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Introduction

Topicality of the problem

From the constructional point of view, buildings and structures at fire have
to carry mechanical loadings and thus provide safe people evacuation (rescue)
and safe firemen work. Analysis of structures due to mechanical loading and
high temperature is a very complex problem. High temperatures have a very
significant adverse effect on thermo-mechanical properties of materials.
Hiconcrete and steel, the bond and causes strains and deflections. Load bearing
capacity of structure decreases in and in critical ways it may fail.

A constitutive model, called the Flexural, aiming at deformation analysis
of bending reinforced concrete members, has been developed at Vilnius
Gediminas Technical University. The Flexural model assures higher accuracy
of deflection predictions in comparison to the design code methods. An
efficient combination of accuracy and simplicity has been achieved in the
Flexural model. This allowed to incorporate it into a simple engineering
technique based on classical principles of strength of materials extended to
layered approach and use of full material diagrams. In this study, Flexural
layered model has been applied to perform stress and strain analysis of flexural
RC members subjected to high temperature, taking into account non-linear
physical and thermo-mechanical materials properties.

Research object

The object of present study is stress-strain analysis of reinforced concrete
members subjected to elevated temperatures. This object has been investigated
at macrolevel.

Main objective and tasks

Based on the Flexural layer model, to propose a technique for stress and
strain analysis of flexural RC members subjected to high temperature, taking
into account non-linear thermo-mechanical material properties.

In order to achieve this objective, the following problems had to be solved:

1. To perform analysis of various models which characterise thermal
properties of concrete and reinforcement (thermal conductivity, thermal
capacity).

2. To perform analysis of various models which characterise physical and
mechanical parameters of the materials (tensile and compressive strength of,
modulus of elasticity, thermal strain, stress-strain diagram of concrete and
reinforcement and transient creep strain and ultimate strain for concrete).



3. Based on the flexural layered model, to develop an algorithm for stress-
strain analysis of reinforced concrete members subjected to high temperatures
and mechanical loadings.

4. Based on variable thermal properties of concrete and reinforcement, to
assess numerically temperature distribution across the section of the member.

5. To compare numerically (calculated using FE package ATENA and
Flexural layered model) and experimentally obtained deflections and failure
time of RC slabs reported in literature.

Research methods
This thesis uses experimental, analytical, statistical and numerical research
methods.

Scientific novelty

1. The Flexural layer model has been applied for the stress and strain
analysis of flexural RC members subjected to high temperature, taking into
account non-linear physical and thermo-mechanical materials properties.
Theses problems can be solved by the proposed method: 1) to calculate time,
which mechanically loaded reinforced concrete structure able to withstand
thermal effect; 2) to determine stress-strain state and load bearing capacity of
reinforced concrete structure subjected to fire.

2. Comparison of different material models characterising thermal,
physical and mechanical properties of concrete and steel reinforcement has
been carried out.

Practical value

The proposed algorithm, based on the Flexural layered model, can assess
the stress-strain state, load bearing capacity and failure time of reinforced
concrete members. This algorithm is very effective in terms of computer
resources, i. €. the calculation time decreases hundreds of time in comparison to
standard non-linear finite element programs (MSC.MARC, DIANA, ATENA).

Basic statements to be defended

1. The proposed algorithm, based on the Flexural layered model, can
accurately assess the stress-strain state, load bearing capacity and failure time of
reinforced concrete members.

2. The proposed model is simple, universal and computationally effective.

The scope of the scientific work

The dissertation consists of introduction, four Chapters, general
conclusions and a list of literature. Eight annexes are supplied in the enclosed
compact disc.



The total scope of dissertation— 118 pages without annexes, 186
expressions, 59 pictures, 6 tables and 146 references.

1. Fire effect. Evaluation principles and methods

This Chapter reviews fire scenarios, basic parameters having thermal effect
on fire resistance of reinforced concrete structures, physical-chemical processes
in concrete under high temperature, temperature propagation in structure, and
thermal material properties at high temperature. Design code and numerical
methods for determining fire resistance of reinforced concrete members are also
reviewed.

