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Ïåíçåíñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò àðõèòåêòóðû è ñòðîèòåëüñòâà,
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Àííîòàöèÿ. Ïðèâåäåíû ñâåäåíèÿ î âëèÿíèè øåðîõîâàòîñòè ïîâåðõíîñòè ëàêî-
êðàñî÷íûõ ïîêðûòèé íà ñòîéêîñòü ê ðàñòðåñêèâàíèþ è îòñëàèâàíèþ. Ðàññìîòðåíî
ðàñïðåäåëåíèå âíóòðåííèõ íàïðÿæåíèé îò äåéñòâèÿ òåìïåðàòóðû. Ðàñ÷åò âûïîëíåí
ñ ïîìîùüþ ïðîãðàììíîãî ìîäóëÿ SCAD Office. Óñòàíîâëåíà íåðàâíîìåðíîñòü ðàñ-
ïðåäåëåíèÿ íàïðÿæåíèé ïî ñå÷åíèþ è ïðîñòèðàíèþ ïîâåðõíîñòè ïîêðûòèé. Âûÿâëå-
íî, ÷òî øåðîõîâàòîñòü ïîâåðõíîñòè ëàêîêðàñî÷íîãî ïîêðûòèÿ ñïîñîáñòâóåò âîçíèê-
íîâåíèþ áîëåå íàïðÿæåííîãî ñîñòîÿíèÿ â çîíå êîíòàêòà è íà ïîâåðõíîñòè ïîêðûòèé.
Äàíû ýïþðû íîðìàëüíûõ è êàñàòåëüíûõ íàïðÿæåíèé ïî ïðîñòèðàíèþ ïîêðûòèÿ.
Îöåíåíà âåðîÿòíîñòü ðàñòðåñêèâàíèÿ ïîêðûòèé.
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Original article

EVALUATION OF THE STRESS STATE
OF PAINT COATINGS DEPENDING
ON THEIR SURFACE ROUGHNESS

Valentina I. Loganina, Maria A. Svetalkina, Maxim V. Ariskin
Penza State University of Architecture and Construction, Penza, Russia

Abstract. Information is given on the influence of the surface roughness of paint
coatings on the resistance to cracking and peeling. The distribution of internal stresses from
the action of temperature was considered. The calculation was performed using the SCAD
Office software module. The uneven distribution of stresses over the cross section and
strike of the surface of the coatings is established. It was revealed that the surface roughness
of the paint coating contributes to the emergence of a more stressed state in the contact zone
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and on the surface of the coatings. Diagrams of normal and shear stresses along the strike
of the coating are given. The probability of coating cracking is estimated.

Keywords: paintwork, substrate, surface roughness, shrinkage, internal stresses,
durability
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Ââåäåíèå. Ðàñïðîñòðàíåííûì âèäîì îòäåëî÷íûõ ìàòåðèàëîâ ôàñàäîâ
çäàíèé ÿâëÿþòñÿ ëàêîêðàñî÷íûå ïîêðûòèÿ è äåêîðàòèâíûå øòóêàòóðêè
[1–3]. Ñðîê ñëóæáû òàêèõ ïîêðûòèé ïðîãíîçèðóåòñÿ 5–7 ëåò. Îäíàêî ðå-
çóëüòàòû íàòóðíûõ îáñëåäîâàíèé ïîêàçûâàþò, ÷òî íåðåäêî ðàçðóøåíèå äå-
êîðàòèâíûõ ïîêðûòèé ôàñàäîâ çäàíèé íàñòóïàåò çíà÷èòåëüíî ðàíüøå. Ðàñ-
ïðîñòðàíåííûìè âèäàìè ðàçðóøåíèÿ îòäåëî÷íûõ ñëîåâ ôàñàäîâ çäàíèé â
ïðîöåññå ýêñïëóàòàöèè ÿâëÿþòñÿ ðàñòðåñêèâàíèå è îòñëàèâàíèå [4–7]. Ðàñ-
òðåñêèâàíèå ïîêðûòèé ïðîèñõîäèò, êîãäà âíóòðåííèå ðàñòÿãèâàþùèå íà-
ïðÿæåíèÿ s äîñòèãíóò çíà÷åíèÿ êîãåçèîííîé ïðî÷íîñòè Rêîã ìàòåðèàëà
ïîêðûòèÿ, ò.å.

