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Ðîçðîáëåíî ìåòîäèêó âèçíà÷åííÿ ðåñóðñó ôiáðîáåòîííèõ åëåìåíòiâ êîí-
ñòðóêöié ç êóëüîâèìè ïîðîæíèíàìè çà ¨õíüîãî äîâãîòðèâàëîãî ðîçòÿãó. Â
îñíîâó öüîãî ïîêëàäåíà ðîçðîáëåíà ðàíiøå àâòîðîì ðîçðàõóíêîâà ìîäåëü
äëÿ âèçíà÷åííÿ ðåñóðñó áóäiâåëüíèõ åëåìåíòiâ òàêîãî òèïó, äå ¹ ëîêàëüíà
ïîâçó÷iñòü ôiáðîáåòîíó. Íà ïiäñòàâi öüîãî, à òàêîæ âiäîìèõ ó ëiòåðàòóði
ðåçóëüòàòiâ åêñïåðèìåíòàëüíèõ äîñëiäæåíü ïîáóäîâè äiàãðàì ïîâçó÷îñòi
ôiáðîáåòîíiâ ïðîâåäåíî ðîçðàõóíîê ôiáðîáåòîííîãî åëåìåíòà âåëèêîãî ïå-
ðåðiçó ç êóëüîâèì ïîøêîäæåííÿì çà äîâãîòðèâàëîãî âñåái÷íîãî ðîçòÿãó.

Êëþ÷îâi ñëîâà: ðåñóðñ, ðîçðàõóíêîâà ìåòîäèêà, ôiáðîáåòîííèé åëåìåíò
êîíñòðóêöi¨ iç ñôåðî¨äàëüíîþ ïîðîæíèíîþ, äiàãðàìà ïîâçó÷îñòi ôiáðîáå-
òîíó çà ðîçòÿãó.

1. Âñòóï

Åêñïëóàòàöiÿ âiäïîâiäàëüíèõ åëåìåíòiâ áóäiâåëüíèõ êîíñòðóêöié iç ôiáðîáåòî-
íiâ ïîòðåáó¹ ñòâîðåííÿ íàäiéíèõ ìåòîäiâ îöiíêè ñòàíó òà ðîçðàõóíêó ¨õíüî¨ ìiöíîñòi
i äîâãîâi÷íîñòi äëÿ óíèêíåííÿ íåïåðåäáà÷åíîãî ðóéíóâàííÿ i çàïîáiãàííÿ ìîæëèâî¨
êàòàñòðîôè [1, 2]. Ðàçîì ç òèì íå ïðèïèíÿþòüñÿ ñïðîáè ñòâîðèòè òåîði¨ çàïîâiëü-
íåíîãî ðóéíóâàííÿ ôiáðîáåòîíiâ çà äîâãîòðèâàëîãî ñòàòè÷íîãî íàâàíòàæåííÿ, êîëè
ïî÷èíà¹ äiÿòè ìåõàíiçì ïîâçó÷îñòi i ñïîâiëüíåíî áóäå ðîçâèâàòèñÿ ïîøêîäæåííÿ
ôiáðîáåòîíó, ÿêå äîñÿãíå êðèòè÷íîãî çíà÷åííÿ é åëåìåíò êîíñòðóêöi¨ çðóéíó¹òüñÿ.
Íà ïiäñòàâi ðàíiøå ðîçðîáëåíî¨ àâòîðîì ðîçðàõóíêîâî¨ ìîäåëi [3] ñôîðìóëþâàíî çà-
äà÷i ïðî âèçíà÷åííÿ ðåñóðñó ôiáðîáåòîííèõ åëåìåíòiâ êîíñòðóêöié âåëèêèõ ñi÷åíü
ç êóëüîâèìè äåôåêòàìè çà ¨õíüîãî ðîçòÿãó. Ðîçâ'ÿçîê öi¹¨ çàäà÷i òàêèé.
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2. Ôîðìóëþâàííÿ çàäà÷i òà ìåòîä ¨¨ ðîçâ'ÿçêó