It has been concluded that recent fires with fatalities stimulate new
investigation wave for providing fire resistance in reinforced concrete structures
subjected to high temperature. Analytical and numerical methods are widely
used for analysis of fire resistance in reinforced concrete structures. However,
advanced finite element methods based on non-linear material models are
highly expensive in terms of the computational time. Therefore, their
application is limited to simple cases.

Based on these conclusions, this main objective has been set: based on the
Flexural layer model, to propose a technique for stress and strain analysis of
flexural RC members subjected to high temperature, taking into account non-
linear thermo-mechanical material properties.

2. Physical-mechanical material models and their analysis

This Chapter reviews physical and mechanical models of concrete and
steel at high temperatures. Stress-strain diagram, strength in compression and
tension, modulus of elasticity, the peak strain (corresponding to the peak stress),
and transient creep strain have been discussed for concrete. Such basic
characteristics as modulus of elasticity, yielding strength and stress-strain
diagram have been discussed regarding reinforcement behaviour under fire.
Bond strength between concrete and reinforcement has been also discussed.
Comparison of the theoretical models with the test data reported in the literature
has been performed.

The analysis has shown that: 1) until now it has not been proposed a
universal thermal and physical-mechanical models for concrete. Due to limited
experimental and theoretical investigation of behaviour of reinforced concrete
members, the material models are not accurate. 2) Compressive strength of
concrete is not a sufficient parameter characterising thermal, physical and
mechanical properties of concrete at elevated temperatures. 3) Most physical
and thermo-mechanical parameters are most accurately characterized by the
Eurocode (LST EN 1992-1-2:2005).



3. Flexural layered model for RC members subjected to elevated
temperatures

Flexural layered model for RC members subjected to elevated temperatures is
based on the following assumption and approaches:

1) Smeared crack approach, i. e. average stresses and strains are used.

2) Linear distribution of strain within the depth of the section, i. e. the
Berrnulli Hypothesis is adopted.

3) Perfect bond between concrete and reinforcement is assumed;
reinforcement slippage occurring at advanced stress-strain states is included
into stress-strain diagram of tensile concrete.

4) Temperature is increasing, i. e. the cooling-down stage is not
considered.

5) Thermal strain as well as transient creep strain are assessed as
equivalent axial forces and bending moments.

Behaviour of compressive concrete and reinforcement is modelled
according to Eurocode (LST EN 1992-1-2:2005). Behaviour of tensile concrete
is modelled by the bilinear stress-strain relationship shown in Fig. 1. with
tensile strength and modulus of elasticity taken from Eurocode (LST EN 1992-
1-2:2005). As proposed by G. Kaklauskas, the descending branch of the
diagram is characterized by the ultimate strain €., :

Ect :(32,8—27,6p+7,12p2)%, (1)

c
where f., —tensile strength of concrete; E. —modulus of elasticity of
concrete; p — reinforcement percentage.
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Fig. 1. Stress-strain relationship for cracked tensile concrete



A cross-section as shown in Fig. 2 a and b is divided into a number of
horizontal layers corresponding to either concrete or reinforcement.
Temperature gradient (Fig. 2 ¢) within the section was determined in the using
the approaches and assumptions of heat transfer theory. In this study, finite
element software ATENA was used for determining temperature fields of the
member. Nonlinear distribution of high temperatures was replaced by
equivalent axial force and bending moment.

&1(0) 10
- Self:
e -

N Actual strain :(0) e
€,(0) 1 equilibrating
x(0) ] Free strain | stresses
e, (9) ﬂiﬂ_@)%

@ ao<e) 50(6)

Fig. 2. Stress and strain caused by non-linear temperature gradient (Geda et al. 2007):
a) cross-section; b) layered section; c¢) temperature gradient; d) distribution of strain;
e) distribution of stress across the section

Variable mechanical and physical properties of every layer can be
evaluated in the analysis duo to loading and temperature effect. Cross-section of
reinforced concrete members is replaced by transformed concrete sections. This
is performed by multiplying area of i-th layer by ratio of modulus of elasticity

Z_?,- (6,e5)/ E.(20°C) , where Z_?,-(G, €,) — the secant modulus of elasticity of i-
th layer, E.(20°C) —modulus of elasticity of concrete at normal temperature.
Geometrical characteristics of transformed cross-section (area 4..;, first
moment S¢ .5 and second moment /. . ) determined about the top edge of the

section.
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where n is the total number of layer; b; and # is the width and thickness of
the i-th layer; y; is the distance of i-th layer from the top.
Concrete total strain can be expressed as follows:

