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INFLUENCE OF NANOSILICA
ON CONCRETE PROPERTIES

PETR BILY !

Abstract: Results of numerous recent research projects haeers that silicon dioxide (SKp

nanoparticles can strongly affect mechanical proigsrand chemical resistance of concrete
when mixed with cement. The paper tries to summatiate of the art in this new area of
concrete science. Particular attention is devotedhte question of nanosilica (nS) impact on

hydration process.

Keywords: Cement, concrete, hydration, nanosilica.

1. INTRODUCTION

There are many reasons for adding silicon diox&l©) particles to concrete mix. In fresh
concrete, it increases cohesion, reduces segragand bleeding. Enhanced mechanical
properties and reduced permeability are observdthidened concrete. The potential for the
use of silica fume (SF) was known in the late 1940®wvever, the first practical utilization
became possible only after discovery of super-giasts in 1970s [1]. Today SF is quite
commonly and successfully used to improve conarhteacteristics. As the diameter of SF

grains is less thanym, it is also called microsilica.

Nanosilica (nS), that is composed of Sifarticles less than 100 nm in diameter, is
considered to be a concrete admixture of the fultsgelds the same benefits as microsilica,
but with increased efficiency thanks to its highpecific surface area and reactivity. Research
activities focused on this issue are very extensivéd so we can expect rapid progress in
foreseeable time. Following text is trying to pmwithe reader with a brief overview

of current state of the art and prospective wayfsiher development.

! Ing. Petr Bily; Department of Concrete and MasoStyuctures, Faculty of Civil Engineering, Czech

Technical University in Prague; Thakurova 7, 166°28gue, Czech Republic; petr.bily@fsv.cvut.cz
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2. NANOSILICA PRODUCTION METHODS

Unlike silica fume, that is a byproduct of fabriogt certain metals in electric furnaces,

nanosilica has to be prepared intentionally. Tlaeeeseveral production methods available.

The first one is based on a sol-gel process at rieomperature. Starting materials (sodium
silicate NaSiO, or organometallics) are dissolved, silica gelnscipitated, aged and filtered
to become a xerogel. The xerogel is dried and lblroe dispersed again to produce
a concentrated dispersion (20 to 40 % solid coptentitable for use in concrete.
Alternatively, vaporization of silica at 1500 — Z00C by reducing quartz in an electric
furnace or precipitation of different precursoredisim silicate, magnesium silicate and
others) dispersed in a solution at temperaturesdst 50 to 100 °C can be implemented [2].

-
Fig. 1. Nanosilica particles observed using transsion

electron microscopy (TEM), reprinted from [6].

Lazaro and Brouwers [3] proposed a process of mibginS on industrial scale in large
guantities and for low costs. Ground olivine roskreated by sulphuric acid, precipitated and

gravitationally separated from the solution.

In compliance with contemporary struggle for beemyironmentally friendly, Liou and
Yang [4] used rice husk as a raw material to pepes. Rice husk is rich in silica (about
20 % wt.) and the annual global production of tesnmodity is more than 100 million tons,
without wider commercial utilization. Nanosilicarche extracted by relatively simple and
cheap dissolution-precipitation technique. Even enprogressive approach was applied by
Estevez et al. [5]. They fed Californian red wormigh rice husk, collected created humus

and synthesized nS from this resource with 88%ieficy.
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3. PRINCIPLES OF CONCRETE PROPERTIES IMPROVEMENTS

As mentioned in the introduction, nS is added taccete mix because of its possitive

impact on concrete properties.

The main advantage of silica is its pozzolanicvégti As the portland cement begins to
react chemically, it releases calcium hydroxidet{padite, Ca(OH,)). Nanosilica reacts with
Ca(OH) to develop the strength carrying structure of asme calcium silicate hydrate
(CSH). Nanomaterials are well known for their igfice on cement hydration. Generally,
each crystallization is conditioned by presencewadleation centers. Properties of resulting
structure are largely defined by properties of ¢hegclei. The finer the nuclei, the finer CSH
crystals are formed. As nS particles are at le@8ttines smaller than cement grains, much
better hydration levels are obtained thanks todrigipecific surface area and reactivity of the
material. Presence of nS in the mix leads to migid cement paste that contains significantly

lower share of Ca(OH)Ras compared with CSH, resulting in increased nrachbhproperties.

Specific Surface Area, m#/kg
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Fig. 2. Particle size and specific surface arezoficrete

related materials, reprinted from [6].

Nanosilica can serve also as filling material lowgrporosity of cement paste. Just like
fine aggregate fills in the spaces between coagggegate, nS particles occupy the voids
between cement grains and CSH crystals. In this, waobilization of free water is
accomplished. Lower bleeding and segregation ariterbeverall chemical resistance of
concrete is achieved. Nanosilica doped concrete shlows higher packing density that
contributes to higher modulus of elasticity. Someamples of experiments proving
abovementioned facts are given in the next chapter.
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4. EXAMPLES OF CONCRETE PROPERTIES IMPROVEMENTS

Belkowitz and Armentrout [7] prepared five diffeteoement pastes — plain portland
cement paste, silica fume cement paste and threzsiiaa cement pastes that differed by the
average size of nS particles used. All the mixestained 425 kg/thof portland cement,
133 kg/nt of water, 1,9/m? of high-range water reducer and 21 kjshmicro- or nanosilica
(in case of additised pastes). The results arespaaently represented in figure 3. Early
strength development was much faster for nanostli@a for microsilica. With 8-nm nS
particles, 28-day compressive strength was highealimost 50 % compared to plain cement
paste. Obtained strengths also support the assamgitincreasing nanosilica efficiency with
decreasing patrticle size.

100.00

& 90.00 |
= 80.00
=3 ' X |m Nanosilica 8 nm
$ .
@ 70.00 Nanosilica 50 nm
+3 X] . .
$ 60.00 N # Nanosilica mix 8+50
§ 50.00 a A Microsilica
o X X i
5 40.00 Plain cement
g
O 30.00
20.00 A
0 5 10 15 20 25 30 Time [days]

Fig. 3. Averaged compressive strength data foeckfit mixes, adapted from [7].

Gaitero et al. [8] focused on influence of aggnessihemical agents on cement pastes with
silica nanoparticles. More specifically, they stdlicalcium leaching, a degradation process
consisting in the progressive dissolution of thenept paste as a consequence of the
migration of calcium ions to the aggressive solutiBour different types of nS (three in the
form of colloidal dispersion and a dry nanosilicamaler) were added to the cement, the
dosage was 6 % from the weight of cement in akksaéfter 28 days of curing, some of the
specimens were tested and the rest was placed laith of ammonium nitrate solution where
they stayed for 9, 21, 41 or 63 days. Performance&ement pastes was considerably
improved by nS both before and during the degradatrocess. Initial compressive strength
was higher, the reduction of strength by calciurackeng was less significant than in
reference plain cement samples (see fig. 4). Tlas due to less porosity of the material,
reduced portlandite content and changes undergptieellCSH gel that made it more resistant
to the decalcification.
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Fig. 4. Compressive strength (left) and total peodume measured by mercury intrusion

porosimetry (right), as a function of the degradattime, adapted from [8].

Hosseini et al. [9] investigated effect of nanasilon recycled aggregate concretes. They

studied compressive strength development in eigfdrent mixes whose compositions and

mechanical properties are summarized in tableHe main outcome was that while the use of

recycled aggregate caused ca 18 % drop in compeestiength, addition of only 3 % of

cement weight nS eliminated this negative effedarfding electron microscopy (SEM)

studies confirmed that the application of recycbgfregate led to increased porosity of

interstitial transition zone (ITZ) between cememiste and aggregates, but when nS was

applied, these voids were omitted, ITZ became densere uniform (see figure 5) and

therefore was able to transfer higher compressresses.

Tab. 1. Concrete mixture proportions and compresstvength development as recorded by

the authors of study [9].

. Water [Cement| nS Compressive strength [MPa]
Mixture |\Aggregate [kg/m?] | [kg/m?] | [kg/m] | 3 days | 7 days | 14 days | 28 days
NC-400 [Natural 177.2 400 0 15.2 24.3 29.6 34.2
RA1-400 |Recycled 201.6 400 0 12.6 19.6 24.3 28.1
RA2-400 [Recycled + 1.5 % nS 201.6 394 6 13.9 19.6 24.3 28.1
RA3-400 [Recycled + 3 % nS 201.6 388 12 15.9 24.6 30.1 35.3
NC-450 |Natural 196.3 450 0 19.4 31.4 37.3 41.8
RA1-450 |Recycled 219.4 450 0 16.3 25.1 31.2 35.3
RA2-450 [Recycled + 1.5 % nS 219.4| 443.25 6.75 17.6 29.3 354 40.1
RA3-450 [Recycled + 3 % nS 219.4| 436.5 13.5 20.9 32.1 39.1 43.7

Many further instances of nS-enriched concretestesporting positive impact on

mechanical and chemical resistance can be foupdpers [2] and [6], including reduction of

bleeding and segregation of fresh concrete.
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Fig. 5. SEM photos of ITZ. From left to right mix¢§-400, RA2-400 and RA3-400.
Reprinted from [9].

5. DRAWBACKS OF NANOSILICA

Unfortunately, nanosilica has also several disathges that limit its practical

exploitation in concrete industry in the presemteti

In some cases, tendency of particle crowding waemed in nS [9]. However, this issue
is not such a big problem like in case of carbomotabes or carbon nanofibers. Usually good
dispersion can be achieved quite easily by suffiail®se of super-plasticizer that is necessary

to ensure workability anyway.

Shrinkage can be significantly increased by nSetlal. [10] reported values by 198.7 %
higher compared to common concrete after additio. @ % of nanosilica with respect to
cement content. They also found no improvement eampressive strength. Drawing
a comparison between this fact and positive comahgsof other authors (chapter 4), we can
define another problem. By changing the dosagéhgsipal properties of nS (average particle
diameter, specific surface area etc.), effect ancesie properties can fluctuate in very wide
range and improvement of characteristics can’tumsganteed in advance. However, the same
is with all admixtures, newly designed concrete adixays has to be properly tested before it

is used, so that this fact should not disqualifgoslica by no means.

Price of nS also can be particularly limiting facés it increases total construction costs,
but this rise can be justified by acquired addellieialn these days nanosilica powder is
commercially available from $ 5 per kilogram, degeiy on particle size and ordered
guantity. Water suspension can be purchased fram $er liter, the amount differs with dry
content of nS.

10
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Last but not least, health and environment isstesild be concerned. Ultrafine SiO
nanoparticles have been classified as human cgens) at high concentrations in water
(more than 5 d) have also been reported to damage bacteria IRty and mice exposed to
various types of nanosilica particles suffered frommonary inflammation, tissue damage or
cardiovascular diseases [12]. Further investigatidhbe necessary to define safety limits for
nanomaterials exposure and their life cycle inh&ure. Anyway, it is appropriate to gain
maximum possible control of nanomaterials flow tigl the construction process from the
beginning to the end. Workers that will get intoesxday contact with them should use
protective measures (respirators, coveralls). Usieosild not be affected as nanosilica will be
embedded in concrete matrix tightly. What seembddahe biggest problem is demolition.
Removal of structure is usually accomplished by mdike explosives, bulldozers and others
that do not allow to fully control release of dusthe environment, where it could negatively
impact on organisms or water quality. The same eonds applicable to disposal of

construction waste.

6. CONCLUSION

Nanosilica represents the future of concrete teldyyo Plenty of abovementioned facts
strongly support this statement. Although sevewdués impede practical application
nowadays, numerous research activities exert ovingpkhese problems and considerable

progress is to be expected in the near future.
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EXPERIMENTAL VERIFICATION OF THE EXTERNAL
FIXATOR FOR LENGTHENING OF LONG BONES

MIROSLAV PETRTYL ! FRANTISEK DENK 2 ALES LERACH 3,
PAVEL PADEV ET *

Abstract: The lengthening of long bones in children usingtthetion osteogenesis method is
performed by the gradual distraction of the oppwsnhds of bone fragments. Mechanical
factors are of major importance for the developmehthe callus between two successive
elongations, as well as during the time of its @idstion and modelling. New designed
external fixator accelerates the healing procesd atimulates the formation of callus and
subsequent ossification. The limitation of painidgrthe actual lengthening process such as
by selecting the appropriate size and frequencydistraction steps together with dynamic

effect is also equally important.

Keywords: prolongation, gradual distraction, biomechanicstezral fixation, ossification

1. BASIC PRINCIPLES OF LENGTHENING OF LONG BONES

The lengthening of long bones in children using ttlaetion osteogenesis (desmogenesis)
method is performed by the gradual stretching efdhllus of the healing bone tissue, i.e. by
the gradual lengthening of the opposite ends ofebioagments. Mechanical factors are of
major importance for the development of the cabbesveen two successive elongations, as

well as during the time of its consolidation and deking (after the completion of

! Prof. Ing. Miroslav Petrtyl, DrSc.; Laboratory Biomechanics and Biomaterial engineering, Departroén
mechanics, Faculty of Civil Engineering, CTU in §uea; Thakurova 7, 160 00, Prague, Czech republic;
petrtyl@fsv.cvut.cz

2 ng. arch. et Ing. FrantiSek Denk; Laboratory émBechanics and Biomaterial engineering, Departroént
mechanics, Faculty of Civil Engineering, CTU in §uea; Thakurova 7, 160 00, Prague, Czech republic;
frantisek.denk@fsv.cvut.cz

® Ing. Ale$ Lerach; MEDIN Orthopaedics, a.s.; Jimdéi 329, 150 07, Prague, Czech republic;
ales.lerach@medin.cz

* Ing. Pavel Padeé¥, Ph.D.; Department of mechanics, Faculty of Cigitgineering, CTU in Prague;
Thékurova 7, 160 00, Prague, Czech republic; paadévet@fsv.cvut.cz
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elongation). Changes in stresses and deformatiutiated by external force and moment
effects very efficiently regulate the velocity aédling, the formation of bearing structures in
the tissue and, last, but not least, the developméradequate elastic and viscoelastic
properties in the tissue.

Discussions are presently going on concerning pidisigis of speeding up the healing of
the callus and the metabolic processes of new fitmmaf connective tissues. The laws
affecting the velocity of the bone tissue regenenafmodelling) have not been formulated
with due exactness yet. Clinical practice knows hods of speeding up the healing of
diaphysal fractures (treated, for example, by medullar nails) with an effective application
of dynamic force effects during the patient’s gait.

The objective of the research was to develop acieft tool for the elongation of long
bones in children allowing the speeding up of og¢eesis through harmonically varied
forces (or microdeformations induced in childreminig the day).