Ðèñ. 1. Ñõåìà íàâàíòàæåííÿ òiëà ç
ïîøêîäæåííÿì

Ðîçãëÿíåìî ôiáðîáåòîííèé åëåìåíò êîí-
ñòðóêöi¨ âåëèêîãî ïåðåðiçó ç êîíöåíòðàòîðîì íà-
ïðóæåíü ó âèãëÿäi êóëüîâî¨ ïîðîæíèíè ðàäió-
ñà ρ0 çà äi¨ äîâãîòðèâàëîãî âñåái÷íîãî ñòàòè÷íî-
ãî ðîçòÿãó ðiâíîìiðíî ðîçïîäiëåíèìè çóñèëëÿìè
iíòåíñèâíîñòi p, ïðèêëàäåíèìè äàëåêî ñòîñîâíî
êîíöåíòðàòîðà íàïðóæåíü (ðèñ. 1). Çàäà÷à ïîëÿ-
ãà¹ ó âèçíà÷åííi ÷àñó t = t∗, êîëè çà íàâàíòàæå-
ííÿ p áiëÿ êóëüîâî¨ ïîðîæíèíè óòâîðèëîñÿ ïî-
÷àòêîâå ïîøêîäæåííÿ îá'¹ìîì q0, ÿêå â ðåçóëü-
òàòi ïîâçó÷îñòi ïiäðîñòå äî êðèòè÷íîãî ðîçìi-
ðó q∗ i ôiáðîáåòîííèé åëåìåíò çðóéíó¹òüñÿ. Òóò
ïðèéìà¹ìî, ùî q � öå îá'¹ì ìàòåðiàëó áiëÿ êîí-
öåíòðàòîðà íàïðóæåíü ç ïiäâèùåíîþ òðiùèíó-
âàòiñòþ ïðîäåôîðìîâàíèé ïiä ÷àñ äðóãî¨ ñòàäi¨

äåôîðìàöi¨ ðîçòÿãó [3] â ðåçóëüòàòi íàïðóæåííÿ
σ > σb (äèâ. äàëi). Äëÿ ðîçâ'ÿçêó òàêî¨ çàäà÷i
íàñàìïåðåä çðîáèìî àäàïòàöiþ ïîáóäîâàíî¨ â [3]
ìàòåìàòè÷íî¨ ìîäåëi, òîáòî ìàòåìàòè÷íi ðiâíÿ-
ííÿ, ÿêi îïèñóþòü öåé ïðîöåñ. Ó öüîìó âèïàäêó

áóäåìî ââàæàòè, ùî ïîøêîäæåííÿ q ðîñòå íåïåðåðâíî âiä ïî÷àòêîâîãî ðîçìiðó q = q0

äî êiíöåâîãî q = q∗. Öå ïðèïóùåííÿ êîðåêòíå, îñêiëüêè ðåàëüíî ïîøêîäæåííÿ ðîñ-
òå ìàëèìè ñòðèáêàìè îá'¹ìó ðîçìiðó ∆qc çà äîñèòü âåëèêi ïðîìiæêè ÷àñó ∆tc. Ó
çâ'ÿçêó ç öèì íà ïiäñòàâi ðåçóëüòàòiâ [3] ðîçâ'ÿçîê çàäà÷i çâåäåòüñÿ äî òàêîãî ðiâ-
íÿííÿ ç ïî÷àòêîâèìè òà êiíöåâèìè óìîâàìè

(1)
dq

dt
=

[
∂W

(2)
p

∂t
+
∂A

∂t

]
t=∆tc

/
(γCC − γt)t=0,

t = 0, q(0) = q0; t = t∗, q(t∗) = q∗.

Òóò A � ðîáîòà çîâíiøíiõ ñèë; W
(2)
p (t) � ÷àñòèíà ðîáîòè íåïðóæíèõ äåôîðìàöié ó

çîíi ïîøêîäæåííÿ q, ÿêà âèäiëÿ¹òüñÿ çà ïîñòiéíîãî éîãî îá'¹ìó ïiä ÷àñ iíêóáàöiéíîãî
ïåðiîäó ïiäãîòîâêè ñòðèáêà éîãî ðîñòó íà ∆qc, çàëåæèòü òiëüêè âiä ÷àñó t i ãåíåðó-
¹òüñÿ ñàìèì òiëîì; γcc � ïèòîìà ïî åëåìåíòàðíîìó îá'¹ìó åíåðãiÿ ðóéíóâàííÿ ïðè
ðîñòi ïîøêîäæåííÿ ó ôiáðîáåòîíi; γt � ïî÷àòêîâà ïèòîìà åíåðãiÿ äåôîðìóâàííÿ
â ïîøêîäæåíîìó îá'¹ìi ôiáðîáåòîíó çà íàâàíòàæåííÿ p, à âåëè÷èíà q∗ êðèòè÷íîãî
îá'¹ìó ïîøêîäæåííÿ ôiáðîáåòîíó âèçíà÷à¹òüñÿ ç óìîâè äîñÿãíåííÿ â òàêîìó îá'¹ìi
íîðìàëüíîþ äåôîðìàöi¹þ êðèòè÷íî¨ âåëè÷èíè εfbc, òîáòî

(2) max(ε) = εfbc.