8tot(Tsc) = SG(Ta G) + 8th(Tso) + 8ttc(Tsc) P (3)

where &5(7,0) —strain caused by stress; g€4(7,0) —thermal strain and
€4.(T,0) — strain due to short-term thermal creep.
Strain induced by temperature in the i-th layer can be expressed as follows:

€m,i(0) = o;A0; , 4

where o; — coefficient of thermal expansion of i-th layer according LST EN
1992-1-2:2005; AB; — increment of temperature in this layer.
Transient creep strain for tensile concrete layers is neglected. Thermal

creep strain for compressive concrete layers can be expressed according to
Anderberg and Thelandersson:

euci(T,0) = ~24,; (0)B i/ 1:(20°C), )

where [ —material coefficient in the range: 1,8 —2,35; ©; —compressive
concrete stress in the i-th layer; f.(20°C) — compressive concrete strength at

normal condition. Short-term thermal creep strain &, is taken negative. If
strain is restrained, then thermal creep strain redistribute into internal stresses of
the element.

In general, temperature distribution at fire across the element depth is non-
uniformal. Besides physical and mechanical properties of layers vary. Free
extension and shrinkage of every layer is limited by adjacent layer, therefore
bending stresses (Fig. 2 e) arise in the element cross-section duo to layer mutual
interaction.

Influence of strains €,,;(0) and &4 ;(T,c) on the stress-strain state of RC

member can be evaluated by adding equivalent axial forces ANy, and ANy (6)
and bending moments AM,, and AM,. (7). Equivalent axial forces AN, and
ANy, can be determined by summing stresses Acy, and Aoy, :
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ANy, = IAG,hdA = JS,},E(O)G’A = Za,h,if,-(e, SG)b,'f,',
i-1
(6)

ANy = J.Acttch = J.gttci(e)dA = zgttc,iE(ea €5 )bit;.
i=1

where A. .5 = IdA — area of transformed section.

Equivalent bending moments AMy, and AM,. can be determined using
following formulas:

n

AMy;, = IAG,hydA = Iszhf(e)ydA = eniEi(0.20)bitiyi,
i=1
)

AMy. = J.ActtcydA = J.gttci(e)ydA = thtc,iE(ea €5)bit;yi.
i=1
where S . = IydA — first moment of transformed area about the top edge of

the section.
The above equivalent forces are added to the external forces.

N =ANgy + ANy, + ANy, )

M =M,y +AMy +AM ., )

where M., is the bending moment due to short-term loading.
Top fibre strain € (0) and curvature x(0) for the cross-section under
consideration can be expressed as follows:

€(0)=-

[C’ eﬁ'N + SC’ gﬁ'M
Ec(20°C) (Ao Le,op = Se.ef)

(10)

Sc,effN + Ac’ eﬁ'M
EeQ0°C)(Ae.apLe. e = S2.ef )

K (0)= (11)

Total strain at any point of the section below the top surface is defined in
terms of the top fibre strain €;(0) and the curvature k(0):

11



€rori (0) =21(0)+ ik (0). (12)
Strain caused by stress from expression (3) can be determined as follows:
€6, (8,0)= Erot,i (8,0)— Sth,i(Ts 0)- Sttc,i(Ts o). (13)

€uc;(T,0) — for reinforcement and tensile concrete layers is equal to zero.
Then stresses at every i-th layer is calculated by the following formula:

6:(8) = £,:(6,0)Ei (6,&5). (14)

A computer program has been developed for assessing average stress-
strain state at any point of a member as well as for calculation of curvatures and
deflections. The computation is performed in iterations by the following steps:

In the first iteration, linear materials properties are assumed both for
concrete and steel layers taking into account temperature effects.

1. Geometrical characteristics are calculated for the transformed cross-
section by (2).

2. Equivalent axial forcesANy, ANy and equivalent bending
moments AMy, , AMy, are calculated by expressions (6) and (7). In the first
iteration forces AN,. and AM,.are equal to zero. Total axial force N; and

bending moment M; duo to thermal and mechanical loading are calculated by
(8) and (9).