The method of bone fragment distraction using aereal fixator (EF) has a tradition of
more than a hundred years in clinical practice. fDo@der of modern external fixators was A.
Lambote, who first designed and used a “fixatedeme” in 1907. A highly original method
(so-called physiological collation) was developedttie second half of the $@entury by
G.A. llizarov (in Kurgan, Russsia). He was thetfirssearcher who successfully tested the
compression-distraction method in clinical practiceng a circular external fixator which
stimulates the bone tissue growth. Based on cliregperience, he formulated the basic
biomechanical conditions for neo-osteogenesis, him@y be synoptically summed up as
follows:

(1) ensure stability of external fixation of long bdnegments;

(2) observe a sufficiently long interval before thertstd distraction;

(3) ensure in the maximum possible way the supply okebimagments with extraosseous

and medullary vessels;

(4) ensure daily distraction cycles with 1 mm elongagio

(5) after the completion of diaphyses lengthening oleser sufficient time interval for

stable neutral fixation;

(6) allow loading of lengthened extremities from theystart of treatment.

Since llizarov’s pioneering times there has beem@md growth in the development of
various types of lengtheners using both rings cot@teto transverse bars intersecting the
diaphysis walls and one-sided lengtheners. Allgligpes are characterized by a possibility of

14
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imposing only static tensile forces, which exewiagle daily elongation (i.e. distraction of

bone fragments) by 1 - 1.5 mm.

ONE—DAY LOADING CYCLE

g
£
3
[72]
&
————
=
£
11.00 mm =
E o
10.75 mm =
£ b i
10.50 mm = !
£ < i i
10.25 mm f-——= == i |
= | minutes
10.00 mm i ! i
L L H
8loo 12 16{00 400 £ 000 800 next day
TIME
4 hours 4 hours 4 hours 4 hours 8 hours
L_no qction 1 day

Note : One—day cycle of e!on%otion is repeated
until the required lenqt

Fig. 1. The load cycle of regenerated bone tissuend every 24 hours

We have further methodologically extended llizaso(eand his successors’) conditions by
adding electronically regulated elongation (Fig, &dnsisting in a very careful gradual
lengthening of the ends of bone fragments by 0.8% which takes place every 4 hours (16
hours in total). Successively, during 8 hours,titbgues were kept in a quiescent state (i.e. the
time of the patient’s sleep). With regard to theederation of healing, the tissues were loaded
with cyclic deformations with amplitudes of osdiitans of 0.1 mm during 4 x 4 hours, always
for a period of 10 minutes. After each cyclic laaglithe healing tissues were kept in a
guiescent state for a period of 50 minutes.

The methodology of traction neo-osteogenesis, mew formation of bone tissue
presented by our team, is biomechanically initidigdhe action of its combined loading, i.e.
by constant tensile stress and short-term repetiticlic load acting perpendicular to the
plane of the osteotomy. After the initial (afterepgtion) relatively quiescent phase (i.e. before
the initial loading), the biosynthesis of new tissthe proliferation and differentiation of cells
is dynamically in progress, in correlations wittadwal lengthening with low magnitudes of
amplitudes of 24Qum. The intensity of the metabolic activity in thells highly depends on
their supply with blood and on programmed functidaading of the lengthened proximity.

The designed electronically regulated lengtheneig. (R2) speeds up desmogenic
ossification. Its construction allows imposing tésnicrodeformations and harmonically

15
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varied forces with low amplitudes to tissues. Thesirodeformations and oscillation

frequencies are controlled by means of an eleatromnit.

Fig. 2. The electronically regulated lengthenerhmprogrammable parameters of bone

fragments shifts (on the left) and their inducedimanic oscillations (on the right)

2. EXPERIMENTAL VERIFICATION

Experimental testing of the external fixator fondghening of the diaphysis consists of
several related phases. The initial phase includgsarticular a preliminary verification of the
basic physical and mechanical properties of thepgsed structure and functionality of
complex electronic eject mechanism with regardhititg of overcoming the resistance to the

effects of variable loads.

2.1.STATIC LOAD TEST

The main principle of this type of experimentalttssto verify the electromechanical pull-
out system ability in overcoming resistance derilsgccentric constant load of 100 N, 300 N
and 500 N acting in the axis of shaft. One of thedpfined automatic programs for the
progressive dynamic extension in the theoretichlasof deflection amplitudes (200 um x 5
after 2 hours) is activated during the test cy€lee result of measurements is to compare the
actual absolute values of the total extension gingle program cycle (Fig. 3, Tab. 1). The

default correlation factor represents the coursg@eteference test cycle without load.
16
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Fig. 3. Graphs of dependence of time and corresimgndeflections in
the test cycles for load O N, 100 N, 300 N, 500 N

Tab. 1. Recapitulation of the measured valuestaf smd partial pull-out (um)

Sub-series ON 100 N 300 N 500 N
1 (initial) 200.871 190.090 214.558 112.847
2 401.743 381.084 386.636 222.240
3 596.352 546.546 530.051 323.628
4 798.547 742.576 714.138 436.572
5 (final) 963.040 905.132 877.275 531.504
Theoretical extension 1000.000 1000.000 1000.000 00000
Percentage 96.30 % 90.51 % 87.73 % 53.159

17
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2.2.DETERMINANTION OF PRESSURE RIGIDITY OF THE STRUCTUR E

Whereas that the real axis of the load is positiomecentric and parallel to the shaft of
external fixator, it is necessary to determine @ffect of bending stiffness of the cantilevers
with anchor nails, which provide positional anchgrand stabilizing the disrupted fragments
of the shaft. Experimental determination of strughustiffness of the prolongator in
compression was performed using an electromecHaegting machine MTS Alliance RT-30
with a range of +0/30 kN. The external fixator waamped between the press heads and
loaded excentric in the axis of the femoral diaphyfuture position. Experimental
determination of stiffness is determined from tleehdence of gradually increasing axial
forces in the range from 0 to 500 N and the cooedmg readings of the press head
movements, which represents the mutual deformatiohshe ends of anchor nalils,

respectively mutual displacements of opposite sedaf bone fragments (Tab. 2).

Tab. 2. Summary of deformation changes dependartbe ioading process

AF (N) 20.490 23.900 97.700 100.000 *
A u (mm) 0.052 0.065 0.251 0.243 %)
kp=AFA U™ (N.mn) 394.038 367.692 389.243 411.523

*) Measurement was terminated prematurely becaligeaollapse of the screw clamping
during acting load of 250 N

2.3.WEIGHT DETERMINATION

Verification of basic physical and mechanical pmbips also includes determining the
mass of the complete structural system, includitectenic components and parts for
clamping the femoral diaphysis fragments. Weighs watermined using equipment KERN
EW 6200-2NM with a range of 1/6200 g. The total giriof the complete assembly of the
external fixator is 1865 g.

3. CONCLUSION

The following most important conclusions, which yade a picture of the effects of basic
mechanical properties of the new external fixatr further testing and the conditions of

future use in clinical practice, can be mentionedhe basis of presented results:

(1) Experimental verification of the real size dfetshifts of the moving part of the
external fixator according to the applied load aadés that the fixator body under the
compressive normal load leads to a correspondithgnféhe resulting strain values, and thus

to the deviations between the actual displacemamistheoretically determined values. From
18
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this perspective, it is necessary to perform atmaincalibration of the electromechanical pull-
out system through an individual approach. Thiscation will be performed on the basis of
power assembled curve and the corresponding rdattefof displacements from the
performed load tests.

(2) The theoretical shift is characterized by egien value of the moving parts external
fixator in the reference measurements (under zeao)l The real shift is defined as the
product of the theoretical value of the shift aeduction coefficients (calibration constants)
that can be derived from assembled curves expetaiheerstablished from the dependency of

deformations (on the stem of the external fixaton) sizes of the active load power.

(3)  Accuracy of telescopic part deflection ampléadof the external fixator is highly
influenced by the structural system (due to théecakéxtension path). From this perspective, it
is necessary to design devices for scanning thevdhie of extension or number of revolutions

of spindle shaft with a view to control of achiayitihe theoretical (prescribed) extension.

4) In practical course of initial prolongation tleetive participation is expected the
surrounding muscle and other connective tissuerarthe resected diaphysis. The immediate
activation of resistance the surrounding connectigsue, which manifests reactionary
pressure effect in the body of the external fixabmcurs within single distraction of opposite
ends of the bone fragments. Comparing real andélieal displacements of moving parts of
the external fixator is ensured a unique deternonatf resistance size of connective tissue in

the early hours and days after invasive interventio

(5) The course of the diaphysis lengthening isaninitial stages influenced by the size of
tensile resistance of the surrounding connects®u and structural flexibility of the system
including the interaction with external fixator ¢#ewver anchor nails. The stiffness of the
external fixator is manifested especially duringmal walking of the patient, when there is
movement in the callus as a result of natural syofdoad. In subsequent stages, the effect of
stiffness emerging callus tissue between the baagnfents is gradually beginning to

significantly contribute to the behavior of theiemsystem.

(6) Experimental verification of external fixatotiffhess in pressure during eccentric
loading in anchoring points to diaphysis provides tlependence of real movements of
opposite ends of the bone fragments due to theeablgad, especially in the initial stages of
the process of lengthening. The fair values ofrthegual movement of opposite ends of the

bone fragments (Tab. 3), which can be simultangouskccordance with the principle of
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superposition combined with the regression curvesdt external fixator in centric pressure,
can be derived from the observed constant stiffoéHse external fixator.
Tab. 3. Calculation of bone fragments displacemé&nots the specified

stiffness constant of the structure
F (N) 100 N 300 N 500 N

A u (mm) 0.250 0.750 1.250

(7) The total weight of the complete assembly eféternal fixator is 1865 g. In the next
phase of the experiments will be solved lightnasaftsfixator and the use of lightweight

composite materials that will not reduce the overgidity.
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PREDICTION OF EFFECTIVE THERMAL CONDUCTIVITY
OF NANOPOROUS MATERIALS USING
MICROMECHANICAL METHODS

MARTIN DOSKA R?!, JAN ZEMAN ?

Abstract: The purpose of this paper is to examine the applicability of effective media theories
to the prediction of effective thermal conductivity of nanocomposite materials. In particular,
we examine well-established Mori-Tanaka and Self-Consistent scheme applied to nanoporous
silica films with regular structure. It is found that the experimentally determined data can be
fairly well reproduced by models accounting for the Kapitza resistance at the pore-matrix
interface. Somewhat surprisingly, the optimal value of the resistance has been found to be
negative.

Keywords: effective thermal conductivity, nanoporous materials, Mori-Tanaka method,

Kapitza resistance

1. INTRODUCTION

The increasing demands on material properties feaal widespread use of micro- and

nano-composite materials in virtually all areagnfineering. This, in turn, results in the need

to predict relevant physical properties of commssidlirectly from their composition. While

this programme was highly succesfull for the cleedsmicro-composites, e.g. [3], validity of

these techniques at the nano-scale remains muslexgsored. Thus, the focus of this work is

on the application of effective media theories ie prediction of effective conductivity of

nanoporous media.

Concretely, two representatives of micromechanicatiels will be explored, namely the

Mori-Tanaka (M-T) method and the Self-ConsisteniC)Sscheme. These methods will be
validated against experimental data obtained in fi# the effective conductivity of

1 Martin Dosk#& Department of Mechanics, Faculty of Civil Engiriag, CTU in Prague; Thakurova 7,
166 29 Prague 6, Czech Republic; martin.doskar@fat.cz

2 doc. Ing. Jan Zeman Ph.D., Department of Mecharfiesulty of Civil Engineering, CTU in Prague,
Thakurova 7, 166 29 Prague 6, Czech Republic; zg@aml.fsv.cvut.cz
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nanoporous films. These material systems featugbhhiregular structures, which makes

them ideally suited for the assessment of homogéniz methods.

The remainder of this paper is organized as follo®sction 2 briefly reviews the
principles of the micromechanical schemes usetienstudy. In Section 3, we compare their
prediction against experimental data [2] and dermatesthe need to account for interfacial
thermal resistance (also known as the Kapitzateegis) in the model. The accuracy of the
improved model is analyzed in Section 4, and th&iobd results are summarized in

Section 5.

2. MICROMECHANICAL METHODS

Both micromechanical models used in this paperb@ased on the equivalent inclusion
method. Its main idea is to replace an inhomogenitly an inclusion with the properties of
the matrix phase, and subsequently to add incluseat flux so as to achieve equivalence
with the original situation. Using continuity of @hheat flux across the matrix-inclusion
interface, it is possible to relate the overallrthal gradient and the thermal gradient in
inclusion by means of the concentration factor. Wimteraction among individual inclusions
is neglected, this information is sufficient toiewite the overall conductivity using tddute
approximation method, e.g. [1] and references therein. The resultidgticsn, however, is

found to be to inaccurate for practical needs.

The self-consistent method accounts for the the presence of multiple inhomiigs by
replacing the matrix thermal conductivity with effee thermal conductivity in the
expression for the concentration factor:

_ dimA,
(dim-14_ +A 1)

where/ denotes thermal conductivity, indexrefers to matrix properties,stands for the
inhomogenity and dim=2 for hexagonal arrangement pofes, while for the cubic
arrangement, we set dim=3. This replacement leadsntimplicit formula, which can be

solved for two-phase materials in the closed fasin [

_a+Ja? +4dim-1A, 4,
B 4(dim - 1) )

A

a=A,dimg, -1)+A (dimg, -1) 3)
whereg is the volume fraction.
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The Mori-Tanaka method deals with the presence of multiple inclusionsbuik by an
additional thermal gradient caused by presendehlmmogenities in the matrix phase. This
results in a modification of the concentration éactotherwise the derivation of effective

thermal conductivity formula is similar to the wi# approximation method [1]. The final
relation reads as

Agi = (@A +Z¢ij A\j/]ij I/ +Z¢ijpﬁj)_l

Hashin-Strikmann and Yoight-Reuss bounds
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—%-R max
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Fig. 1. Hashin-Srikmann and Voight-Reuss bounds

3. APPLICATION TO EXPERIMENTAL DATA

As the first step, the experimentally obtained itiedr conductivities [2] are compared
to the Hashin-Strikmann bounds (5), and the VoRétiss bounds (6):

s FaOn=A) 300, =A)

34 + ¢, (A~ A) 3 = (A = A) (5)
O , Py
G507 <Ag <Afn + AP
Am Ai (6)

In all results repored below, we ggt=1.40 W/(m.K) for the matrix phase, and0.0257

W/(m.K) for the porous phase, respectivelly. Eaeimgle is characterized by its spatial

arrangement (cubic or hexagonal) and surfactam (123, Brij76 , P123 and KLE) used in

production of the material. The results shown irg.Fi confirm that all measured
23
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conductivities all located in the region defined limth bounds, therefore the measured data
are consistent with the basic constraints of mi@cimanics.

Subsequently, the Mori-Tanaka and Self-consistesthotds were used to theoretically
predict the measured values. As evident from Table significant discrepancy between the
model predictions and the measured values are folihts indicates that the need for

incorporating another factor influencing the efieetthermal conductivity.

