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AnHoTanms. IloxydeHo BEpOSTHOCTHOE peUIeHHE 33a[aud YCTOMUYMBOCTU MOPHUCTOM MO-
noroit apku. ITopuctocTs pacnpezensercs MO CEYEHHIO IO IapaboIMYecKOMy 3aKOHY.
Harpyska Ha apky ciydaiina. Pemenue npeacraBieHo A CTALIMOHAPHOTO BO3JEHCTBUS.
IIpoBeneH aHaIM3 HAJEKHOCTH U MaTEpUAJOEMKOCTH apKU B CIUIOIIHOM M IOPUCTOM
UCIOJHEHNHU. Pemienue 3aiayu yCTOWYMBOCTH MOPHUCTOM apKuM OCHOBAHO HA THIOTE3€
CIUIOLTHOCTU MaTepHaja, HO CO CBOMCTBAMU MaTepHaja, yIMThIBAIOIIUMH OPUCTOCTb.
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Abstract. Classical mechanics of deformable bodies is based on the continuity hypothesis.
However, many structural elements are made of porous materials. Porous natural materials
(soil, rocks) have invariable porosity. Porous synthetic materials (ceramics, concrete,
graphite, and pressed powder metals) have controlled porosity. To calculate the strength
and hardness of the structure, the material is assumed to be conditionally continuous with
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the adjusted porosity. Nowadays, there are many available works presenting mechanical
characteristics of materials with different porosities. This paper proposes a new class of
problems in mechanics of deformable solids. Considering a low arch stability problem,
which is important in construction practice, the problem of optimal arch design is solved
by controlling the properties of the material. The solution to the problem of stability of
the low arch made of porous material is presented. The flat arch with a rectangular cross-
section is exposed to equally distributed loading. The near-rational law of the porosity
distribution over the cross-section is used. The load is considered as a random variable.
The solution to the problem is obtained using the theory of stationary random processes.
A comparative analysis of the reliability and material consumption is carried out for the
arch with continuous and porous sections. The calculation shows that the porous structure
of the arch reduces the material consumption by 13.3% without stability and reliability
losses.
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B kadecTBe HeCyIMX KOHCTPYKIMH 34aHUI MCHONB3YIOTCS apKH Pa3iIMIHBIX KOH(MH-
rypanuil. [loBblIeHre HaAEKHOCTH apoK SABJSETCA aKTyaJbHBIM B HACTOAIIEE BPeMs.
Penienue 3a1aun yCTOMUMBOCTH II0JIOTOM apKH, BBIIIOJIHEHHOHN U3 CIUIOIIHOTO MaTepHaa,
ObUT0 TpencTaBieHO B psige paboT. C MO3UIMHA JEeTePMHHUCTHYECKOTO HarpyKEeHUS
JlaHHas mpoOiieMa paccmotpena B [1, ¢. 671]. B cinyyae cranuoHapHOTO CiaydaifHOTO
mpoIiecca Harpy)KeHUsl yCTOWYMBOCTh apKH W3 CIUIOIIHOTO MaTepHaja HCCieJ0BaHa
aBTOpaMHu ctatbu [2, c. 39]. Hacrosmas pabora aBTOPOB SBISETCSA JIOTMYECKUM TIPO-
JOJDKEHHEM WX MpeABIIYIIMX HCcleNoBaHMH. B cratbe paccMmaTtpuBaercs mojoras
apka, BBINOJHEHHAs W3 HECIUIOIIHOTO MaTepHaia, JAeTcsl OlleHKa ee HaJeKHOCTH U
MaTepuaroeMKOCTH. PacrpesiesieHe MOPUCTOCTH 10 CEYCHMIO 3aJaHo Iapadonnye-
CKUM, 4TO OJHM3KO K pallnoHAIbHOMY [3, c.122].