3. Top fibre strain and curvature are calculated by (10) and (11).

4. Total strain &, ,;(0) is calculated for each layer by (12).

5. For the assumed material models of steel and concrete, stresses at every
i-th layer is obtained by (14). Secant deformation modulus is determined as

Ei(8,66) = 0(8)/£4,(6,0) .
6. Ei(e,ﬁc) values obtained for every layer are compared with the

previously assumed or computed ones. If the agreement is not within the
assumed errors limits, a new iteration is started from step 2.

After deformation modulus E(e, € ) converges for all the layers, final

values of strains, stresses and curvatures are assessed. For deflection calculation
which is performed by Mohr’s integral technique, analogous computations are
carried out for other sections of the member.

12



4. Comparison of analysis results with test data of RC slabs

This Chapter presents deformational analysis results, obtained by the
Flexural layered model and finite element package ATENA, with the test data
of reinforced concrete slabs reported in the literature. The analysis employed
experimental data of six reinforced concrete slabs (produced from normal

strength concrete)

subjected to elevated temperature were used. The

experimental specimens were produced and tested in Cardington, the Great

Britain, at the Building Research Centre.

Main slab parameters are presented in Fig. 3 and Table 1.

(2)

(d) 1-1

10x @8, 4. = 504 mm*

150

o S S o

o

o = o— 0= : o

925

)

25

1-1

o

6xD8, A. =302,4 mm>
7 v

c—oal

925

25
250
7

)

Fig. 3. Cross section and loading scheme of slabs: a) non-loaded slabs P1, P3, P5, P10;
b) loaded slabs P2, P6; c) general scheme of experimental slabs; d) slabs P1, P2, P3;
e) slabs P5, P6, P10

Table 1. Material characteristics

Temperature
Parameters Value dependence
(Yes/No)

/. | Compressive strength, MPa 24,0 Yes
f; | Tensile strength, MPa 1,9 Yes
E. |Modulus of elasticity, GPa 31 Yes
Gy | Fracture energy in tension, MN/m 4,5 x10° Yes
4 | Poison coefficient 0,2 i No
a, |Coefficient of thermal expansion 1,2x10 ’ (OC) Yes
Volumetric weight of cement, MN/m’ 0,66 No
W/C | Water/cement ratio 0,5 No
Humidity constant 0,9728 No
A. | Thermal conductivity, W/m °C 1,333 Yes
C, | Thermal capacity, J/m*°C 2,07 x 10° Yes

13



Temperature
Reinforcement parameters Value influence
(Yes/No)
S Yield strength, MPa 460 Yes
E; Modulus of elasticity, GPa 210 : Yes
a Coefficient of thermal expansion 1,2x10 ’ (OC) No

Slabs were simply supported and were nominally 4,7 m long (span 4,5 m)
and 0,925 m wide. The slab area (4,0m length and 0,9 m width) was subjected
to one of the two fire modes (standard fire curve and Norwegian petroleum fire
curve). The slabs had a rectangular cross-section with the depth of 150 or 250
mm (Fig. 3 d), e).

Concrete was produced from siliceous aggregate (20 mm silicon gravel)
with natural sand (volumetric weight 2400 kg/m®). All the slabs had the same
material properties: f, =24 MPa as concrete compressive strength; f, = 1,9 MPa
as concrete tensile strength; E. = 31,5 GPa as modulus of elasticity of concrete;
E;=210 GPa as modulus of elasticity of reinforcement; f;, =460 MPa as
yielding strength reinforcement. Humidity of concrete across the slab depth
varied from 3,5% till 4,5% (taking by the weight). These parameters varied for
the test slabs: the depth, external loading (0 or uniformly distributed 1,5
kN/m?), reinforcement percentage and the fire curve. Fig. 4 illustrates
temperature distribution across the depth of slab modelled by finite element
package ATENA.

160 7= Depth, mm P-3 160 7~ Depth, mm
— — - Atena 30 min
120 120 4
100 100
80 20 4
60 60
40 40 7
20 1

Experimental 60 min

— — - Atena 60 min

-~ 20 6,°C

T ; =— 0,°C| 0 T T T T |

0 200 400 600 800 1000 120C 0 200 400 600 800 1000 1200

a) b)

Fig. 4. Comparison of experimental and numerical thermal distribution across the depth
of slab P3: a) heating time 30 min; b) heating time 60 min
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The slab mid-section deflections were calculated by FE software ATENA
and Flexural layered model. Comparison of experimental and numerically
obtained mid-section deflections with heating time is illustrated in Figs. 5-7.

