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3nechk @', ..., &) — mapaMeTpsl, XapaKTepU3yIolIke TeOMETPUIECKHE U YIIPYTUe CBOMCTBA CIIOEB Ha N-M
yJacTke,
n_ A@QRKn 2)|n 3N . _ AN2 1 2 3 .
al = AR + ADh? +2A0c" ; a) = c"?|APR + APh] +2AGc" | .. (5)

CooTHOIIEHNs ISt cBUra B 3anoinutene Y'(X), mporu6a W'(X) ¥ IpoaoabHOrO MEPEMENIEHHUS CPe-
JIMHHOM TUIOCKOCTH 3anoJHuTeNs U"(X) MOIydnuM, PEIMB COOTBETCTBYIOIIME CUCTEMbI YPABHEHHI PaBHO-
Becus (3), (4). AHaTUTHYECKUI BUJI PELICHUH 3aBUCHUT OT TUIA YIIPYTOro OCHOBAHHMS.

Jnst mepBoro u Tpetbero ydactkoB (N =1, 1) Ha ynpyrom ocHOBaHMU CpeIHE KECTKOCTH BBIpaXKe-
HUe Juisi poruda uMeeT Buj

w" (x) = C{ sh(A1x) + C7 ch(A1x) + C3 sh(A3x) + C, ch(A5x) + Cg' sh(A3x) + Cg ch(A5x) +wy. (6)
Jlnst Broporo y4actka (n = I1), He cBS3aHHOTO ¢ YIPYTHM OCHOBAaHHUEM,

w"(x) =C/ (ocf7bl”1x+ocf8x3/6) +C2bf, ch(B3x) + CIby, sh(B3X) +Cix* 12+ CIx+CJ + 95 (x). (7)

B oipaxennsx (6), (7) Cf, ..., C§ — koucrantel nnrerpuposanus, Wp(X) 2%(a0X+bo) — YacTHOe

pellenne, COOTBETCTBYIONIEE NMHETHOM Harpyske (1), koabdummentsr b, of, B u dynximsa 93 (X) BbI-
paxkaroTcs gepes mapamerpsl ;' (5).

Jyis ompeneneHusi KOHCTAHT WHTETPUPOBAHHUS HEOOXOAMMO YYECTh I'DAHUYHBIC YCIOBUS M YCIOBHS
COTIPSKEHHSI YIaCTKOB IPYT C IpyroM. | paHrYHBIE YCIOBHS HA TOPLAX M YCIOBUS CONPSDKEHHS HA TPAHU-
[1aX Y9aCTKOB TO3BOJISIOT COCTAaBUTH CHCTEMY 24-IMHEHHBIX anreOpandecKuX ypaBHEHHH IS ompesere-
HUS KOHCTAHT UHTETPUPOBAHUS.

OObeIMHEHNEM PEIeHUH [T OTACTBHBIX YYaCTKOB MOJMYYalOTCs MePeMEIIeHUs Il BCel TUIACTHHBI.
Bripaxkenue mis mporuda uMeeT BUA

w(x) =w' (9 +[ W () = w' () [Ho (x= )+ w" (0 = w'" () |Ho (x= ;). (8)

B Beipakenuu (8) Ho — dynkuuns XeBucaiina.

Ben cocraBnen kommiekce nporpamm B cpeae MathCad, ¢ moMoIpi0 KOTOPOTo MOTYy4YeHBI YHCIIOBEIE
PE3yNIBTATHI JUII HECKOIBKHUX THIIOB TPEXCIOWHBIX ITAKETOB.

Paboma evinonnena npu ghunancogoii noodepoicke BPODPHU (npoexm T20P-047).
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MECHANICAL RESPONSE OF A STRUCTURAL ELEMENT CONTAINING A HEALING
AGENT: FINITE ELEMENT MODELING

T. ZHELYAZOV
Technical University of Sofi, Bulgaria

Various types of composites find numerous applications in all fields of industry: aeronautical, automo-
tive, building, etc. Generally, composite materials are a viable technical solution because they are light-
weight, and, at the same time, they possess high strength. Also, they are resistant to corrosion, chemical
attacks, and high temperature.

This study focuses on the numerical modeling of the structural element made of a cement-based com-
posite containing a healing agent. Presumably, nucleation and propagation of cracks trigger the self-healing
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process. The propagating crack could, for example, intersect the encapsulated components of the healing

agent, provoking thus their interaction and subsequent hardening of the healing substance. As a result, the
structural element might regain partially its initial stiffness and load-carrying capacity.

A damage mechanics-based approach is chosen to simulate the strain-softening behavior of the cement-

based composite, specifically, elasticity coupled with damage,

v v

% = vy (i—av) - D)+

where o;; — are the components of the stress tensor, ¢;— the components of the strain tensor, v - is the
Poisson’s ratio, E — the Yong’s modulus, and D — the damage variable. The damage variable that affects
the material properties of the cement-based composite is defined as follows,

D= f(Ci ). )

In equation (2), C; are model constants that should be identified based on experimental data, and the
equivalent strain is calculated based on the positive principal strains [1]

3

Eeqv =4/ 2 (1) @3)

E(1-D)g,. (1)

as the McAuley brackets are classically defined,
1
(&)= E(Si +[ei])- (4)

The developed customized numerical procedure integrates the constitutive relationship that models the
strain-softening response of the cement-based composite into a general-purpose finite element code. For each
increment of the applied load (within the force-controlled or displacement controlled simulation), the stress and
the strain distribution within the structural element are obtained by nonlinear finite element analysis. The dam-
age variable is calculated based on the obtained stress and strain distributions. For the subsequent analysis, ma-
terial properties of the finite elements affected by damage are modified, taking into account the accumulated
mechanical damage modeling thus the strain-softening behavior of the cement-based composite (Figure 1).

Finite elements, in which critical damage is detected, are deactivated. In this way, zones of zero rigidity
form in the structural element, modeling thus the crack initiation and propagation.

Under the assumption that the self-healing effect is triggered if a specific width of the initiated crack is
reached, the healing of the newly-formed cracks is modeled through the homogenization of the system ‘cement-
Force-Deflection based composite — hardened healing agent'.

The next steps in this ongoing study are sum-
marized as follows:

— definition of a constitutive relationship capa-
ble to account for the potential regain in the stiff-
ness of the cement-based composites resulting
from the possible crack reclosures in repetitive

6 loading paths (hysteresis cycles);
4 — calibration of the strain-softening constitu-
2 tive relation, based on experimental data obtained
0 Displacement (mm) in characterization tests, such as compression tests
0 0,03 0.1 0,15 or tension (by flexure) tests performed on small-
Figure 1 — ‘Force — mid-span deflection’ relationship obtained scale specimens made of cement-based composite;
by finite element analysis: simulation of a displacement- — validation of the proposed model (integrated
controlled quasi-static four-point bending test into a general-purpose finite element code) through

comparison with benchmark examples (experimental studies) found in the literature;

— definition of dependency (for practical use) between the crack width, the accumulated damage, eval-

uated trough the damage variable, and the effects of various types of healing agents.
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