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OCVRSCAVANJE MEKE STIJENE NAKON DUGOTRAJNOG PRITISKA |
OMEKSANJE POD DEJSTVOM CIKLUCNOG OPTERECENJA

SOFT ROCK HARDENING AFTER THE LONG-TERM COMPRESSION AND
SOFTENING AFTER CYCLIC LOAD

Zvonko TOMANOVIC

1 uUvoD

Najveéi broj istrazivanja vezanih za ponaSanje
stijene pod dugotrajnim optere¢enjem pri sobnim
temperaturama izvedeno je na uzorcima kamene soli
(Wallner, 1983; Cristescu, 1988; Doring and Kiehl 1996;
Cristescu & Hunsche, 1998; Keihl and Reim, 1998).
Postoji daleko maniji broj publikovanih eksperimentalnih
rezultata dobijenih na laporcu ili sliénim stijenama koje
karakteriSu zna€ajne deformacije puzanja (Kharchafi and
Descoedres, 1995; Bergues i drugi, 1998; Tomanovi¢,
2007). Ovakvi stijenski materijali prestvaljaju realnu
radnu sredinu pri izvodenju velikog broja podzemnih
objekata. Odredivanje materijalnih karakteristika meke
stijene od izuzetne je vaznosti u mehanici stijena, i igra
jednu od esencijalnih uloga u karakterizaciji ponaSanja
mekih stijena i njihovog numeri¢kog modeliranja.

U cilju formulisanja reoloSkog modela meke stijene,
izvedeni su testovi puzanja na uzorcima laporca. Testovi
su izvedeni na jednoaksijalnim, bikasijalnim i triaksialnim
uzorcima u trajanju od 7 dana do jedne godine. Nakon
nanoSenja optereéenja na jednoaksijalne prizmati¢ne
uzorke u trajanju od 6 mjeseci izvrSeno je njihovo raste-
reéenje. Nakon rastereCenja ostavljeno je dovoljno
vremena da se oslobodi najveci dio povratne deforma-
cije i nakon toga je ponovo naneseno opterec¢enje, ali na
veéem nivou napona od prethodnog.

U ovom radu se prezentuju rezultati jednoaksijlani
testova puzanja na prizmati¢énim uzocima dimenzija
15x15x40cm. Uticaj predhodnog dugovremenskog opte-
reéenja u toku testa puzanja je evidentan na veli¢inu
kratkotrajnih deformacija, ali i na dalji tok puzanja tj. na

Zvonko Tomanovi¢
Univerzitet Crne Gore
Gradevinski fakultet
Cetinjski put bb, Podgorica
E-mail: zvonko@ac.me

ORIGINALNI NAUCNI RAD
UDK: 552.1:691.21 = 861

1 INTRODUCTION

Most of research referring to rock behaviour in
conditions of long-term loading at room temperature,
published worldwide so far, have been carried out on the
samples of rock salt (Wallner, 1983; Cristescu, 1988;
Doring and Kiehl 1996; Cristescu & Hunsche, 1998;
Keihl and Reim, 1998). There are very few published
experimental results carried out on marl or similar rocks
characterized by significant creep deformations
(Kharchafi and Descoedres, 1995; Bergues at al, 1998;
Tomanovic, 2007). This kind of material represents a
real environment under which many underground
structures are constructed. The reliable determination of
material properties of soft rocks is of paramount
importance in rock mechanics, as this plays an essential
role in characterising the mechanical behaviour of soft
rocks and numerical modelling of it.

In order to define rheological model of soft rock,
creep tests have been conducted on specimens of marl.
Testing has been carried out on uniaxial, biaxial and
triaxial specimens in duration of 7 days up to one year.
After six months of loading on the uniaxial prismatic
specimen, sample has been unloaded during creep test.
Sufficient time was allowed for relaxation of deforma-
tions, followed by loading but at the higher stress level.

Results of tests on the uniaxial loaded prismatic
specimens with dimensions 15x15x40 cm are presented
in this work. The influence of initial stresses on defor-
mation response of marl is evident at the short-term
loading, but also has influence on further process of creep
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vremenski zavisne deformacije. Rezultati ukazuju da
opterecenje aplicirano u toku dugog vremenskog perioda
i veéi naponski nivo imaju veéi uticaj na oévr§¢avanje
materijala.

2 TOK I REZULTATI TESTOVA NA LAPORCU

Predmet istrazivanja su naponsko-deformacijsko
ponaSanje stijene oko podzemnog otvora u uslovima
dugotrajnog opterec¢enja. Centralni dio istrazivanja su
zauzela laboratorijska eksperimentalna istrazivanja
puzanja na uzorcima laporca, uzetim iz otvorenog kopa
rudnika uglja u Pljevljima (sjeverni dio Crne Gore), kao
izabrane reprezentativne stijene iz grupe mekih stijena.
Laboratorijski testovi su izvedeni u uslovima kratko-
trajnog i dugotrajnog optereéenja i rastereéenja pri
jednoaksijalnom, biaksijalnom i osno simetricnom
triaksijalnom stanju napona. Finalni cilj je bio definisanje
uticaja naponskog stanja na deformacijsko ponaSanje
testiranog materijala.

Ispitivani laporac prema hemijskom sastavu sadrZi
CaCO3z u granicama 48.10-48.30%, dok je sadrzaj
nerastvornog ostatka (glinovito+kvarc) u granicama
51.03-51.87%. U pogledu mineroloSkog sastava domi-
nantne mineralne faze prestavljaju kalcit (46-48%) i
kvarc (12-13%), dok su u okviru glinovite faze ilit+
smektit, montmorijonit, kaolinit, glaukonit, transformisani
feldspat i liskun. VlaZznost uzoraka se kretala od 8-11%,
a jednoaksijalna €vrsto¢a materijala oko o, =8.8MPa

(Tomanovi¢, 2007) [8].

2.1 Efekti promjene vlage i temperature

Laporac nakon vadenja iz prirodno vlazne sredine,
na sobnoj temperaturi, brzo gubi vlagu. Zbog znac¢ajnog
sadrZaja glinovitih minerala i velike poroznosti gubitak
vlage u uzorcima ima za posledicu skupljanje materijala.
Pri intenzivnom suSenju i viSem stepenu gubitka vlage
skupljanje uzrokuje pojavu pukotina i raspadanje
materijala. Imaju¢i u vidu cilj istrazivanja, bilo je
neophodno deformacije koje se javljaju kao posledica
gubitka vlage svesti na prihvatljiv nivo, kako ne bi imale
uticaj na mehanicke karakteristike materijala.

Sa druge strane, pri testu puzanja, deformacije
skupljanja koje nastaju kao posledica promjene viage
prestavijaju nepoZeljnu pojavu. Radi redukovanja
promjene vlaznosti u toku testa puzanja na uzorak je,
nakon postavljanja mijernih baza (plo€ica), nano$en
tanak sloj parafina. Parafin je zagrijavan do temperature
koja je omogucavala da se na uzorak nanosi ¢etkom,
kako je to prikazano na fotografiji, sl.1. Promjena viage
ovom mjerom je znatno priguSena, a jo§ znacajnije
smanjena je brzina promjene vlage, pa je skupljanje
stijenskog materijala u toku perioda ispitivanja od godinu
dana, svedeno na prihvatljiv nivo. Prafinisani uzorci i
nakon godinu dana od pocCetka testa nijesu pokazivali
makroskopske prsline, Sto se redovno deSavalo sa
nezasticenim uzorcima u mnogo kraéem periodu.
Ovako definisan test, omoguéava da se ukupna
deformacija smatra dominantno posledicom naponske
promjene u materijalu, dok su ostale komponente
ukupne deformacije znatno manje.

deformation i.e. on time dependent deformations.
Overall, the results show that if the load is applied over
longer period of time and the stress intensity is higher,
than there is more significant effects on hardening of
material.

2 PROCESS OF CONDUCTED TESTS OF MARL
CREEP

The subject of this research was stress-strain
(deformation) behaviour of rock around the underground
openings at long-term loading. Central part of research
are the laboratory experiments on creep of the marl
samples, taken from the uncover of the coal mine
“Pljevlja” (north part of Montenegro), as the chosen
representative rock from the group of soft rocks. Labora-
tory tests are carried out under the influence of short-
term and long-term loading and unloading in the condi-
tions of uniaxial, biaxial and triaxial symmetrical stress
state, where the final goal was defining the stress state
influence on deformation behaviour of tested material.

Tested marl according in its chemical contents
contains CaCOsz in limits 48.10-48.30%, while the
contents of insoluble rest (clayey+quartzite) is in limits
51.03-51.87%. Regarding the mineralogical contents,
calcite (46-48%) and quartz (12-13%) represent
dominant mineral phases, while in clayey phase there
are illite and smektite, montmorillonite, kaolinite,
glauconite, transformed feldspar and mica. Moisture of
the sample was from 8-11%, and uniaxial strength of the
material was about o, =8.8MPa (for detals see

Tomanovic, 2007) [8].

2.1. Effects of change of moisture and temperature

After being taken out from the naturally humid
environment, marl loses its moisture very fast in room
temperature. Due to a significant contents of clay
minerals and huge porosity, specimens moisture loss
results in shrinking of the material. At the event of
intensive drying and higher moisture loss, shrinking
causes occurrence of cracks and disintegration of the
material. Having in mind purpose of the research, it was
necessary to reduce deformations which occur as a
consequence of moisture loss to the acceptable level, so
that they do not impact mechanical characteristics of the
material.

On the other hand, during the creeping test,
shrinking deformations which occur as the consequence
of the change of moisture represent the undesirable
phenomenon. In order to reduce change of moisture
during creeping test, a thin layer of paraffin was put on
the specimen after the measuring bases (nodes) were
placed. Paraffin was heated to the temperature which
allowed its application on the specimen by brush as
shown in the photograph, Figure 1. Change of moisture
was significantly suppressed by application of this
measure and what is more important dynamics of
change of moisture was reduced, and shrinking of rock
material during the period of examination which lasted
for a year, was reduced to acceptable level. Paraffined
specimens a year after the beginning of the test did not
show macroscopic cracks, which used to happen
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| pored mjera za minimiziranje promjene vlage, u
toku dugog vremenskog perioda javljaju se odredjene
deformacije skupljanja, a posebno dilatacije uzrokovane
promjenom temperature. Ove deformacije su posebno
mjerene na indenti¢no pripremljenim, ali neoptere¢enim
uzorcima. Mjerenjem deformacija neopterecenih uzoraka
(istovremeno sa testom puzanja) izmjerene su sve
promjene na materijalu koje nisu posledica naponske
promjene. Imajuci u vidu navedeno, rezultati mjerenja
deformacija pri testu puzanja su korigovani za uticaj
promjene temperature i skupljanja uzorka u toku
vremena.

regularly with unprotected specimens in much shorter
period of time. Test, defined in this way, enables that
entire deformation is considered predominantly a
consequence of the stress change in the material, while
other components of the total deformation are
significantly lower.

Apart from the measures for minimizing of change of
moisture, during a long period of time, certain shrinking
deformations occur, particularly strains caused by
change of temperature. These deformations are separa-
tely measured on identically prepared but unloaded
specimens. By measurement of deformations of unloaded

Slika 1. Zastita uzorka parafinom
Figure 1. Protection of specimens by paraffin

2.2 Rezultati testova provedenih u uslovima
kratkotrajnog opterecenja

Testove provedene u uslovima kratkotrajnog
optereCivanja generalno karakteriSe kratko vrijeme
trajanja testa (nekoliko minuta do nekoliko sati, rede
duze) pri ¢emu su deformacije uzorka — materijala, koji
se testira, dominantno posledica naponske promjene.
Zbog toga trajanje nano$enja opterecenja, odnosno
brzina opterecivanja, treba da bude dovoljno velika da
se u analizi mogu zanemariti inercijalne sile, a sa druge
strane trajanje nano$enja optere¢enja mora biti dovoljno
kratko da se u toku testa ne razviju vremenski zavisne
deformacije ispitivanog materijala.

Ukupna deformacija stijene, kao Sto je laporac, moze
biti indukovana promjenom napona i temperature,
promjenom vlage, vremenski zavisnim deformacija i td,
pa ovako definisan test, u uslovima kratkotrajnog
opterec¢enja, omogucava da se ukupna deformacija
smatra dominantno posledicom naponske promjene u
materijalu, dok su ostale komponente ukupne deforma-
cije zanemarive.

Jednoaksijalni test na cilindri¢nim ili prizmati¢nim
uzorcima, pri nesprijeénom boénom Sirenju, kao
najednostavniji za izvodenje i interpretaciju obi¢no pred-
stavlja pocetni korak pri istrazivanju naponsko-deforma-
cijskog ponasanja Cvrstih materijala. lako sa vrlo jedno-
stavnim poljem napona i deformacija, ovaj test daje vrlo
jasne materijalne konstante i/ili parametre koji se mogu
vrlo korisno upotrebiti i pri analizi vrlo sloZzenih naponsko

of unloaded specimens (simultaneously with creeping
test) all the changes on the material were measured
which are not the consequence of the stress change.
Given the above mentioned, the results of measurement
of deformations during the creeping test were corrected
in terms of impact of the change of temperature and
shrinking of specimens during time.

2.2 Results of tests conducted under of short
loading

Tests conducted in conditions of short loading are
generally characterized by short duration of tests
(several minutes to several hours, it is rarely longer)
where deformations of specimens - tested materials are
predominantly the result of stress change. Due to that
duration of the process of loading, that is, loading rate
should be sufficiently long so that inertial forces can be
neglected in the analysis, and on the other hand duration
of the process of loading has to be short enough so as to
prevent development of time dependent deformations of
tested materials.

Complete deformation of rock, such as marl, can be
induced by changes of stress and temperature, change
of humidity, time dependent deformations etc, and test
defined in this manner under loading provide that the
whole deformation is predominantly seen as the
consequence of stress change in the material while
other components of the whole deformation are not
taken into consideration.
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zavisnih fenomena.

Ispitivani uzorci laporca pokazuju nelineranu vezu
izmedu napona i deformacija ovog materijala ¢ak i pri
malom nivou napona (sl.2). Na sl. 2. je prikazan
reprezentativan o — & dijagram laporca, dobijen u
jednoaksijalnom testu na cilindri¢nim uzorcima dimenzija
h/d=10.8/5.4cm. Uzorci su opterecivani jednoaksijalno, u
pravcu ose cilindra, u inkrementima od 1.0MPa.
Deformacije su mjerene u poduznom i popre€nom
pravcu kako bi bilo moguce definisati Poison-ov
koeficijent materijala. Pri  svakon inkremetu sile
deformacije su mjerene jedan minut nakon nano3enja
optere¢enja. Brzina opterecivanja je oko 3-4 minuta po
inkementu, tako da je uzorak dovoden do loma za oko
30 minuta.

Uniaxial tests on cylindrical or prismatic specimens,
during free lateral expanding, as the most simple tests in
terms of performance and interpretation, usually
represents initial step in testing of stress—deformation
behavior of solid materials. Even though it includes very
simple field of stress and deformations, this test results
with very clear material constants and/or parameters
which can be used in a productive manner even for the
analysis of very complex stress dependent phenomena.

Tested marl specimens show non-linear relation
between stress and deformations of this material even
under low level of stress (fig.2). Figure 2 shows repre-
sentative o — & marl diagram resulting from uniaxial test
perform on cylindrical specimens h/d=10.8/5.4 cm.

iy
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Slika 2. Dijagram napona-deformacija pri jednoaksijalnom testu na laporcu
uz kontrolisanu silu (cilindriéni uzorak h/d=10.8/5.4cm)
Figure 2. Diagram of stress — strains in uniaxial test perform on marl with controlled force
(cylindrical specimen h/d=10.8/5.4cm)

2.3 Procedura testa puzanja jenoaksijalano
opteréenih uzoraka

Jednoaksijalni test puzanja laporca u eksperimen-
talnom istrazivanju koje se prezentuje proveden je u tri
faze na po dvije grupe po tri prizmati€éna uzorka
dimenzija 15x15x40cm. (Ovoj glavnoj grupi uzoraka-
testova prehodila je probna “nulta” serija od Sest uzoraka
na kojima je izveden test puzanja u toku tri mjeseca za
testiranje mjerne tehnike i dobijanje preliminarnih
vrednosti mjerenih veli€ina.) Za opterecivanje i “Cuvanje”
sile u toku vremena koris§¢en je uredaj sa “mrtvim”
optere¢enjem i sistemom poluga, sl. 3. Svaki uredaj je
opremljen prstenastim mjeracima sile (konstruisanim od
autora ovog rada) koji su obezbjedivali da varijacije sile
na uzorak u toku testa budu manje od 0.3%.

Tok testa za obije grupe uzoraka je prikazan na
dijagramu deformacija—vrijeme i napon-vrijeme, sl.4.
Test je proveden u tri faze: opterecivanje, rastere¢enje i
ponovno optereéenje, na veéi nivo napona, uz odrza-
vanje konstantnog napona nakon naponskih promjena.
Opterecivanje uzoraka je vrSeno u inkrementima od
25%, od definisanog nivoa napona za test puzanja, za

Specimens were loaded uniaxially in direction of cylinder
axis in 1.0MPa increments. Strains were measured in
horizontal and vertical direction so as to enable definition
of Poison’s coefficient of material. In the case of every
single force increment, strains were measured one
minute after loading. Loading rate was about 3-4
minutes per increment and specimen was brought to
breakage for about 30 minutes.

2.3 Uniaxial creep tests procedure

Uniaxial tests of marl creep in the experimental
research presented in this paper, was carried out in
three phases, on two groups each one consisting of
three prismatic samples whose dimensions were
15x15x40cm. (This main group of specimens-tests was
preceded by a pilot "zero" series of six samples on which
the creep test was carried out for three months in order
to test measurement technique and to obtain preliminary
results of measured values). Device with "dead" load
and system of bars is used for loading and "keeping" the
force over time, which is presented in Figure 3. Each
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svaku grupu uzoraka. Optereéivanje svakog pojedina-
¢nog uzorka je trajalo oko jedan sat. Nakon dostizanja
definisanog nivoa napona za test puzanja (2.0 ili
4.0MPa, Sto je oko 25% i 50% od jednoaksijalne
Cvrstoce ispitivanog laporca) uzorci su cuvani pod
konstantnim naponom narednih 180 dana, $to €ini prvu
fazu testa puzanja.

device is equipped with “ringlike” load cells (constructed
by the author of this paper), which provided that
variations of force on the sample during the test are less
than 0.3%.

The test procedure carried out on samples is
presented in deformation-time and stress-time curves;
Figure 4. The test was conducted in three phases:

Slika 3. Uredaj za jednoaksijalno opterecivanje pri testu puzanja
Figure 3. Device for uniaxial loading during the creep test

U drugoj fazi testa uzorci su rastereceni: prva grupa
uzoraka je potpuno raterecena sa 2.0MPa na 0.0MPa, a
druga grupa uzoraka je sa 4.0MPa rastere¢ena na
2.0MPa. Ovo naponsko stanje je odrzavano narednih 30
dana. Treca faza testa je doopterecevanje uzoraka: prva
grupa uzoraka je doopterecena u inkrementima do
4.0MPa, a druga grupa do 6.0MPa. Deformacija puzanja
je pracena narednih 150 dana.

4 €[%o]

10 1

c—
e
— — — —
— c—

loading, unloading and reloading to a higher level of
stress with maintaining its value constant after the stress
change. Loading of the sample was conducted in
increments of 25% of defined level of stress in the creep
test, for every group of samples. Loading of each sample
lasted for an hour. After reaching defined level of stress
in the creep test (2.0 or 4.0MPa, which is about 25% and
50% of uniaxial strength of the tested marl), the samples

v O[MPa] TFAZA

II FAZA III FAZA

Slika 4. Dijagram toka testa puzanja jednoaksijalno opterecenih prizmaticnih uzoraka
Figure 4. Diagram of phases of the creep test of uniaxially loaded prismatic samples
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Nakon opterec¢ivanja, mjerene su deformacije
puzanja u pravcu vertikalne (poduzne) i horizontalne ose
uzorka (na Cetiri neoptereéene stranice uzorka) kako je
prikazano na sl. 5.a. Mijerenja su mehani¢kim
deformetrom (tipa “Pfender”, tacnosti 1/1000mm),
obavljana nakon 1,3,6,12 i 24 sata od nanoSenja
opterecenja, zatim nakon 3,7 i 15 dana, a u preostalom
periodu svakih 30 dana. Intervali mjerenja su odabrani
tako da razlike predhodne i tekuée mjerene deformacije
budu priblizno jednake (rezultati ovih testova su ranije
prezentovani, Tomanovi¢, 2007)

a)

[ mm ]

400
250
100

were kept under constant stress for the following 180
days, which is the first phase of the creep test. In the
second phase, the samples are unloaded; first group of
samples is completely unloaded from 2.0MPa to
0.0MPa, and the second group of samples is unloaded
from 4.0MPa to 2.0MPa. This stress state was
maintained for the following 30 days, as sufficient time
for relaxation of deformations.