300, Deflection, mm P-1 400 Deflection, mm| P-2
| Experimental 350 7 Experimental
250 — — — Atena 3004~~~ Atena
—O— Layer model _de —O— Layer model
200 4 - 250 4 -
-
150 200 -
150 A
100 A
100 A
507 50 4
Time, min
0 T T Time, min 0 T T T
0 50 100 150 0 50 100 150
a) b)

Fig. 5. Comparison of experimental and numerical mid-section deflection of slabs with
heating time: a) P1; b) P2

350 peflection, mm P-3|

P-5

180 | Deflection, mm

300 Experimental
250 1 -
200
150
100

50 1

Time, min|
150

a) b)
Fig. 6. Comparison of experimental and numerical mid-section deflection of slabs with
heating time: a) P3; b) P5

180 |Deflection, mm P-6 250 1
160 perimental
Atena
140 1| —o— Layer model B 200 4
120 -
100 1501
80
100
60
40 1 50 4
20 1
0 T T Time, min| 0 Time, min
0 50 100 150 0 50 100 150
a) b)

Fig. 7. Comparison of experimental and numerical mid-section deflection of slabs with
heating time: a) P6; b) P10
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Despite of the difference between the numerically calculated and
experimentally obtained thermal fields (Fig. 4), satisfactory agreement has been
obtained for deflections as well as failure time of RC slabs. The deflections due
to temperature may exceed the deflections due to mechanical loading by more
than 10 times.

General conclusions and results

1. The literature review has shown that the behaviour of reinforced
concrete structures at elevated temperatures is very complex. With rising
temperature, thermal, physical and mechanical properties of concrete and
reinforcement significantly change. In most practical cases, simplified
analytical-empirical methods are employed for the analysis of reinforced
concrete exposed to high temperature or accidental fire. However, such
methods are not capable to assess adequately the stress-strain state of RC
members under elevated temperatures and mechanical loading. On the other
hand, advanced finite element (FE) methods based on universal principles can
include all possible non-linear effects due to high temperatures. However, such
methods are highly demanding in terms of the computational recourses.
Besides, the constitutive laws taking into account the high temperature effects
are not accurate enough.

2. The analysis performed by the author has shown that no universal
material models (neither thermal nor physical-mechanical) have been proposed
so far. Lack of experimental and theoretical investigations on behaviour of
reinforced concrete members under high temperatures, hamper development of
the constitutive laws. Compressive strength does serve as a sufficient parameter
to characterise thermal, physical and mechanical properties of concrete at
elevated temperatures.

3. A comparative analysis with test data has shown that most physical-
mechanical characteristics (such as tensile and compressive strength and stress-
strain diagram of concrete and yield strength and thermal strain of steel) are
most accurately predicted by the Eurocode (LST EN 1992-1-2:2005).

4. Some characteristics of concrete were best predicted by other models:
modulus of elasticity by J. Xiao ir G. Konig, strain corresponding to maximal
stress by A. Khennane ir G. Baker, limit strain by M. J. Terro, transient creep
strain by Y. Anderberg ir S. Thelandersson.

5. The Flexural layered model has been applied to perform stress and
strain analysis of flexural RC members subjected to high temperature, taking
into account non-linear physical and thermo-mechanical material properties.
Flexural layered model can assess the stress-strain state, load carrying capacity
and failure time of reinforced concrete members. This model is simple and

16



versatile. Its simplicity is due to use of classical formulas of mechanics of
materials. Application of a uniform model in the short- and long-term analysis
(including shrinkage and creep) for both non-prestressed and prestressed RC
members under normal and high temperatures characterises the versatility of the
model.

6. The proposed algorithm is very effective in terms of computer
resources, i. €. the calculation time decreases hundreds of times (from hours to
few seconds) in comparison to standard non-linear finite element programs.