Tab. 1. Results of the Mori-Tanaka and Salf-consistent methods

& > | T lea] 2| =l|cé=| ¢ =] cé=| .=
2 2 5|22 | .. T|EET| ST | €52 S0
s | 2= |8z|BSE|SE|RE| QE|ZSE| §2% | ZSE| §9%
g s=|d E= &5 §§ U"\g’ '_'EE a25% Q'ag 5%
s = £ |82 2| 2|=282| g=°2 | g2 | gFZ
1 P123 he 4€ 8.5 0.1€ | 0.54c 0.25:2 0.16¢ -1.632e+0 0.15¢ 3.291e+0.
2 P123 he 48 8.5 0.1¢ | 0.51< | 0.21¢ 0.13¢ -1.632e+0 0.11¢ 3.291e+0.
3 P123 he 4C 8.5 0.2z | 0.6271 | 0.37: 0.26( -1.632e+0 0.30¢ 3.291e+0.
4 P123 he 43 8.5 0.2C | 0.58C 0.30¢ 0.211 -1.632e+0 0.22¢ 3.291e+0.
5 P123 he 45 8.5 0.1€ | 0.55¢ 0.27( 0.18( -1.632e+0 0.181 3.291e+0.
6 Brii76 cuk 21 4.C 0.3C | 1.017 | 0.97: 0.36] -6.888e+0 0.671 -3.227e+0
7 Brij76 cuk 23 4.C 0.2¢ | 0.97: | 0.93: 0.29¢ -6.888e+0 0.48¢ -3.227e+0
8 Brij76 cuk 23 4.C 0.34 1 0.97: 0.93: 0.29¢ -6.888e+0 0.48¢ -3.227e+0
9 P123 cu 2¢ 9.C 0.2¢ | 0.881 0.81: 0.17¢ -2.953e+0 0.32¢ -1.076e+0
10 | P123 cu 23 9.C 0.3¢ | 0.97: | 0.93- 0.361 -2.953e+0 0.541 -1.076e+0
11 | P123 cu 2€ 9.C 0.27 | 0.92¢ | 0.87: 0.26: -2.953e+0 0.431 -1.076e+0
12 | P123 cu 2E 9.C 0.27 | 0.94t 0.89: 0.29¢ -2.953e+0 0.467 -1.076e+0
13 | KLE cuk 27 16.5 0.3t | 0.91: 0.85: 0.35¢ -1.489e+0 0.50¢ -5.571e+0
14 | KLE cuk 3C 16.t 0.3z | 0.86% | 0.79] 0.26¢ -1.489e+0 0.41: -5.571e+0

4. IMPROVED MODELS

The most direct possibility is to account for thegence of interfacial thermal barrier,
known as the Kapitza resistance. This class of msoglas presented e.g. [1], and is based on
a simple modification of the original scheme bylaemg the inclusion conductivity by its

apparent value

dh

ey,
i (7)

where wherd,; 4 stands for modified inclusion thermal conductiyiydenotes diameter of

inclusion anch stands for value of Kapitza resistance.

In the current case, all data except for the valtiche Kapitza resistance are known,
therefore its optimal value can be directly comgdui@a each sample. It was found that data

can be categorized into four groups, accordinghto dpatial arrangement of pores and the
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surfactant type used in sample preparation. Thusngle value of Kapitza resistance was

determined for each group by minimizing the errordtion expressed as

N (Aexpi _Acalci)z
le (')’

(8)

where ¢ denotes the standard deviation of experimentalureesents [2]. For the S-C
scheme, this was complemented with an additionaktcaint necessary to ensure that the
resulting conductivity remains a real number. Tésuiting values are presented in Tab. 1. It
is worth noting that for almost all samples, théueaof the Kapitza resistance is negative
(except P123 hex for the S-C method). This is raskieprising result, which deserves further
investigation. Nevertheless, the negative valuek of nanofluids were found in [6] using
molecular simulations. These results are furth@petted with data in Tab. 2, confirming a

significant decrease in the objective function @)d by Fig. 2, showing a reasonable match
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Fig.2: Comparison of calculated and measured values
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namely between M-T predictions and experimentad.dat

Tab. 2. Error function values

P123 hexagonal | Brij76 cubic P123 cubic KLE cubic Sum
M-T 5878.29 1948.70 10181.95 3349.73 21358.68
S-C 458.88 1704.09 8566.53 2655.76 13385.26
M-T with Kapitza res. 38.02 5.16 21.07 1.78 66.03
S-C with Kapitza res. 116.34 204.00 3013.88 624.73 9584

5. CONCLUSION

In this paper, the effective media theories, regmesd by Mori-Tanaka method and Self-
Consistent method, were employed to predict effecthermal conductivity of nanoporous

thin films. Our findings can be summarized as fado

1. Without the interfacial resistance factor, neithdori-Tanaka nor Self-Consistent
method are suitable for predicting the effectiverithal conductivity of nanopourous
materials.

2. ltis possible to reach fairly good prediction, @splly for Mori-Tanaka method, when
accounting for the Kapitza resistance. Howevenlte®f the inverse analysis suggest

that the value is negative.

In a near future, we plan to complement these tesuth detailed finite element simulations.
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MICRO AND MACRO PROPERTIES OF BAMBOO
REINFORCEMENT

ANDREA HAJKOVA ! HANA NEMCOVA 2 TOMAS PLACHY 3
PAVEL TESAREK “ VLASTIMIL KRALIK °

Abstract: Bamboo is very important, cheap and high qualitynstauction element.
For several centuries, it is commonly used in syfitral and tropical countries as auxiliary
structures, as well as a supporting element. Nolymitlis possible to meet with bamboo
scaffolding, roofs and other structures. Based wmemt utilization of bamboo in Asia there is
an opportunity to use bamboo as a structural elémien our country too, e.g. as
a reinforcement, which can replace the steel recément in some cases. If we would like to
use bamboo as a structural material in our geogieghconditions, it is necessary to define

its mechanical properties and its behavior in olimate.

Keywords: bamboo, mechanical properties, nanoindentatiomfaecement, steel

1. INTRODUCTION

Thanks to its properties, which are given by itgqqua composite structure, bamboo is not
only in Asia one of the basic building materialgs Mvoody fibers contain cellulose and
lignin, but also silicates (silicate content is degent on environmental conditions during

growth). They are stored mainly in sklerenchymatdtls and deliver its high hardness of
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bamboo. High hardness and strength of the bamHdowsalits use for fittings in concrete

instead of steel, replacing the heavy steel sddiffg| etc. [1].

Bamboo is an excellent building material. It is mdu light, and hollow and divided by
partitions, it is also waterproof and can withstaghificant stress. With unique features,
durability, ease of availability and recoverabilithe bamboo seems to be the ideal natural
material that satisfies both technical requiremergtswell as environmental and economic

aspects [2].

Today, bamboo is a popular material not only inl@agineering and architecture but also
in many other sectors. However, the widest apptioais still being found in construction,
where steel is replaced by bamboo in the form wifeecement (Figure 1). Figures 1 shows
that, for example in Asia the usage of whole or statks of bamboo as a reinforcement is
quite common, especially in combination with poucedcrete or raw bricks, clay, etc.

Fig. 1. Bamboo reinforcement of outer walls (httpww.aplaceofsense.com) - left.

Bamboo flooring reinforcement (http://www.buildingsia.com) - right

The overall mechanical properties of materialshatrmacro level are directly proportional
to the overall properties of the material at thenmilevel. If it is a homogeneous material as
steel, then the characteristics of both the maaa rmicro levels are almost identical. In
contrast, variability of material properties of éretgeneous building materials — especially on
natural base (wood, bamboo) is wide. Each microh@aeical property — for example bending
strength — depends on the type of used materia@.nBmoindentaion is a suitable method for
verification of micro-mechanical properties and noamechanical properties using

homogenization, which reflects the approximatengjtie values for different phases of the
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material at the micro level, respectively nanoirtdéan is an instrument for determination of
dependence between micro and macro mechanical piegpas a function of micro and

macrostructure and microstructural mechanical ptasein different phases of the material.
For the purpose of dependence between the mechanayzerties at the macro and micro
level, a typical natural building material — bami@&hyllostachys sp. — also known as yellow

bamboo) — was chosen.

2. STRUCTURE AND GENERAL PROPERTIES OF BAMBOO

Bamboo is a very old plant, which in many countf@smany centuries is used thanks to
its excellent properties. Bamboo is essentiallyrdoér that is classic but from woody stems it
is different in growth, structure and chemical casigon.

".L"I
I_ * ‘ }» Outer (periphery) layer
g |
" Internodes % g Middle layer
‘ Vo8 |
Node —*P~ vﬁ Inner (wall) layer
T QG‘ Cellulose fibers
Lignin

Bamboostem Cross-section of bamboo '

internodes

Fig.2. Anatomical features of bamboo internodes [4]

Bamboo stem is a composite material, as it can d@ drom testing of its micro
mechanical properties. From a macroscopic vievhefaross-section, the bamboo consists of
several components (Figure 2). Based on these ptessnthe strength characteristics of the
stems were tested. The three-point bending testhwasen for determination of basic strength

characteristics of bamboo. The test results are/shio Table 1 [3].
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Tab. 1. Three-point bending test results [3]

Properties Internodes Stem with nodes
n [] 15 20

op[MPa] 204.0 214.0

E [GPa] 11.0 11.4

Table 1 shows the values mechanical characterigticgy the length of bamboo stalks. In
cross section, the values of strength depend onctméent of dark fiber from cellulose
(Figure 3). In determining the overall strengthisinecessary to take into account the age of
the plants and the ratio of fibers to the contériillers [4].

Outer

e Fiber (E = 46 GPa, Tensile = 610 MPa)

[ ] Matrix (E = 2 GPa, Tensile = 50 MPa)

Fig.3. Bamboo strip as orthotropic unidirectiondrous composite [4]

3. MICROMECHANICAL PROPERTIES OF BAMBOO

Figure 4 shows the structure of the stalk of bamhowler the microscope at
a magnification of 200 x. Figure 4 shows the défdrstructure of the bamboo stalk. Globally,

the structure can be divided into three main padenoted as a), b) and c):

a) The dark fibers of the image are largely madepbjpem, xylem, cellulose 60 %,

approximately 5 % silica, lignin (used for the sport of vitamins, hormones, water, etc.),

b) Clear dark filaments inside a clump of fibere dmrmed predominantly from silica

0.2 %, xylem and cellulose (used primarily to ty@ors minerals),
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c¢) Ground filling fiber among clumps of dark fibexse made of lignin, phloem, metaxylem
vessel (matrix) [2].

Fig. 5. Colored scanning electron micrograph (SEW#a

section through a xylem vessel in a bamboo stem wit
magnification 1150 x (http://www.sciencephoto.com)

Before testing of micro-mechanical properties usmgnoindentation, it is necessary
to remember that bamboo is highly porous. In essetite whole strength of the stem is
formed only after drying walls of hollow fibers cmgting of different structures. Dark fibers

are considered for the strongest walls (Figurewhjich are reinforced even by small grey
loops of lignin — Figure 5 [5].
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4. MICRO MECHANICAL PROPERTIES OF BAMBOO STEM

The basic elastic properties were measured by ed¥isitron Tribolndenter® using in-
situ SPM imaging mode, maximal force was 10 mN #edfluid Berkovich tip was used for
testing. A sample bamboo stem was sealed in a fiesm Struers, cut and polished. Figure 6
describes (in-situ SPM imaging mode) the measured af the tested sample (matrix x
inclusion). The bamboo material is porous with higiegular porosity and with several
phases of different composition.

The sample was sanded using several technologiceégses, which closely matches our
application. The only criterion was the alignmehttlee sample and the surface roughness.
Struers grinding on the grinding machine was usegffeparing of the samples:

1) SiC 2000, 5 min., 100 rpm., underwater, pres$Qro 15 N
2) SiC 4000, 5 min., 100 rpm., underwater, pres$0reo 15 N

Preparation of the sample surface quality is egdahtve want to use Oliver-Pharr theory
for nanoindentation [6]. Due to the achieved ind&@oh depths of 800 nm, the roughness
of 50 nm is optimal. The average values of samptéase roughness are Rq ~ 27 nm and
Ra ~ 22 nm. Roughness was measured by SPM imagjiogntact force between the tip and

the surface was in our cas@l. Size of scanned area was 50 X560

Ly wofinang,

Fig. 6. 3D fence of the scan the sample surfacé50F 50 micron)

In our case only one sample was tested. Threeigosivere selected on the surface of the
sample. In these positions, the 4x4 matrix of inslerere made. Indents were spacedi20
Average values of selected parameters as contpttt,deduced elastic modulus and hardness

are given in Table 2 for each position.
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Tab. 2. Comparison of elastic mechanical propertogs3 positions

Contact Reduced
Force Position stdev elastic stdev| Hardness stdey
depth
modulus
[1uN] nr. [nm] [GPa] [GPa]
1 763.2 41.2 55 0.24 0.182 0.019
3000 2 736.3 38.8 5.2 0.24 0.194 0.019
3 748.6 42.3 5.9 0.42 0.189 0.020

5. CONCLUSION

At first it will be necessary to separate the imdiilal components of bamboo when
determining its microscopic properties. In the fatuwork the bamboo will be subjected to
closer investigation and measurement of its compmisn&om the view of physical and
chemical behavior. It can be said that bamboo mataral material with an unusually high

strength is a very suitable building material vilile possibility of wider use.
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MODELING OF CONCRETE CREEP BASED ON
MICROPRESTRESS-SOLIDIFICATION THEORY

PETR HAVLASEK ! MILAN JIRASEK 2

Abstract: A realistic description of concrete creep can bhiaged by advanced models, such
as model B3 and its improved version that usextimeept of microprestress. In this paper,
values of parameters used by the microprestresdischtion theory (MPS) are

recommended and their influence on the creep camgdi function is evaluated and checked
against experimental data from the literature. @ertdeficiencies of MPS are pointed out

and its modified version is proposed.

Keywords: creep, concrete, microprestress, solidificationité elements

1. INTRODUCTION

In contrast to metals, concrete exhibits creep adyeat room temperature. This
phenomenon results into a gradual but considerabiease of deformation at sustained loads
and needs to be taken into account in design aalysas of concrete structures. The present
paper examines an advanced concrete creep modeh extends the original B3 model [5]
and uses the concepts of solidification [9], [104 anicroprestress [6]-[8]. The main objective
of the paper is to clarify the role of non-traditéd model parameters and provide hints on
their identification. The creep tests performedHahmi, Polivka and Bresler [1], covering
creep of both sealed and drying specimens undeatelé and variable temperatures, are used

as a source of experimental data and are compatiedhe results of numerical simulations.

All numerical computations have been performed gisihe finite element package
OOFEM [2]-[4] developed mainly at the CTU in PradueBaek Patzak.