s > Rêîã. (1)

Îòñëàèâàíèå ïîêðûòèé íàáëþäàåòñÿ ïðè ñîáëþäåíèè ñîîòíîøåíèÿ

t > Rñö, (2)

ãäå t – êàñàòåëüíûå íàïðÿæåíèÿ;
Rñö – ïðî÷íîñòü ñöåïëåíèÿ.

Èññëåäîâàíèþ ïðîöåññîâ, ðàçâèâàþùèõñÿ â ñèñòåìå «ïîäëîæêà – ïîêðû-
òèå», ïîñâÿùåíû ìíîãî÷èñëåííûå ïóáëèêàöèè [8–11]. Â ðàáîòå [12] ïðèâåäå-
íû ðåçóëüòàòû èññëåäîâàíèé ìåòîäîì ãîëîãðàôèè íàïðÿæåííîãî ñîñòîÿíèÿ
ïîêðûòèé â çàâèñèìîñòè îò øåðîõîâàòîñòè ïîâåðõíîñòè ïîêðûòèé. Óñòà-
íîâëåíî, ÷òî â ïîêðûòèÿõ, õàðàêòåðèçóþùèõñÿ áîëüøåé øåðîõîâàòîñòüþ,
íàáëþäàþòñÿ áîëåå âûñîêèå çíà÷åíèÿ íàïðÿæåíèé.

Ïðåäñòàâëÿåò íàó÷íûé è ïðàêòè÷åñêèé èíòåðåñ èññëåäîâàíèå ðàñïðåäå-
ëåíèÿ íàïðÿæåíèé ïî ïðîñòèðàíèþ ïîêðûòèé.

Öåëü ðàáîòû – îöåíêà íàïðÿæåííîãî ñîñòîÿíèÿ ëàêîêðàñî÷íûõ ïîêðû-
òèé â çàâèñèìîñòè îò øåðîõîâàòîñòè èõ ïîâåðõíîñòè.

Â êà÷åñòâå ïîäëîæåê ðàññìàòðèâàëñÿ òÿæåëûé áåòîí, õàðàêòåðèçóþùèé-
ñÿ çíà÷åíèåì êîýôôèöèåíòà ëèíåéíîãî òåìïåðàòóðíîãî ðàñøèðåíèÿ (ÊËÒÐ),
ðàâíûì 10,0·10–6 1/ãðàä. Â êà÷åñòâå êðàñî÷íîãî ñîñòàâà ïðèìåíÿëè ïîëèâè-
íèëàöåòàòöåìåíòíóþ (ÏÂÀÖ) êðàñêó. Çíà÷åíèå ÊËÒÐ ïîêðûòèÿ ñîñòàâëÿëî
6,63·10–6 1/ãðàä. Òîëùèíà ïîêðûòèÿ 1 ìì. Ðàñ÷åòû ïðîâîäèëèñü äëÿ óñëîâèé
ã. Ìîñêâû ñ ïîìîùüþ ïðîãðàììíîãî ìîäóëÿ SCAD Office. Ðàñ÷åòíàÿ ìîäåëü
ïðåäñòàâëÿåò ñîáîé êîíå÷íûå ýëåìåíòû îáîëî÷êè ðàçìåðîì 0,1´0,1 ìì. Ãðà-
íè÷íûå óñëîâèÿ äëÿ ïîäëîæêè íå çàäàâàëèñü.