PaccMorpum mosnoryto apky ceuenust bxh mon Bo3zeiicTBueM paBHOMEPHO pac-
MpeeNIeHHO Harpy3Ki MHTEHCHBHOCTHIO ( (puc. 1). Apka BBITOTHEHA U3 TOPHCTOTO
xenesa. s moxyns FOHra ucrons3oBaHa sMnupudeckas Gopmyia

E=a +a,P+a,P?, (1)
rne P — mopucTocts, a KO3QUIMEHTHI 81, 82, 83 HA OCHOBE IKCIIEPUMEHTAIBHBIX JaH-
HBIX cocTaBuin [4, c. 14]

a, =2,092857-10°MIla ,
a, =-5,35-10°MITa , ®)
a, =3,21428-10°Mlla .
Jisa cimommHOTO MaTeprana Moy KOHTa MpUHAT paBHBIM

E=2,1-10°MIIa. ©))
Bericora apku Y(X) Beipakaercst QpyHKIUEH
Y,
Y =3 X(@-X), (@)

rae 2| — paccrostaie Mexay omopamu, X MeHsercst B mpeaenax 0< X <2| .
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Puc. 1. CxeMbl HarpyXeHHs apKH (CJIeBa) U MONEPEYHOTO CEUSHHMST apKu (CIIpaBa)
Fig. 1. Schemes of the arch loading (on the left) and arch cross-section (on the right)

CreneHp HaJEKHOCTH APKU COOTBETCTBYET BEPOSTHOCTU TOTO, YTO 3a BpeMs JKC-
IUTyaTalluy apku | Harpyska ( HH pa3y He NpeBBICUT Kputudeckoil. [lox kputuueckon
Harpy3Kko# (xp TOHUMAaeM HarpysKy, IIpH KOTOPOH MPOUCXOIUT CKauKoOOpa3HoOe H3Me-
HEHHE TPOTrHda ¢ BBITYKJIOCTHIO apKu B 0OpaTHyIO CTOpoHY. HamexxHocTh TpH 3TOM
ompenensercs popmynoii [5, ¢. 58]

T
—exp{ [ [ af ( Uy jdth} (5)
00
rae f (qm,%j — (GYHKIWHSI, CBA3BIBAONIAS KPUTHUYECKYIO CUITy CO CKOPOCTBIO U3MEHE-

HUs JIEHCTBYIOIIEH CWIbL, (| — IIPOU3BOJHAs JEUCTBYIOIIEH HHTEHCUBHOCTU Harpy3Ku
10 BPEMEHHU.

DdopMmyia HaIE)KHOCTH B CIIy4ae HOPMAIBHOIO CTAlIMOHAPHOTO mpoiiecca ((t) ume-
et Buf [5, c. 62]:

2
c @, —m,)
9 axp| —x q ’
P 265 ©)

H =exp| -

TCGq

rae o, — CPCAHCKBAAPATHYCCKOC OTKJIOHCHHE CKOPOCTH H3MCHCHUA KpHTH‘IeCKOﬁ

q
CHJIBI, Gq — CPCAHEKBAAPATUICCKOEC OTKIIOHCHHUEC HeﬁCTByIOLHeﬁ CHUJIBI.

Ha ocHOBe sKcIepHMEHTANBbHBIX HCCIEIOBAHWN KOPPETSIMOHHAS (QYHKIHS IIpO-
1ecca MoXeT OBITh IpezcTaBieHa Gpopmyioii [5, c. 128]

aglt oy -
K, () =c’e ol ((;OSBO’C+B—OSII’IBO|T|J, 7
0
rzie oo, o — SMIUpHUYecKue K03(HOUUHUCHTHI.
HUcnone3ys (7), 3anumem ¢popmyiry Hae:KHOCTH (6) B BUAE:

Ta/ 2, B2 -m)T
H =exp| - O;°+B° exp IS
T

2(53 ' ®)
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ITocne ompeneneHus BeTMYUHBI KPUTUIECKON HArpy3KH (i« MOXET OBITh HalifieHa
HCKOMasi HaJIe)KHOCTb.
lapanTHIO HaJEKHOCTH 00ECTIEYHBAET YCIOBHE
H>H, .. (9)

Hopw
3nech Hyopw — HOpMaTHBHAS HAJISKHOCTD JIIsI KOHCTPYKLMI 3a1aHHOTO THIIA.

Jns onpeneneHuss KPUTHUECKOH HArpy3Kd (xp MCIIONB3YEM IPHHIMI MHUHUMYMa
TIOJTHO# TIOTEHIIUATIBHOM SHEPTUH cucTeMsl [1, ¢. 672].

T'eometpust apku B 1e()OpMHUPOBAHHOM COCTOSIHUH OTpPa)KCHa Ha puc. 2. Xapakrte-
PUCTUKH TIEPEMEIICHUIN CICAYIOINE: W — BEPTUKAIBHOE MepeMeIeHre, U — TOPH30H-
TaJIbHOE MepeMeIlIeHHE, 3 — YTOJl MOBOPOTA CEUCHHUSI.