7. Comparison of the results of the numerical analysis performed by the
layer model and FE software ATENA with the test data (reported in the
literature) of RC slabs has shown satisfactory agreement. On average,
disagreement was 17 and 16% for the failure time and deflections calculated by
the layer model. The corresponding numbers for the ATENA analysis were 11
and 5%.
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AUKSTA TEMPERATURA VEIKIAMU GELZBETONINIU
ELEMENTU SLUOKSNIU MODELIS

Mokslo problemos aktualumas

Konstrukciniu poziiiriu pastatai ir statiniai gaisro metu turi tam tikra laika
atlaikyti mechanines apkrovas ir taip uZztikrinti saugia zmoniy evakuacija
(gelbéjima) bei sauguy ugniagesiy darba. Mechaniniy apkrovy bei auksty
temperatiiry veikiamy konstrukciju analizé yra sudétingas uZzdavinys.
Skai¢iavimo algoritme turi biiti nustatytas auksty temperatiiry kitimas laike bei
temperatiiry jtaka medziagy Siluminéms ir mechaninéms savybéms. Aukstos
temperatiiros poveikis gelzbetoninéms konstrukcijoms sukelia struktfirinius
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medziagos fizikiniy ir mechaniniy savybiy pokyc¢ius, todél mazéja betono ir
armatiiros stiprumo rodikliai, blogéja ju sukibimas, atsiranda plySiai, didéja
deformacijos ir jlinkiai. Tai lemia konstrukcijy laikanciosios galios sumazéjima,
o kritiniais atvejais — ir konstrukcijy suirima.

Prof. habil. dr. G. Kaklausko sukurtas integralinis gelzbetoniniy elementy
sluoksniy modelis, kuriuo lenkiamyju gelzbetoniniu elementy jlinkiai
apskaiCiuojami tiksliau nei normu ir skaitiniais metodais. Integraliniame
modelyje pasiektas racionalus paprastumo ir tikslumo aspekty derinys leido ji
panaudoti nesudétingame algoritme, kuriame taikomas sluoksniy modelis,
medziagy atsparumo formulés bei pilnosios medziagy diagramos. Siame darbe
integralinis sluoksniy modelis pritaikytas auksSta temperatlira ir mechanine
apkrova veikiamy gelzbetoniniy elementy itempiy ir deformacijy bilisenos
analizei atlikti.

Tyrimo objektas

Darbe nagrin¢jama auksta temperatitira veikiamy lenkiamuyjy gelzbetoniniy
elementy jtempiy ir deformaciju analizés problema. Objektas tiriamas
makrolygiu.

Darbo tikslas ir uZdaviniai

Remiantis integraliniu sluoksniy modeliu, pasitlyti aukSta temperatlira
veikiamy gelzbetoniniy elementy itempiy ir deformacijy apskai¢iavimo metoda,
ivertinant netiesines Silumines, fizikines ir mechanines medziagy savybes.
Darbo tikslui pasiekti sprendziami $ie uzdaviniai:

1. Atlikti skirtingy modeliy, apibidinanciy betono ir armattros Silumines
charakteristikas (Silumos laidumas, Siluminé talpa), analizg.

2. Atlikti analiz¢ modeliy, apiblidinan¢iy medziagy fizikines ir
mechanines charakteristikas (betono ir armatliros tempiamasis ir gniuzdomasis
stipris, tamprumo modulis, temperatiiriné deformacija, jtempiu ir deformaciju
diagrama ir betono trumpalaiké temperatiiriné valkSnumo bei ribiné
deformacija).

3. Sukurti gelzbetoniniy elementy, veikiamy auksStos temperatiiros ir
mechaninés apkrovos, itempiy ir deformacijy skai¢iavimo sluoksniy metodu
algoritma.

4. Tvertinant kintamas armatiiros ir betono Silumines savybes, skaitiSkai
nustatyti temperatiiros pasiskirstyma gelzbetoninio elemento skerspjiivyje.

5. Surinkus mokslinéje literatliroje paskelbty lenkiamujy gelzbetoniniy
ploks¢iy duomenis, palyginti sluoksniy modeliu ir baigtiniy elementy metodu
apskaiCiuotus ir eksperimentinius jlinkius bei suirimo laika.
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Tyrimy metodika

Darbe taikyti eksperimentiniai, analitiniai, statistiniai ir skaitiniai metodai.