! Ing. Petr Havlasek; Department of Mechanics, Rgafl Civil Engineering, Czech Technical University
Prague; Thakurova 7, 166 29, Prague 6, Czech Rieppbtr.havlasek@fsv.cvut.cz
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2. DESCRIPTION OF THE MATERIAL MODEL

The complete constitutive model for creep and &lage of concrete can be represented by
the rheological scheme shown in Fig. 1. It consists(i) a non-aging elastic spring,
representing instantaneous elastic deformatioj a(isolidifying Kelvin chain, representing
short-term creep, (iii) an aging dashpot with v&@to dependent on the microprestreSs,
representing long-term creep, (iv) a shrinkage ,ur@presenting volume changes due to
drying, and (v) a unit representing thermal expamsin the experiments, shrinkage and
thermal strains were measured separately on lesdgpecimens and subtracted from the
strain of the loaded specimen under the same emagatal conditions. It should be noted
that even after subtraction of shrinkage and thestnain, the evolution of mechanical strain
is affected by humidity and temperature. Dry coterereeps less than wet one, but the
process of drying accelerates creep. Higher temyrerdeads to faster cement hydration and
thus to faster reduction of compliance due to agimgt it also accelerates the viscous

processes that are at the origin of creep andrtieeps of microprestress relaxation.

solidification
.

2

& & _&h | _Er

£

Fig. 1. Rheological scheme of the complete hygeortio-mechanical model.

The microprestress is understood as the stresgeimicrostructure generated due to large
localized volume changes during the hydration pecdt builds up at very early stages of
microstructure formation and then is gradually @l by relaxation processes. Additional
microprestress is generated by changes of inteetetive humidity and temperature. This is

described by the non-linear differential equation

ds , o |d(Tmn) L
E + ¢5(T, h)C()S = kl T ( )

in which T denotes the absolute temperatirés the relative pore humidity (partial pressure

of water vapor divided by the saturation pressuxeandk; are constant parameters, apgis
a variable factor that reflects the acceleration noicroprestress relaxation at higher
temperature and its deceleration at lower humiftitynpared to the standard conditions).

Owing to the presence of the absolute value opecatdhe right-hand side of (1), additional
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microprestress is generated by both drying andinggteind by both heating and cooling, as
suggested in [8].

The dependence of factgg on temperature and humidity is assumed in the form

s [ 1 1
s(T,h) = exp [% (To - f)} Jas + (1 — ag)h?] (2)
whereQs is the activation energR is the Boltzmann constanty 16 the reference temperature
(room temperature) in absolute scale anrdis a parameter. The default parameter values
recommended in [8] ar®s /R = 3000 K andas = 0.1. More detailed description of this

material model can be found in the original pap&y$8] or in [11].

3. NUMERICAL SIMULATIONS

In this section, experimental data of Fahmi, Paidnd Bresler are compared to results
obtained with the MPS theory, which reduces tostamdard B3 model in the special case of
basic creep. All examples concerning drying andntiadly induced creep have been run as a
staggered problem, with the heat and moisture p@msanalyses preceding the mechanical
one. The available experimental data containedrteehanical strains (due to elasticity and
creep), with the thermal and shrinkage strainsraatsd.

In these experiments, all specimens had a shapehoflow cylinder with inner diameter
12.7 cm, outer diameter 15.24 cm and height 10h.6The weight ratio of the components of
the concrete mixture was water : cement : aggrega@®58 : 1 : 2. From that we can estimate
that the concrete mixture contained approximatel® &g of cement per cubic meter. The
average 21-day compressive strength was 40.3 MBiag\CEB-FIP recommendations, the
28-day strength can be estimated as 42.2 MPa. Xperimment was performed for four
different histories of loading, temperature anctigeé humidity. The loading program of the
first two is summarized in Table 1, the other tveading programs with cyclic thermal

loading are specified in Table 2.

Table 1. Testing program with one temperature cycle

Datasetl Data set 2
Time duration [day] 21 37 26 82 10 25 18 14 37| 108 10 25
Temperature [°C] 23 23 47 60 23 23 23 23 23 60 23 23
Relative humidity [%] 100 98 98 98 98 98| 100 50 50 50 50 50
Compressive stress [MPa] 0| 6.27| 6.27 | 6.27 | 6.27 0 0 0| 6.27 | 6.27 | 6.27 0
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Table 2. Testing programs with several temperatyaes and sealed conditions,
i.e. RH = 98% (data set 3) or drying conditions t@aet 4)

repeat 4x
” Time duration [day] 21 35 9 5 14 7 7 7 12 | 40
% Temperature [°C] 23 23 40 60 23 60 23 60 23| 23
_§ Compressive stress [MPa] 0| 6.27 | 6.27 | 6.27 | 6.27 | 6.27 | 6.27 | 6.27 | 6.27 0
o« Time duration [day] 18 14 33 15 14 7 7 7 13| 14
§ Temperature [°C] 23 23 23 60 23 60 23 60 23 | 23
% Relative humidity [%] 100 50 50 50 50 50 50 50 50 | 50
© Compressive stress [MPa] 0 0| 6.27 | 6.27 | 6.27 | 6.27 | 6.27 | 6.27 | 6.27 0

3.1 Standard MPS

The four parameters of the B3 model describingbth&ic creepgs — g4, Wwere determined
from the composition of the concrete mixture andmfrthe compressive strength using
empirical formulae according to [5]. The resulttbis prediction exceeded the expectations;
only minor adjustments were necessary to get thienapfit (see the first part of the strain
evolution in Fig. 2 left). The following values veeused:q; = 19.5,¢0, = 160,03 = 5.25 and
04 = 12.5 (all in 18/MPa). They differ significantly from the valuescemmended in [8],
01 = 25,0, =100,0; = 1.5 andgs = 6, which do not give a satisfactory agreemerth wi

experimental data.

The MPS theory uses three additional parametgrk; andc, but parametec can be
replaced bycogs. It has been found that the remaining parametgr&and k; are not
independent. What matters for creep is only theadpct. For different combinations of
andk; giving the same product, the evolution of micropesss is different but the evolution
of creep strain is exactly the same. Since micipgss is not directly measurabte,andk;
cannot (and need not) be determined separatelytalctical computationgk; can be set to a
fixed value (eg. 1 Mpa/K), angy can be varied until the best fit with experimerdata is
obtained:; in all the following figures is specified in Mpaday™. All other parameters were

used according to standard recommendations.

A really good fit of the first experimental data §88% relative humidity, i.eh=0.98) was
obtained forc, = 0.235 Mpdday™; see Fig. 2 left. The agreement is satisfactongpkfor the
last interval, which corresponds to unloading.sltworth noting that the thermally induced
part of creep accounts for more than a half oto& creep (compare the black and gray solid
curves in Fig. 2 left). Unfortunately, with defawalues of the other parameters, the same
value ofcy could not be used to fit experimental data setlvem2, because it would have led

to overprediction of creep (see the gray dashedecur Fig. 2 right). In the first loading
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interval of 37 days, creep takes place at room &atpre and the best agreement would be
obtained with parametes set to 0.940 Mp&day™; see the black dashed curve in Fig. 2 right.
However, at the later stage when the temperatses iio 60°C, the creep would be grossly
overpredicted. A reasonable agreement during ttagesof loading is obtained withy
reduced to 0.067 Mpaay* (dotted curve in Fig. 2 right), but then the créepnderpredicted

in the first interval in Fig. 2 left. Raising paratar as from its recommended value 0.1 to 0.3
(solid black curve in Fig. 2 right) has approxintathe same effect as decreasingfrom
0.235 to 0.067 Mp&day*. Parametens controls the effect of reduced humidity on the rait

microprestress relaxation and its modification s effect on the response of sealed

specimens.
1800 1 o experimental data 2000 71 ¢ =32 days P — 1
!/
1600 - ....... =
c0=0.067 /l _al
| - a— — / - - o
- 1400 0=0235 . 1500 - -
81200 | — =c0=0.671,7 e ——
= . |2
'® 1000 | == basic l
£ I 4 et . 1000 - Q foe's)
s 800 7 7 o experimental data
E 600 - gho AT c0=0.067
o
500 - = = c(0=0235
£ 400 ¢
" _ = (0 = 0.235 modified
200 4 t' =21 days
— =c0=0.940
0 T T T 1 0 T T T 1
0 50 100 150 200 0 50 100 150 200
age of concrete t [day] age of concrete t [day]

Fig. 2. Mechanical strain evolution for sealed gpsns, i.e. relative humidity of pores is
assumed to be 98% (left) and drying specimens &b B€lative environmental humidity
(right) loaded by compressive stress 6.27 Mpamaéti'.

For the last two testing programs described in &aBl the agreement between
experimental and computed data is reasonable ontllythe end of the second heating cycle
(solid curves in Fig. 3). In case dhta set 3the final predicted compliance exceeds the
measured value almost twice (Fig. 3 left), in calsgata set 4almost five times (Fig. 3 right).

In order to obtain a better agreement, paranwterould have to be reduced, but this would
result into an underprediction of creep in thetfigo testing programs. Experimental data
show that temperature cycles significantly increaseep only in the first cycle; during

subsequent thermal cycling their effect on creepinishes. Therefore it could be beneficial

to enhance the material model by adding internaharg, which would improve the behavior
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under cyclic thermal loading, while the response sigstained loading would remain

unchanged.

Another deficiency of the model is illustrated e tgraphs in Fig. 4. They refer to the first
set of experiments. As documented by the solideunFig. 2 left, a good fit was obtained by
setting paramete, = 0.235 Mpaday®, assuming that the relative pore humidity is 98¥e
pores are initially completely filled with waterpWwever, even if the specimen is perfectly
sealed, the relative humidity slightly decreasee tiu the water deficiency caused by the
hydration reaction. This phenomenon is referregistself-desiccation.

3000 - 6000 -
t' =21 days t' = 32 days
2500 5000
o experimental data
o 2000 oy 4000
2 c0-0.235 2
£ 1500 - £ 3000 -
£ = = basic £
[F] [F]
8 1000 - S 8 2000 -
=1 =1
m m
£ £
g 500 - g 1000 -
E E
0 1 T T T T T T T 1 0 T T T 1
0 20 40 o0 80 100 120 140 160 180 0 50 100 150 200
age of concrete t [day] age of concrete t [day]

Fig. 3. Mechanical strain evolution for sealed gpsn (left) and for specimen subjected to
drying at the age of 18 days (right) loaded by stré.27 Mpa at time t' and subjected to
cyclic variations of temperature.

1500 -~ ) - ® experimental data
A t=2ldays T = = RH=-9%
'F:' 1000 - = « RH=96%
'g Ve ... RH = 97%
g 500 - —_ RH = 98%
8 = —==-RH=99%
g | | | | == =RH=100%
0 50 100 150 200 basic
age of concrete t [day]

Fig. 4. Mechanical strain evolution for sealed sSpsens loaded by compressive stress
6.27 Mpa from age 21 days, with the assumed reldtiumidity of pores varied from 95% to
100%. Parameters of MPS theory:%k1 Mpa/K, ¢ = 0.235 Mpa'day™.

The problem is that the exact value of pore humiita sealed specimen and its evolution

in time are difficult to determine. In simple enge@ring calculations, a constant value of 98%
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is often used. Unfortunately, the model responsgiite sensitive to this choice, and the creep
curves obtained with other assumed values of ponaidity in the range from 95% to 100%
would be different; see Fig. 4. The source of saisitrong sensitivity is in the assumption that
the instantaneously generated microprestress igofional to the absolute value of the

change ofl In(h); see the right-hand side of (1). Rewriting (1) as

dsS
o + g(T, h)cgS? = ky

ol T ;
M TR (3)

we can see that at (almost) constant humidity cltwsel00%, the right-hand side is
proportional to the magnitude of temperature raith proportionality factok;|In hj=ki(1-h).

If the assumed humidity is changed from 99% to 98fis, proportionality factor is doubled.

3.2  Improved MPS

As a simple remedy to overcome these problemantbeprestress relaxation equation (1)

is replaced by

dS T dh drl

— T h)coS? = ky | —— — kpkp—

o +¥g(T, h)cy S Kt T 4)
Wlth kT — e_CT(Tmaz_T) (5)

in which x1 andcr are new parameters amgaxis the maximum reached temperature. V¥ith

= 0.02, the creep curves in Fig. 4 plotted for etiéht assumed pore humidities would be
almost identical with the solid curve that nicelis fexperimental results. Introduction of a
new parameter provides more flexibility needed rigpriove the fit of the second testing

program in Fig. 2 right, with combined effects oyidg and temperature variation. For sealed
specimens and monotonous thermal loading, onlyptbductcok; A<+ matters, and so the good

fit in Fig. 2 right could be obtained with differecombinations okt andc.

The results are shown in Fig. 5 for sustained thétoading (data sets 1 and 2) and in Fig.
6 for cyclic thermal loading (data sets 3 and 4gfdnlt values of parametets, ar, ae and
activation energies are used. In these charts, statas labeled original MPS show results
obtained with standard MPS. Data setkeppaT = In(0.98)were obtained witlty = 0.235
MPa'day?, k; = 1 MPa/K, 7 = 0.020203 andy =0. Data seriekappaT adjustedorrespond
to parameters, = 0.235 MPdday”, k; = 4 MPa/K, k<t = 0.005051 andt; = 0. Note that in
case of constant relative humidity (Figs. 5 anceff) lthese series coincide with data series

original MPS.
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The best agreement with experimental data is obtaimith co = 0.235 MPaday?, k, = 4
MPa/K, «r = 0.005051 anatr = 0.3/K; these series are labeledproved In Fig. 5, only a
small change can be observed compared to datss sappaT adjustedthese differences
arise when the temperature ceases to be monotoRoushe sealed specimen (Fig. 5 left),
this change is detrimental, but looking at Figthts deterioration is negligible comparing to a

substantial improvement in the case of cyclic tharmading.

1500 - 2000 +
t' =21 days t' = 32 days ,‘!
o -
. - -
s adill 1500 - -’
'° ' .
= 1000 -
c
Jd
=
n -
® 1000 qg?_
'E experimental data
E 500 - experimental data — . = original MPS
= . |
----- original MPS >00 = = kappaT =-In(0.98)
———improved | | kappaT adjusted
0 : : : : . 0 . I=-ir"|pr0\|.red .
0 50 100 150 200 0 50 100 150 200
age of concrete t [day] age of concrete t [day]

Fig. 5. Mechanical strain evolution for sealed Spsns (left) and for specimens subjected to
drying (right) loaded by compressive stress 6.27aNtBm age t'.

1500 - 7 2500 -+ .
t=21days | # t =32days | /
2000 - ! T
| , J o -
— 1000 - - Je
> 1500 . -
2 d
c
[
= 10C0
'g 500 - O  experimental data experimental data
E = « = griginal MPS
S = == original MPS 500 - = = kappaT =-In{0.98)
E 9 1 . kappaT adjusted
—=improved .
—=improved
0 0 T T T 1
0 <0 100 150 0 50 100 150 200
age of concrete t [da
age of concrete t [day] & (day]

Fig. 6. Mechanical strain evolution for sealed sSpgns (left) and for specimens subjected to
drying (right) loaded by compressive stress 6.27aMR time t' and subjected to cyclic
variations of temperature.
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4. CONCLUSIONS

The material model based on the MPS theory has seeressfully implemented into the
finite element package OOFEM and has been usdadciiaions of concrete creep at variable

temperature and humidity.