The third phase of the test is additional loading of the
sample: first group of samples was additionally loaded in
increments up to 4.0MPa, and the second group up to
6.0MPa. Creep deformation was monitored during the
following 150 days.

Slika 5. Prizmati¢ni uzorak: a) Sema mjernih mjesta; b) uzorak u toku testa puzanja (zasticen parafinom)
Figure 5. Prismatic sample: a) scheme of measurement points; b) samples during the creep test (coated by paraffin)

3 EFEKT PREKONSOLIDACIJE

PonaSanje materijala koji se vremenski zavisno
deformiSu znac&ajno zavisi od naponsko — defomacijske
predistorije. Tako u vremenski zavisnim uslovima na
aktuelnu deformaciju, pored trenutnog naponskog
stanja, utiCe nivo i trajanje apliciranog optere¢enja u
proSlosti. Ovi efekti su dobro ispitani kod sitnozrnog tla
(opisani kroz Siroko poznat efekat prekonsolidacije),
medutim kod stijenskog materijala postoji nedovoljna
ispitanost ovog efekta, a posebno kvantifikacije efekata
prekonsolidacije.

Rezultati ispitivanja na prizmati¢nim jednoaksijalni
uzorcima u trecoj fazi testa, u kojoj su uzorci nakon
rastere¢enja ponovno dooptereéeni na veci napon,
ukazuju na znacajan uticaj naponske istorije na aktuelnu
deformaciju ispitivanog laporca. Uticaj naponske
predistorije  (dostignutog napona u proSlosti)) na
deformaciski odgovor materijala je vidljiv pri ponovhom
kratkotrajnom optereéivanju, ali i na tok deformacije
puzanja, dakle i na vremenski zavisne deformacije.

After loading, creep deformations in vertical and
horizontal direction of the sample (on four unloaded
sides of the sample) were measured as presented in
Figure 5a. The measurements were carried out by a
mechanical deformeter (of type “Pfender” whose
preciseness is 1/1000 mm), in intervals of 1, 3, 6, 12 and
24 hours from the time of loading, then after 3, 7 and 15
daP/hs, and during the rest of the testing time on every
30" day. Intervals of measurement are chosen in such a
way that differences of the previous and current
measured deformation are approximately equal (results
of these tests were presented before Tomanovic, 2007).

3 EFFECT OF PRECONSOLIDATION

Behavior of materials with time dependent deforma-
tions, depend on stress-deformation pre-history. Thus,
under time dependent conditions, current deformation is
impacted, apart from the current stress state, by the
extent of duration of the applied past loading. These
effects are well examined in fine-grained soil (described
in well known effect of preconsolidation). However in the
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3.1 Efekati prekonsolidacije pri ponovnom
kratkotrajnom opterecivanju

Nakon perioda relaksacije materijala u drugoj fazi
testa prizmatin€i uzorci su ponovo u inkremetima
opterecivani u vertiklanom pravcu do viSeg nivoa napona
u cilju formulisanja funkcije zavisnosti puzanja od nivoa
napona. Pri ovom kvazi statiCkom - kratkotrajnom
opterecivanju mjerene su vrijednosti napona i deforma-
cija (dilatacija).

Na sl. 6 prikazan je dijagram napon-dilatacija pri
ponovnom optereéivanju prizmati€nih uzoraka (pocetak
Il faze testa) nakon rastrecenja do nule i perioda
relaksacije. (Oznaka u legendi uz broj prizme ukazuje na
vertikalni (v) i horizontalni (h) pravac mjerenja dilatacija).
Na dijagramu se uoCava promjena krutosti materijala u
vertiklanom pravcu nivou napona 3.0-3.3 MPa. Dakle,
omek3anje se deSava nakon dostizanja neSto manjeg
napona od napona pod kojim je uzorak bio optereéen pri
ranijem testu puzanja. Uticaj hapona vertiklanog napona
prekonsolidacije ima uticaj na o&vr§¢avanje materijala u
vertiklanom pravcu, ali se uticaja na bo¢ne deformacije
ne moze uociti.

case of rock material this effect is not examined suf-
ficiently, particularly quantification of the effect of
preconsolidation.

Results of examinations on prismatic uniaxial
specimens in the third phase of the test, where
specimens, after unloading were again additionally
loaded with higher stress, indicate how important effect
stress history has on actual deformation of the examined
marl. Influence of stress pre-history (achieved stress in
the past) on deformation response of the material is
visible in the event of the new short loading but also on
the course of creeping deformation and therefore on
time dependent deformations.

3.1 Effect of preconsolidation in case of short
reloading

After the period of relaxation of material in the
second phase of the test, prismatic specimens were
reloaded in increments in vertical direction with higher
stress level in order to formulate dependence of
creeping on stress level. At this quasi-static short load,
values of stress and deformation were measured (strain).
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=3
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Slika 6. Dijagram napon-deformacija pri opterecivanju prizmati¢nih uzoraka na vecéi nivo napona
(test puzanja pri naponu 4.0MPa u toku 6 mjeseci je predhodio fazi 2 relaksacije)
Figure 6. Diagram of stress-strain at the event of loading of prismatic samples to a higher level of stress
(creping test with 4.0MPa stress during the period of 6 months preceded Il Relaxation Phase)

Za poredenje na dijagramu sl. 7. prikazano je
ponaSanje nekonsolidovanog materijala pri  prvom
opterecivanju i prekonsolidovanog materijala nakon
dejstva napona od 2.0 i 4.0 MPa. Deformacija pri
naponu od 4.0MPa, pri ponovnom optereéivanju, je tri
puta manja od deformacije pri prvom opterecivanju na
uzorcima koji su ranije dugotrajno optereceni na 4.0
MPa. Uodljivo je manje rasipanje rezultata nakon
dugotrajnog testa puzanja.

Treba napomenuti da su uzorci, podvrgnuti testu
puzanja pri naponu od 2.0 MPa, oslobodeni napona do
nule 30dana prije ponovnog opterec¢ivanja tako da je bila
"oslobodena" vremenska deformacija povratnog puza-
nja, dok su uzorci optereceni sa 4.0MPa pri testu puznja

Figure 6 shows diagram of stress-strain at the event
of reloading of prismatic specimens (beginning of Il
phase of the test) after unloading to zero and the period
of relaxation. (Sign in the legend with the number of
prism indicates vertical (v) and horizontal (h) direction of
measurement of dilatations). The diagram shows change
of stiffness of material in vertical direction of the stress
on the level 3.0-3.3MPa. Therefore softening occurs
after reaching of somewhat lower stress level compared
to the stress under which the specimen was loaded in
earlier test of creeping. Impact of vertical stress of
preconsolidation has impact on hardening of material in
vertical direction, but impact on lateral deformations
cannot be noticed.
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rastreceni do napona 2.0 MPa 30 dana prije ponovnog
opterecivanja, a sa napona 2.0MPa do nule nekoliko sati
prije ponovnog opterecivanja. Kod druge grupe uzoraka,
nije bilo dovoljno vremena da se razvije puna zaostala
elasti¢na deformacija tj. deformacija povratnog puzanja,
Sto objadSnjava i znacdajno manje mjerene ukupne
deformacije pri ponovnom optereéivanju na napon
4.0MPa (uzorci sa prednaponom 4.0 MPa).

Comparative diagram of stress-strain at the event of
loading indicates that in the case of the examined marl
there is a significantly expressed effect of hardening of
material under short load. Behaviour of material
significantly depends on the level of stress pressure
under which the material was loaded during the longer
period of time (during creeping test). As preconsolidation
stress increases impact on behaviour of the material
increases under reloading as well.

It should be mentioned here that specimens subject
to creeping test under 2.0 MPa stress were released
from stress to zero, 30 days before reloading and time
deformation of reverse creeping was "released" while
the specimens reloaded under 4.0 MPa during the test of
creping were stress released to 2.0 MPa stress 30 days
before reloading, and from 2.0 MPa stress to zero several
hours before reloading. In the case of the second group
of specimens, there was not enough time for full delayed
elastic deformation to develop, that is, deformation of
reversible creeping, which explains significantly lower
measured total deformations under reloading under 4.0
MPa stress (specimens with 4.0 MP pre-stress).
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Slika 7. Dijagram napon-deformacija pri ponovnom opterecivanju prizmatic¢nih uzoraka
Figure 7. Diagram of stress-strain under reloading of prismatic specimens

3.2 Rezultati testa puzanja doopterecenih
prizmati¢nih uzoraka

U trecoj fazi testa, nakon potpunog rasterecenja,
prizmati¢ni uzorci su ponovo optereceni u inkremetima
na sljedeci vedi nivo napona testa puzanja. Na dijagra-
mima sl. 8 i 9. prikazani su rezultati mjerenja deformacija
grupe uzoraka koji su dooptereéeni na 6.0MPa, nakon
predhodnog testa puzanja pri konstantnom naponu 4.0
MPa.

Ukupna plasti¢na deformacija, koja je zaostala nakon
testa puzanja, pri konstantnom naponu od 4.0MPa u
toku 180 dana, iznosi oko 6 %, Sl. 8. Trenutna
deformacija pri ponovnom opterecivanju do napona od
6.0 MPa isnosi oko 2 °, dok deformacija puzanja u
toku 125 dana iznosi narednih 2°%qo.

3.2 Results of tests of creeping of additionally
loaded prismatic specimens

In the third phase of testing after total unloading,
prismatic specimens were loaded again in increments to
reach the following stress level during the test of
creeping. Diagrams presented in Figures 8 and 9, show
the results of measurements of deformations concerning
group of specimens, which were additionally loaded by
6.0 MPa after the previously conducted creeping test
where constant stress was 4.0MPa.

Total plastic deformation, delayed after the creeping
test, under constant 4.0MPa stress during the period of
180 days was about 6 %/, Figure 8. Current deformation
under the repeated loading under 6.0MPa stress was
about 2 °/, while creeping deformation during the
period of 125 days consisted of the remaining 2%oo.

10
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Slika 8. Dijagram ukupne aksijalne deformacije prizmaticnih uzoraka nakon opterecenja na 6.0MPa
(nakon potpunog rasterecenja)
Figure 8. Diagram of total axial deformation of prismatic specimens after loading at 6.0MPa
(after full unloading)
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Slika 9. Dijagram deformacije puzanja prizmaticnih uzoraka nakon ponovnog
opterecivanja na 6.0MPa (nakon rasterecenja napona sa 4.0MPa do nule)
Figure 9. Diagram of deformation of creeping of prismatic specimens after repeated loading with 6.0MPa
(after stress unloading from 4.0MPa to zero)

3.3 Efekat prekonsolidacije na vremenske konpo-
nente deformacije pri ponovnom testu puzanja

Na sl. 10. prikazan je uporedni dijagram puzanja pri
naponu 4.0MPa nekonsolidovanih i prekonsolidovanih
prizmati¢nih uzoraka pri naponu konsolidacije 2.0 MPa.
Na dijagramu se vidi da je po¢etna deformacija pre-
konsolidovanih uzoraka manja od deformacije nekonso-
lidovanih. Takode, dijagrami puzanja nekonsolidovanih i
prekonsolidovanih uzoraka imaju razli¢it oblik u prvih 60

3.3 Effect of preconsolidation on time components
of deformation in the new creeping test

Figure 10 shows comparative diagram of creeping
under 4.0 MPa stress of unconsolidated and preconsoli-
dated prismatic specimens under consolidation stress
2.0 MPa. Diagram shows that initial deformation of
preconsolidated specimens is smaller than deformation
of unconsolidated specimens. Also diagrams of creeping
of unconsolidated and preconsolidated specimens have
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dana nakon optereéivanja. Nakon ovog perioda, oblik
dijagrama puzanja je gotovo indentiCan, a ukupna
deformacija (poCetna + puzanje) se izjednacava.
Uporedni dijagram deformacije puzanja sl. 11. poka-
zuje da su deformacije puzanja (vremenski zavinske
komponente deformacija) prekonsolidovanih uzoraka
veca od deformacije puzanja nekonsolidovanih uzoraka.
Oblik dijagama deformacije puzanja je skoro indenti¢an
u prvih pet do sedam dana gdje je dominatna kompo-
neneta primarnog puzanje (za detalje vidi Tomanovic,
2007). Predhodno opterec¢enje ocigledno ima uticaj na
razvoj primarne komponente puzanja (zakaSnjele elasti-
¢nosti). Ova komponenta vremenski zavisnih deforma-
cija je nakon dugog optere¢enja manja od komponente
koja se razvija na inicijalno optreéenim uzorcima. Nakon
sedam dana, prekonsolidovani uzorci imaju veci prirastaj
deformacije od nekonsolidovanih uzoraka, gdje veci
uticaj ima sekundarna komponenta deformacije puzanje.

different form in the first 60 days after loading. After this
period form of diagram of creeping is almost identical
and total deformation (initial + creeping) is equalized.

Comparative diagram of creeping deformation in the
Figure 11. shows that creeping deformations (time
dependent components of deformations) of preconsoli-
dated specimens are bigger than deformations of cre-
eping of unconsolidated specimens. Form of diagram of
creeping is almost identical in the first five to seven days
when the component of primary creeping is dominant
(for details see Tomanovic, 2007). Previous loading
obviously impacts development of primary creeping
component (delayed elasticity). This component of time
dependent deformations was, after long loading, smaller
than the component developed on initially loaded
specimens. After seven days preconsolidated specimens
have bigger deformation yield compared to unconsoli-
dated specimens where secondary component of cre-
eping deformation has bigger impact.
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Slika. 10. Uporedni dijagram ukupne deformacije testa puzanja pri naponu od 4.0MPa
nekonsolidovanog i prekonsolidovanog materijala pod naponom 2.0MPa.
Figure 10. Comparative diagram of total deformation of the test of creeping under 4.0MPa
stress of unconsolidated and reconsolidated material under 2.0MPa stress.

. "/f_:qf%
[
. % = 7
—_— 5,0 T T 3 = R ___()_’_,0,_7:&41”_—— C
S ——0?/'0/— /
X
© 4.0 % /
N / / ——PR-10
8 307 —o-PRAL |
E . / / —+— PR-12
2,0 71 nekonsohdovanokfi prekonsolidovanoffff ——PR-7
—o— PR-8
Ho —+—PR9 |
0,0 |
0 25 50 75 100 125
vrijeme [dani]

Slika 11. Uporedni dijagram deformacije puzanja pri naponu od 4.0MPa nekonsolidovanog i prekonsolidovanog
materijala pod naponom 2.0MPa (pocetak vremenskih deformacija ‘prekonsolidovanih’uzoraka je poklopljen sa
“nekonsolidovanim”)

Figure 11. Comparative diagram of deformation of creeping under 4.0MPa stress of uncontrolled and preconsolidated
material under 2.0MPa stress (beginning of time deformations of “reconsolidated” specimens corresponds with
“unconsolidated” specimens)
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4 EFEKTI CIKLICNOG OPTERECIVANJA

Na sl. 12. prikazan je dijagram napona i deformacija
laporca pri cikliénom optere¢enju i rastere¢enju. Na
dijagramu se moze uociti da nivo zaostale aksijalne
deformacije raste sa povecanjem napona, ali odnos
zaostale deformacije &, i deformacije dostignute pri

prvom opterecivanju g nakon nekoliko ciklusa optere-

¢ivanja i rastereéivanja ostaje priblizno konstantan. U
tabeli 1. prikazan je odnos zaostale deformacije nakon
rastere¢enja & i deformacije dostignute pri prvom

opterecenju ¢ .

4 EFFECTS OF CYCLIC LOADING

Figure 12 shows stress and marl deformation
diagram during cyclic loading and unloading. This
diagram also shows that the level of delayed axial
deformation grows with stress increase, but relation of
delayed strain &y and deformation obtained during the

firstload ¢ after several cycles of loading and unloading

remains almost unchanged. Table 1 shows the relation
of delayed deformation after unloading & and

deformation reached at first loading

N

D

N

Q1

//
57

4\

Ay,

napon [MPa]

\\ /-

— vertikalnadilatacija |

— horizontalna dilatacija
\ i \ i

\W

-3 -2 -1 0 1 2

4 5 6 7 8 9

dilatacija [%o]

Slika 12. Dijagram napona i deformacija laporca pri ciklicnom opterec¢enju
i rasterecenju na prizmaticnom uzorku (15x15x40cm)

Figure 12. Diagram of stress and marl deformations during cyclic loading
and unloading on prismatic specimen (15x15x40cm)

Tabela 1. Zaostale deformacije nakon rasterecenja
Table 1 Delayed deformations after unloading

Dostignuti napon [MPa] 1.0 2.0 4.0 6.0
Odnos E1p / £ nakon prvog opterecivanja: 0.0022 0.09 0.12 0.17
Odnos E1p 1 &, nakon ciklusa opterecivanja: 0.0044 0.128 0.113 0.118

U kontekstu promjene modula elastiCnosti pri
ciklicnom opterecenju se javlja dobro poznat efekat
omek3anja materijala (Jaeger & Cook, 1973). Modul
elasti¢nosti, u istom naponskom nivou, opada sa pove-
¢anjem ciklusa opetreéenja i rastreCenja, asimptotski
teze¢i konstantnoj vrijednosti, dakle, dolazi do
omekSanja materijala. Cikli€no optereéenje ima popuno
drugaciji efekat na krutost u odnosu na dugotrajno
konstantno opterecenje.

In the context of changes of elasticity modules during
cyclic loading, a well known material softening effect
appeared (Jaeger & Cook, 1973). Elasticity module
decreases under the same stress level simultaneously
with increase of loading and unloading cycle,
asymptotically aiming at constant value, whose eventual
result is softening of materials. Cyclic loading impacts
solidity of maetrial in a completely differen manner
compared to long term constant laoding.
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| jedan i drugi opit, ciklicnog opterecivanja i raste-
recivanja i test puzanja, nakon dovoljnog broja ciklusa ili
protoka vremena u dovoljno visokom nivou napona (Koji
je znatno ispod kratkotrajnog uslova loma) dovode do
loma materijala. Ipak, efekti na krutost materijala su
potpuno drugadiji. U mikro strukturi materijala, ocigledno,
ova dva po svemu destruktivna opita dovode do potpuno
razli¢itih efekata. Ciklic¢no opterec¢enje dovodi do prekida
pojedinih veza u mikrostrukturi matrijala, Sto kao posle-
dicu ima omekSanje materijala. Sa druge strane kod
testa puzanja, pri naponima pritiska, dolazi do efekata
koji su sliéni prekonsolidaciji glinovitih materijala.
Dugotrajno optereéenje dovodi do laganog klizanja i
regrupisanja pojedinih zrna materijala Sto kao krajnji
efekat ima bolju »upakovanost« zrna, a time i vece
module deformabilnosti - ojaanje u odnosu na materijal
prije djelovanja dugotrajnog opterecenja.

5 ZAKLJUCAK

Analizom naponsko-deformacijskin veza u toku
ponovljenog opterecivanja ustanovljeno je da se u toku
testa puzanja deSava jedna vrsta konsolidacije
materijala, gdje dolazi do izvjesnog “regrupisanja” i
“reorjentacije” zrna stijenskog materijala. Moze se
zakljugiti da uzorci koji su inicijalano opterec¢eni u istom
nivou napona, pod uticajem gore opisanog efekta
rezultira o€vr§¢avanjem materijala u poredenju sa prvim
opterec¢enjem, odnosno imaju manje kratkotrajne
deformacije u toku ponovnog opterecivanja, ali vece
vremenski zavinsne deformacije.