Äëÿ ïðåäîòâðàùåíèÿ âëèÿíèÿ çàäåëêè íà íàïðÿæåííî-äåôîðìèðîâàííîå
ñîñòîÿíèå â ëàêîêðàñî÷íîì ñëîå è â îáëàñòè êîíòàêòà ñ ïîäëîæêîé ãðàíè÷-
íûå óñëîâèÿ ðàñïîëàãàëèñü íà ðàññòîÿíèè íå ìåíåå 5 òîëùèí ëàêîêðàñî÷íîãî
ñîñòàâà. Ìîäåëèðîâàíèå ðåëüåôà â ïîäëîæêå âûïîëíÿëîñü ïóòåì ââåäåíèÿ
äîïîëíèòåëüíûõ ýëåìåíòîâ òðåóãîëüíîé ôîðìû. Èññëåäîâàíèÿ ïðîâîäèëèñü
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ïî íåñêîëüêèì ñõåìàì (ðèñ. 1). Ìîäåëèðîâàëàñü ðàâíîìåðíî ðàñïðåäåëåííàÿ
øåðîõîâàòîñòü ïîâåðõíîñòè ïîäëîæêè, ïðè ýòîì âûñîòà ïèêîâ è âïàäèí
ñîñòàâëÿëà 0,1 ìì.

Âûÿâëåíî óìåíüøåíèå íîðìàëüíûõ íàïðÿæåíèé ïî ïðîñòèðàíèþ ïîêðû-
òèÿ (òàáë. 1). Ìàêñèìàëüíûå íîðìàëüíûå íàïðÿæåíèÿ âîçíèêàþò â öåíòðå
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Ðèñ. 1. Ñõåìà ðàñ÷åòà íàïðÿæåííîãî ñîñòîÿíèÿ ïîêðûòèÿ ïî ïðîñòèðàíèþ

Fig. 1. Scheme for calculating the stress state of the coating along the strike

Ò à á ë è ö à 1. Ðàñïðåäåëåíèå íîðìàëüíûõ íàïðÿæåíèé ïî
ïðîñòèðàíèþ ÏÂÀÖ ïîêðûòèÿ (øåðîõîâàòàÿ ïîâåðõíîñòü
ïîêðûòèÿ), óõ·10–3, ÌÏà

T a b l e 1. Distribution of normal stresses along the strike of the
PVAC coating (rough surface of the coating), óõ·10–3, MPa

Òî÷êà Íàïðÿæåíèå Òî÷êà Íàïðÿæåíèå

Îêòÿáðü

1 0,509 1¢ 0,282

2 0,535 2¢ 0,245

3 0,288 3¢ 0,052

4 0,511 4¢ 0,173

5 0,538 5¢ 0,153

6 0,422 6¢ –0,064

7 1,114 7¢ 0,206

8 0,429 8¢ –0,189

9 0,526 9¢ –0,153

Ìàðò

1 –0,680 1¢ –0,310

2 –0,666 2¢ –0,309

3 –0,371 3¢ –0,080

4 –0,670 4¢ –0,272

5 –0,768 5¢ –0,223

6 –0,547 6¢ 0,061

7 –1,427 7¢ –0,273

8 –0,548 8¢ 0,239

9 –0,646 9¢ 0,201



ïîêðûòèÿ. Òàê, íà ãëàäêîé ðîâíîé ïîâåðõíîñòè çíà÷åíèå íîðìàëüíûõ íàïðÿ-
æåíèé â öåíòðå ïîêðûòèÿ â ìàðòå ñîñòàâëÿåò sõ = –0,182 ÌÏà, à íà êðàþ ïî-
êðûòèÿ – 0,009 ÌÏà. Àíàëîãè÷íàÿ êàðòèíà íàáëþäàåòñÿ è íà øåðîõîâàòîé
ïîâåðõíîñòè ïîêðûòèÿ. Â òî÷êå 9 çíà÷åíèÿ íîðìàëüíûõ íàïðÿæåíèé â ìàðòå
ñîñòàâëÿþò sõ = –0,646 ÌÏà, à â òî÷êå 9¢ – 0,201 ÌÏà.

Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ ñâèäåòåëüñòâóåò, ÷òî äëÿ øåðî-
õîâàòîé ïîâåðõíîñòè ÏÂÀÖ ïîêðûòèÿ õàðàêòåðíû áîëåå âûñîêèå çíà÷å-
íèÿ íîðìàëüíûõ íàïðÿæåíèé ïî ñðàâíåíèþ ñ ãëàäêîé ðîâíîé ïîâåðõíîñòüþ
(òàáë. 2, ðèñ. 2). Òàê, çíà÷åíèÿ íîðìàëüíûõ íàïðÿæåíèé íà øåðîõîâàòîé
ïîâåðõíîñòè ÏÂÀÖ ïîêðûòèÿ ñîñòàâëÿþò â ìàðòå îò 0,061 äî 1,427 ÌÏà
â çàâèñèìîñòè îò ïðîòÿæåííîñòè êîíòàêòà, à íà ðîâíîé ãëàäêîé ïîâåðõ-
íîñòè – îò 0,00092 äî –0,182 ÌÏà. Àíàëîãè÷íûå çàêîíîìåðíîñòè õàðàêòåð-
íû è äëÿ îêòÿáðÿ. Íà øåðîõîâàòîé ïîâåðõíîñòè ïîêðûòèÿ íàáëþäàþòñÿ
òàêæå è áîëåå âûñîêèå çíà÷åíèÿ êàñàòåëüíûõ íàïðÿæåíèé â ìàðòå îò –0,017
äî –0,350 ÌÏà, â òî âðåìÿ êàê íà ðîâíîé ãëàäêîé ïîâåðõíîñòè – îò –0,023
äî 0,075 ÌÏà.
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Ò à á ë è ö à 2. Ðàñïðåäåëåíèå êàñàòåëüíûõ íàïðÿæåíèé ïî
ïðîñòèðàíèþ ÏÂÀÖ ïîêðûòèÿ (øåðîõîâàòàÿ ïîâåðõíîñòü
ïîêðûòèÿ), ô ·10–3, ÌÏà

T a b l e 2. Distribution of shear stresses along the strike of the
PVAC coating (rough surface of the coating), ô ·10–3, MPa

Òî÷êà Íàïðÿæåíèå Òî÷êà Íàïðÿæåíèå

Îêòÿáðü

1 –0,072 1¢ –0,020

2 –0,027 2¢ –0,011

3 0,010 3¢ 0,0042

4 0,006 4¢ –0,017

5 0,061 5¢ 0,041

6 0,262 6¢ 0,081

7 1,012 7¢ 0,060

8 –0, 249 8¢ –0,020

9 –0,059 9¢ 0,009

Ìàðò

1 0,087 1¢ 0,041

2 0,035 2¢ –0,017

3 0,018 3¢ –0,040

4 –0,009 4¢ 0,033

5 –0,063 5¢ –0,043

6 –0,347 6¢ –0,113

7 –0,022 7¢ –0,076

8 0,350 8¢ 0,019

9 0,081 9¢ 0,006



Â çîíå êîíòàêòà ïîêðûòèÿ ñ ïîäëîæêîé ïðîèñõîäèò óâåëè÷åíèå êàñà-
òåëüíûõ íàïðÿæåíèé îò öåíòðà ê êðàþ (ðèñ. 3). Òàê, çíà÷åíèÿ êàñàòåëüíûõ
íàïðÿæåíèé â çîíå êîíòàêòà ïðè ðîâíîé ïîâåðõíîñòè ïîêðûòèÿ â öåíòðå
ñîñòàâëÿþò â ìàðòå t = 0,075, à íà êðàþ – t = –0,082 ÌÏà. Ïðè øåðîõîâàòîé
ïîâåðõíîñòè ïîêðûòèÿ çíà÷åíèÿ êàñàòåëüíûõ íàïðÿæåíèé âûøå îò –0,0014
äî 0,525 ÌÏà. Àíàëîãè÷íûå çàêîíîìåðíîñòè õàðàêòåðíû è äëÿ íîðìàëüíûõ
íàïðÿæåíèé â çîíå êîíòàêòà.