For sealed specimens subjected to variable temyperahe results predicted by the MPS
theory are very sensitive to the assumed valueelative pore humidity (which is slightly
below 100% due to self-desiccation). In order teroeme this deficiency, a modified version
of the model has been proposed and successfullgatadl. Excessive sensitivity to the
specific choice of relative humidity has been ehated. Also, it has become easier to

calibrate the model because thermal and moistéeetsfon creep are partially separated.

The original model MPS theory grossly overpredatep when the specimen is subjected
to cyclic temperature. A new varialdte has been introduced in order to reduce the infleen
of subsequent thermal cycles on creep. This madifin does not affect creep tests where the

evolution of temperature is monotonous.

The improved MPS material model contains even nfi@e parameters than its ancestor.
To obtain a good agreement in all loading casesimes) usage of automatic optimization

algorithm. This will be the subject of further work
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CEMENT GRAINS WITH SURFACE-SHYNTETIZED
CARBON NANOFIBRES: MECHANICAL PROPERTIES AND
NANOSTRUCTURE

PETR HLAVA CEK !, VIT SMILAUER ?,
PAVEL PADEV ET 3

Abstract: The carbon nanotubes were synthetized directly on the surface of Portland cement
particles. Mixing this new carbon/cement material with ordinary cement creates a modified
cementitious substance, where carbon is perfectly dispersed in the volume.. The composites
with weight fractions of carbon nanotubes/paste in the ranges 0-0.038 were prepared and
mechanically tested. Sight increase in fracture energy and compressive strength was

observed even in the low carbon weigh fraction 0.019.

Keywords: Carbon, cement, fracture energy, nanotubes

1. INTRODUCTION

The main objective of this work is to show
the mechanical properties of the cemen
paste/mortar  reinforced  with carbon :
nanofibres/nanotubes (CNT/CNF) directly“
particles

B
Elimination of the demanding dispersion of '

synthetized on the cement

CNT in the volume is the main advantage o )
the synthesis of the CNT/CNF on the cemenfig 1. SEM image of the CNF synthetized

grains surface. Fig. dhows the SEM image of directly on the cement grains surface.
Overtaken fromL. Nasibulina et al. [1].
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the CHM, the Portland cement particles are comiyietmvered with the CNF.

High performance cement composites produced indasade exhibit high compressive
strength however they have extremely brittle fa&)dow tensile capacity and high autogenous
shrinkage [2]. Simultaneously to become more snakde, the amount of Portland clinker in
common cement has been reduced and partially egplayg secondary cementitious materials.
The further reduction is possible when the stremdgtine binder could increase. It seems from
other applications of carbon nanotubes/nanofilig;shat the CNT/CNF reinforcement at the

nanoscale presents feasible solution.

2. MATERIALS AND METHODS

2.1. CEMENT BINDER, CHM, GAS <
AGGREGATES EXHAUST

FURNACE
Teei=550 - 650°C

The cement, CEM | 42.5 R originated froi
Mokra, the Czech Republic, was used as
source material for all specimens. Speci 1600 520 530

. ccm  ccm  ccm
Blaine surface has the value of 30&kg. The

chemical composition is given in the Table 1.

The cement hybrid material (CHM) wa
synthesized by L. Nasibulina et al. by tt

T
. . ol | “w| | O
chemical vapor deposition method [1]. T Z||Oo]| |0

+

Portland sulfate-resistant cement (CEM
42.5N) was used as the base for CNT/CNF Fig 2. Scheme of the fluidized bed reactor,
growth. In the synthesis, acetylene was utilized overtakenfromL. Nasibulinaetal.[1].

as the main carbon source for its low decompositgmnperature and affordability; CO and
CO; presents promoting additives [1]. The CNT/CNF giowins at temperature about 600°C
in fluidized bed reactor see Fig. 2 for the scheinthe reactor [1]. The CNT typically grown
on the cement particles are 30 nm in diameter and 8 length [3], the specific surface area
of CNT is about 10 — 20 ffg. CNT exhibit elastic modulus in the range of 1&B8 GPa and
tensile strength from 2 to 6 GPa [3, 4].

Pure silica sand, fraction 0 —2 mm was utilizedhie mortar specimens. Three fractions
PG1 (0 — 0.25 mm), PG2 (0.25 — 1 mm) and PG3 (InAd were mixed in the ratio 1:1:1.
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2.2. SPECIMEN PREPARATION

Five cement paste and five mortar sets of specimame casted. The water/binder ratio
was set to 0.35 and the carbon nanotubes/pastevaaied from 0.0 to 0.038. The CHM was
intermixed with pure cement and (in case of mortaith dry silica sand; the water with
superplasticizer was added at the end. Table 1 slib&specimens composition. The hand

stiring took four minutes, consecutive vibratingldarm filling took extra four minutes.

After 28 days of curing under water were the specisncutted on diamond saw; in the case
of the paste specimens to nine parts (approx. XB8&m), in case of mortar to four parts
(approx. 19x19x80 mm). According to RILEM standafds mechanical testing [5] nodges
were cutted in the middle of the beams to the 45%eheight. The production of such small

sized specimens this way is more efficient thaadicasting into small molds.

Table 1. Cement paste and mortar composition; weight fractions per one sample.

sand
. cement ) total super .
total binder ) w/binder ) o fraction
Sample ] hybrid ) weight of plasticizer
weight ] ratio 0-2
material water (63% water)
mm
Paste 234 ¢g 0-70.2¢g 0.35 819¢g 0479 -
Mortar 7549 0-225¢g 0.35 26.25¢9 0.38¢ 225¢q

2.3. FRACTURE ENERGY DETERMINATION

The fracture energyG;, was determined according to the RILEM standatd$ge Fig. 3
for the experiment scheme. Three point displaceroentrolled bending test was carried out
to obtain the load-displacement curve.

The work of external forc® could be P

calculated as Wi :J.Pdu, 1),
0

L $ d
whereP is the external forcay is the O O

load-point displacement angl presents L

the final displacement at which the loa Fig 3. Scheme of the three point bending test

is equal to zero. The average (effective used for the fracture energy determination

fracture energy in the ligament,

a7



Nano and macro mechanics 2011 Faculty of Civil Engineering, CTU in Prague 120 6" October

according to the RILEM standart, is defined as

G, = | =p

= —_—, = —a 2
" ol 0 @

wherel represents the length of the ligamdnthe thickness of the beaimthe total height
of the beam andy is the depth of the nodge. The support dpavas in case of mortar set to

65 mm and in case of cement paste 50 mm.

3. RESULTS AND DISCUSSION
3.1. COMPRESSIVE STRENGTH

The measurements on the paste samples have shawrefhacing 3.5% cement with
CHM could increase the compressive strength by A8%ur case from average 56 MPa to
average 70 MPa. However in the case of mortar ssnghe effect of CHM was negative.
The mortar samples with 7% replaced cement exhildis% lower compressive strength, in
our case decrease from average 62 MPa to averaiPa3 See Fig. 4 for the compressive

strengths of mortar and paste samples with diftesement/CHM ratia.
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Fig 4. Compressive strength of mortar and paste samples with different cement/CHM ratio.

3.2. FRACTURE ENERGY

The fracture energy measurements results are ddpict the Fig. 5. The paste samples
exhibit significant increase in the fracture eneegen if a small amount of cement is replaced
by CHM. Replacing 3.5% of cement causes an increasiee fracture energy of 14%. The
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mortar samples does not exhibit almost any chamdled fracture energy with the amount of

CHM in the mixture.

3.3. HYPOTHESES

The paste samples reinforced with the carbon naestexhibit the expected increase as
in the compressive strength as in the fracture ggneffhe CNT appear as a hano-
reinforcement improving the gel properties [6.].eT¢éompressive strength maximum around
3.5% of CHM can be caused by the strong hydrophtybiaf the carbon nanotubes,

preventing the larger amount of CHM from hydration.

100 25 -
80 20+
E I £ i
Z 607 2 157
> >
Sy >
) 40 o 107
c c
L L
o) (o)
= 20 = 5
© w/c = 0.35 © /e =0.35
= 0. wi/c = 0.
© ©
L 0 T T T T T Lo 0 T T T T T
CNT35  CNT3i CNT32 CNT33  CNT34 CNT 20 CNT 21 CNT 22 CNT 23 CNT 24
2 2R 2R S el 2R 2 S 238 Kl
oo 00 o™ o o3 oo 00 o™ o o3
& g B B B2 & g2 8 B E2
°os ST = =
= T I = I I
g% 25 89 85 85 o9 25 89 85 85
O + + + O+ + +
Mortar - Sample label Paste - Sample label

Fig 5. Fracture energy of mortar and paste samples with different cement/CHM ratio.

The decrase in the compressive strength of theamsamples could be described by the
non-homogenous gel formation. The carbon nanotappsar as the nucleating sites [7.] for
the cement hydration products (CSH gel, calciunrdiyide) and gather the cement paste. The
water is pushed to the sand grains, into the imb&f transition zone (ITZ). Due to the water,

the porosity in the ITZ increases and the bond tighpaste matrix is getting worse.

Another explanation deals with the wekaest link

theory. When the stress in the body reach the atem ~ M‘ - '}/K‘ /T~
strength of the weakest member, the deformation_-_-_-_

localizes to this point and stress decreases.da o&
. Fig 6. Weakest link theory, strength
the mortar, the fracture energy can increase (oe ha
and fracture energy visualization.

not to change) and the strength can be reduced.
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4. CONCLUSION

Previous attempts to create nano-reinforced cortgosnaterials suffered from
flocculation and improper dispersion of separatatided nanofibers/nanotubes. The main
advantage of the new method presents the elimmatiohe demanding CNT dispersion. The
decrease of compressive strength on CNT-reinfonsedar samples could be caused by the
higher amount of water in the ITZ which was pusloed by the extremely hydrophobic
carbon nanotubes. Preliminary experiments with ligimpacted (60 MPa) mortar samples
with the mixing w/c ratio 0.35 does not exhibit tt@mpressive strength reduction. The future

work will focuse on the reduction of ITZ effect onporating the CNT into the ITZ.
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GRADIENT-ENHANCED MODEL OF TRABECULAR BONE

MARTIN HORAK ! MILAN JIRASEK 2,

Abstract: The present paper deals with a regularized constitutive model of trabecular bone,
combining anisotropic elasto-plasticity with isotropic damage. The regularization is based on
the implicit gradient approach applied to the damage-driving variable. The gradient-
enhanced model has been implemented into a finite element code and has been used to

simulate compressive failure of a vertebral body.

Keywords:. trabecular bone, plasticity, damage, gradient-enhanced continuum
1. INTRODUCTION

Trabecular bone is a porous, heterogeneous andt@pe material with a complex
microstructure. The morphological information cortgzifrom pCT can provide a good basis
for the development of phenomenological modeldatmacroscopic level. The structure of
trabecular bone is described by the volume fraciioh the fabric tensor.

2. CONSTITUTIVE MODEL

This section presents a constitutive model of walz bone at small strains [1, 2].
Trabecular bone is modeled as an anisotropic efdastic material with isotropic damage.

The stress-strain law for such a model is
o=(1-wpo=1-wD,:(le-¢,) (1)

where « is a scalar describing the amount of damdggjs the anisotropic stiffness tensor,
¢ is the total straing, is the plastic part of straing is the nominal stress andl is the

effective stress.
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2.1  ANISOTROPIC ELASTICITY

The anisotropy of bone is described by a secondrqrdsitive definite fabric tensor

M =Y m(m Om,) 2

wherem, are eigenvectors and, are eigenvalues normalized by +m, +m, = . 3

In principal coordinates of the fabric tensor, tréhotropic elastic compliance tensor

C is represented by the matrix

I/12

Y
i\
w

1Y s g 0 0
El El El

Y i _VYas 0 0 0
EZ EZ EZ

Ya Ve i 0 0 0

C= Es Es Es 1 (3)
0 0 0 0 0
2G,,
1
0 0 0 0 0
2G,;
1
0 0 0 0 0 G
13

with elastic moduli and Poisson’s ratios expresaddrms of the fabric tensor eigenvalues as

E =Epo‘m?, v, :vo% andG; =G,p“mm.

J

Parameterp is the bone volume fraction, which reflects panpsif the bone, and parameters

E,.v,,G, are the elastic modulus, Poisson’s ratio and shemtulus of a porelesso(=1)

isotropic material (o, =m, =m, = 1 The elastic stiffness matrix
D,=C™* 4

is obtained simply by inversion of elastic comptian
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2.2  ANISOTROPIC PLASTICITY

The plastic part of the model is described in tffeciive stress space, i.e. in the
undamaged space. The main ingredients of the thefgpiasticity are the yield function, the

flow rule, the hardening law and the loading-uniogdconditions. The yield function
f(e,x)=ve:F:5-0,(K) (5)

corresponds to a generalized Hill’'s criterion wgbtropic hardening. The current yield stress
o,(k)=1+0"[1-e) (6)

grows as a function of the cumulative plastic straihe flow rule is considered as associative:

PN Jaddl 7
0c )
The Ioading-unloading conditions have the clasgmah

A=20 f<0 Af=0 (8)

In the equations aboved is the plastic multiplier,s and " are positive material
parameters, to be identified from experiments and the cumulative plastic strain defined

incrementally as
K=+¢&":&" 9)

The structure of the fourth-order tensbris linked to the fabric tensor and bone
volume fraction and has a similar structure todbmpliance tensor; in principal coordinates

it is represented by the matrix
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1 _ X1z _ X1z
eF f er 0 °
_ X21 1 X23
of @F @ 00 °
Xan  _ Xa 1 0 0 0
F= (Usp) (Jsp)2 (U 3p)2 (10)
0 0 0 2T12 0 o0
23
0 0 0 0 2:2 0
13
0 0 0 0O O 12
| 2r12_

2
with of =ofp" m™, x; =)(o%,rij =7,0*m'm?, where g is the uniaxial yield stress
j

along the i-th axis i(=123), r; is the yield stress in shear in the-| plane

(i,j=123;i#j) and x; are the interaction coefficients. Parameter§, x,, 7,

correspond to a poreless isotropic material.

2.3 ISOTROPIC DAMAGE

Damage evolution is assumed to be driven by theutathae plastic strain, and the

scalar damage variable is given by
k)=, (1— e‘aK) (11)

where ), is the critical damage anal is a positive dimensionless parameter that costiod
softening part of the stress-strain diagram.

3. IMPLICIT GRADIENT REGULARIZATION

Evolution of damage leads to softening, which ideatabilizing factor that may lead to
localization of inelastic processes into narrowdsarThe boundary value problem becomes
ill-posed due to the loss of ellipticity of the gowing differential equation resulting to
pathological sensitivity of the numerical resultgshwespect to the size and orientation of the
finite element mesh. To avoid this pathological dgbr, the model is regularized by the

implicit gradient formulation. In this approachetbdamage variable is computed from the so-
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called over-nonlocal cumulated plastic strain whiile plastic part of the model remains local.