Ova ograni¢ena eksperimentalna evidencija ide u
prilog tezi da je primarno puzanje zapravo zakasnjela
elasti¢nost, na koju nema bitnog uticaja prekonsolidacija
materijala, dok je uticaj prekonsolidacije na sekundarnu
komponentu puzanja znatan u vremenskom periodu od
nekoliko mjeseci nakon ponovnog opterecivanja.
Ukupna deformacija, nakon dovoljno dugog vremena,
nije se pokazala znatno =zavisnom od nhapona
prekosolidacije u razmatranom naponskom opsegu.
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Both tests which include cyclic loading and unloading
as well as creeping tests, after sufficient number of
cycles or passing of time under sufficiently high level of
stress (which were exposed to a short-term yiead
condition) lead to breakage of material. However effects
in terms of solidity of materials are totally different. In
micro structure of materials, obviously, these two, in all
terms destructive tests, have totally different outcomes.
Cyclic loading leads to breakage of individual connec-
tions in micro-structure of materials which results with
softening of material. On the other hand, in creeping
tests with stress pressures included effects similar to
preconsolidation of clay materials appear. Long loading
leads to slow sliding and regrouping of individual
material grains which results with better “packed” grain
and also bigger deformation modules - reinforcements
compared to the material before it was exposed to long
loading.

5 CONCLUSION

Analyzing stress-strain relations under repeated
loading, it has been established that during creep test
some kind of consolidation has been happening where
certain "regrouping" and "reorientation" of grains of rock
material happened. It can be concluded that for speci-
mens that are initially loaded at the same stress level,
the above mentioned effects result in material hardening
in relation to the first loading, i.e. smaller short-term
deformations during reloading, but higher time
dependent deformation component during creep test.

This limited experimental record supports the
hypothesis that primary creeping is actually delayed
elasticity which is not significantly influenced by
preconsolidation of material, while the impact of
preconsolidation on secondary component of creeping is
significant in the period of time of several months after
repeated loading. Total deformation, after sufficiently
long period of time, did not show to be significantly
dependent on the stress of preconsolidation in the
considered amount of stress.
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REZIME

OCVRSCAVANJE MEKE STIJENE NAKON
DUGOTRAJNOG PRITISKA | OMEKSANJE POD
DEJSTVOM CIKLUCNOG OPTERECENJA

Zvonko TOMANOVIC

Najveéi broj istrazivanja vezanih za ponaSanje
stijene pod dugotrajnim optere¢enjem pri sobnim
temperaturama izveden je na uzorcima kamene soli.
Postoji daleko maniji broj publikovanih eksperimentalnih
rezultata dobijenih na laporcu ili sliécnim stijenama koje
karakteriCu znacajne deformacije puzanja.

U cilju formulisanja reoloSkog modela meke stijene,
izvedeni su testovi puzanja na uzorcima laporca. Nakon
nanoSenja optereéenja na jednoaksijalne prizmati¢ne
uzorke u trajanju od 6 mjeseci izvrSeno je njihovo
rastere¢enje. Nakon rasterecenja ostavljeno je dovoljno
vremena da se oslobodi najveci dio povratne deforma-
cije i nakon toga je ponovo naneseno opterecéenje, ali na
veéem nivou napona od prethodnog. Evidentan je uticaj
predhodnog dugovremenskog opterec¢enja u toku testa
puzanja na veli¢inu kratkotrajnih defomacija, ali i na dalji
tok puzanja tj. na vremenski zavisne deformacije.

Analizom naponsko-deformacijskih veza u toku
ponovljenog opterecéivanja ustanovljeno je da se u toku
testa puzanja deSava jedna vrsta konsolidacije materi-
jala, gdje dolazi do izvjesnog “regrupisanja” i “reorjenta-
cije” zrna stijenskog materijala. Moze se zakljuditi da
uzorci koji su inicijalano opterec¢eni u istom nivou napo-
na, pod uticajem gore opisanog efekta rezultira ocvrsc¢a-
vanjem materijala u poredenju sa prvim optere¢enjem,
odnosno imaju manje kratkotrajne deformacije u toku
ponovnog opterecivanja, ali ve¢e vremenski zavinsne
deformacije.

Kljuéne rijeci: ocvrS¢avanje, omekSanje, puzanje,
cikli¢éno optereéenje, laporac

SUMMARY

SOFT ROCK HARDENING AFTER THE LONG-TERM
COMPRESSION AND SOFTENING AFTER CYCLIC
LOAD MIHA TOMAZEVIC

Zvonko TOMANOVIC

Most of research referring to rock behaviour under of
long-term loading at room temperature, published in the
world so far, have been carried out on the samples of
rock salt. There are very few published experimental
results carried out on marl or similar rocks characterized
by significant creep deformations.

In order to define rheological model of soft rock,
creep tests on specimens of marl have been conducted.
After six months of loading on the uniaxial prismatic
specimen, sample has been unloaded during creep test.
Sufficient time was allowed for relaxation of
deformations, followed by loading but at the higher
stress level. The influence of initial stresses on
deformation response of marl is evident at the short-term
loading, but also has influence on further process of
creep deformation i.e. on time dependent deformations.

Analyzing stress-strain relations during repeated
loading, it has been established that during creep test
some kind of consolidation has been happening where
certain "regrouping" and "reorientation" of grains of rock
material happened. It can be concluded that for
specimens that are initially loaded at the same stress
level, the above mentioned effects result in material
hardening in relation to the first loading, i.e. smaller
short-term deformations during reloading, but higher
time dependent deformation component during creep
test.

Key word: hardening, softening, creep, cyclic load,
marl
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PRORACUN SMICUCE NOSIVOSTI GREDA OD BETONA VISOKE CVRSTOCE

PREDICTION OF SHEAR STRENGTH IN HIGH-STRENGTH CONCRETE BEAMS

Radmila SINPIC-GREBOVIC

1 uUvoD

Kod armiranobetonskih greda, pri dejstvu poprecnih
sila, javljaju se unutradnji momenti savijanja i sile
smicanja. Smic¢uc¢i lom kod armiranobetonskih greda
najéeS¢e je prouzrokovan sadejstvom sile smicanja,
momenta savijanja i aksijalne sile, a prethodi mu pojava
kose prsline. Prisustvo sile smicanja moZe znatno
redukovati nosivost grede u odnosu na nosivost pri
Gistom savijanju, pri ¢emu lom mozZe nastupiti iznenada,
bez vidljivih najava. Klasi¢na teorija grede omogucéava
jednostavan proracun nosivosti greda na savijanje.
Medutim, proracun smi€uce nosivosti armiranobetonskih
greda je znatno slozeniji problem od prora¢una nosivosti
na savijanje. Zahvaljuju¢i rezultatima velikog broja
istrazivanja ovog problema definisano je viSe razliCitih
postupaka i izraza za proracun, Ciji rezultati nijesu uvijek
dovoljno saglasni sa rezultatima testova.

Neka od novijih istraZivanja su pokazala da aktuelni
izrazi za proradun nosivosti na smicanje mogu dati
nekonzervativne rezultate kada se primijene za grede od
betona visoke ¢vrstoée. Ovo se moze reci i za neke od
jednacina koje su uklju¢ene u proracunske kodove. Isti
zaklju¢ak je dat u [8] prema rezultatima veceg broja
istrazivanja, [1], [4] i drugih. Veéina izraza koji se koriste
za proradun nosivosti na smicanje su empirijske
jednacine, i predstavljaju funkcije koje uklju€uju nekoliko
najvaznijih parametara. Dio rezultata koji se odnosi na
svojstva svjeZeg betona je publikovan ranije [9].

Mr Radmila Sindi¢-Grebovié, Univerzitet Crne Gore,
Gradevinski fakultet, Cetinjski put bb, 81000 Podgorica,
Crna Gora;

e-mail: radmilas@ac.me
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UDK: 624.072.45.046 = 861

1 INTRODUCTION

When reinforced concrete beams are exposed to
transverse forces actions, the internal flexural moment
and shear force appear. The shear failure of reinforced
concrete beams is most often caused by shear forces in
combination with moments and axial forces, and is
preceded by inclined cracking. Beam flexural strength
may be greatly reduced by the presence of shear with
respect to the pure flexure case, and failure may occur in
the brittle way and without warning signs. Classical beam
theory provides a simple model for designing beams to
resist bending. However, prediction of shear strength of
reinforced concrete beams is more complicated than
prediction of flexural strength. Due to the results of many
researches of this problem, many different solutions and
design expressions have been defined, whose results are
not enough compatible with test results.

Some of the recent researches have shown that cur-
rent expression for shear strength design may give non-
conservative predictions when applied to high-strength
concrete beams. Same may be stated for some of
design codes provisions. Such conclusion was given in
[8], according to results of many researches shown in
[1], [4] and others. Majority of expressions used for
shear strength design are empirical equations, and they
represent expressions that include several of the most
important parameters. Part of results, which related on
fresh properties, have been published in [9].

Radmila Sindi¢-Grebovi¢, MSc, University of
Montenegro, Faculty of Civil Engineering,
Cetinjski put bb, 81000 Podgorica, Montenegro;
e-mail: radmilas@ac.me
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2 GREDNOI LUCNO DEJSTVO KOD PRENOSA
POPRECNIH SILA

Mehanizam prenosa sila smicanja kod armirano-
betonskih greda je kompleksan i zavisi od veceg broja
faktora. Razli¢iti istraZivaci su na razli€ite nacine ocijenili
relativni uticaj pojedinih faktora na mehanizam prenosa
smicucih sila.

Parametar od posebnog znacaja, koji utiCe na
mehanizam prenosa smicuce sile, a samim tim i na
smi¢ucu nosivost elementa, je relativni raspon smicanja
ili odnos a/d. Raspon smicanja a predstavlja rastojanje
izmedu koncentrisane sile opterecenja i reakcije
oslonca, prikazano na slici 1, dok je d staticka visina

grede.
v

1

2 BEAM AND ARCH ACTION IN TRANSFER OF
SHEAR FORCE

Mechanism of shear force transfer in reinforced con-
crete beams is complex and dependent on many factors.
Relative effect of different factors on shear force transfer
mechanism were differently estimated by different
researchers.

Shear span to depth ratio a/d is specially important
parameter that influences shear force transfer
mechanism, as well as the shear strength of the
element. Shear span a is the distance between
concentrated load force and reaction of support, as
shown in Fig.1, while d is effective deep of a heam.

v

T

v

!

A

Slika 1 Sema ispitivanja proste grede pri dejstvu poprecnih sila obi¢no kori$éena u eksperimentima
Figurel Scheme of the simply supported beam exposed to transverse force commonly used in the experiment

Otpor koji greda bez smicuce armature pruza dejstvu
poprecnih sila, kako su zakljucili Fenwick i Paulay 1968,
prema [7], moZe se razmatrati kao efekat grede i efekat
luénog dejstva. Ovi efekti se mogu ustanoviti prema
uslovima ravnoteze dijela grede izmedu oslonca i kose
prsline, na slici 1. Park i Paulay, kako je citirano u [7],
usvajaju sliede¢e pretpostavke: 1) rezultanta dejstva
smicanja duz kose prsline ili sila medudejstva, koja se
prenosi preko zrna agregata, se zamjenjuje silom Vs, Ciji
pravac dejstva prolazi kroz tacku dejstva unutradnje sile
pritiska C; 2) sila smicanja Vg4, koju prenosi poduZzna
armatura dejstvom klina ("dowel action"), se zanemaruje
u jednacini iz uslova ravnoteze pri rotaciji.

According to [7], it has already been concluded by
Fenwick and Paulay (1968), that resistance of beams
without stirrups to transverse force action may be
considered as beam effect and arch action effect. These
effects have been deduced by considering a beam part
between the support and inclined crack, on Figure 1.
Park and Paulay, as was cited in [7], assumed that: 1)
the resultant of the aggregate interlocking stresses at the
crack interface can be replaced by a force Va, whose
direction passes through the application point of the
internal compression force; 2) the shear force due to the
dowel action Vy, is negligible in the rotation equilibrium.

f

AL

.y jdeot@
bl

- *

Slika 2 Sile koje djeluju na element grede unutar raspona smicanja,Park i Paulay, prema [7]
Figure 2 Forces acting in a beam element within the shear span, according [7]

U skladu sa navedenim pretpostavkama, uz uvode-
nje oznake za krak unutrasnjih sila jd = z, iz uslova
ravnoteze slijedi izraz za moment savijanja u gredi:

Consequently, if internal lever arm is jd=z, the
resisting bending moment deduced from equilibrium
condition is given by:

M=V.-x=T-z (1)

Iz veze izmedu sile smicanja i momenta savijanja
kod grede, V=dM/dx i jednacine (1) slijedi:

It follows that the relationship between shear force
and the rate of change of bending moment along a
beam, given with V=dM/dx, because of Equation (1)
gives expression:

dz

V=z—1+T .= @

dx
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Prvi dio jednacine (2), z-dT/dx, predstavlja izraz za
doprinos efekta grede, pri ¢emu se sila zatezanja u
armaturi duz grede mijenja T=T(x), dok krak unutrasnjih
sila z ostaje konstantan. U tom sluaju je dz/dx=0.
Prenos sile grednim dejstvom je dominatan kod vitkih
greda kod kojih preovladavaju B-regioni. Takva podrucja
se nazivaju B regionima, prema Bernoulli-ju, jer za njih
vazi Bernoulli-jeva pretpostavka o ravnosti presjeka koja
se koristi u klasiénoj teoriji grede.

Drugi dio jednaline (2) predstavlja doprinos luénog
dejstva. Ovaj mehanizam karakteriSe promjenljiva
vrijednost kraka unutradnjih sila z duZ ose grede, dok je
vrijednost sile zatezanja T konstantna. Luéno dejstvo
obezbjeduje transfer optereéenja prema osloncu
posredstvom pritiska po lu¢noj putanji. Efekat luénog
dejstva raste sa smanjenjem relativnog raspona
smicanja a/d.

3 POLAZNE JEDNACINE

Veéina aktuelnih jednacina za proradun nosivosti
armiranobetonskih greda na smicanje izvedene su
polazedi od bazi¢nih veza izmedu nosivosti na smicanje i
znaajnih parametara. Konstante u jednadinama su
odredene primjenom statistiCke analize rezultata pretho-
dno izvr$enih testova pri smicanju. Kod nekih jednacina
za proracun nosivosti na smicanje armiranobetonskih
greda bez smicu¢e armature, ukljucena je samo
Cvrstoéa betona pri pritisku. Novija istrazivanja su
pokazala da je pored &vrstoce betona u proracunske
relacije neophodno ukljuciti veci broj parametara.
Najvazniji parametri koji uticu na smiCuu nosivost
armiranobetonske grede bez smiCuce armature, pored
Cvrstoée betona, su: koeficijent armiranja poduznom
armaturom, visina poprecnog presjeka grede i relativni
raspon smicanja a/d. Navedeni parametri su uvedeni u
proraunske jednaline koje su zastupliene u
savremenim proracunskim kodovima, kao $to su CEB-
FIP i EC2.

Postoji nekoliko jednacina za proradun nosivosti na
smicanje koje ukljuéuju navedene parametre. IzloZzena
analiza, koja pokazuje da se smicu¢a nosivost moze
iskazati u obliku zbira grednog i luénog dejstva, posluzila
je za definisanje oblika polaznih jednacina. Jednacine za
proracun smicuée nosivosti greda bez smicu¢e arma-
ture, date u [6], kao i jednacine za smiCucu nosivost
greda sa doprinosom smicuc¢e armature, koje su date u
[7], i koje vaze za beton visoke Cvrstoée, su posluzile
kao osnova za definisanje inoviranih jednacina za
proracun nosivosti na smicanje za armiranobetonske
grede od betona visoke ¢vrstoce.

Jednacéine Kim D. - Kim W. — Wight R.

Pri definisanju jednaline za proracun otpornosti
greda na smicanje autori [6] su posli od pretpostavke da
se ona moze iskazati kao kombinacija otpornosti dejstva
grede i dejstva luka. Potpuno gredno dejstvo se javlja
kod greda kod kojih krak unutrasSnjin sila ostaje
konstantan, Sto je pretpostavka prema elasti¢noj teoriji
grede. Drugi krajnji slu€aj predstavlja €isto luéno dejstvo.
Ovaj slu¢aj moze nastupiti pri potpunom gubitku spoja
izmedu zategnute armature i betona duz cijelog raspona

The first part of the Equation (2), z-dT/dx, expresses
the resisting contribution of the beam action, in which the
tensile force in the longitudinal reinforcement is
supposed to vary T=T(x), while the internal lever arm z is
taken constant. In this solution relation dz/dx=0 is valid.
Force transfer by beam action is dominant in slender
beams, in which B-regions prevail. Such regions are
termed B-regions, according to Bernoulli, because the
classical beam theory with Bernoulli's assumption in
which plane sections remain plane, is valid for them.

The second part of Equation (2) expresses the
resisting contribution of the arch action. This mechanism
is characterized by the variation of the internal lever arm
z, along the beam axis, while the tension force T is
constant. Arch action provides that vertical load be
transferred to the support by means of compression
along an arch path line. Arch action increases with
decreasing values of shear span to depth ratio, a/d.

3 BASIC EQUATIONS

Majority of the current expressions for shear strength
design of reinforced concrete beams are derived using
basic relationship between shear strength and significant
parameters. Constants of basic equations were
determined by using statistical analysis of previous
shear testing data. In some equations for shear strength
design of reinforced concrete beams without shear
reinforcement, only compressive strength of concrete is
included. Recent researches have indicated that it is
necessary to include more parameters in design
equations, besides compressive strength of concrete.
The most important parameters that influence the shear
strength of reinforced concrete beams without stirrups,
apart from concrete compressive strength, are:
longitudinal reinforcement ratio, deep of the beam cross-
section, and shear span to depth ratio, a/d. Named
parameters are included in design equations that exist in
current design codes, as CEB-FIP and EC2.

There are several equations for shear strength
design that comprise these parameters. Exposed
analysis, which shows that shear strength may be
expressed as the sum of beam and arch action, is used
to define basic equations form. Shear strength design
equations, which are predicted for reinforced concrete
beams without stirrups, given in [6], as well as equations
for shear strength design of reinforced concrete beams
with contribution of shear reinforcement, given in [7],
which are valid for high-strength concrete, are used as
base for defining innovative equations for shear strength
design that are usable for reinforced high-strength
concrete beams.

Equations by Kim D.-Kim W.-Wight R.

While defining the equation for shear resistance of
beam the authors [6] have departed from the assumption
that it can be expressed as a combination of beam and
arch actions. The perfect beam action can be obtained if
the internal moment arm length remains constant, as
assumed in normal elastic beam theory. The second
extreme case represents the pure arch action. This case
occurs when the bond between reinforcement and
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luka. Medutim, smicuca otpornost armiranobetonske
grede gotovo uvijek predstavlja kombinaciju otpornosti
ova dva mehanizma.

Za proracun smicuce nosivosti greda bez armature
za smicanje, autori [6] su primijenili jednacinu (2).
Doprinos grednog dejstva je iskazan u funkciji Evrstoc¢e
betona pri pritisku u obliku dT/dx=ki(f4)*>. Promjenljivi
krak unutrasnjih sila je dat izrazom:

concrete is destroyed over the entire length of the span.
However, the shear resistance in the case of reinforced
concrete beams almost always represents a combination
of these two mechanisms.

For calculation of shear strength, the authors [6]
have applied equation (2). The contribution of the beam
action is shown in the function of concrete compressive
strength, as dT/dx:kl(fck)O's. Variable internal moment
arm length is given as:

2(x) = (1-/p) Gjrd @3)

gdje je:r = (d/a)o'6 (p) 0L,

p - koeficijent armiranja poduZnom zategnutom
armaturom.

Sila zatezanja u armaturi je T=fspbd, pri ¢emu je fs
napon u armaturi i predstavlja konstantu, dok je b Sirina
poprec¢nog presjeka grede. Ako se ova jednakost
primijeni u jednacini (2), a umjesto z(x) uvrsti izraz (3) i
x=d dobija se jednacina u obliku zbira efekata grednog i
luénog dejstva. Primjenjujuéi date izraze i rezultate
eksperimentalnih ispitivanja veceg broja prostih greda
bez smiCu¢e armature, opterecenih sa jednom ili dvije
koncentrisane sile, autori su dosli do jednaline za
smic¢ucu nosivost grede:

v, =—U=o.2(1—ﬁ)(9

Konstante u jednacini (4) koje iznose 0.2 i 1020 su
odredene empirijski, statistitkom obradom podataka na
osnovu velikog broja rezultata eksperimentalnih
istrazivanja iz literature (autori navode 30 referenci).
KoriS¢eni su podaci za grede kod kojih je
a/d =0.98~9.74, sa ¢vrsto¢éom betona fx=6~109 MPa i
koeficijentom armiranja poduznom armaturom
p=0.001~0.066.