Òóò (1) � êiíåòè÷íå ðiâíÿííÿ ðîñòó îá'¹ìó ïîøêîäæåííÿ â ôiáðîáåòîííîìó åëåìåíòi
êîíñòðóêöi¨ çà äîâãîòðèâàëîãî ñòàòè÷íîãî íàâàíòàæåííÿ, à òàêîæ ïî÷àòêîâi òà êií-
öåâi óìîâè ðîñòó éîãî îá'¹ìó q âiä ïî÷àòêîâîãî q0 i äî êðèòè÷íîãî q∗ çíà÷åííÿ, êîëè
åëåìåíò êîíñòðóêöi¨ çðóéíó¹òüñÿ.
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Îòîæ, ÿêùî áóäóòü çíàéäåíi ôóíêöi¨W
(2)
p , A, γCC, γt, òî âèçíà÷åííÿ çàëèøêîâî-

ãî ðåñóðñó t = t∗ ôiáðîáåòîííîãî åëåìåíòà êîíñòðóêöi¨ çàäà¹òüñÿ ñïiââiäíîøåííÿìè
(1), (2). Îòæå, çàäà÷à çâåëàñÿ äî âèçíà÷åííÿ åíåðãåòè÷íèõ ñêëàäîâèõ ïðîöåñó äå-
ôîðìóâàííÿ i ðóéíóâàííÿ ôiáðîáåòîíó, ùî ïðèâîäèòü äî âèçíà÷åííÿ ðåîëîãi÷íèõ
ìîäåëåé éîãî ñêëàäîâèõ.

3. Âèçíà÷åííÿ ðåñóðñó ôiáðîáåòîííîãî åëåìåíòà âåëèêîãî

ïåðåðiçó ç êóëüîâèì ïîøêîäæåííÿì çà âñåái÷íîãî ðîçòÿãó

Ðèñ. 2. Ñõåìàòè÷íå çîáðàæåííÿ
iäåàëiçîâàíî¨ äiàãðàìè ðîçòÿãó äëÿ
ôiáðîáåòîíó

Ðîçãëÿíåìî ôiáðîáåòîííèé åëåìåíò êîí-
ñòðóêöi¨ âåëèêîãî ïåðåðiçó ç êóëüîâîþ ïîðî-
æíèíîþ. Ââàæà¹òüñÿ, ùî äiàìåòð D âåëèêî-
ãî ïåðåðiçó åëåìåíòà êîíñòðóêöi¨ áóäå âòðè÷i
áiëüøèì äiàìåòðà ρ0 êóëüîâî¨ ïîðîæíèíè, òîá-
òî D > 3d0. Ó çâ'ÿçêó ç öèì ìåõàíi÷íîþ ìî-
äåëëþ ôiáðîáåòîííîãî åëåìåíòà âåëèêîãî ïåðå-
ðiçó ç êóëüîâîþ ïîðîæíèíîþ ìîæíà íàáëèæå-
íî ââàæàòè íåñêií÷åííèé ïðîñòið ç àíàëîãi÷-
íèì ïîøêîäæåííÿì çà âñåái÷íîãî ðîçòÿãó ðiâ-
íîìiðíî ðîçïîäiëåíèìè çóñèëëÿìè iíòåíñèâíîñ-
òi p. Äëÿ ðîçâ'ÿçêó òàêî¨ çàäà÷i, àíàëîãi÷íî äî
ðåçóëüòàòiâ ïðàöi [3], çàñòîñó¹ìî ñôîðìóëüîâà-
íó âèùå ðîçðàõóíêîâó ìîäåëü (1), (2). Íàäàëi
äëÿ ñïðîùåííÿ ðîçâ'ÿçêó çàäà÷i òà ÷iòêiøî¨ äå-
ìîíñòðàöi¨ çàñòîñóâàííÿ çàïðîïîíîâàíî¨ ìîäåëi
ïðèéìàþòüñÿ òàêi äîïóùåííÿ.

1. Ìàòåðiàëè ìàòðèöi òà ôiáð � ëiíiéíî-ïðóæíi,
îäíîðiäíi é içîòðîïíi. Òðiùèíè â áåòîíi (ïî-
íàä ïî÷àòêîâèõ íàÿâíèõ ìiêðîòðiùèí, ùî ¹ íå-
âiä'¹ìíèì êîìïîíåíòîì ìàòåðiàëó) âèíèêàþòü

ïiñëÿ äîñÿãíåííÿ íàïðóæåííÿìè âåëè÷èíè σbc.