Mokslinis naujumas ir jo reikimé

1. Integralinis  sluoksniy modelis pritaikytas auksSta temperatiira

veikiamy gelzbetoniniy elementy jtempiy ir deformaciju analizei atlikti,
ivertinant netiesines S$ilumines, fizikines ir mechanines medziagy savybes.
Naudojant sukurta modelj galima spresti dvejopus uzdavinius: 1) apskai¢iuoti
laika, kurj mechaniSkai apkrauta gelzbetonine konstrukcija sugeba prieSintis
gaisro poveikiui; 2) nustatyti gelzbetoninés konstrukcijos, veikiamos gaisro,
itempiy ir deformacijy biivi bei laikomaja galia.

2. Atlikta skirtingy modeliy, apibidinan¢iy betono ir armatdiros Silumines,
fizikines ir mechanines charakteristikas, analizé.

Darbo rezultaty praktiné reikSmé

Pasitilytasis algoritmas, paremtas sluoksniy modeliu, leidzia pakankamai
tiksliai apskaiCiuoti gelzbetoniniy elementy, veikiamy auks$ta temperatira,
itempiy ir deformacijy bivi, laikymo galia bei suirimo laika. Sis algoritmas yra
labai efektyvus kompiuteriniy istekliy prasme, kai skai¢iavimo laikas sumazéja
Simtus karty, palyginti su standartinémis netiesinémis baigtiniy elementy
programomis (MSC.MARC, DIANA, ATENA).

Ginamieji teiginiai

1. Pasiiilytasis  algoritmas, paremtas sluoksniy modeliu, leidzia
pakankamai tiksliai apskai€iuoti gelzbetoniniy elementy, veikiamy aukSta
temperatiira, jtempiy ir deformaciju biivi, laikymo galig bei suirimo laika.

2. Pasililytasis modelis yra pakankamai paprastas, universalus ir efektyvus
kompiuteriniy iStekliy prasme.

Disertacijos struktiira

Disertacija sudaro jvadas, keturi skyriai, darbo pabaigoje pateikiami
pagrindiniai darbo rezultatai ir iSvados, literatliros sarasas ir autoriaus
publikacijos disertacijos tema. Taip pat yra astuoni priedai.

Darbo apimtis yra 118 puslapiy, be priedy, tekste panaudotos 183
numeruotos formulés, 55 paveikslai ir 6 lentelés. Rasant disertacija buvo
panaudoti 145 literatiiros Saltiniai.

[vadiniame skyriuje nagriné¢jamas problemos aktualumas, formuluojamas
darbo tikslas bei uzdaviniai, apraSomas mokslinis darbo naujumas, pristatomi
autoriaus pranesSimai ir publikacijos, disertacijos struktiira. Pirmasis skyrius
skirtas literatliros apZzvalgai. Antrajame skyriuje pateikta medziagy modeliy
analizé. TreCiajame skyriuje aprasytas pasiiilytas auksta temperatiira veikiamy

20



gelzbetoniniy elementy sluoksniy modelis. Pateiktas skaitinis modelio taikymo
pavyzdys. Ketvirtajame skyriuje pateikta eksperimentiniy bei sluoksniy ir
baigtiniy elementy metodais apskaiCiuoty gelzbetoniniu plokséiu jlinkiy ir
suirimo laiko palyginimas.

Pagrindiniai darbo rezultatai ir i§vados

1. Apibendrinus mokslinés literatiiros analizés rezultatus, galima teigti,
kad: gelzbetoniniy konstrukcijy elgsena gaisro metu yra labai sudétinga, nes
kintant temperatirai, labai zymiai keiCiasi betono ir armatiiros Siluminés,
fizikinés ir mechaninés savybés. Praktikoje dazniausiai taikomi supaprastinti
analiziniai-empiriniai metodai netiksliai jvertina sudétingg itempiy ir
deformacijuy biivi. Taikant Siuolaikinius skaitinius (baigtiniy elementy) metodus,
teoriSkai galima jvertinti daugelio svarbiy fizikiniy reiSkiniy jtaka. Deja,
skaitiniam modeliavimui biitinos didelés kompiuterinés sanaudos, o medziagy
modeliai néra pakankamai tikslis.