Jednacine Russo-a

Russo sa ostalima je izveo jednacline za proracun
nosivosti na smicanje, koristeéi jednacinu (5), Bazanta i
Kima. Prema [7], ova relacija izvedena je razmatranjem
efekata grednog i luénog dejstva. Jednacina je pred-
videna za proradun smicu¢e nosivosti grede bez
smi¢u¢e armature i pokazala se relevantnom za grede
od betona normalne ¢&vrstoce, (f«<50 MPa).

Neka ispitivanja su pokazala da grede od betona
visoke €vrstoce imaju analognu sliku prslina i sli¢an oblik
loma kao grede normalne ¢vrstoce, ukoliko su saglasna
preovladuju¢a dejstva. Kad preovladuje luéno dejstvo
lom grede je tipa smicanje-pritisak, a u slu€aju kad
preoviaduje dejstvo grede lom je tipa dijagonalno
zatezanje, nezavisno od ¢vrsto¢e betona. Autori [7] su
koriste¢i ovu analogiju izveli formulu za beton visoke
¢vrstoce. Jednacinu (6), koja se primjenjuje za proracun
nosivosti na smicanje greda od betona visoke &vrstoc¢e
bez smicuée armature, su izveli koristeéi rezultate
eksperimentalnih ispitivanja na 148 greda od betona

where: r = (d/a)”® (p) **;

p - longitudinal reinforcement ratio.

Longitudinal steel tension is T=fspbd, where fs is
yield stress of reinforcement and represents a constant,
while b is the width of beam cross-section. If this equality
is applied in the equation (2), and instead of z(x) the
expression (3) is put and x=d, the equation in the form of
the sum of effects of beam and arch actions is obtained.
Applying the given expressions and results of
experimental researches of a large number of simple
beams without shear reinforcement, loaded with one or
two concentrated forces, the authors have come to the
equation for shear strength of beam:

' 0.5 d\*®
j | (fa) ™ +10209°° (gj )

Constants in the equation which amount to 0.2 and
1020 are determined empirically, using statistical
analysis of data based on a large number of results of
experimental researches from the literature (the authors
give 30 references). Data for beams with the
characteristics  a/d =0.98~9.74, concrete  strength
fa=6~109 MPa and longitudinal reinforcement ratio
0=0.001~0.066 were used.

Russo's Equations

Russo and the others derived equations for
calculating the shear strength, using the equation (5), by
Bazant and Kim. According to [7], this relation was
derived by considering beam and arch actions. The
equation is intended for the calculation of shear strength
of beam without shear reinforcement and proved to be
relevant for normal-strength concrete beams, (fek<50
MPa).

Some researches have shown that high-strength
concrete beams have analogue crack pattern and similar
failure mode like normal strength beams, if the prevailing
actions are similar. When arch action prevails, mode of
failure is the shear-compression, while in the case when
beam action prevails, mode of failure is diagonal tension,
irrespective of the strength of concrete. The authors [7]
have derived formula for high-strength concrete using
this analogy. They have derived the equation (6), which
is applied for the calculation of shear strength of
reinforced beams, without shear reinforcement, using
the results of experimental researches on 148 beams
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visoke ¢vrstoce.

made of high-strength concrete.

-5/2
Ve = 5{0.83 PpYR1Y% +206.9%/° (gj } (5)
/ a -2.33
Vi g{o 97 2442 +0.2 pO %537 (Hj } (6)

gdje je: & =1/4 1+d/(25d,);
fyi= granica razvlaéenjé poduzne armature;

da= maksimalno zrno agregata.

Jednacine za prora¢un smicuée nosivosti greda sa
smiCuéom armaturom su izvedene uvazavajuéi
pretpostavku da uzengije razli¢ito doprinose smicucoj
nosivosti, zavisno od doprinosa lu¢nog i grednog
dejstva. Za ocjenu preovladuju¢eg dejstva analizira se
kriti¢na vrijednost relativnog raspona smicanja, (a/d)c.
Ako je al/d<(a/d)., Sto znali da preovladava luéno
dejstvo, doprinos uzengija smi¢uéoj nosivosti je manji od
pvfyw. U suprotnom, ako je a/d>(a/d). preovladava
gredno dejstvo, i doprinos uzengija je vedi ili jednak
pvfy. Prema tome, doprinos uzengija smi¢ucoj nosivosti,
se moZze iskazati u obliku vsi=wpy fyv, pri emu je:

pv— koeficijent armiranja smi¢u¢om armaturom;

fyv— granica razvlaenja smi¢uce armature.

Vrijednost (a/d). se odreduje iz uslova da odnos
Muc /MeL |ma minimalnu vrijednost, pri ¢emu je je
Muc=Vucbd (a/d) a vyc definisano relacijama (5) i (6). MgL
je nominalni graniéni moment nosivosti presjeka pri
Cistom savijanju, koji nije u funkciji (a/d).

U slu€aju betona normalne ¢vrstoée dobija se izraz:U
slu¢aju betona normalne ¢vrstoce dobija se relacija:

where: & =1/4 1+d/(25d,);
fy=  yield strengty( of the longitudinal

reinforcement;
da= maximum aggregate size in concrete.

Equations for calculation of shear strength of
reinforced concrete with shear reinforcement have been
derived taking into account the assumption that stirrups
contribute differently to shear strength depending on the
contribution of arch and beam effects. For estimation of
prevalent action, the critical value of span to depth ratio
(a/d)c is analyzed. If a/d<(a/d);, which means that arch
action prevails, the stirrup shear strength contribution is
less than pyfy. Otherwise, if a/d>(a/d). beam action
prevails, and the stirrup shear strength contribution is
equal or greater pyfy. Therefore, the contribution of
stirrups to shear strength can be expressed as vsi=ypy fyy
where:

pv — shear reinforcement ratio;

fyv —yield stress of transverse reinforcement.

The value (a/d); is determined from the condition that
the relation My /Mg has minimal value, where
Muc=Vuchd z(a/d), while v is defined through relations (5)
and (6). Mg is the ultimate nominal bending moment in
pure flexure, which is independent of (a/d).

In the case of the normal strength concrete the fol-
lowing expression is obtained:

(a/d)c=10.69(p/fu) ™. @)

Za beton visoke ¢vrstoce vazi relacija:

(al d)C =0.57-

Preovladujuéi mehanizam dejstva se mozZe
identifikovati preko indeksa grednog dejstva lp, koji je
definisan kao lIb=My/Myc. My je doprinos grednog dejstva
graniénom momentu savijanja i predstavlja moment koji
odgovara prvom sabirku |zraza za Vyc. Tako je za beton
normalne C&vrstoce Mp= bd 0. 83({)1/3& 1/2(a/d) Za beton
visoke ¢vrstoce je Mp=bd 60 97p 46fcklz(a/d)

Doprinos smicuc¢e armature je dat jednacinama (9) i
(12).

Za beton normalne Evrstoce

Vg =1.671,2,%,, ©)

gdje je:

For high-strength concrete the following equation is
valid:

0.19f 0.41

P yl
f0-05 ®)

ck

The prevailing action can be identified through the
beam action index lp, defined as [,=My/Myc. My is the
beam action contribution to the ultimate bending moment
and represents a moment which corresponds to the first
addend of the expression for vuc Therefore, for normal
strength concrete it is My=bd? 0. 830", 2(a/d). For
high strength concrete it is Mp=bd *€0.97p"*°f4 > (a/d).

The contribution of shear reinforcements is given by
equations (9) and (11).

For normal strength concrete,

where:
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0.83 %342

Iy = 1/3¢1/2 5/6 -5/2 (10)
0.83"3f%2 +206.9°° (a/d)
Za beton visoke ¢vrstoce For high strength concrete,
Vg :1.75Ibpvfyv (11)
gdje je where:
0.4651/2
= 0.97p 1y (12)

Jednacine uklju¢ene u analizu

Jednacine koje su predlozili Kim D., Kim W. i Wight
R. u [6], kao i jednacCine koje je dao Russo sa ostalima
[7], su primijenjene za dobijanje proracunskih vrijednosti
nosivosti na smicanje za grede koje su ispitane u okviru
eksperimentalnog istrazivanja, sa ciliem da se utvrdi
njihova saglasnost sa eksperimentalnim rezultatima.
Ocjena saglasnosti je posluzila kao osnova za procjenu
upotrebljivosti datih jednacina za proracun nosivosti za
grede od betona visoke C¢&vrsto¢e. Ocijenjena je i
mogucénost njihove korekcije u cilju postizanja bolje
saglasnosti sa eksperimentalnim rezultatima.

Jednacine za smiCucu nosivost greda sa smic¢u¢om
armaturom, koje je dao Russo sa ostalima, su:

- za beton visoke Cvrstoce:

233
0.97100.46](0142 +0_2p0.91f§(.38f0.96 (gj

yl d

Equations Included in the Analysis

The equations predicted by Kim D., Kim W. i Wight
R. in [6], as well as equations given by Russo and the
others [7], have been applied to get calculation values
of shear strength for beams which have been tested
within the experimental research, with the aim to
determine their concordance with experimental results.
The evaluation of concordance served as the basis for
evaluation of availability of the given equations for shear
strength of high- strength concrete beams. Possibilities
of their correction in order to achieve better concordance
with the experimental results, are estimated, too.

Equations for shear strength, given by Russo and
others, are as follows:

— for high strength concrete:

1 -2.33
v, =€ {0.97 p°-46fcé +0.2 p0 5380 (gj } +1.75 1y p fyy 13)

— za beton normalne ¢évrstoce:

— for normal strength concrete:

-5/2
v, = §|:O.83pl/3fcll{2 +206.9°° (gj }1.67 o Aty (14)

Indeks grednog dejstva lp u jednacini (13) je dat
izrazom (12), dok u jednacini (14) I, treba racunati
prema izrazu (10).

Jednacdina (4), koju su formulisali Kim D., Kim W. i
White R., namijenjena je za proracun nosivosti greda
bez smiuce armature, pa je za potrebe ove analize
dopunjena dijelom za doprinos smi¢uée armature prema
jednacinama koje je izveo Russo. Kako je jednacina (4)
izvedena na bazi rezultata ispitivanja betona razli€itih
Cvrstoéa (fk=6~109 MPa), u analizi koja slijedi je
primijenjena kako za beton normalne, tako i za beton
visoke C&vrstoce, dok je dio za doprinos smicuce
armature usvojen prema jednacini Russo-a, pa se
razlikuje za beton normalne i beton visoke c¢vrstoce.
Ovim postupkom doslo se do jednacina (15) i (16), pri
¢emu su rezultati prorauna pomoc¢u ovih jednacina
oznaceni sa Kim-White.

Za beton visoke ¢vrstoce koriS¢ena je jednacina:

The beam action index I, in the equation (13) is given
in the expression (12), while in the equation (14) Iy
should be calculated according to the expression (10).

The equation (4) which was formulated by Kim D.,
Kim W. and White R., is predicted for shear strength of
beams without stirrups, and for the needs of this analysis
supplemented with the part for the contribution of shear
reinforcement according to the equations derived by
Russo. Since the equation (4) is derived based on the
results of research of concretes of various strengths
(fex=6~109 MPa), in the analysis which follows it was
applied both for the normal and high-strength concrete,
while the part for shear reinforcement contribution was
adopted according to Russo’s equation, and is therefore
different for normal and high-strength concrete. Through
this proceeding, equations (15) and (16) were obtained,
where results of calculations obtained through these
equations are marked as Kim-White.

For high strength the following equation was used:

22
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vy = Vo _o2 (1 - \/;)(9)' |:(fck ) +1020,°° (%)0‘6 } +1.751, 8y (19

v, o _ 0.2(1- \/;)(Ejr |:(fck 5 41020, [%jo.e

4 EKSPERIMENTALNI PROGRAM | REZULTATI
TESTOVA

Rezultati eksperimentalnih ispitivanja, koja su
obavljena na Gradevinskom fakultetu u Podgorici, iskori-
§éeni su za analizu razmatranih jednacina. Eksperimen-
talno ispitivanje je obavljeno testiranjem dvadeset Sest
armiranobetonskih greda pod dejstvom koncentrisanog
opterecenja u sredini raspona. Grede su izradene kao
parovi identi€nih greda pri ¢emu je u svakom paru jedna
greda izradena od betona normalne &vrstoée (oznacena
sa "N"), a druga od betona visoke ¢vrstoce (oznacena sa
"H"). Detalji ispitanih greda prikazani su na slikama 3-6.

Pri ispitivanju su varirani sljedec¢i parametri:

— ukupna visina grede (h=18; 24; 30; 36 cm), na
osnovu koje su definisane serije: H18-N18, H24-N24,
H30-N30 i H36-N36;

— relativni raspon smicanja (a/d=2.67; 2.0; 1.5; 1.25);

— Cvrstoca betona (karakteristicna ¢vrsto¢a cilindra
fck:35MPa | fckZQOMPa),

— najveci razmak popre¢ne armature (s=375; 200;
125 mm) ili nosivost popere¢ne armature (pwfy= 0.443;
0.831; 1.330 u MPa).

Koeficijent armiranja poduznom armaturom je
prilagoden projektovanoj nosivosti grede, tako da do
loma dode uslied dejstva smicanja prije nego usljed
savijanja (p= 1.5 - 3.2%).

H18-1.7; N18-1.7
| E—

2RID10

For normal strength concrete the following equations
was used

+1.671,p,f, (16)

4 EXPERIMENTAL PROGRAM AND TEST
RESULTS

Results of experimental researches, which have
been done at the Faculty of Civil Engineering in
Podgorica, were used for the analysis of the considered
equations. Twenty six reinforced concrete beams were
tested under concentrated loads at midspan. Beams are
made as pairs of identical beams, where one is made of
normal strength concrete (marked as "N") and the other
is made of high strength concrete (marked as "H").
Specimen details are shown in Fig. 3-6.

While researching, the following parameters were
varied:

— overall depth (h=18; 24; 30; 36 cm), which
represents series: H18-N18, H24-N24, H30-N30 i H36-
N36;

— shear span to depth ratio (a/d=2.67; 2.0; 1.5; 1.25);

— compressive strength of concrete (characteristic
compressive cylinder strength fa=35MPa and
fckZQOMPa),

— the largest spacing of stirrups (s=375; 200; 125
mm) or shear reinforcement ratio (pwfy= 0.443; 0.831,;
1.330 u MPa).

Longitudinal reinforcement ratio is adjusted to the
designed strength of beams, so that the failure occurs
owing to shear effects before than owing to bending (p=

1R®19
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Slika 3 Grede iz serije H18-N18
Figure 3 Beams from the H18-N18 series
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Slika 4 Grede iz serije H24-N24
Figure 4 Beams from H24-N24 series
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Slika 5 Grede iz serije H30-N30
Figure 5 Beams from the H30-N30 series
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Slika 6 Grede iz serije H36-N36
Figure 6 Beams from the H36-N36 series

U tabeli 1 dati su osnovni podaci o gredama:
dimenzije popre¢nog presjeka b/h, relativni raspon

smicanja a/d, nosivost popre¢ne armature (pwfy) u MPa,
proraCunata za maksimalni razmak uzengija za datu
gredu, kao i koeficijent armiranja poduznom armaturom
(0). Pored toga, date su sile smicanja pri pojavi kose
prsline, graniéne sile smicanja pri lomu, kao i njihov
medusobni odnos.

U tabeli 2 prikazani su rezultati prorauna prema
jednacinama (13) i (14), koje su oznaene sa ,Russo® i
jednac¢inama (15) i (16), koje su oznacene sa ,Kim-
White“. Pored toga prikazane su numeri¢ke vrijednost
odnosa granic¢nih sila loma pri testu i prema rezultatima

In the Table 1 the basic data on the beams, dimen-
sions of cross section b/h, shear span to depth ratio a/d,

shear reinforcement ratio (Owfy) in MPa, calculated for
the largest spacing of stirrups for the given beam, as
well as longitudinal reinforcement ratio (p) are shown.
Apart from that, inclined cracking forces are given, shear
forces at failure, as well as their correlation.

In the Table 2 results of the calculations according to
equations (13) and (14), marked as "Russo" and
equations (15) and (16), marked as "Kim-White" are
shown. Apart from that, ratio of the test results to
calculation results are shown as numerical values, and
following statistical data for them are given as well:

24
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proraduna, kao i statistiCki podaci: aritmeti¢ka sredina,
standardna devijacija i koeficijent varijacije za ove
numeri¢ke vrijednosti.

average, standard deviation and coefficient of variation.

Tabela .1 Podaci o gredama, sile pri pojavi kosih prslina, sile loma i njihov medusobni odnos
Table 1 Data on beams, inclined cracking forces, failure shear forces and cracking to failure forces ratio

Opti podaci o gredama Beton visoke &vrstoce Beton normalne &vrstoce
(fe=90 MPa) (fe=35 MPa)

b h a/d Pwfy p Oznaka | Vertest | Vutest Vor ftest Oznaka | Vertest| Vutest Vor test
(mm) | (mm) (MPa) (%) grede kN kN Vi test grede kN kN |V, test
120 180 | 2.67 | (0.443) 1.7 H18-1.7 | 345 | 57.5 | 0,600 | N18-1.7 22 54 | 0,407
120 180 | 2.67 | 0.831 2.2 H18-2.4 32 60 | 0,533 | N18-2.4 27 50 | 0,540
120 180 | 2.67 | 1.330 3.2 H18-3.2 40 74 | 0,541 | N18-3.2 32 | 715 ]| 0,448
120 240 2.0 |(0.443) 1.7 H24-1.7 40 | 83.5| 0,479 | N24-1.7 30 | 615 ]| 0,488
120 240 2.0 0.831 24 H24-2.4 45 1108.5| 0,415 | N24-2.4 36 | 89.5 | 0,402
120 240 2.0 1.330 3.2 H24-3.2 55 |152.5]| 0,361 | N24-3.2 40 115 | 0,348
120 300 1.5 |(0.443) 1.8 H30-1.8 60 | 160 | 0,375 | N30-1.8 50 110 | 0,455
120 300 15 0.831 24 H30-2.4 | 67.5 | 210 | 0,321 | N30-2.4 | 525 | 175 | 0,300
120 300 15 1.330 3.2 H30-3.2 70 | 192 | 0,365 | N30-3.2 | 52.5 |199.5| 0,263
120 360 | 1.25 | (0.443) 15 H36-1.5 70 | 205 | 0,341 | N36-1.5 50 135 | 0,370
120 360 | 1.25 | 0.831 25 H36-2.5 | 100 | 315 | 0,317 | N36-2.5 70 | 200 | 0,350
120 360 | 1.25 | 0.831 | 2.5+0.8 | H36-2.5+ | 100 |337.5]| 0,296 | N36-2.5+ | 80 | 220 | 0,364
120 360 | 1.33 | 1.330 3.2 H36-3.2 |112.5| 335 | 0,336 | N36-3.2 70 | 225 | 0,311

Tabela 2 Rezultati proracuna prema analiziranim jednacinama i odnos mjerenih i racunskih vrijednosti
Table2 Values calculated according to analyzed equations and measured to calculated results ratio

Beton visoke ¢vrstoée Beton normalne &vrstoce
(f=90 MPa) (fa=35 MPa)
Oznaka a/d Vu,Russo Vu kim- Vu test Vy test Oznaka ald V4 Russo Vukim- Vu test Vy test
White White
grede (kN) (kN) Vu,Russo Vu,Kim—White grede (kN) (kN) Vu,Russo Yy Kim-White

H18-1.7 | 2.67 | 43.4 42.0 1.326 1.370 N18-1.7 | 2.67 | 37.7 37.3 1.433 1.448
H18-2.4 | 2.67 | 57.1 54.1 1.051 1.109 N18-2.4 | 2.67 | 48.9 49.9 1.022 1.002
H18-3.2 | 2.67 | 75.1 70.9 0.986 1.044 N18-3.2 | 2.67 | 63.4 67.0 1.127 1.067
H24-1.7 | 2.0 | 68.8 64.0 1.214 1.304 N24-1.7 | 2.0 57.4 57.1 1.071 1.077
H24-2.4 | 2.0 | 91.0 82.8 1.192 1.310 N24-2.4 | 2.0 74.8 76.2 1.197 1.175
H24-3.2 | 2.0 [114.0| 104.4 1.338 1.461 N24-3.2 | 2.0 93.7 97.4 1.227 1.181
H30-1.8 | 1.54 |122.2| 108.8 1.309 1.470 N30-1.8 | 1.54 | 99.9 97.5 1.101 1.128
H30-2.4 | 1.54 |152.0| 1345 1.381 1.561 N30-2.4 | 1.54 | 125.4 | 123.0 1.396 1.422
H30-3.2 | 1.54 |246.6| 156.9 0.779 1.223 N30-3.2 | 1.54 | 153.0 | 150.8 1.304 1.323
H36-1.5 | 1.25 [170.4| 155.0 1.203 1.322 N36-1.5 | 1.25 | 142.8 | 137.5 0.946 0.982
H36-2.5 | 1.25 |352.4| 214.2 0.894 1.470 N36-2.5 | 1.25 | 211.9 | 199.9 0.944 1.000
H36-3.2 | 1.33 [275.9| 217.1 1.214 1.543 N36-3.2 | 1.33 | 213.2 | 202.8 1.056 1.109

Aritmetic¢ka sredina Xg 1.16 1.35 Aritmetic¢ka sredina Xg 1.15 1.16

Standardna devijacija S 0.19 0.16 Standardna devijacija S 0.16 0.16

Koeficijent varijacije v (%) 16 12 Koeficijent varijacije v (%) 14 14

Na slici 7 je prikazan je odnos nominalnih napona
smicanja pri lomu, odredenih pri eksperimentalnom
ispitivanju i primjenom navedenih empirijskih jednacina.
Data je linija linearne interpolacije rezultata za svaku
jednacinu pojedinac¢no. Na taj nacin je ocjena saglasno-
sti rezultata testova i rezultata proraduna ucinjena
jasnijom. Kod greda od betona visoke ¢vrsto¢e sagla-
snost je manja, pri €emu relacija Russo-a postaje nekon-
zervativna za grede vece nosivosti, koje su u ovom slu-
¢aju sa manjim odnosom a/d. Linije kojima su apro-

Figure 7 shows the correlation of nominal shear
stresses at failure, determined in the experimental
research and through application of analyzed equations.
Line of linear interpolation of results for every equation
individually is given. In that way, the estimation of
concordance of test and calculation results is made
clearer. In the case of high- strength concrete beams,
concordance is smaller, while Russo relation becomes
non-conservative for beams of higher shear strength,
which in this case have smaller shear span to depth ratio
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ksimirani rezultati za beton normalne C¢&vrstoce su
paralelne sa referentnom linijjom i pokazuju bolju
saglasnost nego u sluc¢aju betona visoke ¢vrstoce.