2. Äiàãðàìà ðîçòÿãó ôiáðîáåòîíó ïðèéìà¹òüñÿ êóñêîâî ëiíiéíîþ, ÿê íà ðèñ. 2. Òóò
σbc � çíà÷åííÿ íàïðóæåíü ó ôiáðîáåòîíó, êîëè ïî÷èíà¹òüñÿ ðóéíóâàííÿ ìàòðèöi;
εb � çíà÷åííÿ äåôîðìàöié ó öåé ìîìåíò; σfbc, εfbc � íàïðóæåííÿ i äåôîðìàöi¨ ó
ôiáðîáåòîíi, êîëè ïî÷èíà¹òüñÿ òå÷iííÿ ôiáð íàïåðåäîäíi éîãî ðóéíóâàííÿ, òîáòî
ìîæíà ñêàçàòè, ùî öèì âè÷åðïó¹òüñÿ ðîáîòîçäàòíiñòü ôiáðîáåòîíó. Äëÿ ïðîñòîòè
îá÷èñëåíü äiëÿíêó, ÿêà âiäïîâiäà¹ äðóãié ñòàäi¨ äåôîðìóâàííÿ, íàáëèæåíî çîáðàæà-
¹ìî ïðÿìîëiíiéíèì âiäðiçêîì (ðèñ. 2) ìiæ òî÷êàìè (σbc,εb) i (σfbc,εfbc) ç ìîäóëåì
ïðóæíîñòi Efb [3].

3. Ôiáðè (îäíàêîâîãî êðóãëîãî ïåðåòèíó é îäíàêîâî¨ äîâæèíè) â ðîçãëÿíóòîìó åëå-
ìåíòi ðiâíî ðîçïîäiëåíi ïî âñiõ íàïðÿìàõ i çà îáñÿãîì ïðàöþþòü òiëüêè íà ðîçòÿã.

4. Ìiæ ôiáðàìè òà áåòîíîì iñíó¹ ïîâíå ç÷åïëåííÿ, òîìó äåôîðìàöiÿ ôiáðè äîðiâíþ¹
äåôîðìàöi¨ êîìïîçèòó.
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5. Ââàæà¹òüñÿ, ùî íàâàíòàæåííÿ ôiáðîáåòîííîãî åëåìåíòà çàáåçïå÷ó¹ óìîâó ε0 > εb
i áóäå ðåàëiçóâàòèñÿ ïîâíà äiàãðàìà ïîâçó÷îñòi äî éîãî ðóéíóâàííÿ (ðèñ. 3). Òóò ïî-
äàíà äiàãðàìà ïîâçó÷îñòi äëÿ ôiáðîáåòîíó. Ïîâçó÷iñòü åëåìåíòiâ ôiáðîáåòîíó ïðîõî-
äèòü ïîðiçíî, à ñóìàðíî ùå áiëüø íåïåðåäáà÷óâàíî òà ñèëüíî çàëåæèòü âiä ïî÷àòêî-
âîãî íàâàíòàæåííÿ, çîêðåìà âiä ïî÷àòêîâî¨ äåôîðìàöi¨ ε0, i ñêëàäíîñòi íàïðóæåíî
äåôîðìîâàíîãî ñòàíó. Äëÿ äåÿêèõ ìàëèõ çíà÷åíü ε0 ïîâçó÷iñòü ôiáðîáåòîíó ìîæå
íàâiòü i íå ïî÷èíàòèñÿ, à äëÿ iíøèõ ìîæå ïî÷àòèñÿ i çóïèíèòèñÿ íå äîõîäÿ÷è äî
ðóéíóâàííÿ [3]. Òîìó ¨¨ åêñïåðèìåíòàëüíî ïîòðiáíî âèçíà÷àòè äëÿ êîæíîãî ñêëàäó
ôiáðîáåòîíó i çàäàíîãî íàïðóæåíîãî ñòàíó. ßêiñíî ïîâíà äiàãðàìà ïîâçó÷îñòi ôiáðî-
áåòîíó â ïåâíié ìiði íàãàäó¹ äiàãðàìó äëÿ áåòîíó (äèâ. ðèñ 3), ç òðüîìà äiëÿíêàìè:
íåóñòàëåíà ïîâçó÷iñòü ε0 ∼ ε1, óñòàëåíà ïîâçó÷iñòü ε1 ∼ ε2, äîëîì ε2 ∼ ε3. Íàé-
áiëüøå ÷àñó çàéìà¹ óñòàëåíà ïîâçó÷iñòü, ÿêà çàçâè÷àé ïî÷èíà¹òüñÿ çà âåëè÷èíè äå-
ôîðìàöié, ÿêi âiäïîâiäàþòü äðóãié ñòàäi¨ äåôîðìóâàííÿ ôiáðîáåòîíó. Òîìó ÷àñîâèì
ïðîìiæêîì ÷àñó t = t2 − t1 íàáëèæåíî i âèçíà÷àþòü äîâãîâi÷íiñòü ôiáðîáåòîííîãî
åëåìåíòà çà äîâãîòðèâàëîãî ñòàòè÷íîãî íàâàíòàæåííÿ. ßê ñâiä÷àòü ðåçóëüòàòè åêñ-
ïåðèìåíòàëüíèõ äîñëiäæåíü àâòîðà ïðàöi [2] ó ÿêiñíîìó âiäíîøåííi âiäìiííîñòi ìiæ
êðèâèìè ïîâçó÷îñòi áåòîíó òà ôiáðîáåòîíó âiäñóòíi, ÿêùî íå âðàõîâóâàòè íåâåëèêî-
ãî ïðèñêîðåííÿ çàãàñàííÿ ïðîöåñó ïîâçó÷îñòi ó ðàçi ôiáðîáåòîíó.