The over-nonlocal cumulated plastic strain is dedias
R =@0-mk +mx (12)

where K is the nonlocal cumulated plastic strain amdis a model parameter. Full regularization can
be achieved only if parameter is greater than 1 [4[The nonlocal cumulated plastic strain is

computed from a Helmholz-type differential equation
K-1°0°k =k (13)

with homogeneous Neumann boundary conditior(18), | is the length-scale parameter and
0% is the Laplace operator.

4. NUMERICAL IMPLEMENTATION

41  RETURN-MAPPING ALGORITHM

To implement the local constitutive model into apdacement-driven finite element
code, the governing equations need to be expressad incremental form and an algorithm
for the evaluation of the stress increment fronmvaig strain increment must be developed. In
plasticity, this procedure is called the stressiretalgorithm. Within a computational
increment numben +1, the mapping of strain at the end of the stg]y’,, onto the effective
stress at the end of step, provided by the stegssrr algorithm, is denoted as functién and

n+l

the mapping of straig™" onto cumulated plastic straim™" at the end of the step is denoted
as function®, . Details about the stress-return algorithm carfdosd in [1, 2]. The over-

nonlocal formulation described in the previous ¢baphas a computational advantage,
because the plastic part of the model remains lmgdlthe standard return mapping algorithm

can be used.

4.2 GRADIENT-ENHANCED MODEL

Here we focus on the numerical implementation & ¢inadient-enhanced constitutive
model into the finite element code. We start frdme strong form of the set of governing
differential equations
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O =0 (14)
K-1°0°k =k (15)
Following the standard procedure, equatid#y and(15) are recast in the weak form,

j (O mdx =0 (16)

\%

[ (& - 1202 Jactx = [ (x Jpelx (17)

whereM and N are suitable test functions. The displacementsthacionlocal cumulative
plastic strains are discretized at the element leye

u=Nd K=Nd (18)

KTK

After discretization, we obtain the set of nonlinalebraic equations

fint _ fext
{«5} ‘{ 0 } 49

in which f, = j(BTc)iX andf_, = J'NTtdS are the standard internal and external forces and
\ r

P = J'(NIN +|1°BIB, —KNZ)jx are generalized internal forces.
\%

The set of nonlinear equatiofiE) is solved by the Newton-Raphson iteration scherhes
numerical method requires a tangent matrix, whechhtained by differentiating the internal
force vector with respect to the nodal unknowns:

af int af int
od ad
K= K 20
a ¢int a ¢int ( )
od ad

K

where
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T - [1-)p” Poasx Lo = [mI@BTeN, ox
od | O od § dx

0P, :—INIGG—KBdX %:J-N:NK +|ZBIBKdX
od, o " o od,

In the equations above, function8 and 0, are supplied by the return mapping

algorithm, andB :a—N, B, = oN, :
ox 0X

5. NUMERICAL EXAMPLE

The regularized constitutive model has been impigateinto OOFEM [7,8], an object-
oriented finite element code. As an example, sathah of a vertebral body performed with
the gradient version of the damage-plasticity maddlabecular bone is presented, and the
results are compared to the integral nonlocal @arsi the model [1]. The force-displacement
curve shows good agreement between the resultsinefitaby the integral nonlocal

formulation and the gradient-enhanced scheme.

Gradient formulation

F 12000

Nonlocal integral formulation
10000
8000
6000
4000
2000
0
0 02 04 06 08 1 12 14 16 18 2 u

Fig. 1. Force displacement curve
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6. CONCLUSION

The gradient-enhanced model of trabecular bondéas described and its computational
implementation has been presented. The numerieahpbe shows that the results obtained by
the gradient approach are close to the resultsnaatdy the nonlocal integral approach. The
future work will focus on the comparison of the gartational efficiency of gradient and
integral approaches and on the extension of theehiodhe large-strain regime.
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PRECISE FULL-VOLUME STRAIN MEASUREMENT
WITHIN TRABECULAR BONE USING DIGITAL
VOLUMETRIC CORRELATION METHOD

lvan JandejseK, Ondiej Jirousek?,

Daniel Vawiik 3

Abstract: Digital volumetric correlation (DVC) method was employed for evaluation of full-
volume displacement and strain fields in deformed trabecular bone specimen. Volumetric
image data were acquired using time lapse X-ray micro-CT during gradually specimen
loading. Tetrahedral Finite Element (FE) mesh was generated describing related volumetric
data. The displacement fields were measured in set of control points by DVC utilizing vertices
of this tetrahedral FE mesh and subsequently, the strain fields were computed from

the measured displacement fields.

Keywords: Digital Volumetric Correlation, trabecular bone, Micro-CT, Strain measurement

1. INTRODUCTION

Microstructural properties and spatial arrangenoérihe inner structure are the key factor
for the overall mechanical properties of completure materials such as trabecular bone [1].
In recent years 3-D imaging techniques were estiaddi which enables direct measurement of
structural properties of the complex material, nigmmaicrofocus Computed Tomography
(micro-CT) [2]. Micro-CT can be used not only fasmdestructive reconstruction of the inner
microstructure and for measuring of some morphaklgiroperties of a material, but it can be
successfully applied to record deforming microsuite under applied mechanical (or other)
loading.
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In this study a three-dimensional variant of digitaage correlation algorithm (DIC) [3] -
digital volumetric correlation (DVC) is used to ouidy the displacements and strains in the
material with complex microstructure — trabeculasn®. The bone microstructure is
discretized using a tetrahedral mesh. In the npdeaits of the mesh the displacement vector
is computed using DVC. For each of the tetrahegleahent the Green-Lagrange strain tensor
is calculated from the displacements of its vegtiCEhe overlaid tetrahedral mesh serves not
only for the calculation of the deformation tendaut also for easy visualization of the vector
and tensor fields and for fast and direct comparisith results of numerical simulations. The
numerical simulations can use the existing tetreddednesh or the mesh can easily

refined/coarsened if needed.

2. EXPERIMENT

A cylindrical sample (diameter = 5mm, height = 8mef)trabecular bone was extracted
from porcine proximal femur. A special loading d=viwith the mounted sample were placed
on the rotating table into the micro-CT shieldedx bend scanned during incremental

compressive loading, see Fig. 1.

.

|

defrmed

Fig. 1. Experimental setup and the reconstructed specimen of trabecular bone in reference
(un-deformed) state and deformed state.

The sample was gradually loaded in compressioroug?4 strain in six 0,5% increments

and in each loading step the deformed microstracias tomographically captured. After
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each load step the sample was allowed to relag@ominutes until the force value relaxed.
The force was continuously recorded with a 100 Mdlaell (U9B, Hottinger Baldwin
Messtechnik, Germany). For the tomographic measeménan X-ray source (Hamamatsu
L8601-01 with 5 mm focal spot size) and large-aftzd-panel detector (Hamamatsu
C7942CA-22, 12081000 pixel resolution and 50 um pitch, physical elsions
120x120 mm) were used.

3. DEFORMATION MEASUREMENT

3.1. DEFINITION OF MEASUREMENT GRID FOR DVC

After the 3D image data reconstruction, a finiteneént (FE) mesh was defined on the un-
deformed sample consisting of connected lineaahetira using a Delaunay triangulation, see
Fig. 2.

Fig. 2. Tetrahedral element (left), tetrahedral mesh of the entire reconstructed data (middle)

and the smaller central part in which the strain measurement was carried out (right).

The FE mesh serves as a reference (un-deformed)fsien which the deformed states are
incrementally computed by sequential tracking efdisplacements of the vertices. Moreover,
the FE mesh provides easy visualization of thelt®doasically any FE postprocessor can be
used. The movement of the vertices is tracked usibigital Volumetric Correlation (DVC)

method described in following paragraphs.
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3.2. DIGITAL VOLUMETRIC CORRELATION - DISPLACEMENT
MEASUREMENT

The digital volumetric correlation (DVC) method eloyed for evaluation of the full-
volume displacement field is an extension of thdl-kown two-dimensional digital image
correlation (DIC) [3] to all three spatial dimensso Computational principles of these
methods are very similar except that in DVC one ksowith 3D image data instead of
classical 2D images in DIC. The technique utiliaesequence of consecutive 3D image data
(at least two) that represents the process of Hjecbdeformation. In this sequence DVC
observes a movement of individual sub-volume tetepléby employing the correlation
technique, see Fig. 3. The sub-volume templatesinall part of the 3D image data that has to
contain a distinguishable part of the object irsteucture.

3D image data

Reference Deformed

Fig. 3. Principle of Digital Volumetric Correlation - evaluation of sub-volume template

displacement vector between reference image data and deformed image data.

The tracking algorithm works in two steps. First,iateger value of voxel displacement is
evaluated using normalized cross-correlation. Sylesatly, these integer values of
displacement are passed on as initial inputs inéosecond step which is 3D extension of
iterative Lucas-Kanade algorithm [4]. This stepewknto account own deformation of the
reference sub-volume template. The algorithm isethagn the minimizing of the sum of
squared error between reference and deformed dubieo After a few iterations (3-6), LK
gives a new sub-pixel destination of the centradel@f the sub-volume template. Precision

of the displacement has been shown to be 0.00% ipixee means of standard deviation [5].
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3.3. STRAIN EVALUATION

From the displacement field assessed by the descdbrrelation method in each vertex of
the FE mesh, the strain tensor is computed in esi@ment. Due to the relatively large strain
increments and due to the highly localized strairtkin trabeculae, it is necessary to compute
the finite Green-Lagrange strain tensor insteathefoften used infinitesimal (small) strain
tensor. Typical feature of this method is that phecision of measured displacements are fine
instead of computed strains that are affected ligyndisplacements. Therefore, a smoothing

process of the displacement field had to be empldgfore strain computation.

4. RESULTS

Due to the extremely complex inner structure ofghecimen, the entire tetrahedral mesh
consisted of more than 1 million elements. Forezagisualization smaller FE models have
been created from the volumetric image data as showig. 1. These smaller FE parts were
developed in the central part of the specimen u$6g50x50 voxels and served for
evaluation of the displacements and strains dutireg compression test. Even for these
smaller volumes the DVC had to be performed in ®xbdal points and 154xi@lements.
Each of the nodal points served as the centertxd7x17 voxel sub-volume template for
the DVC which made the DVC for the whole sample@axiely computationally expensive.
Finally, resulting strain fields (vertical nominabmponent in the direction of loading)
showing the localized strain bands within two serajparts of the trabecular structure are
shown in Fig. 4.

eps_3 [%]
I 0.003644

022111
|-0.44586
-0.67061

I -0.895636

Fig. 4. Vertical nominal strain & evaluated in the smaller parts of the specimen at maximal

loading level. Localized strain bands in the trabecular structure are clearly visible.
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5. CONCLUSIONS

Presented DVC technique enables measurement dackspents and strains in a loaded
microstructure. The underlying FE mesh serves nbt for visualization but also verification
of FE models against experiments. This is importagt in comparison of material models
used for large-strain analysis, where material gadmetrical nonlinearities are dominant.
This will be addressed in future work. Describedoathms are computationally expensive
and for large number of control points the evalmatiof such an experiment is time
consuming. It is not easy to reduce the number arfah points because of the shape
complexity of studies materials. However, sincetld algorithms used in the study are in
principle efficient for parallel computing, it iopsible to use a multiprocessor system or to

utilize modern GPUs. The method is suitable foapelization using the CUDA architecture.
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SAMPLING-BASED SENSITIVITY ANALYSIS
FOR DESIGNING TRUSS STRUCTURES

ELISKA JANOUCHOVA ! ANNA KU CEROVA?2

Abstract: Sensitivity analysisis a useful tool in the process of designing large truss structures
to determine the most important dimensions and material properties influencing stability and
price of the structure. The accuracy of the sensitivity prediction depends on the choice of
design points called as the design of experiments. The aim of the presented paper isto review
and compare available criteria determining the design of experiments suitable for sampling-

based sensitivity analysis.

Keywords: design of experiments, discrete domains, space-filling, orthogonality, sampling-

based sensitivity analysis

1. INTRODUCTION

Sensitivity analysis (SA) is an important tool fmvestigating properties of complex
systems. It is an essential part of inverse amalysacedures [1] and it is also closely related
to response surface modelling [2] or uncertaintglygsis [3]. To be more specific, sensitivity
analysis provides some information about the cbations of individual system
parameters/model inputs to the system responselmaotiguts. A number of approaches to
sensitivity analysis has been developed, see 4]dof an extensive review. The presented
contribution is focused on widely used samplingeohs@pproaches [2], in particular to
evaluation of Spearman’s rank correlation coeffiti€éSRCC), which is able to reveal

nonlinear monotonic relationship between the inpuid the corresponding outputs.

When computing the sensitivity analysis in a caksame real system using expensive
experimental measurements or some computationakhawstive numerical model

simulations, the number of samples to be performigdin some reasonable time is rather

! Eliska Janouchové; Faculty of Civil Engineeringe€h Technical University in Prague; Thakurova 7720
166 29 Prague, Czech Republic; eliska.janouchove.@fst.cz
2 Ing. Anna Kuwerova, Ph.D.; Faculty of Civil Engineering, Czeclechinical University in Prague;
Théakurova 7/2077, 166 29 Prague, Czech Republicka@cml.fsv.cvut.cz
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limited. Randomly chosen sets of input parametersiat ensure appropriate estimation of
related sensitivities. Therefore the sets must l@sen carefully. In this contribution we
would like to present a review and comparison ofesa criteria, which can govern the
stratified generation of input sets called as desigexperiments (DOE).

2. CRITERIA FOR ASSESING OPTIMAL DESIGNS

A number of different criteria for assessing thalgy of particular DOE can be found in

literature. They can be organized into groups wepect to the preferred DOE property.

2.1  SPACE-FILLING CRITERIA

One of the most widely preferred features is sgdlogy property, which is needed in
order to allow for evaluation of sensitivities \ehfior the whole given domain of admissible

input values, so-called design space.

Audze-Eglais objective function (AE)proposed by Audze and Eglais [6] is based on a
potential energy among design points. The poings distributed as uniformly as possible
when the potential enerdy'" proportional to the inverse of the squared distabetween

points is minimized, i.e.

EAE:iiL—'g, )

il j=i+l

wheren is the number of design points andis the Euclidean distance between poirgad;.

Euclidean maximin (EMM) distance is probably the best-known space-filling measure
[7, 8]. It states that the minimal distantgn; between any two pointsandj should be
maximal. In order to apply the minimization proceslto all presented criteria, we minimize

the negative value of minimal distance.

Modified L, discrepancy (ML) is a computationally cheaper variant of discreganc
measure, which is widely used to assess precisiomiiltivariate quadratunailes [9]. Here,
the designs are normalized to the interval [Onl¢ach dimensioand then, the value of ML

is computed according to

e (g) 20 e+ LY l-malk ). @
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wherek is the number of input parameters, i.e. the dinmmei the design space.