Rezultati testova i proracuna za HSC
10
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a/d. Lines by which the results of normal-strength
concrete were approximated are parallel with the
referent line and show better concordance than in the
case of high-strength concrete.
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Slika 7 Odnos eksperimentalnih rezultata i rezultata proracuna nosivosti na smicanje
Figure 7 Correlation of measured and calculated values of shear strength

5 1ZVODENJE INOVIRANIH JEDNACINA

Pri izvodenju inoviranih jednadina za proracun
smi¢u¢e nosivosti greda od betona visoke Cvrstoce
pretpostavlieno je da se korekcijom proracunske
jednacine (15), u dijelu empirijski odredenih konstanti,
moze doc¢i do jednacine za proracun smicuce nosivosti
greda koja ima bolju saglasnost sa eksperimentalnim
rezultatima. Za definisanje novih konstanti, u jednagcini
za proratun smicuce nosivosti, primijenjena je
regresiona analiza na bazi eksperimentalnih rezultata,
koris¢enjem kompjuterskog programa Curve Expert.

Pocgetne vrijednosti su definisane na bazi rezultata
sopstvenih eksperimentalnih ispitivanja, pri ¢emu su
uklju€eni osnovni parametri a/d, f« i p, a zatim su
uradene korekcije koje obuhvataju uticaj visine presjeka
d kao parametar ("size effect"), ograni¢enje vrijednosti p
(koeficijenta armiranja poduznom armaturom) i doprinos
smi¢u¢e armature. U ovom dijelu analize su kori§¢eni
rezultati opisanih eksperimentalnih istrazivanja, kao i
rezultati drugih autora koji se nalaze u bazi podataka
formiranoj za potrebe istraZivanja datoj u [8].

Nosivost na smicanje betonskog dijela presjeka

Za definisanje nosivosti na smicanje betonskog dijela
presjeka odabrana je jednacina oblika:

5 DERIVING INNOVATIVE EQUATIONS

While deriving innovative equations for the
calculation of shear strength of high-strength concrete
beams it is supposed that by correction of equation (15),
in the part of empirically determined constants, the
equation for calculation of shear strength, which is more
in concordance with experimental results, can be
obtained. For defining new constants, in the equation for
calculation of shear strength, regression analysis based
on experimental results was applied, using the computer
program Curve Expert.

Starting values are defined based on the results of
independent experimental researches, where basic
parameters al/d, fo and p are included, after which
corrections were made comprising the influence of depth
of d as a parameter ("size effect"), restriction of the
value of p (longitudinal reinforcement ratio) and contri-
bution of transverse reinforcement. In this part of ana-
lysis results of specified experimental researches were
used, as well as results of other authors which may be
found in the data base formed for the needs of the
research given in [8].

Shear Strength Provided by Concrete
For defining resisting contribution provided by

concrete to shear strength of reinforced concrete beam,
the following equation was chosen:

_ ﬂ ' 0.5 0.9 ﬂ “
v, _o.z(aj [(fck) vmp (aj } a7

U datoj jednacini eksponent r predstavljen je
funkcijom oblika r:(d/a)kp’o'. Prva aproksimacija nosivosti

In the given equation power r is represented by the
function r=(d/a)“0®*. The first approximation of resisting
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na smicanje betonskog dijela presjeka definisana je
kori§¢enjem rezultata opisanih istrazivanja. Koris¢eni su
rezultati za grede kod kojih je koeficijent armiranja
poduznom zategnutom armaturom iznosio p=0.015-
0.018 (za proratun je koriS¢ena vrijednost 0.015).
Analiza vazi za beton visoke Evrstoce (f.x=90 MPa).

Za regresionu analizu je =zadata funkcionalna
zavisnost oblika:

contribution provided by concrete is defined by using
results of the specified researches. The results for
beams in which the longitudinal reinforcement ratio
amounted to 0.015-0.018 were used (the value p =0.015
was used for the calculation). Analysis is valid for high-
strength concrete (f4«=90 MPa).

For the regression analysis the functional depen-
dence in the following form is given:

Vye = 0.2x15% (9.5+k1xk) (18)

Promjenljiva x u relaciji predstavlja parametar d/a,
dok su k i ki konstante koje treba odrediti pomocu
regresione analize. Analogija izmedu izraza (17) i (18)
daje: ki=mp®?; (f2)°°=9.5, r=1.5(d/a)". Numeritke
vrijednosti koje figuriSu u jednacini (18) su dobijene za
zadate vrijednosti: p=0.015 i f%=90 MPa, odnosno p
=15 Eksperimentalne vrijednosti smiCu¢e nosivosti
Vuc=Vuc,est/bd, koje su koris§éene kao ulazni podaci za
regresionu analizu, dobijene su tako Sto su sile smi¢uce
nosivosti odredene eksperimentalnim putem Vygest
umanjene za doprinos popre€ne armature Vs, koji je
odreden primjenom Russo jednacine (11).

Regresionom analizom definisana je kriva u obliku
izraza (18), koju karakteriSe standardna greSka S=0.617
MPa i koeficijent korelacije: r=0.913. Dobijene su
vrijednosti: k =0.86 i k;=33.8. Kako je ki=mp®° i
0=0.015, to je m=1480.

S =0.6167349C
r=0.9128997¢

vuc,test (MPa)

T L e e s o e e S L o e e e
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Slika 8. Kriva dobijena regresionom analizom za p=0.015
Figure 8 The curve obtained by regression analysis for
0=0.015

Za sljiede¢u aproksimaciju je u jednacini (17)
usvojeno k=0.86 i r=1.45(d/a)’®®, dok je ki nepoznati
parametar. Primjenom tako prilagodene jednacine
izvrSena je regresiona analiza eksperimentalnih rezultata
za grede kod kojih koeficijent armiranja poduznom
armaturom iznosi 0.023-0.026. Vrijednosti za proracun
su:

£=0.024. f4=90 MPa, i p'=1.45.

U ovom sluc€aju je definisana kriva sa standardnom
greSkom S=0.658 MPa, i koeficijentom korelacije
r=0.964, prikazana na slici 9. Odreden je parametar
ki1=50.6=mp"°, pa je m=1452.

Variable x in the relation represents the parameter
d/a, while k and ki represent constants which should be
defined using regression analysis. The analogy between
the expressions (17) and (18) gives: ki=mp°?;
(fck)0'5:9.5, r:1.5(d/a)k. Numerical values which appear
in the equation (18) are obtained for the given values:
0=0.015, fyx=90 MPa, and p'l:1.5. Experimental values
of the shear strength vyc=Victest/bd, which were used as
the entering data for regression analysis, are obtained
by subtracting the forces of transverse reinforcement
contribution according to Russo equation (11) Vs, from
experimentally failure shear forces Vet

Using regression analysis, the curve from the
expression (18) was obtained, which is characterized by
standard error S=0.617 MPa and correlation coefficient
r=0.913. Values k =0.86 and k;=33.8. were got. Since
ki=mp°? i p=0.015, then m=1480.

$=0.65762011
r=0.96360564

vuc (MPa)

L e e e e e e HSELANELA S o o s e e s e e e s
0.3 0.4 0.5 0.6 0.7 0.8 0.9

d/a

Slika 9 Kriva dobijena regresionom analizom za p=0.024
Figure 9 The curve obtained by regression analysis for
0=0.024

For the following approximation in the equation (17) it
is adopted k=0.86 and r=1.45(d/a)’®®, while ki is an
unknown parameter. By using thus adapted equation
regression analysis of experimental results for beams for
which longitudinal reinforcement ratio amounts to 0.023-
0.026 is performed. The values for the calculation are
as follows:

=0.024. f4=90 MPa, i p'=1.45.

In this case the curve with standard error S=0.658
MPa, and the correlation coefficient r=0.964, is defined,
as shown in Fig. 9. The parameter k;=50.6=mg’?, is
obtained, so m=1452.

MATERIJALI | KONSTRUKCIJE 52 (2009) 2 (17-34)

27



Za grede kod kojih je p=0.032, slicno kao u
prethodnom slucaju dobijena je kriva na slici 10.

0.7638595¢
0.95097613

S

r
[)
8.0
7.004
6.00

5.004

vuc,test (MPa)
L ]

4.004

3.004

03 0.4 05 06 0.7 0.8 09
d/a

Slika 10 Kriva dobijena regresionom analizom za p=0.032
Figure 10 The curve obtained by regression analysis for

£=0.032

Standardna greSka dobijene krive je S=0.764 MPa,
dok je koeficijent korelacije r=0.951. Odreden je
parametar k;=55.1=mp"°, pa je m=1220.

Na osnovu rezultata regresione analize definisana je
jedinstvena jednacina koja obuhvata sva tri analizirana
slu¢aja. Jedinstvena vrijednost za konstantu m je
usvojena kao aritmetiCka sredina od tri dobijene
vrijednosti, odnosno m=1380. Dobijena jednacina je:

a

For the beams for which p=0.032, similarly as in the
previous case, the curve in Fig. 10 was obtained.

$=10.02094769
r=0.99333340

1.004

0.90 L]

0.804

vuc,test/vuc,rac

0.704

0.60

L
50.0 200.0

T L o e e e B ML e e

L e
350.0 500.0 650.0 800.0 950.0

d (mm)

Slika 11 Regresiona kriva za "size effect
Figure 11 Regression curve for "size effect"

The standard error of the obtained curve is S=0.764
MPa, while the correlation coefficient is r=0.951. The
parameter k;=55.1=mz"’ is defined, so m=1220.

Based on the results of regression analysis the
unique equation which comprises all three analyzed
cases is defined. The unique value for the constant m is
adopted as average of the three obtained values, or
m=1380. The obtained equation is:

Vie =0.2(1-p )[er {(fck )*® +1380p°° (2]0'86 } (19)

Jednadina (19) za grede visine d>500 mm daje
nekonzervativne rezultate. Da bi se dobila jednacina za
proracun koja je prihvatljiva za elemente vecée visine,
potrebno je u izraze za proraun nosivosti na smicanje
ukljuciti efekat veliCine kao parametar, [2]. U cilju
uklju€ivanja ovog parametra u proracunsku jednacinu
uradena je dodatna regresiona analiza i odreden
korekcioni faktor & koji obuhvata uticaj veli¢ine elementa
koriste¢i visinu popre¢nog presjeka d. Za analizu su
koriS¢ene vrijednosti Vicrest/Vucrae U zavisnosti od d.
Primjenom regresione analize definisana je sljede¢a
zavisnost:

£ = kel

Dobijaju se parametri:

k1:1.1

k=-0.000598=-1/1700

Standardna greSka je S=0.021 MPa, dok je

koeficijent korelacije r=0.993.
d

Usvojena je funkcija: & =1.1e 1700

Sila smicanja koju prihvata betonski dio presjeka sa
poduznom armaturom, ako je u gredi prisutna minimalna
smic¢uca armatura, je:

The equation (19) for the beams with the depth
d>500 mm gives non-conservative results. In order to
obtain the design equation that is reasonable for
elements with higher depth, size effect as parameter
should be included in expressions for shear strength
calculation, [2]. Added regression analysis was done and
correction factor &, which comprises size effect using
cross-section depth d, was defined with the aim to
include this parameter in design equation. Values of ratio
Vuctest!Vucrae, IN dependent of d, are used for analysis.
Using the regression analysis, the following dependence
is defined:

£ = kel

Follow parameters are get:
klzl.l
k=-0.000598=-1/1700
Standard error is S=0.021 MPa, while correlation
coefficient is r=0.993.
d
Adopted formulais: & =1.1e 1700

Shear resisting force provided by concrete part in the
case of reinforced beam with contribution of longitudinal
reinforcement is:

28

MATERIJALI | KONSTRUKCIJE 52 (2009) 2 (17-34)



vV,

Pri tome je:
d

¢ = 1.161_m - korekcioni faktor za efekat veli¢ine;

0.86

p:ﬁso.oz 1+f°—k [31;
bd 100

Aq - povrSina poprecnog presjeka poduzne zategnu-
te armature usidrene na odgovarajuéi nacin;

fa« >50 MPa - karakteristicna &vrsto¢a betona pri
pritisku mjerena na cilindru;

d - stati¢ka visina presjeka (mm);
b - minimalna Sirina popre¢nog presjeka (mm).

Ako je %g 0.8, usvaja se 9 =1.25.
a

Jednacina (20) je iskoriS§¢ena za proradun nosivosti
na smicanje eksperimentalno ispitanih greda i rezultati
su uporedeni sa rezultatima dobijenim u eksperimen-
talnom ispitivanju. Za proraun doprinosa smicuce
armature upotrebljena je jednacina koju je dao Russo, a
koja je ve¢ primjenjivana u kombinaciji sa Kim-White
jednacginom. Rezultati su prikazani na slici 12. Evidentno
je da jednacina (20) daje bolje rezultate nego jednacine
koje predlazu Russo i Kim-White. S obzirom da je
doprinos smic¢u¢e armature u sva tri slu¢aja proracunat
prema jednacini Russo-a, razli€iti rezultati su uslovljeni
razlikama u proradunu doprinosa betonskog dijela
presjeka nosivosti na smicanje.

i =02¢(1-\p )[%jr {(fck ) +1380,%% (ZJO'% } bd (20)

Where:
d

&= 1.1e 1700 _ gjze effect reduction factor;

0.86
e

pzfg—SOOZGA"hLJJﬂ;
bd 100

As - cross section area of longitudinal tension rein-
forcement that has adequate anchorage;

fo« >50 MPa - characteristic compressive cylinder
strength of concrete;

d - effective depth of cross-section (mm);

b - minimal width of cross-section (mm).

If% <0.8, itis adopted that 9 =1.25.
a

The equation (20) is used for the calculation of shear
strength of experimentally tested beams and the results
are compared with the results obtained in the experi-
mental research. For the calculation of shear reinforce-
ment contribution the equation given by Russo, which is
already used in the combination with Kim-White equa-
tion, is applied. The results are shown in Fig. 12. It is
evident that the equation (20) gives better results than
the equations suggested by Russo and Kim-White.
Since the contribution of transverse reinforcement in all
three cases is calculated according to Russo's equation,
different results are conditioned by differences in
calculation of the shear resisting contribution provided by
concrete.

Verifikacija rezultata relacije (20)

10

X Russo m
Kim-White
A Relacija (20)

Nosivost prema rezultatima testova (MPa)

Linear (Kim-White) ||
Linear (Russo)
Linear (Relacija (20))

6 8 10

Nosivost prema empirijskim relacijama (MPa)

Slika 12 Rezultati proracuna primjenom jednacine (20) u odnosu sa rezultatima testova
Figure 12 Results of the calculation applying equation (20) in correlation to test results

Vazno je konstatovati da se izvedena jednacina (20)
primjenjuje za proradun doprinosa betonskog dijela
presjeka sa poduznom armaturom ukupnoj nosivosti na
smicanje, za grede koje imaju smicucu armaturu. Za
grede koje su u potpunosti bez smi¢uée armature, kakve
su eksperimentalno ispitivali pojedini autori, primjenom
jednacine (20) dobijaju se nekonzervativni rezultati, [8].

It is important to conclude that the derived equation
(20) is applied for the calculation of resisting contribution
provided by concrete with longitudinal reinforcement, for
the beams which have transverse reinforcement. For the
beams which do not contain transverse reinforcement at
all, such as the ones experimentally tested by certain
authors, by application of the equation (29) non-
conservative results are obtained, [8].
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Doprinos smi€uée armature

Za prorac¢un nosivosti smi€uée armature usvojena je
jednacina prema obliku sli¢na jednacini koju je dao
Russo. Nosivost smiCuce armature je iskazana u funkciji
indeksa grednog dejstva, koeficijenta armiranja
popre€nom armaturom i granice razvlaenja ove
armature. Na osnovu sprovedenih istrazivanja
zaklju€eno je da efikasnost smicu¢e armature zavisi od
vitkosti grede. Zbog toga je u jednacinu za proradun
doprinosa smi€uce armature ukljucen faktor koji je u
funkciji d/a. Preko ovog faktora se obuhvata uticaj
vitkosti. Uklju€ivanje parametra d/a u inoviranu
jednacdinu za doprinos smicuce armature, Cini je bitno
razliCitom od jednacine koju je dao Russo. Nova
jednacina je oblika:

Calculation of the Transverse Reinforcement
Contribution

For the calculation of the shear strength provided by
transverse reinforcement the eqaution similar in form to
the one given by Russo is adopted. This shear strength
is in dependence of the beam action index, transverse
reinforcement ratio and yield strength of this reinfor-
cement. Based on the conducted researches, it is con-
cluded that the efficiency of the transverse reinforcement
depends on the slenderness of the beam. Therefore the
factor which is dependent of d/a is included into the
equation for the calculation of the contribution of
transverse reinforcement. Through this factor the influ-
ence of slenderness is comprised. Including the para-
meter d/a in the innovative equation for the contribution
of transverse reinforcement, makes it significantly dif-
ferent than the equation given by Russo. The new
equation has the following form:

Vus =Kl fyy (21)

gdje je:
= (fck )0.5 ]
" (f)*° +1380,0%° (4)7%° - indeks grednog

dejstva;
oy = ﬁ - koeficijent smicuc¢om
bs
armaturom (Asy = povrSina popreénog presjeka smicuce
armature; s = osovinsko rastojanje uzengija);
fyv - granica razvlaCenja smiuce armature.

armiranja

Parametar k u jednacini (21) je definisan u funkciji
d/a primjenom regresione analize. Ulazni podaci za
regresionu analizu su dobijeni na sljede¢i nadcin:
eksperimentalno utvrdene sile loma su iskazane u obliku
zbira Vyest=VuctVus; primjenom jednacine (20) su
proraunate sile Vc, dok su vrijednosti za k odredene iz
relacije v, =kl,p,f,,bd - Dobijene vrijednosti za k su

iskoriS¢ene za regresionu analizu pomoc¢u koje se doSlo
do trazene zavisnosti k:f(%). Jednacina je definisana

na dva nacina: u obliku eksponencijalne funkcije i u
obliku linearne funkcije.
Primjenom regresione analize za krivu u obliku
K d
. . 2 .
eksponencijalne  funkcije,k =k;e "2, odredeni su

nepoznati parametri:

k1 =0.8

kz =3.3

Standardna greSka je S=1.616, a koeficijent
korelacije r=0.884.

