñïåðèìåíòàëüíèõ äîñë³äæåíü ïðîàíà-
ë³çîâàíî äàí³ ïåðâèííî¿ îïòèì³çàö³¿ ãðàíóëî-
ìåòðè÷íîãî ñêëàäó òðèôðàêö³éíî¿ øèõòè çà-
ïîâíþâà÷à, ùî âèêîðèñòîâóºòüñÿ äëÿ öåìåíòî-
âì³ñíèõ â³áðîïðåñîâàíèõ ìàñ áåç óðàõóâàííÿ
êðóïíî¿ ôðàêö³¿.

Àíàë³ç ïðîâîäèâñÿ øëÿõîì ç³ñòàâëåííÿ çíà-
÷åíü íàñèïíî¿ ãóñòèíè ï³ä íàâàíòàæåííÿì òà  êî-
åô³ö³ºíòà óù³ëüíåííÿ, ÿê³ õàðàêòåðèçóþòü
çðó÷í³ñòü óêëàäàííÿ îáðàíèõ ñêëàä³â, çäàòí³ñòü
çåðåí ðîçì³ùóâàòèñÿ â ïîðàõ äî óòâîðåííÿ
ìàêñèìàëüíî ìîæëèâî¿ êîíñîë³äîâàíî¿ ñòðóêòóðè.
Äëÿ óçàãàëüíåííÿ îòðèìàíèõ ðåçóëüòàò³â çàñòîñî-
âóâàâñÿ ñèìïëåêñ-´ðàò÷àñòèé ìåòîä ìàòåìàòè÷íî-
ãî ïëàíóâàííÿ.

Çà ðåçóëüòàòàìè îáðîáêè åêñïåðèìåíòàëüíèõ
äàíèõ ç ïîäàëüøèì ìàòåìàòè÷íèì àíàë³çîì
ð³âíÿíü ðåãðåñ³¿ òà ä³àãðàì «ñêëàä–âëàñòèâ³ñòü»

Òàáëèöÿ 2

Ðåçóëüòàòè åêñïåðèìåíò³â äëÿ ñêëàä³â a–e

Òàáëèöÿ 3

Ðåçóëüòàòè åêñïåðèìåíò³â

№ 
Формульний запис 

складу 
ρ0 ρ5 ρ10 ρ15 Ку 

I X50Y12,5Z37,5 1,699 1,769 1,809 1,833 1,079 

II X37,5Y18,75Z43,75 1,665 1,757 1,794 1,820 1,093 

III X37,5Y12,5Z50 1,676 1,757 1,794 1,820 1,086 

IV 

контроль 
X45Y15Z40 1,807 1,860 1,873 1,887 1,044 

Ðèñ. 3. ²çîë³í³¿ çíà÷åíü Êó äëÿ ñêëàä³â øèõò, íàâåäåíèõ ó

òàáë. 1
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âñòàíîâëåíî çàêîíîì³ðíîñò³ çì³íè íàñèïíî¿
ãóñòèíè ï³ä íàâàíòàæåííÿì ³ êîåô³ö³ºíòà óù³ëü-
íåííÿ òðèôðàêö³éíèõ øèõò çàëåæíî â³ä ¿õ ñêëà-
äó.

Êîíöåíòðàö³éíà ìåæà ä³ëÿíêà ðàö³îíàëüíèõ
ñêëàä³â øèõò îáìåæåíà òàêèì ñï³ââ³äíîøåííÿì
ôðàêö³é, ìàñ.%: ãðàí³òíèé ãðàâ³é 25–50, ãðà-
í³òíèé â³äñ³â 12,5–37,5, ï³ñîê 25–50. Òàêå
ñï³ââ³äíîøåííÿ çàáåçïå÷óº êîíãëîìåðàò çåðåí,
ñòðóêòóðà ÿêîãî íàéá³ëüø íàáëèæåíà äî ìîíî-
ë³òíî¿ òà äîçâîëÿº ïðîãíîçóâàòè âèñîê³ çíà÷åííÿ
ì³öí³ñíèõ õàðàêòåðèñòèê ³ ìîðîçîñò³éêîñò³ ï³ñëÿ
â³áðîïðåñóâàííÿ âèðîá³â.

Ïîäÿêà
Äîñë³äæåííÿ çä³éñíþâàëèñü çà ðàõóíîê

ãðàíòîâî¿ ï³äòðèìêè Íàö³îíàëüíîãî ôîíäó äîñë³-
äæåíü Óêðà¿íè â ðàìêàõ ïðîºêòó 2021.01/0316
«Ðîçðîáëåííÿ ñêëàä³â êîìïîçèö³éíèõ ìàòåð³àë³â
äëÿ äîðîæíüîãî áóä³âíèöòâà íà îñíîâ³ áàãàòîòîí-
íàæíèõ â³äõîä³â».
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OPTIMIZATION OF THE GRANULOMETRIC
COMPOSITION OF INERT AGGREGATES FOR
CEMENT-CONTAINING VIBRO-FORMED MIXES

H.M. Shabanova a, S.M. Lohvinkov b, V.M. Shumeiko a,

A.M. Korohodska a, M.D. Sakhnenko à, R.V. Kryvobok à, *,
V.V. Voloshchuk à

a National Technical University «Kharkiv Polytechnic
Institute», Kharkiv, Ukraine

b O.M. Beketov National University of Urban Economy in
Kharkiv, Kharkiv, Ukraine

* e-mail: krivobok491@gmail.com

The paper presents an analysis of the results of the primary
optimization of the granulometric composition of granite
screenings, used as medium and fine aggregates for cement-
containing vibro-pressed mixes. The analysis was carried out by
comparing the values of bulk density under load and the
compaction coefficient, which characterize the workability of
the selected compositions and the ability of particles to arrange
themselves within voids to form the most consolidated structure
possible. To generalize the obtained results, the simplex-lattice
method of mathematical planning was applied. Based on the
processing of experimental data followed by a mathematical analysis
of regression equations and «composition–property» diagrams,
the regularities of changes in bulk density under load and
compaction coefficient of three-fraction mixtures depending on
their composition were established. The concentration boundary
of the rational composition area of the mixtures is limited by the
following fraction ratios, wt.%: granite gravel 25–50, granite
screenings 12.5–37.5, sand 25–50. This ratio provides a particle
conglomerate with a nearly monolithic structure, which makes it
possible to predict high strength characteristics and frost resistance
after vibro-pressing of products.

Keywords: workability; mathematical modeling; granite
gravel; granite screenings; sand; bulk density; compaction
coefficient.
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