Ðèñ. 3. Ñõåìàòè÷íà äiàãðàìà ïîâçó÷î-
ñòi äëÿ ôiáðîáåòîíó

Ïîçàÿê çîâíiøíi íàâàíòàæåííÿ p ïðèêëà-
äåíi äîñòàòíüî äàëåêî âiä êóëüîâî¨ ïîðîæíè-
íè, òî ¨õíÿ ðîáîòà â ïðîöåñi ïîâçó÷îñòi ôiáðî-
áåòîíó áiëÿ íå¨ áóäå çìiíþâàòèñÿ íåçíà÷íî, òî-
ìó ìîæíà ââàæàòè, ùî

∂A

∂t
≈ 0,

∂A

∂q
≈ 0.

Ó çâ'ÿçêó ç öèì ñïiââiäíîøåííÿ (1), (2) â öüî-
ìó âèïàäêó íàáóäóòü òàêîãî âèãëÿäó:

dq

dt
=

[
∂W

(2)
p

∂t

]
t=∆tc

×(γCC−γt)−1, (3)

t = 0, q(0) = q0; t = t∗, q(t∗) = q∗.

Òóò q0 � âèõiäíèé ðîçìið ïîøêîäæåíîãî
îá'¹ìó â ðåçóëüòàòi ïî÷àòêîâîãî íàâàíòàæåí-
íÿ çà íàïðóæåííÿ σαα(ρ) > σbc; q∗ � êðèòè÷-
íèé ðîçìið ïîøêîäæåíîãî îá'¹ìó, êîëè äåôîð-
ìàöiÿ εαα(ρ0, t∗) äîñÿãíå êðèòè÷íîãî çíà÷åííÿ
εfbc. Òóò Oρα � öåíòðîñèìåòðè÷íà ñôåðè÷íà
ñèñòåìà êîîðäèíàò (ðèñ. 1). Òîäi íà ïiäñòàâi

ñïiââiäíîøåíü (3) äëÿ âèçíà÷åííÿ çàëèøêîâîãî ðåñóðñó t = t∗ íåñêií÷åííîãî òiëà
îòðèìà¹ìî òàêó ôîðìóëó:

(4) t∗ =

q∗∫
q0

(γCC − γt)/[∂W (2)
p

/
∂t]t=∆tcdq; t∗ = 4π

ρ∗∫
ρb

(γCC − γt)/[∂W (2)
p

/
∂t]t=∆tcρ

2dρ.
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Åíåðãåòè÷íà ñêëàäîâà W
(2)
p â çãàäàíié âèùå ñèñòåìi êîîðäèíàò Oρα áóäå âèçíà÷à-

òèñÿ òàê:

(5) W (2)
p (ρ, t) = 4π

ρ∫
ρb

ξ2{σρρ(ξ)ερρ(ξ, t) + σαα(ξ)εαα(ξ, t)}dξ.

Äëÿ âèçíà÷åííÿ âåëè÷èí σρρ, σαα, ερρ, εαα, ÿêi âõîäÿòü ó ñïiââiäíîøåííÿ (5) ðîáèìî
òàê. Íà ïiäñòàâi ðåçóëüòàòiâ ïðàöi [4] çíàéäåìî, ùî

(6) σρρ(ρ) = p(1− ρ3
0ρ

−3), σαα(ρ) = p(1 + 0, 5ρ3
0ρ

−3) (ρ > ρb).

Òóò ïðè ρ > ρb íàïðóæåííÿ σαα(ρ) < σbc. Ç âðàõóâàííÿì öüîãî ðàäióñ ρ = ρb
çíàéäåìî çà òàêîþ ôîðìóëîþ:

(7) ρb =
ρ0

3
√
σbp−1 − 1

.

Îòîæ, ïîøêîäæåíà çîíà áóäå êiëüöåì ρ0 < ρ < ρb, â ÿêîìó íàïðóæåíî-äåôîð-
ìîâàíèé ñòàí âiäïîâiäàòèìå ðåîëîãi÷íié ìîäåëi íà ðèñ. 2 äëÿ çîíè çìiíè äåôîðìàöi¨
â ìåæàõ εb < ε < εfbc.