Izraz za k u eksponencijalnom obliku:

3.
k =0.8e

lako je utvrdeno da se pomocu eksponencijalne
funkcije dobija bolja aproksimacija eksperimentalnih
rezultata, nego za linearnu zavisnost, utvrdeno je da
eksponencijalna funkcija za d/a>0.8 moze dati
nekonzervativne rezultate. Zbog toga je usvojena

where:

05
| = (fa) - beam action

n (ka )0.5 +1380p0'9 (%)0.86

index;

yel :ﬁ - transverse reinforcement ratio (Asy =
Y bs

transverse reinforcement cross-section area; s = space
between stirrups);

fyv - yielding strength of transverse reinforcement.

The parameter k in the equation (21) is defined in
dependence of d/a applying regression analysis. The
input data for regression analysis are obtained as
follows: experimentally determined forces at shear
failure are expressed as the sum Vyes=VuctVus;
applying the equation (20) forces V., are calculated,
while the values from k are determined from the
relationvus =kl p,f,ybd - The obtained values for k are

used for the regression analysis through which it is
arrived at the requested dependency k:f(%). The

equation is defined in two ways: with the exponential fit
and with the linear fit.
Applying regression analysis for the curve in the form
d
of exponential functionk =k;e Za, the unknown

parameters are determined:

k1 =0.8

kz =3.3

The standard error is S=1.616, and the correlation
coefficient is r=0.884.

The expression for k with the exponential fit:

(22)

Although it is determined that through exponential
function better approximation of the experimental
researches is obtained, than for the linear function, it is
found that the exponential function for d/a>0.8 can give
non-conservative results. Therefore, the dependency
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zavisnost u obliku linearne funkcije promjenljive
d
dlark = k; +k, —
1%

Rezultati regresione analize:
k1 =-0.7
k2 =10

Standardna greska je S=1.00, a koeficijent korelacije
r=0.822.

1.61608512
0.8837296¢

15.00

12.004 [ ]

9.004

6.004

3.004

0,00t
03 0.4 05 0.6 07 08 09

d/a

Slika 13 Regresiona kriva za parametar k u obliku
eksponencijalne funkcije
Figure 13 Regression curve with the exponential fit

Jednacina u obliku linearne zavisnosti dobijena
pomocu regresione analize je:

d

with the linear fit of the variable d/a: k =k; +k, d is
a

adopted.

Results of the regression analysis:

k1 =-0.7

kz =10

The standard error is S=1.00, and the correlation
coefficient is r=0.822.

.00297842

§=1
r=0.82165604

10.00-

8.504 L]

7.004

4.004

2.504

1004

Slika 14 Regresiona kriva za k u obliku prave
Figure 14 Regression curve with the linear fit

The equation with the linear fit obtained using
regression analysis is:

k=10—-0.7 (23)
a

Utvrdena linearna zavisnost u slu¢aju kad je d/a<0.5
daje vece vrijednosti koeficijenta k nego eksponencijalna
funkcija. Zbog toga je linearna funkcija dodatno
korigovana, tako da kona¢no usvojena linearna
zavisnost za parametar k glasi:

d

The determined linear dependency in the case when
d/a<0.5 gives greater values of the parameter k than the
exponential function. Therefore, the linear function is
additionally corrected, so the finally adopted linear
dependency for the parameter K is:

k=10—-15 (24)
a

Iz cjelokupne analize proizilaze sljedeée jednacline
za proracun nosivosti na smicanje za grede od betona
visoke ¢vrstoce sa smiCu¢om armaturom:

From the overall analysis the following equations for
the calculation of shear strength of high-strength con-
crete reinforced beams with transverse reinforcement

dY i 05 d 0.86 ] 339
V, =V +Vys =o.2§(1-\/;)(;j (fy )" +1380p°° (Ej bd +0.8e 2l p,f,,bd (25)
dY i d 0.86 ] d
Vi =Vie +Vis =028 (1-x/;)(gj (fo )™ +1380,p°° (Ej bd +(10§"1'5j'“ pfbd (26)

U jednacinama (25) i (26) su parametri &, I'i p
definisani na isti na¢in kao u jednacini (20). Valjanost
novih proracunskih jednacina (25) i (26) je ocijenjena
preko odnosa rezultata testova i prorauna, koji su
prikazani na slici 15.

In the equations (25) and (26) the parameters &£, I'i
p are defined in the same way as in the equation (20).
Validity of the new design equations (25) and (26) is
estimated through the comparison of the tests results
and calculations shown in Fig. 15.
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Verifikacija rezultata inoviranih relacija (25) i (26)

10

Kim-White

A Relacija (25)

A Relacija (26)
Linear (Kim-White)

Nosivost prema rezultatima testova (MPa)

Linear (Russo)
Linear (Relacija (25))

— — Linear (Relacija (26))

4 6 8 10

Nosivost prema empirijskim relacijama (MPa)

Slika 15. Rezultati proracuna primjenom relacija (25) i (26) u odnosu sa rezultatima eksperimenata
Figurel5 Comparison of the tests results with the results calculated by application by the equations (25) and (26)

Rezultati dobijeni primjenom jednacina (25) i (26),
prikazani na dijagramu na slici 15, pokazuju bolju

saglasnost  sa

eksperimentalnim  rezultatima

analiziranih jednacina "Kim-White" i "Russo”.

od

The results obtained through the application of the
equations (25) and (26) given in the diagram [Fig. 15],
show better concordance with test results than the
analyzed equations "Kim-White" and "Russo".

3.0 3.0
+ Russo + Kim-White
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Slika 16 Odnos eksperimentalnih rezultata i rezultata proracuna za jednacine Russo-a i Kim-White-a
Figure 16 Calculation results according equations of Russo and Kim-White to experimental results ratio
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Slika 17 Odnos eksperimentalnih rezultata i rezultata proracuna prema jednacinama (25) i (26)
Figure 17 Calculation results according equations (25) and (26) to experimental results ratio
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Dodatna potvrda valjanosti predloZenih jednacina je
data putem dijagrama koji prikazuju vrijednosti odnosa
rezultata testova i rezultata proracuna, u funkciji Evrstoc¢e
betona pri pritisku, dobijenih iz podataka o rezultatima
ispitivanja za 102 grede, koji su dati u [8].

6 ZAKLJUCAK

Na ponaSanje armiranobetonskih greda pri
smic¢u¢em lomu utiCe veliki broj parametara koje treba
obuhvatiti rjeSenjem za proraun smicuée nosivosti.
Zbog toga se rjeSenja daju u obliku empirijskih
jednadina. Intenzivna istraZivanja ovog problema
rezultirala su vec¢im brojem razliCitih empirijskih
jednacina, pri ¢emu se neke od njih koriste u okviru
aktuelnih proracunskih kodova.

Postojece empirijske jednacline su uglavnom
definisane na osnovu rezultata ispitivanja betona ¢ija
Cvrstoc¢a pri pritisku ne prelazi 40 MPa, pa je njihova
upotreba ograni€ena na betone nize i srednje Cvrstoce.

Nova istrazivanja iz oblasti betona visoke &vrstoce
(fa>50 MPa), pokazala su da se smicuca nosivost
greda ne uvecava znacajno sa povecanjem c¢vrstoce
betona. Uticaj pojedinih parametara smiuée nosivosti,
se razlikuje zavisno od ¢vrsto¢e betona. Zbog toga je za
beton visoke ¢&vrstoce potrebno redefinisati postojece
jednacine.

Parametri koji su uklju€eni u inovirane jednacine za
proraun smiuée nosivosti su: &vrstoca betona pri
pritisku,  koeficijent armiranja poduZznom armaturom,
relativni raspon smicanja i korekcioni faktor za efekat
veli¢ine. Jednacine za proracun su definisane u obliku
zbira doprinosa betonskog dijela presjeka i doprinosa
smiCuce armature.

Pri definisanju inoviranih jednacina usvojen je stav
da se doprinos betonskog dijela presjeka, kod greda
koje imaju najmanje minimalnu smi¢u¢u armaturu, ne
moze smatrati ekvivalentnim sa nosivoSéu greda koje
imaju samo poduznu armaturu. Medudejstvo poduzne i
smiCu¢e armature predstavijaju znacajan faktor u
prenosu smicuc¢ih sila, pa je neophodno razmatrati
njihovo dejstvo kao cjelinu.

Doprinos  smiuée  armature, u inoviranim
jednacinama, uklju€uje dodatne faktore: efekat vitkosti
grede u funkciji d/a i indeks grednog dejstva.

Verifikacija rezultata proracuna primjenom inoviranih
jednacina, izvrSena na bazi rezultata ispitivanja 102
grede od betona visoke C¢&vrstoce, pokazuje dobru
saglasnost proracunskih rezultata sa rezultatima testova
i veéu uniformnost rezultata nego kod polaznih
jednacina. Relativno malo rasipanje rezultata koje daju
predloZene jednaCine omogucéava definisanja dovoljno
pouzdanih  proraunskih modela uz uvodenje
zahtijevanog stepena sigurnosti.

The additional confirmation of the validity of the
suggested equations is given through the diagrams
which show the values of the test results to calculation
results ratio, in dependence of the compressive strength
of concrete, obtained from the data on the results of the
researches for 102 beams, given in [8].

6 CONCLUSION

The behavior of reinforced concrete beams at shear
failure is influenced by a great number of parameters
which should be comprised by the solution for the
calculation of shear strength design. Therefore, the
solutions are given in the form of empirical equations.
Intensive researches of this problem resulted in a large
number of different empirical equations, and some of
them are used within current design codes.

The existing empirical equations are mainly defined
based on the results of the research of concrete whose
compressive strength does not go over 40 MPa, so their
usage is limited to the concretes of lower and medium
strength.

New researches in the area of high strength concrete
(fo>50 MPa) showed that shear strength does not grow
significantly when the strength of concrete is increasing.
The influence of certain parameters of shear strength is
different depending on the strength of concrete.
Therefore, for the high-strength concrete, it is necessary
to redefine the existing equations.

The parameters included in the innovative empirical
equations for the calculation of shear strength are the
following: compressive strength of concrete, longitudinal
reinforcement ratio, shear span to depth ratio and size
effect reduction factor. The equations for the calculation
are defined in the form of the sum of the resisting
contribution provided by concrete and contribution
provided by transverse reinforcement.

While defining innovative equations the attitude was
adopted that the resisting contribution provided by
concrete, in case of the beams which have at least
minimal transverse reinforcement, can not be considered
equivalent to the shear resistance of the beams which
have only longitudinal reinforcement. Interaction of the
longitudinal and transverse reinforcement represents a
significant factor in the transfer of shearing forces, so it
is necessary to study their effect as a whole.

The contribution of the transverse reinforcement, in
the innovative equations, includes the additional factors:
the effect of the slenderness of beam in dependence of
d/a and beam action index.

Verification of the calculation results applying
innovative equations, performed on the basis of the
results of the research of 102 beams made of high-
strength concrete, shows good concordance with the
test results and greater uniformity of the results than the
starting equations. Relatively small dissipation of the
results which the suggested equations give, enables
defining sufficiently reliable design model while
introducing the requested level of security.
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REZIME

PRORACUN SMICUCE NOSIVOSTI GREDA OD
BETONA VISOKE CVRSTOCE

Radmila SINDIC-GREBOVIC

U radu su, na bazi postojeéih jednacina za proracun
nosivosti na smicanje i rezultata eksperimentalnih
ispitivanja na gredama od betona visoke Cd&vrstoce,
definisani novi izrazi za proracun nosivosti na smicanje
armiranobetonskih greda od betona visoke Cvrstoce.
Inovirane jednacine su definisane sa ciliem postizanja
bolje saglasnosti racunskih vrijednosti sa rezultatima
testova, za grede od betona visoke ¢vrstoce.

Jednadine su izvedene sa pretpostavkom da se
vrijednost grani€ne sile smicanja moze predstaviti u
obliku zbira doprinosa betonskog dijela presjeka i
doprinosa smi¢uce armature.

Doprinos betonskog dijela presjeka sa poduznom
armaturom definisan je koriste¢i jednacinu izvedenu iz
veze izmedu smiCuce sile u gredi i promjene momenta
savijanja duz grede =zajedno sa eksperimentalno
odredenim doprinosom luénog dejstva. U jednadine su
uklju€eni najvazniji parametri nosivosti na smicanje:
Cvrstoéa betona fu, koeficijent armiranja poduznom
armaturom p, relativni raspon smicanja a/d i redukcioni
faktor veli€ine u funkciji visine presjeka d.

Doprinos smi¢uée armature, osim nosivosti armature
pvfy , obuhvata parametar d/a i indeks grednog dejstva In.

Predvideno je da se definisane relacije koriste za
grede koje imaju najmanje minimalnu smi¢uéu armaturu.

Pri definisanju inoviranih jednacina koris¢ena je
nelinearna regresiona analiza primjenom programa
Curve Expert.

Inovirane jednacline su testirane primjenom veceg
broja eksperimentalnih rezultata, koji se odnose na
ispitivanja smicuc¢e nosivosti greda od betona visoke
Evrstoce.

Kljuéne rije€i: beton visoke &vrsto¢e, nosivost na
smicanje, proracunske jednacine, regresiona analiza
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SUMMARY

PREDICTION OF SHEAR STRENGTH IN HIGH-
STRENGTH CONCRETE BEAMS

Radmila SINPIC-GREBOVIC

New equations for prediction of shear strength of
high-strength concrete beams, based on the present
shear strength equations and results of experimental
researches on the high-strength concrete beams, are
defined in this paper. The new shear strength equations
are defined in order to attain better agreement between
design values and test results for high-strength concrete
beams.

Equations were derived with hypothesis that the
values of ultimate forces of shear strength may be
presented as sum of concrete part of the beam
contribution and shear reinforcement contribution.

Contribution of the concrete part of the beam with
longitudinal reinforcement is derived from the relation-
ship between shear force and the rate of change of
bending moment along a beam, coupled with experi-
mental findings for the arch action. The most important
parameters of shear strength: concrete strength fe,
longitudinal reinforcement ratio p, shear span to depth
ratio a/d and size effect reduction factor, depending on
effective beam depth d, were included in the relations.

The shear reinforcement contribution, apart from
strength of reinforcement p.fyy, comprises parameter d/a
and beam action index I,.

The use of the defined relations is restricted only to
beams that contain minimal predicted shear
reinforcement.

Non-linear regression analysis, performed using
computer program Curve Expert, was used during the
defining of innovative equations.

Innovative equations were tested using large number
of experimental results related to the research of high-
strength concrete beams.

Key words: high-strength concrete, shear strength,
design equation, regression analysis
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EKSPERIMENTALNA ISPITIVANJA ODRDENIH
TERMO-FIZICKIH | MEHANICKIH SVOJSTAVA EPS BETONA

EXPERIMENTAL TESTING OF CERTAIN THERMO-PHYSICAL AND MECHANICAL
PROPERTIES OF EPS CONCRETE

Dragica JEVTIC
Dimitrije ZAKIC

1 UvOoD

EPS beton je lakoagregatni kompozit spravljen na
bazi granula ekspandiranog polistirena (stiropora) i
klasiénih komponentnih materijala za beton: cementa i
vode, sa odgovarajuéim specificnim hemijskim dodaci-
ma. U poslednjih pedeset do Sezdeset godina u svetu je
razvijeno i Kkoristi se viSe razli€itih varijanti ovakvih
lakoagregatnih betona, pod razli¢itim komercijalnim
nazivima [1]. Jedan od predstavnika predmetnih kompo-
zita je i Simprolit, koji je patentiran i uspesno se koristi u
Srbiji i Ruskoj Federaciji [4]. Svojstva ovog materijala su
ispitivana, u viSe navrata, u Laboratoriji za materijale
Gradevinskog fakulteta u Beogradu. Ovom prilikom bi¢e
prikazani rezultati sopstvenih eksperimentalnih ispiti-
vanja Simprolita, kao reprezenta grupe termoizolacionih
materijala tipa EPS betona. Konkretno, radi se o speci-
fi€nim ispitivanjima iz oblasti gradevinske fizike - sistema
odvodenja vodene pare sa ravnih krovova, zatim kapi-
larnog upijanja i otpornosti EPS kompozita u uslovima
niskih temperatura.

Kao Sto je poznato, da bi bili kompetitvni na trzistu,
savremeni termoizolacioni materijali moraju da ispune
mnoge ostre zahteve, kao 5to su:

— niska zapreminska masa, odnosno velika poro-
znost;

— zadovoljavaju¢a mehanicka svojstva;

— malo upijanje vode;

— dobra termoizolaciona svojstva;

— zadovoljavajuca propustljivost za vazduh i gasove;
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Asis. mr Dimitrije Zaki¢, dipl.inz.grad.
Univerzitet u Beogradu Gradevinski fakultet
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STRUCNI RAD
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1 INTRODUCTION

EPS concrete is a lightweight composite material
made of expanded polystyrene (styrofoam) grains and
classic concrete component materials: cement and
water, with addition of special chemical admixtures. In
the last fifty to sixty years many different varieties of this
type of lightweight concrete have been developed and
applied, under different commercial names [1]. One of
the representatives of such composite materials is Sim-
prolit, which has been patented and succesfully applied
both in Serbia and in Russian Federation [4]. The pro-
perties of this material have been tested, in several
occasions, in the Laboratory for materials at the Faculty
of Civil Engineering in Belgrade. In this paper, the results
of own experimental research of Simprolit - being a
representative of EPS concrete as a thermoinsulation
material, will be presented. In particular, specific tests
regarding Civil engineerinig physics will be discussed -
steam conduction system for flat roofs, capillary absorp-
tion and frost resistance of EPS composite materials.

In order to be competitive at the market, contempo-
rary thermo-insulating materials must fulfill lots of strict
demands including:

— Low density, i.e. high porosity;

— Satisfactory mechanical properties;

— Low water absorption;

— Good thermo-insulating properties;

— Satisfactory steam and gas permeability;

Dragica Jevti¢, PhD

Dimitrije Zaki¢, Assist. prof., MSc, Assist.

Faculty of Civil Engineering, University of Belgrade
Bul. kralja Aleksandra 73, Belgrade, Serbia
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— otpornost na dejstvo mraza;

— hemijska i bioloSka otpornost;

— vatrootpornost;

— netoksi¢nost;

prihvatljiva cena [2].

Prvi uslov, koji se odnosi na veliku poroznost termo-
izolacionih materijala zasniva se na postojanju pora u
obliku veoma sitnih vazdusnih mehuri¢a ili veoma tankih
slojeva vazduha. Krupnije vazduSne Supljine nisu
dozvoljene, jer bi se na taj nacin povecala toplotna pro-
vodljivost usled efekata konvekcije i radijacije. Karakter
(tip) pora, kao i njihova uniformna rapodela, takode su
veoma znacajni. Osnovna zamisao je u tome da se
naprave materijali sa veoma malim, zatvorenim porama
("¢elijama"). U takvim porama vazduh se ne krece, $to
doprinosi boljim termoizolacionim efektima. Takode,
pore ovog tipa ne "komuniciraju" izmedu sebe $to, kao
rezultat ima nize vrednosti upijanja vode i bolju otpornost
na dejstvo mraza.

— Frost resistance;

— Chemical and biological resistance;

— Fireproofing;

— Non-toxic;

— Acceptable price [2].