D-optimality criterion (Dopt) was proposed by Kirsten Smith in 1918 [10] as a
pioneering work in the field of DOE for regressianalysis. This criterion minimizes the
variance associated with estimates of regressiotehmefficients. We employ a Bayesian
modification to the so-called information matrix'#} in order to eliminate duplicates in the
final D-optimal design [11,12]. In order to applyranimization procedure we can minimize

negative value of the determinant of the infornratizatrix, i.e.
E° = -defz"Z), 3)

where Z is a matrix with evaluated regression teimdesign points. In the case of second
order polynomial regression and two-dimensionalgitespace, the matrix becomes

2 2
Xll X12 Xll X12 X11X12
2 2
1 X21 X22 X21 X22 X21X22

z=|. (4)

1 an Xn2 an Xn2 an Xn2

2.2 ORTHOGONALITY-BASED CRITERIA
Orthogonality of DOE is necessary to assess thadtngf individual input parameters.
Conditional number (CN) is commonly used in numerical linear algebra tansixe the

sensitivities of a linear system [13]. Here, we usaditional number of XX, where X is a

matrix of design points’ coordinates, so-calledigiesnatrix

Xip X o X
X X ces X

x=| ©
an Xn2 “' Xnk

wheren is the number of design points akds the dimension of design space and the

columns are centered to sum to 0 and scaled tatige {1; 1].

Pearson product-moment correlation coefficient (PMC) is a standard measure of
linear dependence between two variables. In caseulfi-dimensional design space, the
orthogonality of the DOE can be achieved by miningz
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PMCC _
E

(6)

where ¢;j is the covariance of the two variables dividedthg product of their standard
deviations.

Spearman’s rank correlation coefficient (SRCC)can be used to capture nonlinear but
monotonic relationship between two variables aratetfore, it can be efficiently applied for
estimation of correlations in sample-based seiisitanalysis [2]. The idea is to replace the
values of variables by their corresponding rankise Drthogonality of the DOE can be

achieved similarly to (6).

Kendall tau rank correlation coefficient (KRCC) is an alternative measure of nonlinear
dependence between two variables. In particulas,based on the number of concordant and

discordant pairs of samples.

3. SENSITIVITY ANALYSIS

Each presented metric defines different DOE, whigh obtained by the simulated re-
annealing algorithm. It involved the repeated mesihthe algorithm, namely, at the moments
the temperature decreased to the prescribed miniataé. This modification increased the
ability of the original algorithm to explore theaseh domain and to escape from local
extremes. [14, 15]. DOE were generated according-oestrictions [16], because employed

examples are rather complex.

Sensitivity analysis was performed for four trussicures [17]. Figures 3, 4 and 5 show
their schema, material properties and number o$iplesvalues for the cross-sectional areas,
i.e. a size of a domain. In every example a number of parameteeqjuals the amount of
bars forming the structure. Weigit maximum displacememnt and maximum stressof a
structure are values of model response. The choselel is evaluated in the setmflesign

points and corresponding parameter-response ctoredds computed.

360 in . 360 in

PO ® 2 Material: Aluminium
s 10 Density: 0.1 Ib/iA
5 Young’s modulus: 10psi
, { R Load: P =100 000 Ib
T 3 4 Cross-sectional areas: 42

\
lP vp

Fig. 3. Ten-bar planar truss.
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To evaluate the error in the correlation predictil® computed this correlation also for
more extensive designs. An amount of design paiifitsrs according to the solved example.
It is 6'° and 2° for the ten- and 25-bar truss, respectively. Thdsgigns generated as an
equal-spaced-dimensional grid, while in case of the two othgamples, the dimension of
the search space is too large and hence’Sld€ign points were drawn randomly from the

uniform distribution.

Material: Aluminium

Density: 0.1 Ib/iA

Young’s modulus: 10psi

Cross-sectional areas: 30

Load Joini P, [Ib] P,[Ib] P,[Ib]
1 100( -10 00( -10 00(
2 0 -10 000 -10 000
3 500 0 0
6 60C 0 0

Fig. 4. Twenty-five-bar space truss.

S G—E 50 @ 51 @3‘ 52 (2@
wis/Nasar/Pusw/  Density: 0.284 Ib/in
E 40 41 42 43 YOU”Q’S modulus: 3'107 pSI
o/ o o Cross-sectional areas: 64
Svk’/ 37\ {au 3_9.\_/ Load [Join PX[|b] PV[|b]]
3132 33 34 35 36 17 22 481 44 962 .
2 27 2 » e 18 2248 44 96: i
RV p 19 22481 44 962 s
5rk9/ 2l asllN/ 5612 2C 22 48’ 44 96; T ovA
18 19 20 21 2223 X =X
E 14 15 16 17 1 2
;r(@ 06 @ 1(® DenSity: 0.1 Ib_/iﬁ iv 5 6
s o/ /N 10 Young’s modulus: 10psi 2
£ : ) s . Cross-sectional areas: 32 7 10
Tl v Load | Joini Pyflb] PRJlb] P,Jlb] 513 14
e . ./'\‘ A \ - 8 z “ a
LD =X GO @) 1 5000 5000 5000 2 e

L2m | 2m | 2m |

Fig. 5. Fifty-two-bar planar truss and seventy-two-bar space truss.
Following tables present the mean (Tab.1l) and maxin{Tab.2) error in correlation
estimates and, for an easier visible comparisosp dhe mark, which is obtained by

multiplicating the error by 100 (in Tab. 2 by 18unding the result up and dividing by 12 (a
number of models), i.e. the smaller mark is better.
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Tab. 1. Mean errorsin sensitivity prediction of the presented examples.

Example| AE EMM ML , Dopt PMCC | SRCC | KRCC CN
10 w |0.046 5[0.047 5|0.022 3]0.038 4|0.067 7|0.060 6|0.058 6|0.054 6
bar d [0.034 4/0.038 4/0.105 11/ 0.046 5|0.042 5|0.045 5|0.057 6|0.052 6
s | 0.035 4[0.040 4]0.138 14/ 0.069 7|0.066 7|0.032 4|0.082 9|0.064 7
25 w |0.078 8|0.074 8|0.185 19/ 0.037 4|0.039 4|0.073 8]0.11312/0.039 4
d | 0.10311 0.085 9|0.151 16| 0.097 10| 0.069 7|0.110 11| 0.123 13| 0.106 11
bar s | 0.12413| 0.108 11| 0.128 13| 0.117 12/ 0.128 13| 0.133 14| 0.130 13| 0.149 15
52 w |0.077 8/0.068 7|0.157 16/ 0.040 4| 0.058 6|0.096 10/ 0.086 9|0.046 5
bar d ]0.10111/0.068 7|0.085 9/0.045 5| 0.055 6|0.099 10/ 0.085 9/0.044 5
s | 0.09110{0.089 9]0.069 7]0.075 8| 0.079 8|0.103 11/ 0.106 11| 0.079 8
72 w |0.126 13/ 0.126 13| 0.187 19/ 0.104 11| 0.112 12| 0.156 16| 0.133 14/ 0.140 14
d | 0.122 13/ 0.122 13| 0.138 14| 0.136 14| 0.125 13| 0.132 14| 0.143 15| 0.145 15
bar s | 0.13814| 0.142 15| 0.158 16| 0.140 14| 0.131 14| 0.132 14| 0.143 15| 0.156 16
Mark 9.50 8.75 13.08 8.17 8.50 10.25 11.00 9.33

Tab. 2. Maximum errors in sensitivity prediction of the presented examples.

Example| AE EMM ML , Dopt PMCC | SRCC | KRCC CN

10 w|0.102 2/0.105 2/0.064 1/0.089 1/0.184 2/0.111 2/0.130 2/0.125 2
bar d|[0.108 2/0.082 1/0.280 3|0.141 2/0.128 2|0.115 2|0.099 1]|0.114 2
s 10.098 1[0.121 2]0.339 4|0.174 2]0.205 3[0.084 1]0.171 2|0.182 2
25 w|0.173 2]/0.226 3|/0.485 5/0.085 1/0.074 1]0.144 2/0.368 4|0.108 2
d|0.287 3/0.270 3|0.312 4/0.246 3|0.187 2/0.245 3|0.294 3|0.253 3
bar s | 0.337 4|0.270 3|0.390 4|0.386 4|0.359 4|0.346 4|0.529 6|0.390 4
52 w ]0.251 3]/0.206 3|0.223 3|0.130 2|0.201 3|0.256 3|0.261 3|0.155 2
bar d [0.328 4/ 0.245 3/0.246 3|0.130 2|0.217 3|0.302 4|0.235 3|0.172 2
s | 0.338 4|0.255 3]0.227 3]0.193 2/0.247 3/0.317 4|0.315 4|0.222 3
72 w0514 6/0.352 4|0.557 6[0.383 4|0.271 3]|0.423 5/0.447 5/0.494 5
d | 0.392 4/0.401 5|0.555 6|0.415 5|0.376 4|0.420 5|0.471 5/0.480 5
bar s | 0.477 5{0.402 5|0.439 5/0.469 5|/0.350 4|0.485 5|0.479 5/0.469 5

Mark 3.33 3.08 3.92 2.75 2.83 3.33 3.58 3.08

4. CONCLUSION

In our previous work [18] we compare eight critewsed for optimizing DOE in terms of
ease of their optimization and their mutual quaeditand we also computed SA for several
elementary functions in two-dimensional domairwdts shown that Dopt is the most suitable
for SA, followed the second best result obtained®PMCC with LH restrictions.

This paper reviews these criteria and presents sigiability for usage in sampling-based
SA for designing truss structures. The obtainedltesn sensitivity predictions for behaviour
of the presented structures confirm the previosslte and Dopt and PMCC to be the most
suitable criteria for SA. DOE of EMM, CN and AE pide also good results, while the
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sensitivity predictions of KRCC and SRCC contairaiaglarge errors. ML unexpectedly

deteriorates giving the worst results of all thigecia.
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IMPLEMENTATION OF SLIPWITH FRICTION BOUNDARY
CONDITION FOR FLOW PROBLEMS

FILIP KOLARIK! BOREK PATZAK ?,

Abstract: In modeling of fresh concrete flow, one needs tasicer proper boundary
conditions on walls. Neither “full slip” nor “no §” boundary condition is satisfactory in
real applications. This paper is focused on impletaton of "slip with friction” boundary
condition into OOFEM code. In this boundary corwliti the tangent component of stress

vector is proportional to the tangent componentelbcity vector.

Keywords: slip boundary condition, flow simulation, fresh concrete.

1. INTRODUCTION

In modeling of flow problems, especially in reapéipations, one needs to devote attention
to proper choice of boundary conditions. There seeeral ways of modeling influence of
boundary to flow. Best known, and probably the estsbne, is “no slip” boundary condition,
where tangent component of velocity is equal t@ zgrthe boundary. Although this is not
very physical, sometimes it is useful. Big problearsse in free surface problems. When
eulerian description of flow is used (as usual IRDJ, free surface is usually modeled as
interface between two immiscible fluids. Then, thee of “no slip” boundary condition
prevents the interface movements near the boun@arythe other side, one can apply “full
slip” boundary condition. This is problematic espég in non-Newtonian flow, where the
use of “full slip” boundary condition leads to umdaluation of yield stress effect. These two
boundary conditions represent two extremes. Betwhem, one can distinguish between
various types of friction. Let aside the case ofstant friction (it can be a function of position
and time — that makes no difference), which hawdoknown a priori. Suitable form of

! Ing. Kolaik Filip, Czech Technical University in Prague, &g of Civil Engineering, Department of
Mechanics, filip.kolarik@fsv.cvut.cz

2 prof. Dr. Ing. Patzdk Bek, Czech Technical University in Prague, FaculfyQivil Engineering,

Department of Mechanics, borek.patzak@fsv.cvut.cz
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friction, so called “slip with friction” boundaryondition was proposed by Galdi and Layton

[5]. Tangent component of velocity is proportiot@tangent component of stress vector. This
boundary condition is also known as Navier boundarydition. The focus of this paper is on

implementation of “slip with friction” boundary cdition into OOFEM [6, 7] code.

The paper starts with problem formulation and thmmceeds with derivation of
contributing terms of governing equation. Finaltile response of numerical model with

implemented boundary condition is tested.

2. FORMULATION OF PROBLEM

We are interested in modeling of incompressible tdevan fluid flow, described by
Navier-Stokes equations . The two-dimensional fdathen will be considered here. Létbe
bounded domain with bounda#§2, which is composed of three mutually disjoint pdi,
I'swr T'out. On first partI'p Dirichlet boundary condition is prescribebswr is part of
boundary, where slip with friction boundary conalitiis prescribed, and droyr, so called
“do nothing” boundary condition, is considered, @his usually used for modeling outflow.

The problem under consideration has the followmrgnt

ou

F’ﬁ"‘P':H'vm—v-'r—Vp—pb:u in 02 (1)
Vu=0imnan )

u=gq on I', 3)

u-t +p7'n{t — p&)t=0 on Iy, @)

n-dT —pﬁ]:l] on j"l_j__.?_ (5)

The unknowns are the velocity fieldand the pressuie The density, body forceb and
Dirichlet boundary conditiong onI'p are prescribed. Friction paramegein slip with friction
boundary condition is assumed to be constant. Tiber mormal and tangent vectorst are
assumed to exist almost everywherecdh The unit tensor is denoted Byandrt is stress

tensor, which is related toby constitutive and geometrical equationslenotes viscosity:
T=2uD (6)
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D:%vuﬂvuf (7)

Choosing proper function spaces for unknown andftestions, variational formulation of
(1-5) is obtained in usual way by multiplying withe pair of test functiorw, g and
integrating over whole domain.. After discretizatigprovided that proper finite element
spaces are defined, stabilized finite element fétatran of problem (1-5) can be stated as

follows: findu"e §," andp” € S," such thavw'e V," andvq” € V," holds:

Ipw d dﬂ+fpw u"Vu" dﬂ+j?w il dQ - fw Vp'da

—fw bdn- fw lT—pEJndF+qu"?u a0

j"'rm,cu Vw'l Ip +pu "Vu' -V-rlu'| +Vp'-b| d0,

2

ef

(8)

fTﬁpc—vq |.ﬂ—+.ﬂuh‘?u ~V-riu" +Vp" —bIdQ

o
+,
&

+2

ef

)i Tm,cv-whp?-u"dﬂf =0

Terms in the first two lines follow from standar@lérkin discretization, terms in the third
line are due to SUPG stabilization, because of ective effects, terms in the fourth line
provide PSPG stabilization (LBB condition is notisi@ged), and last term provides additional
stability for high velocities. Coefficientsupg trspcandt sic can be computed as norm of
certain terms of (8), see [2]. For further infotioa about solving (8), see for example [3].