Âèêîðèñòîâóþ÷è ñïiââiäíîøåííÿ (6), (10) i ðåçóëüòàòè ïðàöi [5], äëÿ âèçíà÷åííÿ
âåëè÷èí ερρ, εαα ó ïðóæíié çîíi ïðè ρ > ρb îòðèìà¹ìî òàêi ôîðìóëè:

ερρ(ρ) = pE−1[1− µ− ρ3
0ρ

−3(1 + 0, 5µ)],

εαα(ρ) = pE−1[1− µ+ ρ3
0ρ

−3(0, 5 + µ)].
(8)

Òóò µ, E �, âiäïîâiäíî, êîåôiöi¹íò Ïóàññîíà i ìîäóëü Þíãà áåòîíó.
Äëÿ îáëàñòi ρ < ρb, äå ôiáðîáåòîí äåôîðìîâàíèé çà ãðàíèöåþ ñóöiëüíî¨ ïðóæ-

íîñòi σb ôîðìóëó (8), äëÿ ερρ(ρ) ìîæíà ââàæàòè íàáëèæåíî ïðàâèëüíîþ. Âîäíî÷àñ
âåëè÷èíà εαα(ρ) â öié îáëàñòi áiëüøà çà εb òà ¨¨ çãiäíî ç ðèñ. 2 i [5] âèçíà÷àòèìåìî
òàê:

(9) εαα(ρ) = εb + E−1
fb [σαα(ρ)− σb]− µE−1p(1− ρ3

0ρ
−3),

äå ìîäóëü ïðóæíîñòi Efb ïîøêîäæåíî¨ çîíè ôiáðîáåòîíó íàáëèæåíî çîáðàçèìî ôîð-
ìóëîþ

(10) Efb = (σfbc − σb)(εfbc − εb)−1.

Ó ôîðìóëó (9) âõîäèòü íåâiäîìà ôóíêöiÿ ðîçïîäiëó íàïðóæåíü σαα(ρ) ó ïîøêîäæå-
íié çîíi ρ0 < ρ < ρb. Äëÿ âèçíà÷åííÿ öi¹¨ ôóíêöi¨ íåîáõiäíî áóëî áè ðîçâ'ÿçóâàòè
âiäïîâiäíó ïðóæíî-ïëàñòè÷íó çàäà÷ó, ùî ìîæëèâî òiëüêè ÷èñëîâî. Ïðîòå â íàøîìó
âèïàäêó ïîòðiáíà àíàëiòè÷íà ôîðìóëà, ÿêó âèçíà÷àòèìåìî íàáëèæåíî òàê. Ðîçãëÿ-
íåìî îêðåìî ïîøêîäæåíó êiëüöåâó îáëàñòü ρ0 < ρ < ρb, ÿêà çãiäíî çi ñïiââiäíîøåí-
íÿìè (6), (7) íàâàíòàæåíà íàïðóæåííÿìè σρρ(ρb) = 2p − σb ïî êîëó ρ = ρb. ßêáè
öå êiëüöå äåôîðìóâàëîñÿ ÷èñòî ïðóæíî (äiëÿíêà Î�εb íà ðèñ. 2), òî çãiäíî ç [5]
íàïðóæåííÿ σαα(ρ) âèçíà÷àëîñÿ á òàê:

(11) σαα(ρ) ≈ p(1 + 0, 5ρ3
0ρ

−3) (ρ0 < ρ < ρb).
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Ïðîòå äðóãà äiëÿíêà εb ∼ εfbc íà ðèñ. 2 òàêîæ ëiíiéíà, àëå ç ìåíøèì çíà÷åííÿì ìî-
äóëÿ ïðóæíîñòi Efb, òîìó äëÿ íàáëèæåíîãî âèçíà÷åííÿ εαα(ρ) ñêîðèñòà¹ìîñü ôîð-
ìóëîþ (9), äå ïîäàìî σαα(ρ) ôîðìóëîþ (11)

(12) εαα(ρ) ≈ εb + E−1
fb [p(1 + 0, 5ρ3

0ρ
−3)− σb] − µE−1p(1− ρ3

0ρ
−3) (ρb < ρ < ρfbc).

ßê âèïëèâà¹ çi ñïiââiäíîøåíü (9), íà íåâåëèêié âiäñòàíi âiä êîíòóðó îòâîðó â ïëèòi

íàïðóæåííÿ σρρ áóäóòü ìàëèìè, òîìó ïðè âèçíà÷åííi W
(2)
p âåëè÷èíàìè σρρ(ξ)ερρ(ξ)

i σρρ(ξ)ερρ(ξ, t) áóäåìî íåõòóâàòè. Íà ïiäñòàâi öüîãî îòðèìà¹ìî

W (2)
p (ρ, t) ≈ 4π

ρ∫
ρb

ξ2σαα(ξ)εαα(ξ, t)dξ,

γCC = σfbcεfbc,

γt = σαα(ρ)εαα(ρ, 0).