The first condition concerning high porosity of
thermo-insulating materials is based on the existence of
pores in the shape of tiny air cells or very thin air layers.
Larger air voids are not allowed because of the heat
conductivity increase due to the convection and radiation
effects. The character (type) of the pores as well as their
uniform distribution is also very important. The idea is to
make materials with very small closed - airtight pores
("cells"). In these pores the air doesn't move, which
leads to better thermo-insulation effects. Also, pores of
this type are not "communicating” with each other giving,
as a result, lower water absorption and higher frost
resistance.

Slika 1. Struktura Simprolita
Figure 1. The structure of Simprolit

Zadovoljavaju¢a mehani¢ka svojstva (pre svega
Evrstoce pri pritisku i pri savijanju) takode su znacajne za
oCuvanje integriteta materijala tokom transporta,
ugradnje i eksploatacije.

Simprolit karakteriSe relativno niska vrednost zapre-
minske mase (150-300 kg/m3) i veoma nizak koeficijent
toplotne provodljivosti (0,055-0,085 W/m-°C), koji prakti-
¢no ne zavisi od vlaznosti materijala. Veli¢ina paropropu-
stljivosti kre¢e se izmedu 0,110-0,135 mg/m-h-Pa, Sto
zidovima napravljenim od Simprolita omoguéava da
normalno "diSu" Predmetni materijal poseduje takode i
dobra zvukoizolaciona svojstva. Tako na primer, moguce
je sniziti nivo buke i do 40 dB — u zavisnosti od debljine
primenjenog kompozita [3].

Visoka otpornost na dejstvo mraza takode karakte-
riSe Simprolit: nakon 50 ciklusa smrzavanje-odmrza-
vanje (izmedu +15°C i -20°C), pad &vrstoce iznosio je
svega 1,5% - 1,8% [5].

Veéina napred navedenih svojstava Simprolita
ispitana je u okviru Instituta za materijale i konstrukcije
na Gradevinskom fakultetu Univerziteta u Beogradu.
Izmedu ostalog, program ispitivanja obuhvatio je i odre-
divanje veli¢ine kapilarnog upijanja vode. Prilikom tih
ispitivanja, srednja vrednost visine kapilarnog penjanja

Satisfactory values of mechanical properties (com-
pressive and flexural strength) are also significant for
keeping the integrity of the material during transport,
construction and exploitation.

Simprolit is characterized by relatively low density
(150-300 kg/m3) and very low heat conductivity
coefficient (0,055-0,085 W/m-°C), which practically does
not depend on the moisture content. Steam permeability
ranges between 0,110-0,135 mg/m-h-Pa, which gives the
opportunity to the walls made of Simprolit to "breathe"
normally. This material also possesses good
soundproofing properties. For example, it is possible to
reduce noise level up to 40 dB depending on the
composite thickness [3].

High frost resistance also characterizes Simprolit: at
50-cycle freeze-thaw test (from +15°C to -20°C), loss of
strength varies only from 1,5% - 1,8% [5].

Most of the above-mentioned properties of Simprolit
were tested at the Institute for materials and structures -
Faculty of Civil engineering in Belgrade. Among other
laboratory tests, the investigation program also
consisted of capillary water absorption determination.
The mean value of the height of absorbed water was
less than 4 cm for all samples, which was very good in
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vode iznosila je manje od 4 cm, Sto predstavija veoma
dobar rezultat s obzirom na ukupnu visinu uzoraka od 20
cm. Naredna fotografija (slika 2) prikazuje uzorke Sim-
prolita nakon pomenutog testiranja [8].

comparison with the complete sample height of 20 cm.
The next picture (Fig. 2) shows the samples after testing

[8].

Slika 2. Visina upijanja vode nakon testa kapilarnog penjanja
Figure 2. The height of absorbed water after capillary absorption test

Simprolit se Kkoristi za proizvodnju razli¢itih eleme-
nata od lakog betona, kao Sto su: termoizolacioni fasadni
paneli, blokovi za spoljadnje zidove, blokovi za pregra-
dne zidove, prefabrikovani pregradni zidni paneli,
meduspratne plocCe, krovne ploce, sistemi za odvodenje
vodene pare, itd. Neki od pomenutih elemenata i siste-
ma ispitivani su na Gradevinskom fakultetu u Beogradu
- u okviru Instituta za materijale i konstrukcije. lzmedu
ostalog, obavljena su laboratorijska ispitivanja u cilju
odredivanja ponaSanja pod opterec¢enjem pojedinih
elemenata, kao i celokupnog Simprolit sistema za termo-
izolaciju i odvodenje vodene pare koji se primenjuje na
ravnim krovovima. Takode, izvrSeni su i testovi na
osnovu kojih sa moze izvesti zaklju¢ak o otpornosti na
dejstvo mraza Simprolit blokova ispunjenih svezim
betonom. Rezultati predmetnih eksperimentalnih istrazi-
vanja prikazani su u okviru ovog rada [7, 9].

2 SISTEM ZA TERMOIZOLACIJU | ODVODENJE
VODENE PARE KOD RAVNIH KROVOVA

Jedan od osnovnih zadataka koje treba reSiti tokom
izvodenja ravnih krovova predstavlja odvodenje vodene
pare iz viSeslojnih termoizolacionih i hidroizolacionih
sistema. Ovi sistemi se obi¢no sastoje od sledecih
elemenata: (1) krovna plo¢a (od betona ili €eli€nog lima),
(2) parna brana sa ili bez sistema za odvodenje pare, (3)
termoizolacija, (4) sloj za izravnanje, (5) podloga za
hidroizolaciju, (6) hidroizolacija, (7) sloj za zasStitu
hidroizolacije (kod prohodnih krovova).

Osnovni problem kod ovakvih sistema vezan je za
redosled slojeva, a narocito za poziciju sloja za izravna-

Simprolit is used for production of various light-
concrete elements, such as: thermo-insulation facade
panels, blocks for outer walls, blocks for partition walls
and facade casing, pre-fabricated partition wall panels,
insulation panels, slabs, roof plates, steam conduction
systems, etc. Several of these products were tested at
the Faculty of Civil Engineering - Institute for materials
and structures in Belgrade, Serbia. Among other experi-
ments, laboratory tests were conducted in order to
determine the behavior under load of different elements,
as well as the behavior of the whole Simprolit thermo-
insulation and steam conduction system for flat roofs.
Also, some tests were made in order to examine the
frost resistance of Simprolit blocks filled with fresh
concrete. The results of these experimental investiga-
tions are presented in this paper [7, 9].

2 THERMO-INSULATION AND STEAM
CONDUCTION SYSTEM FOR FLAT ROOFS

One of the main tasks to be solved during flat roofs'
construction is the conduction of steam from the multi-
layered thermo-insulation and hydro-isolation systems.
These systems usually consist of the following elements:
(1) roof plate (concrete or corrugated tin sheet), (2)
steam-isolation with or without the steam conduction
system, (3) thermo-insulation, (4) leveling layer, (5) base
layer for hydro-isolation, (6) hydro-isolation, (7) hydro-
isolation protection layer (for transient roofs).

The general problem concerning such systems is
related to the arrangement of layers, especially to the
position of the leveling layer. An experienced designer
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nje. Iskusan projektant ¢ée taj sloj uvek postaviti ispod
hidroizolacije, ili ¢ak ispod termoizolacije, tako da se u
slu¢aju osSte¢enja ili propustanja hidroizolacije voda
moze odvesti sa najnize tacke krova. U suprotnom,
ukoliko voda prode kroz hidroizolaciju, to ¢ée svakako
dovesti do oSteéenja izolacije, pa ¢ak i do degradacije
celokupne krovne konstrukcije, naroCito nakon veceg
broja ciklusa smrzavanje-odmrzavanije.

Takode, prisutan je i klimatski faktor (tacnije vlaznost
vazduha i padavine) na koje se ne moZze uticati niti ih
mozemo predvideti tokom faze projektovanja. Naime,
parna brana, izvedena sa ili bez sistema za odvodenje
vodene pare, a koja je postavljena direktno iznad krovne
plo€e sluzi kao zastita od pare koja dolazi odozdo. S
druge strane, hidroizolacija koja predstavlja zavrsni sloj
na ravnom krovu, S&titi krovnu konstrukciju od
atmosferske vode ali takode sluzi i kao parna brana
Stite¢i termoizolacione slojeve od pare koja bi mogla doéi
odozgo.

Medutim, problem vlage zarobljene izmedu parne
brane i hidroizolacije (unutar termoizolaciong sloja) na
ovaj nacin ostaje nereSen. Ta vlaga se obi¢no javlja kao
posledica padavina nastalih tokom izvodenja ravnog
krova. Sanse da ée do takve situacije stvarno do¢i rastu
sa povecCanjem povrSine i produZzenjem perioda
izgradnje krova [6, 8].

Mere koje izvoda¢ obi¢no preduzima u cilju
izbegavanja pomenutih problema naj¢eSée ne daju
zadovoljavaju¢e rezultate. To se deSava zato Sto
uobic¢ajena tehnologija gradenja u ovakvim slu¢ajevima
zahteva deljenje povrSine krova na manje sekcije, Cije se
izvodenje moze zavrsiti u okviru jednog radnog dana
tokom koga se izvode svi projektovani slojevi, poev od
parne brane, preko sloja za izravnanje, termoizolacije i
konacno hidroizolacije, uklju€ujuéi i obaveznu boc&nu
hidroizolaciju za zastitu svake od pojedinaénih sekcija.

Ovakvu proceduru, medutim, poStuje retko koji
izvodac, iz razloga Cestih prekida radova i teSkoca
prilikom izvodenja sloja za izravnanje. Takode, primena
predmetne procedure sobom povlaci i povecanje cene
ravnog krova, prakticno do nivoa koji nijedan investitor
ne Zeli da plati, narocito imaju¢i u vidu da se ovakvi
poslovi obiéno pla¢aju po m? izvedenog krova.

S druge strane, ¢ak i ukoliko se slojevi ravnog krova
izvedu uz primenu korektnog tehnoloskog postupka, pro-
blem slobodne vlage unutar sloja za izravnanje termo-
izolacije ostaje i dalje prisutan. lako je ovu vlagu moguce
eliminisati primenom specijalnih tehnoloskih metoda, to
takode podrazumeva dodatno produzenje rokova
izgradnje, kao i viSu cenu konstrukcije ravnog krova.

Teoretski posmatrano, moguce reSenje ovog pro-
blema bilo bi postavljanje paropropusne hidroizolacije,
koja bi propustala paru koja dolazi odozdo, istovremeno
sprec¢avajuci prodor vode koja dolazi odozgo. lako je
kvalitetna paropropusna hidroizolacija relativno retka, a
pri tome obi¢no dosta skupa i zahteva ugradnju dodat-
nog zastitnog sloja (zbog svoje slabe otpornosti na
mehanicke uticaje i direktno dejstvo suncéevih zraka),
ovakav tip reSenja je sigurniji sa aspekta funkcionalno-
sti i trajnosti [9].

Drugo, znatno ceSée primenjivano reSenje istog
problema, predstavlja ugradnja parnih konduktora duz
cele povrSine krova. U tom slu¢aju, medutim, moze se
javiti problem vezan za proradun potrebnog tacnog
rastojanja izmedu pojedina¢nih konduktora. Naime,

will always place the leveling layer under the hydro-
isolation, even under the thermo-insulation, so that the
water could be drained from the lowest point in case of
hydro-isolation damage or leaking. Otherwise, if the
water gets through the hydro-isolation it will certainly
lead to deterioration of the isolation and even to the
degradation of the whole roof structure, especially after
numerous freeze-thaw cycles.

Also, there is the climate factor (more precisely air
humidity and precipitation) that can not be influenced or
predicted during the design stage of the project. Namely,
the vapor barrier, designed with or without the steam
conduction system and placed directly over the roof
plate, serves as protection from the steam coming from
beneath. On the other hand, the hydro-isolation as the
final layer on the flat roofs, protects the roof structure
from the atmospheric water, but also serves as the vapor
barrier over the thermo-insulation layers stopping the
steam coming from above.

However, the problem of the moisture trapped between
the vapor barrier and the hydro-isolation (inside the thermo-
insulation layer) remains unsolved. This moisture usually
appears as a result of the rainfall during the construction
of the flat roof. The chance that such situation will occur
rises with the increment of the roof's surface and the
prolongation of the construction works [6, 8].

The measures taken by the contractor in order to
avoid such problems usually don't give satisfactory
results. This happens because of the fact that such
construction technology requires division of the roof's
surface into smaller sections, which can be finished
within one working day making all the necessary layers,
from the steam-isolation, leveling layer, thermo-insula-
tion and finally hydro-isolation, including the obligatory
lateral hydro-isolation protection of each section.

However, this is the procedure that almost none of
the contractors follow, because of the frequent work
interruptions and the difficulties in the construction of the
leveling layer. It also drastically increases the price of
the flat roof structure, to the extent that almost no
investor is willing to pay, especially because of the fact
that this type of work is usually paid per m? of the
finished flat roof.

On the other hand, even when the layers of the flat
roof are made using the correct technology, the problem
of the free moisture from the leveling layer still remains
unsolved. Although it is possible to eliminate such
moisture using special technological methods, it also
means the prolongation of the construction deadlines
and higher total price of the flat roof structure.

Theoretically, one of the possible solutions for this
problem could be the fitting of a steam permeable hydro
isolation, which lets through the steam coming from
beneath, but doesn't let through the water coming from
above. Although the quality steam permeable hydro
isolation is relatively rare, usually expensive and
requires the additional protection layer (because of its
poor resistance to mechanical influence and direct sun
rays), this type of solution is safer regarding the aspects
of functionality and durability [9].

Another and more often applied solution is the
installation of steam conductors along the whole surface
of the roof. However, a practical problem may arise
during calculation of the exact distance between steam
conductors. Namely, the following basic condition must
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prilikom tog prorauna mora se poStovati sledeci uslov:
otpor horizontalnom kretanju vodene pare kroz termo-
izolacioni sloj (na duzini izrazenoj u metrima) mora biti
maniji nego otpor vertikalnom kretanju vodene pare kroz
termoizolacioni sloj (na duzini izrazenoj u centimetrima)
povec¢anom vredno$cu athezije izmedu sloja hidroizola-
cije i podloge, pri €emu su svi ovi faktori u relaciji sa
temperaturom vazduha, stepenom izloZzenosti povrSine
krova sun€evim zracima, atmosferskim pritiskom,
vlazno$¢u vazduha, itd. OSteéenja koja se najceSce
javljaju kod ovakvih sistema mogu da nastanu kao
posledica jednog od sledec¢a dva problema:

— lli su parni konduktori postavljeni predaleko jedan
od drugog, tako da se para Siri i odvaja hidroizolacioni
sloj od podloge, pre nego Sto bude bude sprovedena
kroz konduktore,

— lli su parni konduktori postavljeni isuviSe blizu
jedan drugom, formirajuéi «sito» na povrsini krova, $to
kao logiénu posledicu ima oStecenja i procurivanje
hidroizolacije, narogito u blizini samih konduktora; ovo se
deSava ili zbog uticaja veceg broja ciklusa smrzavanje-
zagrevanje, ili zbog otklizavanja slojeva snega sa krova,
uticaja vetra, mehanickih ostecenja, itd.

Kombinacijom svih povoljnih reSenja ovog problema i
eliminisanjem svih napred navedenih negativnih
aspekata, Simprolit sistem za ventilisane ravne krovove
ucinio je moguéim potpuno uklanjanje vodene pare iz
izolacionog sloja, istovremeno povecavajuéi njegovu
trajnost, kao i trajnost ostalih slojeva ravnog krova.

Ovaj sistem je veoma efikasan, naroCito u
slu¢ajevima kada ostali sistemi dosegnu svoje granice ili
postanu potpuno neprimenljivi u konkretnom slu¢aju, kao
na primer kod izvodenja ravnih krovova kod elektri¢nih
centrala, toplana, zatvorenih bazena i ostalih objekata u
kojima vladaju poviSene temperature (preko 50°C) visok
stepen vlaznosti (Cak i preko 90%), u prostoru
neposredno ispod krovne konstrukcije.

2.1 Laboratorijskaispitivanja

Simprolit sistem za termoizolaciju i odvodenje vode-
ne pare se generalno sastoji od sledeéih elemenata:
"SPBS60" blokovi (dimenzije: 60x12x19cm), "SOP3"
jednoslojne Simprolit termoizolacione ploce (debljine
3cm), Simprolit monolit, plo€e i uloSci od stiropora, PVC
folije i cevi (parni konduktori). Medutim, prilikom labora-
torijskih ispitivanja tretirani su samo noseci elementi
sistema. Imajuc¢i ovo u vidu, sledec¢i tipovi uzoraka su
odabrani kao reprezentativni:

— "SPBS60" blok (dimenzija: 60x12x19cm) bez
uloZaka stiropora;

— "SPBS60" blok (dimenzija: 60x12x19cm) sa
uloScima stiropora umetnutim u Supljine u srediStu bloka;

— "SOP3" jednoslojna Simprolit termoizolaciona
plo¢a (debljine 3cm);

— kompletan Simprolit sistem sa tri horizontalna
sloja, koja se sastoje od dva "SPBS60" bloka sa
uloScima stiropora i jedne "SOP3" ploce.

Srednja vrednost zapreminske mase ispitivanih
Simprolit blokova iznosila je 195 kg/ms. Na slici 3
prikazani su Simprolit blok "SPBS60" i jednoslojna
termoizolaciona Simprolit plo¢a "SOP3".

be obeyed: the resistance to the horizontal motion of the
steam through the thermo-insulation layer (at the length
measured in meters) must be smaller then the
resistance to the vertical motion of the steam through the
thermo-insulation layer (at the length measured in
centimeters) increased by the adhesion value between
the hydro isolation and the base layer, all these factors
being in relation to the air temperature, exposure of the
roof's surface to the sun, atmospheric pressure, air
humidity, etc. The most frequent damages of this type of
protection system occur because of one of the next two
problems:

— either the steam conductors are placed to far away
one from another, so that the steam expands and
detaches the hydro isolation layer before it is evacuated
through the conductors,

— or the steam conductors are placed to close,
making a «sieve» from the roof surface, which results as
a logical consequence in damaging and leaking of the
hydro isolation, especially in the area near the
conductors; this happens either because of the freeze-
heat cycles' influence on the hydro isolation, or because
of the snow sliding down the roof, wind effect,
mechanical damages, etc.

Combining all the good solutions of this problem, and
eliminating the above mentioned negative aspects,
Simprolit system for ventilated flat roofs makes it
possible to completely remove steam from the hydro
isolation layer, improving at the same time its durability
as well as the durability of other layers.

It is very effective, especially in cases when other
systems reach their limits or become totally inapplicable,
for instance - construction of flat roofs in power plants,
heating plants, indoor swimming pools and all other
places with high temperature (over 50°C) and high air
humidity (even over 90%) in the area directly under the
roof structure.

2.1 Laboratory Testing

Simprolit system for thermo-insulation and steam
conduction generally consists of the following elements:
"SPBS60" blocks (dimensions: 60x12x19cm), "SOP3"
single-layer Simprolit thermo-insulation plates (3cm
thick), Simprolit monolith, Styrofoam plates and pads,
PVC sheets and pipes (steam conductors). However,
only the bearing elements of the system were
considered during the laboratory testing. Having this in
mind, the following representative types of testing
specimens were chosen:

— "SPBS60" block (dimensions: 60x12x19cm)
without styrofoam pads;

— "SPBS60" block (dimensions: 60x12x19cm) with
styrofoam pads inserted into the cavities in the middle of
the block;

— "SOP3" single-layer Simprolit thermo-insulation
plate (3cm thick);

— the whole Simprolit system with three horizontal
layers, consisting of two "SPBS60" blocks with
styrofoam pads and one "SOP3" plate.

The average density of tested Simprolit blocks was
195 kg/ms. Figure 3 shows both "SPBS60" Simprolit
block and Simprolit "SOP3" single-layer thermo-insula-
tion plate.
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Slika 3. Simprolit blok "SPBS60" (a) i jednoslojna termoizolaciona ploc¢a "SOP3" (b)
Figure 3. Simprolit block "SPBS60" (a) and single-layer thermo-insulation plate "SOP3" (b)

Slika 4. SIMPROLIT sistem za termoizolaciju i odvodenje vodene pare
Figure 4. SIMPROLIT SYSTEM for thermo-insulation and steam conduction

UloSci koji su koriS¢eni za ispunjavanje Supljina
unutar blokova bili su ise€eni iz plo¢a stiropora
(zapreminska mase y = 30 kg/ms). Na slici 4 vidi se da je
sistem formiran tako da su Supljine u donjem redu
blokova ispunjene samo delimi¢no stiroporom, u cilju
obezbedenja uspeSnog odvodenja vodene pare iz
sistema. S druge strane, Supljine u okviru blokova koji se
nalaze u gornjem redu ispunjene su u potpunosti
uloScima stiropora [11].