L Ay > B'
A
Z A dsi= dS(l + 8)
A 0+
N A
w W+ dw
w
B Y
ds
0 X
A >
dx

Puc. 2. T'eomerpus neopmupoBaHus apku
Fig. 2. Arch deformation geometry

I[J'IH ClIy4das MaJIbIX ,Z[C(l)OpMaHI/II\/’I yroJ noBopoTa 9 u u3MeHeHue KPUBU3HBI K IIPE/I-
CTaBUM B BUJIC.

9=w', k=9 =w". (10)
B atom ciryuae npogonbHas nedhopmanus € OyAeT CiaenyIomei:
du 3
e=—+9| 0+— 11
dx ( ZJ (11)

OKOHYATEIIHHO MOJIHAS NOTEHIMAJIbHAA SHCPIUd CUCTCMBI paBHA
|

| |
U :%I*J.szx+%]szdx+qj'wdx. (12)
0 0 0
ITepBoe cnaraemoe B dopmyite (12) mpencrapiser co0oii YHEPTHIO M3THOa, BTOPOE
SIBIISICTCS. DHEPTUCH PACTIKCHUSI-CXKATUSA, & TPEThE ClIaraeMoe COOTBETCTBYET MOTCH-
[[MaJTy BHEIIHUX CHII:
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L= 2b[E(y)y'dy, F=2b[E()ay. (13)

o‘—.N\j

Bripasum nepememnenus U, W B Buze ¢popmya [1, c. 672]

w=Ax(2l-x), u=B[(|—x)—|i2(|—x)3] (14)

rre A — mapamerp, B — koHCcTaHTA.
VYuauteiBas (14), a takxe (4), (10) u (11), Haiizem

k=9 =-2A, s=—B+{4AT—§+2A2+%B}(I—X)2. (15)
Brimonuss uaTerpuposanue (12), momyaum
2. Y, 3, )12 2
U=1L2A1+—=| B - IB 4AA2+2A° + B | — [+gAZ 1. 16
2 { ( 12 1? j 5:' 4 3 (16)
Iocne mpeobpazoBanmii u3 (16) CIemyeT
—ql? =6LA+§F,,I4A(IY—‘2’+AJ[IY—2+2AJ a7

MaxkcumanbHbIit nporu6 apku mpu X = | paBen
f=-A%, (18)
Crnenosatensro, A=—f/I?

Hcnons3ys (17) u (18), HaxoauM 3aBUCHMOCTE MEXIY pPaclpeeeHHON Harpy3Koi
g u nporudom f B BHIE!

qt _fl. 8R f
Lh —h [6+ 3l. (¥ f)(Y° 2)} (19)

Iotepst ycroiumBoCcTH apku OyneT HaOMIOAATHCS MPU YCIOBUHU (| = (xp, YTO COOT-
BETCTBYEeT IepBOMY dKcTpemMyMy ¢yHkuuu (19). Ilockosbky moTeps yCTOWYMBOCTH
COIPOBOXKAAETCS U3TMOOM apKH, MPECTaBIseTCs 11e7Ieco00pa3HbIM YBEITUUUTh TOPH-
CTOCTh B 30HE MaJIbIX HOPMaJIbHBIX HANPSHKEHUH TP MPUOIMKESHUH K LIEHTPY TSKECTH
MONEPEYHOTO CCUCHHUS.

[Ipumem pacnpezneneHne MOPHUCTOCTH 1o cedeHHIo (puc. 3) B Buae GpyHKIHH [6, c. 111]

P= P( zyj (20)

rzie Po — MOPHUCTOCTH B LIGHTPE TSXKECTH CEUCHUSL.
B cootBerctBuum ¢ (20), yuursiBas (1), mosrydaem pacnpeznenenue Moy FOHra mmo
BBICOTE TIONIEPEYHOTO CEYCHUS

4 2
E(y):a1+az%[1—py2j+a3%2[ hzyj : (21)
VYupyro-reomerpuueckue napamerpsl |. u F. umeror Bus:
3
_bh (a1 +0.2a,R, +0.114285a,R ),