(13)

Âåëè÷èíó εαα(ρ, t) âèçíà÷à¹ìî íàáëèæåíî íà ïiäñòàâi åêñïåðèìåíòàëüíèõ äàíèõ
[2] äëÿ âiäïîâiäíîãî ñêëàäó ôiáðîáåòîíó òàêèì ñïiââiäíîøåííÿì:

(14) εαα(ρ, t) ≈ εαα(ρ) + 10−5βσ0,84
αα (ρ)t0,5 (β = 1 · (MPa)−0,84(days)−0,5).

Âàðòî çàóâàæèòè, ùî ç äîïîìîãîþ çãàäàíèõ åêñïåðèìåíòàëüíèõ äàíèõ [2] çíàéäåíi
íàáëèæåíî é iíøi âåëè÷èíè, ÿêi âèêîðèñòîâóþòü äëÿ îá÷èñëåííÿ t = t∗ çàëèøêîâîãî
ðåñóðñó ïëèòè, çîêðåìà

(15)

E ≈ 104MPa (σ < 23, 5MPa); Efb ≈ 631MPa ( 23, 5 < σ < 25, 2MPa),

µ ≈ 0, 2, εfbc ≈ 0, 00501, εb = 0, 00230, σb = 23, 5MPa,

σfbc = 25, 2MPa, 15, 67 < p < 16, 8.

Êiíöåâà ìåòà öüîãî äîñëiäæåííÿ � öå âèçíà÷åííÿ t = t∗ ðåñóðñó ðîçãëÿíóòî¨ ôiáðî-
áåòîííîãî åëåìåíòà ç êóëüîâîþ ïîðîæíèíîþ, ùî i ðåàëiçó¹ìî çà äîïîìîãîþ ôîðìóëè

(4), äå ôóíêöiþ W
(2)
p îá÷èñëþ¹ìî íà ïiäñòàâi ñïiââiäíîøåíü (13)�(15). Ó ôîðìóëó

(4) âõîäèòü íåâiäîìà âåëè÷èíà ∆tc, ÿêó âèçíà÷à¹ìî òàê. Ââàæà¹òüñÿ, ùî íà êðàþ
ïîøêîäæåíî¨ çîíè, ùî ðóõà¹òüñÿ ñòðèáêîïîäiáíî â ðåçóëüòàòi ïîâçó÷îñòi, âåëè÷èíà
äåôîðìàöi¨ εαα(ρ, t) áóäå îäíàêîâà íàâiòü ïiñëÿ îäíîãî ñòðèáêà. Íà ïiäñòàâi ñïiââiä-
íîøåíü (12), (14), (15) i ∆tc = ∆ρV −1 äëÿ âåëèêèõ çíà÷åíü ∆tc öþ óìîâó ìîæíà
çàïèñàòè òàê:

E−1
fb [p(1 + 0, 5ρ3

0ρ
−3)− σb] + 10−5βσ0,84

0 (1 + 0, 5a3ρ−3)0,84t0,5 =

= E−1
fb ([p(1 + 0, 5ρ3

0(ρ+ ∆ρ)−3]− σbE−1
fb

+ 10−5βσ0,84
0 [1 + 0, 5a3(ρ+ ∆ρ)−3)0,84(t+ ∆tc)

0,5;

∆tc = ∆ρV −1.

(16)

Ðîçâ'ÿçóþ÷è ðiâíÿííÿ (16) âiäíîñíî ∆tc i íåõòóþ÷è ìàëèìè âåëè÷èíàìè, îòðèìà¹ìî

(17) ∆tc ≈ 0.8V −1ρ−3
0 ρ4

b(1 + 0, 5ρ3
0ρ

−3
b ).

Ïîðÿä ç öèì, ó ôîðìóëó (8) âõîäèòü íåâiäîìà âåëè÷èíà ρ∗, ÿêó áóäåìî âèçíà-
÷àòè òàê. Êðèòè÷íà âåëè÷èíà ðàäióñó ïîøêîäæåíî¨ çîíè ρ = ρ∗ äîñÿãà¹òüñÿ òîäi,
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êîëè âåëè÷èíà äåôîðìàöi¨ íà ïîâåðõíi êîëîâîãî îòâîðó äîñÿãíå êðèòè÷íîãî çíà÷åí-
íÿ εαα(ρ∗, t∗) = εfbc. Íà ïiäñòàâi öüîãî i âèêîðèñòîâóþ÷è ñïiââiäíîøåííÿ (16), äëÿ
âèçíà÷åííÿ ρ∗ îòðèìà¹ìî íàáëèæåíó ôîðìóëó

(18) ρ∗ ≈ ρ0
3

√
Efc(εfbc − εb) + σb

3σb − 2[Efc(εfbc − εb) + σb]

Ðèñ. 4. Çàëåæíiñòü äîâãî-
âi÷íîñòi t∗ ôiáðîáåòîííîãî
åëåìåíòà âiä ïàðàìåòðà íà-
âàíòàæåííÿ p