2.2 Postupak ispitivanja i eksperimentalni rezultati

Ispitivanje svih napred navedenih karakteristi¢nih
tipova uzoraka - koji predstavljaju elemente Simprolit
sistema za termoizolaciju i odvodenje vodene pare sa
ravnih krovova, vrSeno je prema dispoziciji prikazanoj na
narednoj fotografiji - tj. na slici 5. Ocigledno, uzorci su
ispitivani na pritisak pri ¢emu je merena veli€ina sile (P),
ali istovremeno i deformacije - odnosnho vertikalna

The pads used for filling of blocks' cavities were cut
out of styrofoam plates (density of styrofoam y = 30
kg/ms). Figure 4 shows that the system is formed in such
manner that the cavities of the lower row of blocks are
filled only partially with styrofoam, in order to provide
successful conduction of the steam out of the system.
On the other hand, the cavities of the upper row of
blocks are completely filled with styrofoam pads [11].

2.2 The Testing Procedure and the Experimental
Results

The testing of all the above mentioned characteristic
types of specimens - representing the elements of
Simprolit thermo-insulation and steam conduction sys-
tem for flat roofs, was conducted according to the
disposition shown at the following photo - Figure 5.
Obviously, the specimens were tested under pressure
measuring the force value (P), but at the same time the
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pomeranja ugaonih taaka, pomocu cCetiri ugibomera: deflections - i.e. vertical movements of the corner points

U1, U2, U3 i U4. Istovremeno sa registrovanjem veli€ine were also measured, using four deflectometers: U1, U2,
sile P (u daN) i vertikalnih deformacija U (u mm), U3 and U4. Together with force values P (in daN) and
racunate su i odgovarajuée vrednosti napona ¢ (u MPa). vertical deflections U (in mm), the corresponding stress
values o (in MPa) were calculated.
Slika 5. Dispozicija ispitivanja Simprolit sistema
Figure 5. Testing disposition of the system
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Slika 6. Komparativni dijagram Napon - Vertikalni ugibi za sva 4 tipa uzoraka
Figure 6. Comparative diagram Stress vs. Vertical deflection for all 4 specimen types
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Na istom dijagramu (slika 6), predstavijena je c-U
zavisnost za sva Cetiri reprezentativna tipa ispitivanih
uzoraka [10].

3 OTPORNOST NA DEJSTVO MRAZA SIMPROLIT
BLOKOVA

Kao $to je ve¢ naglaseno, Simprolit je materijal koji
karakteriSe visoka otpornost na dejstvo mraza. Tako na
primer, nakon izlaganja smrzavanju-odmrzavanju tokom
50 ciklusa, pri éemu je temperatura varirana od +15°C
do -20°C, zabeleZeni pad &vrstoce iznosio je svega 1,5%
- 1,8%. Prilikom jednog drugod ispitivanja, izvrSenog u
okviru Naucéno-istrazivackog Instituta Ruske Akademije
za Gradevinarstvo, Simprolit blokovi su bili testirani
takode na 50 ciklusa smrzavanja-odmrzavanja pri

temperaturama +70°C i -30°C, nakon c¢ega nije
zabeleZzen gubitak integriteta niti termoizolacionih
svojstava.

Sledec¢i korak u istrazivanju ponasanja Simprolit
blokova izloZenih ekstremnim klimatskim uslovima
nacinjen je u Laboratoriji za materijale pri Institutu za
materijale i konstrukcije Gradevinskog fakulteta
Univerziteta u Beogradu. Imaju¢i na umu Cinjenicu da
Simprolit blokovi namenjeni za izvodenje spoljasnjih
fasadnih zidova poseduju otvore (Supljine), koji se tokom
gradenja zidova ispunjavaju svezim betonom, odlu¢eno
je da se ispita sposobnost ovih blokova da efikasno
zastite beton od smrzavanja tokom pocetnog perioda
njegovog oc¢vr§éavanja.

Generalno, Simprolit blokovi za spoljasnje zidove
proizvode se u debljinama od 20cm, 25cm i 30cm i sa 2
ili 4 poduzne Supljine, koje mogu da imaju dno ili da
budu potpuno otvorene. Za konkretno ispitivanje,
odabran je Simprolit blok "SBD 25"- kaqji je prikazan na
slici 7a. Njegove spoljne dimenzije iznose 50x25x19cm i,
kao Sto se sa slike moZe videti, ima 2 poduzne Supljine
(dimenzija svake Supljine: 14x17x19cm) koje su potpuno
otvorene.

Pre ispunjavanja Supljina svezim betonom, u svaku
od Supljina postavljeni su uloSci stiropora debljine 3 cm,
¢ija je namena bila da sluze kao dodatna termoizolacija
svezeg betona (kao Sto je prikazano na slici 7b).

At the same diagram (Fig. 6), the c-U relations for all
of the four representative types of testing specimens are
shown [10].

3 FROST RESISTANCE OF SIMPROLIT BLOCKS

As it was already pointed out, Simprolit is a material
which is characterized by high frost resistance. For
instance, when subjected to 50-times repeated cycle of
heating-freezing, from +15°C to -20°C, its loss of
strength was only 15% - 1,8%. At another test,
performed in the Scientific-research Institute of the
Russian Academy of Civil Engineering, Simprolit blocks
were tested at 50 freeze-thaw cycles under
temperatures ranging between +70°C and -30°C, and
there was no loss of integrity or thermo-insulation
properties.

The next step in the research of behavior of Simprolit
blocks under extreme climate conditions was taken in
the Laboratory of the Institute for materials and
structures at the Faculty of Civil Engineering in Belgrade,
Serbia. Having in mind the fact that Simprolit blocks for
outer facade walls have hollow spaces (cavities) which
are filled up with fresh concrete during construction of
the walls, the researchers decided to test the ability of
Simprolit blocks to act as efficient protection for concrete
against freezing during early stages of its hardening
period.

Generally, Simprolit blocks for outer facade walls are
produced in 20cm, 25cm and 30cm thickness and with 2
or 4 longitudinal cavities, which may be completely
hollow or with the bottom. For this investigation,
Simprolit block type "SBD 25" was chosen — which is
presented at the next Figure 7a. Its outer dimensions are
50x25x19cm and, as it can be seen, it has 2 longitudinal
cavities (14x17x19cm each) which are completely
hollow.

Before filling of the cavities with fresh concrete, 3 cm
thick Styrofoam pads were inserted into each one of the
cavities, acting as additional insulation (as shown at
Figure 7b).

(b)

Slika 7. Simprolit blok "SBD 25" bez (a) i sa ugradenim betonom i uloScima stiropora (b)
Figure7. Simprolit block "SBD 25" without (a) and with fresh concrete and Styrofoam pads (b)

Svez beton je spravljen sa 320 kg/m3 portland
cementa (oznake CEM I, klase 42.5R), sa rec¢nim
agregatom (maksimalno zrno 31,5mm) i toplom vodom
(zagrejanom na 55°C). Temperatura sveZe meSavine

Fresh concrete was made using 320 kg/m3 of
Portland cement (CEM I, class 42.5R), river aggregate
(with maximum grain size 31,5mm) and warm water
(pre-heated at 55°C). The temperature of the mix before

42

MATERIJALI | KONSTRUKCIJE 52 (2009) 2 (35-45)



neposredno pre ugradivanja u Simprolit blokove iznosila
je 30°C. Ukupno je napravljeno 18 uzoraka: od toga je 9
uzoraka negovano pod normalnim laboratorijskim
uslovima (temperatura vazduha 20+2°C i vlaznost 60%),
dok je preostalih 9 uzoraka stavljeno u klima-komoru
gde je bilo izloZeno specijalnom reZimu nege. Ovaj reZzim
usvojen je kao simulacija ostrih zimskih uslova i sastojao
se od dva periodi¢no ponavljana ciklusa: tokom prvih 12
Gasova temperatura u klima-komori iznosila je -26°C, a
tokom drugih 12 ¢asova ova temperatura iznosila je -
12°C. Uzorci su bili stavljeni u komoru neposredno
nakon ugradivanja svezeg betona u Supljine Simprolit
blokova. U cilju spre€avanja smrzavanja svezeg betona
(do Cega bi bez sumnje doSlo veoma brzo na
temperaturi od -26°C), pre ubacivanja blokova u klima-
komoru sa gornje i donje strane svakog bloka postavlje-
ne su table stiropora debljine 5 cm.

Takode, napravljene su i betonske kocke dimenzija
15x15x15cm u cilju odredivanja &vrsto¢e pri pritisku
(klase) ugradenog betona. Predmetne kocke negovane
su u vodi temperature 20+2°C. Svi uzorci (blokovi
negovani na vazduhu u normalnim laboratorijskim
uslovima, blokovi izloZeni ciklickom smrzavanju i
betonske kocke negovane u vodi) ispitivani su pri
starostima od 7, 14 i 28 dana. Kao mera otpornosti na
dejstvo mraza i termoizolacione sposobnosti Simprolit
blokova usvojena je razlika izmedu &vrsto¢a pri pritisku
ostvarenih pri razli¢itim rezimima nege. Rezultati
predmetnog eksperimentalnog istrazivanja prikazani su
u tabeli 1. Dati rezultati predstavljaju srednje vrednosti
dobijene na bazi ispitivanja 3 uzorka.

filling the Simprolit blocks’ cavities was 30°C. Altogether
18 specimens were made: 9 of them were cured at
normal laboratory conditions (air temperature 20+2°C
and humidity 60%) and the other 9 were put into the
thermo-regulation chamber and subjected to a special
curing regime. This regime was adopted as a simulation
of hard winter conditions and it consisted of two cycles:
during the first 12-hour cycle the temperature inside the
chamber was -26°C, and during the second 12-hour
cycle the temperature was -12°C. The specimens were
put into the chamber just several minutes after the fresh
concrete was poured into the blocks’ cavities. In order to
avoid freezing of the fresh concrete (which would
undoubtedly occur very quickly at -26°C), 5cm thick
Styrofoam plates were put both on the upper and the
lower side of each block before they were placed into the
chamber.

Also, 15x15x15cm concrete cubes were made in
order to determine the compressive strength (class) of
concrete. These cubes were cured in water at the
temperature of 20+2°C. All specimens (blocks cured at
normal air conditions, blocks subjected to freezing cycles
and concrete cubes cured in warm water) were tested at
the age of 7, 14 and 28 days. The difference between
compressive strength values obtained during different
curing conditions was adopted as a measure of the frost
resistance and thermo-insulation ability of Simprolit
blocks. The results of this experiment are presented in
the table 1. All results that are given below represent
average values based on testing of 3 specimens.

Tabela 1 Cvrstoéa pri pritisku uzoraka (u MPa)
Table 1 Compressive strength of specimens (in MPa)

Starost

- 7 dana 14 dana 28 dana
Tip uzorka
"SBD 25" Blok 18,8 21,3 27,2
"SBD 25" Blok ? 9,9 18,6 24,8
Betonske kocke (a=15cm) 37,6 42,8 48,6

Napomene: 1) Blokovi ispunjeni svezim betonom i negovani na vazduhu temperature 20+2°C i vlaZnosti 60%.
2) Blokovi ispunjeni svezim betonom i negovani u komori na temperaturi izmedu -26 i -12°C
Remarks: 1) Blocks filled with fresh concrete and cured at air temperature 20+2°C and humidity 60%.
2) Blocks filled with fresh concrete and cured at temperatures between -26 and -12°C.

(@) Punjenje blokova svezim betonom  (b) Negovanje u termo-komori
Curing in the thermo-chamber

Filling with fresh concrete

(c) Ispitivanje Evrstoce pri pritisku
Compressive strength testing

Slika 8. Testiranje otpornosti na dejstvo mraza Simprolit blokova (a, b i ¢)
Figure 8. Testing of frost resistance of Simprolit blocks (a, b and c)
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Prema rezultatima ispitivanja betonskih kocki, ostva-
rena je klasa betona C35/45 (u skladu sa EN206 stan-
dardom). Fotografije snimljene tokom predmetnih ispiti-
vanja date su na slici 8.

4 ZAKLJUCCI

Uzimajuéi u obzir sve napred navedene rezultate
eksperimentalnih istrazivanja, moze da se izvede
generalni zaklju¢ak po kome Simprolit sistem za
termoizolaciju i odvodenje vodene pare sa ravnih
krovova ima zadovoljavaju¢u nosivost, a njegove
deformacije koje odgovaraju eksploatacionim
opterec¢enjima ne premasuju dozvoljene granice za ovaj
tip elemenata konstrukcije. Takode, moze se uoditi da
postoji dobra korelacija izmedu rezultata ostvarenih
prilikom ispitivanja pojedinacnih elemenata i rezultata za
Simprolit sistem kao celinu.

Prema prikazanim eksperimentalnim rezultatima,
moze se izvuéi joS jedan zakljucak: da pri uobicajenim
nivoima opterecenja (ispod 500 kg/mz, odnosno 0,005
MPa) vertikalne deformacije Simprolit sistema za ravne
krovove iznose svega nekoliko desetih delova milimetra,
dok za maksimalne vrednosti optereéenja u eksploataciji
(3500-4000 kg/m?, odnosno 0,035-0,040 MPa), te
deformacije ne prelaze 3 mm.

Imajuéi u vidu sve napred navedeno, ocigledno je da
Simprolit sistem za termoizolaciju i odvodenje vodene
pare zadovoljava neophodne uslove za primenu prilikom
izvodenja ravnih krovova — kako sa aspekta nosivosti,
tako i sa aspekta gradevinske fizike.

Sto se ti¢e ispitivanja otpornosti na dejstvo mraza,
dobijeni rezultati pokazuju da Simprolit blokovi
opremljeni dodatnim uloScima stiropora predstavljaju
veoma efikasno reSenje u smislu termicki izolovane
oplate. lako su uzorci bili izloZzeni izuzetno niskim
temperaturama (izmedu -26 ii-12°C) nije doSlo do
smrzavanja sveZeg betona. Sta vise, ukoliko uporedimo
rezultate ispitivanja Cvrsto¢e pri pritisku  Simprolit
blokova koji su negovani u normalnim uslovima sa
rezultatima blokova negovanih na niskim tempera-
turama, mozemo da zaklju¢imo da je ostvarena razlika
niza od one koju bismo mogli da o¢ekujemo (s obzirom
na oStar rezim negovanja uzoraka). Naime, nakon 7
dana ta razlika iznosila je 47%, nakon 14 dana bila je
13%, a nakon 28 dana svega 9%.

Na bazi napred prezentovanih €injenica, ali takode
imajuéi u vidu i druge relevantne eksperimentalne
rezultate, moze se izvuéi generalni zaklju¢ak po kome
Simprolit - kao predstavnik EPS lakoagregatnih betona
na bazi portland cementa, granula ekspandiranog
polistirena i specijalnih aditiva, zadovoljava visoke zahte-
ve koji se postavljaju pred savremene termoizolacione
paropropusne materijale. Ovaj kompozit karakteriSe
relativno niska zapreminska masa, visoke termoizola-
cione performanse, kao i visok stepen otpornosti na
dejstvo mraza [12].

According to the results of cube testing, the applied
class of concrete was C35/45 (according to EN206
standard). The photos taken during these tests are given
at Figure 8.

4 CONCLUSIONS

Taking all the above presented experimental results
into account, the general conclusion can be drawn that
the tested Simprolit thermo-insulation and steam
conduction system for flat roofs has satisfactory bearing
ability, as well as that the deflections corresponding to
the exploitation compressive load do not exceed the
limits allowed for this type of construction elements. It
can be noticed that there is also a good correlation
between the results obtained during testing of individual
elements and the results for Simprolit system as a
whole.

According to the presented experimental results,
another conclusion can be made: that the vertical
deflections of Simprolit thermo-insulation and steam
conduction system for flat roofs for usual load values
(under 500 kg/mz, i.e. 0,005 MPa) amount to just a few
tenths of a millimeter, and for maximum possible load
values during exploitation (3500-4000 kg/mz, i.e. 0,035-
0,040 MPa) these deflections do not exceed 3 mm.

Having in mind all the above stated facts, it is
obvious that Simprolit thermo-insulation and steam
conduction system for flat roofs satisfies the necessary
requirements for application in flat-roof construction from
the aspect of Civil Engineering Physics.

As the testing of the frost resistance is concerned,
the obtained results show that Simprolit blocks equipped
with additional styrofoam pads represent very efficient
type of thermally insulated formwork. Although subjected
to extremely hard environmental conditions (tempera-
tures between -26 and -12°C) fresh concrete did not
freeze. Even more, if we compare the compressive
strength testing results of Simprolit blocks that were
cured in normal conditions with the results of those
cured at low temperatures, we can conclude that the
difference was smaller than expected. Namely, after 7
days this difference amounted to 47%, after 14 days it
amounted to 13% and after 28 days it was just 9%.

Based on the above-mentioned facts, but also having
in mind other relevant experimental research data, a
general conclusion can be made that Simprolit - light
concrete made of Portland cement, expanded poly-
styrene granules and special additives - as a
representative of EPS satisfies high demands necessary
for contemporary thermo-insulaton and steam
conduction materials. This composite material is
characterized by relatively low density and high
performance thermo-insulation properties, as well as
high frost resistance [12].
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REZIME

EKSPERIMENTALNA ISPITIVANJA ODREDENIH

TERMO-FIZICKIH | MEHANICKIH SVOJSTAVA EPS
BETONA

Dragica JEVTIC
Dimitrije ZAKIC

U ovom radu prikazani su rezultati sopstvenih
eksperimentalnih ispitivanja nekih od vaznijih svojstava
lakoagregatnih kompozita tipa EPS betona - sa
stanoviSta gradevinske fizike. Akcenat je stavljen na
aktuelne probleme termoizolacije, odvodenja vodene
pare, kapilarnog upijanja i ponaSanja materijala u
uslovima niskih temperatura spoljaSnje sredine. Nakon
obavljenih brojnih laboratorijskih testova, autori su dosli
do zaklju¢ka da Simprolit - kao reprezent grupe EPS
betona spravljenih na bazi portland cementa, granula
ekspandiranog polistirena i specijalnih aditiva - zadovo-
ljava visoke zahteve koji se postavljaju pred savremene
termoizolacione i paropropusne materijale. Ovaj kompozit
karakteriSu relativno niska zapreminska masa i dobre
termoizolacione performanse, kao i visoka otpornost na
dejstvo mraza. Simprolit sistem za termoizolaciju odvo-
denje vodene pare sa ravnih krovova ispunjava neop-
hodne uslove - kako sa aspekta nosivosti, tako i sa
aspekta gradevinske fizike.

Kljuéne rec€i: EPS beton, termo-fizicka svojstva,
mehanicka svojstva, odvodenje vodene pare, otpornost
na dejstvo mraza, kapilarno upijanje, nosivost.
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SUMMARY

EXPERIMENTAL TESTING OF CERTAIN THERMO-
PHYSICAL AND MECHANICAL PROPERTIES OF

EPS CONCRETE

Dragica JEVTIC
Dimitrije ZAKIC

In this paper the experimental results obtained during
testing of certain important properties of EPS concrete
as a type of lightweight composite material - regarding
Civil engineering physics are presented. Most of the
attention has been paid to actual problems of thermo-
insulation, steam conduction, capillary absorption and
behavior of the material when exposed to low
temperatures. After numerous laboratory tests, the
authors concluded that Simprolit - as a represent of the
EPS group of light concrete composites made of
Portland cement, expanded polystyrene granules and
special additives - satisfies high demands necessary for
contemporary thermo-insulation and steam conduction
materials. This composite material is characterized by
relatively low density and good thermo-insulation
properties, as well as high frost resistance. Simprolit
system for thermo-insulation and steam conduction fulfils
all the required conditions — both from the aspects of
bearing capacity and Civil engineering physics.

Key words: EPS concrete, thermo-physical proper-
ties, mechanical properties, steam conduction, frost
resistance, capillary absorption, bearing capacity.
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