Àíàëèç äàííûõ ñâèäåòåëüñòâóåò, ÷òî íîðìàëüíûå íàïðÿæåíèÿ â çîíå
ìèêðîâïàäèíû íà øåðîõîâàòîé ïîâåðõíîñòè ïîêðûòèÿ (òî÷êà 7) â ìàðòå
áëèçêè ê çíà÷åíèþ êîãåçèîííîé ïðî÷íîñòè, ñîñòàâëÿþùåé 1,8 ÌÏà, ÷òî
ìîæåò ïðèâåñòè ê ðàñòðåñêèâàíèþ ïîêðûòèÿ.
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Ðèñ. 2. Ýïþðà íàïðÿæåíèé â ïîâåðõíîñòíîì ñëîå ÏÂÀÖ ïîêðûòèÿ (ðîâíàÿ
ïîâåðõíîñòü)

à, â – íîðìàëüíûå íàïðÿæåíèÿ; á, ã – êàñàòåëüíûå íàïðÿæåíèÿ; à, á – ìàðò; â, ã – îêòÿáðü

Fig. 2. Diagram of stresses in the surface layer of the PVAC coating (smooth surface)
a, c – normal stresses; b, d – shear stresses; a, b – month of March; c, d – month of October

Ðèñ. 3. Ýïþðà íàïðÿæåíèé â çîíå êîíòàêòà ÏÂÀÖ ïîêðûòèÿ ñ ïîäëîæêîé
à, â, ä, ç – íîðìàëüíûå íàïðÿæåíèÿ; á, ã, æ, å – êàñàòåëüíûå íàïðÿæåíèÿ; à, á, â, ã – ìàðò;
ä, æ, ç, å – îêòÿáðü; à, á, ä, æ – øåðîõîâàòàÿ ïîâåðõíîñòü ïîêðûòèÿ; â, ã, ç, å – ðîâíàÿ

ãëàäêàÿ ïîâåðõíîñòü ïîêðûòèÿ

Fig. 3. Diagram of stresses in the zone of contact of the PVAC coating with the
substrate

a, c, e, h – normal stresses; b, d, g, f – are shear stresses; a, b, c, d – month of March; e, g, h, f –
the month of October; a, b, e, g – rough surface of the coating; c, d, h, f – smooth smooth surface

of the coating



Òàêèì îáðàçîì, èññëåäîâàíèÿ è ðàñ÷åòû ñâèäåòåëüñòâóþò, ÷òî íàïðÿ-
æåíèÿ â ïîâåðõíîñòíîì ñëîå ïîêðûòèÿ è â çîíå êîíòàêòà ñ ïîäëîæêîé îïðå-
äåëÿþòñÿ â ÷èñëå äðóãèõ ôàêòîðîâ øåðîõîâàòîñòüþ ïîâåðõíîñòè ïîêðûòèÿ.
Èç ýòîãî ñëåäóåò âàæíîñòü íàñòðîéêè òåõíîëîãè÷åñêîãî ïðîöåññà îêðàñêè
ñ  öåëüþ ñîçäàíèÿ çàùèòíî-äåêîðàòèâíîãî ïîêðûòèÿ, õàðàêòåðèçóþùåãîñÿ
âûñîêèì êà÷åñòâîì âíåøíåãî âèäà ñ ìèíèìàëüíîé øåðîõîâàòîñòüþ ïîâåðõ-
íîñòè [13].

Âûâîäû. Óñòàíîâëåíî, ÷òî â ëàêîêðàñî÷íûõ ïîêðûòèÿõ ñ øåðîõîâàòîé
ïîâåðõíîñòüþ âîçíèêàåò áîëåå íàïðÿæåííîå ñîñòîÿíèå ïî ñðàâíåíèþ ñ ïî-
êðûòèåì ñ ðîâíîé ãëàäêîé ïîâåðõíîñòüþ. Âûÿâëåíî, ÷òî ìàêñèìàëüíûå íîð-
ìàëüíûå íàïðÿæåíèÿ âîçíèêàþò â çîíå ìèêðîâïàäèíû íà øåðîõîâàòîé ïî-
âåðõíîñòè ïîêðûòèÿ, áëèçêèå ê çíà÷åíèþ êîãåçèîííîé ïðî÷íîñòè, ÷òî ìîæåò
ïðèâîäèòü ê ðàñòðåñêèâàíèþ ïîêðûòèÿ.
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