Ïiäñòàâëÿþ÷è (11), (15), (18),(19) â ñïiââiäíîøåííÿ (17),

îòðèìà¹ìî çíà÷åííÿ W
(2)
p , ÿêå âðàõîâó¹ìî â ôîðìóëi (8)

äëÿ âèçíà÷åííÿ t = t∗. Ðàçîì ç òèì òóò òàêîæ íåîáõiäíî
ïiäñòàâèòè ôîðìóëè (18), (19). Íà ïiäñòàâi öüîãî ôîðìó-
ëà (8) íàáóäå òàêîãî âèãëÿäó:

t∗ ≈ 1,4281 ·1010 ·p−3,68(1−0,0283p2 +0,4152p)2 äíiâ. (19)

Íà ïiäñòàâi öi¹¨ ôîðìóëè íà ðèñ. 4 ïîáóäîâàíà çàëåæíiñòü
t∗ ∼ p äîâãîâi÷íîñòi ôiáðîáåòîííî¨ ïëèòè âiä ïàðàìåòðà
íàâàíòàæåííÿ p. ßê âèäíî ç ðèñóíêà, íåâåëèêå çáiëü-
øåííÿ íàâàíòàæåííÿ ðiçêî çìåíøó¹ äîâãîâi÷íiñòü ïëèòè.
Öå òðåáà âðàõîâóâàòè ïðè ïðîãíîçóâàííi ôiáðîáåòîííèõ
åëåìåíòiâ êîíñòðóêöié.

4. ÂÈÑÍÎÂÊÈ

Ðîçðîáëåíà ðîçðàõóíêîâà ìîäåëü äëÿ âèçíà÷åííÿ
äîâãîâi÷íîñòi ôiáðîáåòîííèõ åëåìåíòiâ êîíñòðóêöié ç êó-
ëüîâèìè ïîðîæíèíàìè çà ¨õíüîãî äîâãîòðèâàëîãî ðîçòÿ-
ãó. Â îñíîâó öüîãî ïîêëàäåíî ñôîðìóëüîâàíèé ðàíiøå àâ-
òîðîì åíåðãåòè÷íèé ïiäõiä i iäåàëiçîâàíà äiàãðàìà ðîçòÿ-

ãó ôiáðîáåòîíó. Çàñòîñóâàííÿ öi¹¨ ìîäåëi ïðîäåìîíñòðîâàíî íà çàäà÷i ç êîíêðåòíèìè
åêñïëóàòàöiéíèìè ïàðàìåòðàìè ôiáðîáåòîíó òà äiàãðàìîþ éîãî ïîâçó÷îñòi. Äîâåäå-
íî, ùî íåâåëèêå çáiëüøåííÿ íàâàíòàæåííÿ ðiçêî çìåíøó¹ äîâãîâi÷íiñòü ôiáðîáåòîí-
íîãî åëåìåíòà.
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DETERMINATION OF THE RESOURCE OF FIBER CONCRETE
ELEMENTS WITH BALL LONG TERM TENSION CAVES

Orest RAITER
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Naukova Str., 5, 79000, Lviv, Ukraine
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In this paper we investigate the developed method of determining the li-
fe of �bro-concrete elements of structures with spherical cavities under their
long-term tension. This is based on the calculation model developed earlier
by the author to determine the life of building elements of this type, where
there is a local creep of �ber concrete using the previously calculated by the
author energy approach and idealized tensile diagram of �ber concrete. Based
on this, as well as the results of experimental studies of the construction of
creep diagrams of �bro-concretes known in the literature, the calculation of
a �bro-concrete element of large cross section with spherical damage during
long-term comprehensive stretching was performed. The application of this
model is demonstrated on problems with speci�c operational parameters of
�ber concrete and its creep diagram. It is shown that a small increase in load
dramatically reduces the durability of the �ber concrete element. The tensi-
le behavior after cracking of �berglass in places of �ber is modeled using the
above model, which takes into account the �berglass fracture properties, the
interaction of the �ber in the cracks of concrete and the behavior of the �ber.
The model is tested by comparing the calculated total key and local values
known in the literature of the results of experimental studies of the constructi-
on of creep diagrams of �ber concrete. A wide comparison of numerical and
experimental results revealed that the reliable and computational e�ciency of
the model well captures key aspects of the reaction, such as softening of �brous
concrete tension, tension-curvature e�ect and favorable e�ect of �bers in the
residual reaction. The results of this study reveal a favorable e�ect of �ber on
the behavior of long-term tensile strength, crack resistance in the area of the
ball cavity, and residual stress after cracking for the previously calculated by
the author energy approach and idealized tensile diagram of �ber concrete.

Key words: resource, computational technique, �bro-concrete structural
element with spheroidal cavity, diagram of creep of �ber-reinforced concrete
by tensile.