2. Autoriaus atlikta analizé parodé, kad kol kas néra pasiiilyta universaliy
betono Siluminiy, fizikiniy ir mechaniniy modeliy. Eksperimentiniy ir teoriniy
tyrimy gelzbetonio elgsenos aukstoje temperatiiroje stoka salygoja nemazas
medziagy modeliy paklaidas. Betono gniuzdomasis stipris néra pakankama
charakteristika, apibtidinanti betono Silumines, fizikines ir mechanines savybes
aukstose temperatiirose.

3. Atlikta palyginamoji analizé parodé, kad: dauguma fizikiniy ir
mechaniniy charakteristiky (betono gniuzdomasis ir tempiamasis stipriai,
gniuzdymo jtempiy ir deformacijy diagrama ir plieno takumo riba bei $iluminé
deformacija) tiksliausiai modeliuojama, remiantis LST EN 1992-1-2:2005
nuostatomis.

4. Pradinis betono tamprumo modulis tiksliausiai aprasomas J. Xiao ir
G. Konig modeliu. Betono maksimalius jtempius gniuzdomajame betone
atitinkanti deformacija tiksliausiai aprasoma A.Khennane ir G. Baker,
ribiné deformacija— M. J. Terro, o trumpalaiké temperatiriné valk§numo
deformacija — Y. Anderberg ir S. Thelandersson pasiiilytaisiais modeliais.

5. Integralinis sluoksniy modelis pritaikytas aukSta temperatiira veikiamy
gelzbetoniniy elementy jtempiy ir deformaciju analizei atlikti, jvertinant
netiesines Silumines, fizikines ir mechanines medZiagu savybes. Sukurtuoju
modeliu galima apskai¢iuoti gelzbetoninés konstrukcijos jtempiy ir deformacijuy
bivi, laikymo galig bei suirimo laika. Modelis yra paprastas ir universalus. Jo
paprastumo salyga — tai klasikiniy medziagy atsparumo formuliy taikymas, o
sudetingi fizikiniai reiSkiniai, sukeliantys armatiiros ir betono temperatiirines
deformacijas ir betono trumpalaik¢ temperatliring valkSnumo deformacija,
ivertinami ekvivalentinémis jraZomis: asine jéga ir lenkimo momentu.
Universalumo savybé yra ta, kad vienodas algoritmas gali biti taikomas
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paprastojo ir jtemptojo gelzbetonio elementams, trumpalaikéms ir ilgalaikéms
deformacijoms apskaiiuoti (jvertinant susitraukima bei valk§numa) bei esant
temperatiiriniams poveikiams.

6. Naudojant pasiiillytag algoritma skai¢iavimo laikas sutrumpéja Simtus
karty (nuo keliy valandy iki keliu sekundziy), palyginti su standartinémis
netiesinémis baigtiniy elementy programomis (MSC.MARC, DIANA,
ATENA), todé¢l sutaupomi kompiuteriniai istekliai.

7. Sluoksniy modeliu ir baigtiniy elementy programa ATENA
sumodeliavus literatliroje apraSyty eksperimentiniy gelzbetoniniy ploksciy,
paveikty aukSta temperatiira, elgsena, gautas pakankamas apskaiCiuoty ir
eksperimentiniy rezultaty sutapimas. Sluoksniy modeliui gautos vidutinés 17 ir
16% paklaidos, apskai¢iuojant ploks¢iy suirimo laika ir {linkius. Skai¢iuojant
baigtiniy elementy programa ATENA, gautos atitinkamai 11 ir 5% paklaidos.

Trumpos Zinios apie autoriy. Edgaras Geda gimé 1976 m. birzelio 22 d.
Lazdijuose. 1998 m. jgijo gaisrinés inzinerijos bakalauro laipsni Vilniaus
Gedimino technikos universiteto Statybos inZinerijos fakultete. 2000 m. igijo
Statybos inzinerijos mokslo magistro laipsnj Vilniaus Gedimino technikos
universiteto Statybos inzinerijos fakultete. 2002—-2007 m. Vilniaus Gedimino
technikos universiteto doktorantas. Nuo 1997 m. dirba PrieSgaisrinés apsaugos
ir gelbéjimo departamente prie Vidaus reikaly ministerijos, atsakingas uz gaisro
rizikos normavima.
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