(22)
F = bh(a1 +0.6666a, P, +0.53333a,P, ) -
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B kadecTBe pacyeTHOro MpUMEpa PacCMOTPUM apKy, Juist Kotopoit Dxh=5x5cM,
I=3m, Y,=10cm, R, =0.2.
Co0TBETCTBEHHO, Oy/IeM UMETh
. =0.098622 MHxm’

F. =362.022484 MH.

Ay

A 4

A
Y

b

Puc. 3. Pactipenenenre mopucToCTH MO BEICOTE CEYCHUS
Fig. 3. Porosity distribution along the cross-section

O603Ha4NM
gl* f
= —, 7\‘ = —
® i - (23)
Ha ocuoauuu (22), (23) dyuxius (19) npumer Bu:
o =\(6+9788.7785(0.1—-10.05)(0.1-20.025)) . (24)

BhinonHss BEIMMCIIEHUS Ul CIUIOLIHOTO U IIOPUCTOrO CEYEHHH, NOIyUUM ClleXy-
IOLIYI0 TaOIMIy, U3 KOTOPOH HaiiieM SKCTpeMajbHOE 3HAYEHHE ® U, COOTBETCTBEHHO,
3Ha4YEHHE (p.

IMapameTps! CNJIOLIHOIO U MOPUCTOTO CeYeHH T

max
A 0.75 0.9 0.95
Dcrin 53.25 54.504 54.378
®nop 41.815 42.952 42.926

I[J'IH CIIOMIHOT'O CEYCHUS apKU MMOJYyYUM

_ SA04EIN _ 56798610 MH/m .

kp crut

Jlis mopucToro ceueHus 0yJaeM UMETh

_429521h 2614.83-10° MH/m.

kprop |4 -

JaHbI ciaexyromne mapaMeTpsl Harpy3KH:
— MHTEHCUBHOCTb DPACIpPEICICHHON HArpy3Kd (| C MaTeMaTHYeCKHM OXHIaHHEM

m, =1530 H/wm;

— CpejiHee KBaIpaTUYHOE OTKJIOHEHHE HArpy3ku G, =150 H/m
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— Cpok aKkcuTyaTanuu apku T =10 ner =315-10° ¢
— mapameTpsl ciyyaiiHoro nporecca o, =0.3¢™, B, =0.4c™.

— HOpMaTUBHAas HaleXHOCTh H =0.999.

HOPM

[To ¢popmyne (8) onpenenum HaJIEKHOCTb APKH MOPUCTOH CTPYKTYPBHI:

6 _ 2
H_ _exp| 31510705 _(2614.83 1530) 1))_ 0000839
P 2-3.14 150 2

IlonyyeHHas HaaeKHOCTB Ooble HOpMaThBHOM: H, =~ =0.999889>H,  =0.999,

HOpM
3HAYMT HKCIUTyaTallMOHHAs Ha/Ie’KHOCTh 00ecIedeHa.
JerepmuHuCcTHUECKIHA KO (HUIIUEHT 3ar1aca yCTOHYMBOCTH IIOPUCTON apKH paBeH
O, 2614.8

, =—2= =1.71.
m, 1530

OneHnM Tenepb HaIeKHOCTh CIUTOIIHON apKu:
315-10°-0.5 3679.86-1530) 1
H, =exp| ———exp| -| —— | .= | |=1.
2:3.14 150 2
Kak moka3ano cpaBHeHHE 00eHMX HAJC)KHOCTEH, OHM NpaKTU4ecKH paBHbIL. [lopu-
CTasi apKa JIUIb HE3HAYUTEIbHO YCTYIIAET CILUIOMIHOM.

BrlsicHUM MaTepuanoeMKOCTh MOPUCTOH U CIUIOIIHON apokK.
J7s criomHOM apKy IUIOma1b HONEPEYHOro ceuenus A =bh .

Jns nopuctoit apku 4acTh IJIOLLAH, 3aHATAs IOpaMU, paBHa

h h
2 2
4
A, =2b j P(y)dy = 2bj P, (I_F y?)dy = 0.666P,hb .
0 0
O11eHUM PaIOHABHOCTh KOHCTPYKIHH:
A= 1009 = 0.666-0.2-100 =13.3%.

11
Taxum 06pa30M, HaJC)KHOCTh HOpHCTOﬁ APKU OCTACTCA IMPAKTUICCKU TaKou XKE,
KaK 'y CHHOMHOﬁ, OAHAKO MATCPHUATIOEMKOCTb CHUIKACTCA IIPU 3TOM Ha 13.3%.
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