3. DERIVATION OF BOUNDARY CONDITION TERMS

In this paper, we are primarily interested in baanyderm, arising from Green theorem
j wh(T — pd)-n dr (9)
S

For derivation of boundary condition terms, welwthrt at non-discretized form of term

(9). in the case of outflow boundary conditiomgedure is following:
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[Vir-ps)wde= [ ntwdlr-[r:Vwda-[Vpwdn =
12 0

i i (10)
| plnw)dr-[ =:VwdQ-[Vpwda
I i 9] ']
where definition (5) of outflow boundary conditiovas used. Arose boundary term, the
first one in second line of (10), is than discretizising suitable approximation functions. In
our case, linear approximation is used. Using matntation, discretized term in element

point of view has form:

J N"nNpdr p (11)
-
where

N, 0O N, 0 N, 0]

Np=|N, N, N
0 N, 0 N, 0 N, B 1 e ) (12)

Here, N-N3 are linear approximation functions on trianglds vector of unknown nodal

values of pressure amdis unit outer normal vector to boundary.

In the case of slip with friction boundary conditjalerivation is little bit longer. Again, we
will start at non-discretized form of term (9). @lerive the final discretized form, we need to

decompose the test functianinto normal and tangent components, like below:

w=(w-nn+ (w-)t (13)

using this decomposition, further derivation cardbae by

[ nir—pé)wdr= [ \n{(v—pé)|-(wnjn+(w-t)t| dI' =
I e T

' (14)
f (wnjn(t — pél-ndI + f (w-t)n(t — péd)t drl
e E
and using slip with friction boundary condition (#e have
[ e (wn)(un)dr + [ Blwt)(ut)dr (15)
r r
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The first term leads to so called “penetrationhwigsistance” boundary condition and is
not in the center of our attention in this papene Becond term leads to slip with friction

boundary condition and after discretization hasfélewing form:

r

[ (NTt|e"N| dI'r, (16)

whereN has the same meaning like befdris, unit tangent vector to the boundary ant

unknown nodal vector of velocity.

Discretized problem (8) leads to system of algebegjuation, which can be written in

following schematic form:

Alu) Bul_|fl 17
c oflp |0
In case, where PSPG stabilization is used, zerckblare replaced by proper full blocks
due to the stabilization. Looking at that scheme,can say that slip with friction boundary
condition gives contribution to block A (in general each element of that block). The

outflow boundary condition contributes to block B.

4. NUMERICAL RESULTS

For numerical testing, flow in 2-D channel acrdss step was chosen. In this benchmark,
the most distinctive feature is recirculating varteehind the step. In all computations, P1P1
“Taylor-Hood”, linear in both velocity and pressutaangle element was used. Due to LBB
condition, SUPG/PSPG stabilization technique wadlieg. As a benchmark test, standard
two dimensional channel flow test was used. Contfmurtal domain is rectangular 2x15. On
the left side, constant velocity inflow is presembas a Dirichlet boundary condition. On the
top and the bottom, slip with friction boundary ddion, and on the right side outflow
boundary condition is prescribed. In Fig. 1 velpqirofile at outflow related to friction
coefficientp is shown. It can be seen, that for higher valdg$ standard parabolic velocity
profile is given. Full friction boundary conditias the limit case. In Fig. 2 there is velocity
profile along the boundary with prescribed frictidMelocity near the inflow is higher because
of Dirichlet boundary condition. Further from th&low, one can see declining velocity and

convergence to limit velocity corresponding to el of friction.
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Fig. 1 Velocity profile at outflow boundary.
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UP-SCALING MODEL FOR PREDICTION
OF MACROSCOPIC ELASTIC PROPERTIES

OF ALUMINIUM FOAM
VLASTIMIL KRALIK ! JIRI NEME CEK 2

Abstract: This paper is focused on the prediction of macrpsrelastic properties of highly
porous aluminium foam. The material is charactetiby a closed pore system with very thin
pore walls and large air pores. Intrinsic materipfoperties of cell wall constituents are
assessed with nanoindentation whereas analyticahdgenizations are employed for the
assessment of the cell wall elastic properties.n2brostructural FEM model was applied to
obtain effective elastic properties of the whotedure. The Young's modulus was found 0.3-
0.6 GPaon the studied material.

Keywords: aluminium foam, porous system, nanoindentation, romechanics,

homogenization

1. INTRODUCTION

Metal foams and especially lightweight aluminiumares belong to the up-to-date
engineering materials with high potential to mapplacations. Metal foam is a highly porous
hierarchical material with a cellular microstru@uMacroscopically, it can be characterized
by attractive mechanical and physical propertieshsas high stiffness and strength in
conjunction with very low weight, excellent impatergy absorption, high damping capacity
and good sound absorption capability. The usualceomaterial for the production of metal
foams is aluminium and aluminium alloys becauskwfspecific density (~2700 kgfth low
melting point (~660 °C), non-flammability, possityl of recycling and excellent corrosion
resistance. Metal foams are used in applicationging from automotive and aerospace
industries (e.g. bumpers, car body sills, motoeyeimets) to building industry (e.g. sound
proofing panels) (see e.g. the review by Ban@artba! Nenalezen zdroj odkaa.).

! Ing. Vlastimil Kralik; Czech Technical University Prague, Faculty of Civil Engineering, Departmefit
Mechanics; Thakurova 2077/7; 166 29, Prague, Cstihil.kralik@fsv.cvut.cz
2 Doc. Ing. Jii Németek, Ph.D.; Czech Technical University in Praguecufig of Civil Engineering,
Department of Mechanics; Thakurova 2077/7; 166P28gue, CZ; jiri.nemecek@fsv.cvut.cz
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Two-scale microstructure based model for the assmssof overall elastic properties on
highly porous aluminium foam (Alpor8sis proposed in the paper. The model utilizes the
micromechanical approach [2] that is used for thecaling of mechanical properties (e.g.
elastic modulus) on microscopically inhomogenouvasmosites to the upper level (defined
by the representative volume element, RVE). Theenatcan be described as a system with
stochastically distributed solid metal phase whHmims thin walls (typically ~10@m thick,

Fig. 1b,c) of closed cells (i.e. large pores havipgically ~1-13 mm in diameteChyba!
Nenalezen zdroj odkas., Fig. 1a). The proposed micromechanical modelrs¢psthe foam

microstructure into two levels.

(@) (b) (©)

Fig. 1. (a) Overall view on a typical structureatiminium foam. (b) ESEM image of a cell
wall. (c) Detailed ESEM image of a cell wall shogvi@a/Ti-rich area (light zones).

Level 1 (the cell wall level, RVE~10@m) consists of prevailing aluminium matrix (Al-

rich area) with embedded heterogeneities in the fofr Ca/Ti-rich areas.

Level 2 (the foam level, RVE~20 mm) includes the Level rid darge pores (average

diameter ~2.6 mm).

2. ESEM AND MICROSTRUCTURAL ANALYSIS

The microstructure of the cell wall was studiedelectron microscope (ESEM). Two
distinct phases, visible as differently coloredagren ESEM images were distinguished (Fig.
1c). The chemical composition of the two phases gfeecked with EDX element analysis in
ESEM. As expected, the majority of the volume (daske) was composed of aluminum and
aluminium oxide AJOs (further denoted as Al-rich area). Lighter zonestained significant
amount of calcium and titanium (further denoted Ga/Ti-rich area). The non-uniform
distribution of these zones shows on inhomogeneuxmg of the admixtures that are added

during the production process.
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3. NANOINDENTATION

Intrinsic elastic properties of the microstructucainstituents were assessed by statistical

nanoindentation at this level. The tests were peréa using a Hysitron Tribolab system® at
the CTU in Prague [3].

Elastic moduli were evaluated for each individuadant. Overall results are depicted in
Fig. 2a in which histogram of all elastic modulodn two different positions and results
merged from both positions are shown. No signifiadifierences between the positions were
found. Therefore, merged results were further uledthe deconvolution [4] of elastic
properties. It can be seen in Fig. 2b that a sicamt peak appears around 60 GPa. This value
can be considered as a dominant characteristic swlid phase (Al-rich). Tab. 1 contains

numerical results from the deconvolution with tiséiraated volume fractions of the phases.

= 8.09 matrix #1 —— = 8.07 Theoretical PDF -------
& 7.07 ¢ matrix #2 & 7.07 Experimental PDF ——
2> 6.0 t merged results #1+2 ==-=-=- =
2 501 =
o T
C 4.0 o
g 3.01 g
3 2.0+ 4 Ca/Ti-rich 2
g 10] g
[ ' [T

40 60 SO 100 120 140 40 60 80 100 12 140
Elastic modulus (GPa) Elastic modulus (GPa)

() (b)

Fig. 2. (a) Probability density functions of elasthoduli from two measured positions and
merged. (b) Deconvolution of elastic moduli in fl@ses (Al-rich and Ca/Ti-rich).

Tab. 1. Elastic moduli and volume fractions fronea®solution

Phase Mean (GPa) St. dev. (GPa) Volume fraction (-)
1 (Al-rich zone) 61.883 4.618 0.638
2 (Ca/Ti-rich zone) 87.395 16.684 0.362

The characteristic value for the first phase roygtdrresponds to the elastic modulus of
pure aluminium (70 GPa, ref. [4]). The lower vahigained from nanoindentation suggests
that probably some small-scale porosity or impesiti(Ca) added to the molten are

intrinsically included in the results of this phasée value of Al-rich zone is also in excellent
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agreement with the value 61.7 GPa measured by deah [6] on melted Al-1.5 wt.%Ca

alloy.

4. LEVEL 1 HOMOGENIZATION

Based on these results, effective elastic progeftf®eung’s modulus) of the solid phase
were evaluated by selected analytical homogenizasichemes, namely Voigt and Reuss
bounds, Mori-Tanaka method and self-consistent meh¢2]. The homogenized elastic
modulus for the cell wall is summarized in Tab\M&ry close bounds and insignificant

differencies in the elastic moduli estimates bydbleemes were found.

Tab. 2. Effective values of Young’'s modulus Wgrdift homogenization schemes

Homogenization Mori- Self-consist. Voigt Reuss
technique Tanaka scheme bound bound

Young’s modulus Level 1

[m
[GPa] 70.076 70.135 71.118 69.195

5. LEVEL 2 HOMOGENIZATION

At first effective elastic properties of Level 2 rgeestimated with the same analytical
schemes used in Level 1. In this level, cell walls considered as homogeneous having the
properties that come from the Level 1 homogenimatithe large pores were considered as
inclusions in this homogenization. The volume afjéapores was assessed as 91.4 % by
weighing. The homogenized elastic modulus for teedl 2 structure is summarized in Tab.
3. It is clear that the analytical methods do niek gappropriate results, because the basic
assumptions following from Eshelby’s solution of @hipsoidal inclusion in an infinite body
and volume fraction restrictions are not fulfilledevertheless, the correct solution should lie
between Voight and Reuss bounds that are, of coaugee distant (Tab. 3). Both Mori-
Tanaka and self-consistent schemes tend to readr kiiffness value of E (the air) due to the

very large volume fraction of pores.

At second, more appropriate two dimensional micuastral FEM model was applied.
The model geometry was generated from high resmiuptical images of Al-foam (Fig. 3a)
in which pore centroids were detected. From thesiat® Voronoi cells using Delaunay
triangulation and equivalent 2D-beam structure wgEeerated (Fig. 3b). As a first estimate,
uniform cross-sectional area was prescribed tobadms. Homogenized elastic modulus
reached 0.3-0.6 GPa in this model (Tab. 3) depgnalinthe RVE boundary conditions. Such
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result is in good agreement with the range of erpantal values (0.4-1 GPa) reported for
Alporas® e.g. by Ashby et. al. [7].

Ib‘-hf_”"ii;!ﬁ_"’,‘l
DI o
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"“‘ ‘é.‘ o

Wi
g.. ‘u‘.‘:‘."‘ 94
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Fig. 3. (a) High resolution optical image of Al-fma (b) 2D-beam structure.

Tab. 3. Effective values of Young’'s modulus bermifit homogenization schemes

Mori- | Self-consist.| Voigt Reuss

Homogenization technique Tanaka scheme bound bound

Numerical

Young’s modulus Level 1 3.151

0.001213 6.02 0.00109%9 0:3-016
[GPa]

6. CONCLUSION

Micromechanical elastic properties of Al-foam (Atp§’) cell wall constituents were
obtained through statistical nanoindentation andodeolution techniques. Analytical

homogenization schemes showed very similar residileffective cell wall elastic properties
(Level 1 -E#70 GPa).

This microscale parameter together with correspaneblume fractions of cell walls and
large pores were used in micromechanical up-scabnthe upper level. Effective elastic
properties of Level 2 were estimated with the samalytical schemes used in Level 1. The
analytical methods do not give appropriate resuliberefore more appropriate two
dimensional microstructural FEM model was appliddmogenized elastic modulus of this
FEM model reached 0.3-0.6 GPa. This values areood gagreement with other range of
experimental values obtained by conventional methBdrther development of the numerical
model (influence of boudary conditions, RVE sizateasion to 3D) and extending an

experimental program is planned in the future.
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APPROXIMATION-BASED APPROACHES TO
IDENTIFICATION OF MATERIAL MODEL PARAMETERS

TOMAS MARES !, ANNA KUCEROVA?,

Abstract: Increasing complexity of material models requiresreasing efficiency and
robustness of identification strategies. The présgrcontribution presents a comparison of
several different approaches to parameters idawifon based on artificial neural networks

or genetic programming.

Keywords: parameter identification, model approximation, reurnetworks, genetic

programming, microplane model M4

1. INTRODUCTION

Numerical modeling of material behavior includes groblem of parameter identification.
This problem may be quite complex, because somanpters may not have easy physical

interpretation. There are two ways of parametentification — forward and inverse [1].

In forward identification the task is to find a sd@tparameters minimizing the difference
between model output and experimental data usingesoptimization technique. The
difficulties arise from the complexity of the modmid the corresponding objective function
leading to time consuming process. To overcome phagblem, one may employ some

computationdy cheaper approximation of the numerical model.

The presumption for inverse parameter identificatie based on the existence of an
inverse relation between model inputs and outpddsvever, the validity of such presumption
cannot be guaranteed generally, but can be jubtiecoounded parameter domain. Thiea

task is to findan approximation of this relation.

! Toma$ Mare$; Czech Technical university in Prageaculty of Civil Engineering, Department of
Mechanics ; Thakurova 7, 16629 Prague, Czech Riepttinas.mares.1@fsv.cvut.cz
% Ing Anna Kerova PhD; Czech Technical university in Pragueufeg of Civil Engineering, Department
of Mechanics ; Thakurova 7, 16629 Prague, CzeclhuR&p anicka@cml.fsv.cvut.cz
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2. NEURAL NETWORKS

Neural network (NN) is a simplified mathematical adebof nervous system. It consists of
computational units (neurons) connected by a pie=trrule, connections (synapses) are
weighted, so the neural network can be seen matiwiiyas a oriented weighted graph. In
our experiments, we used a full-connected, feeddad, multilayer neural network, where
the neurons are organized into layers. The firgtthe last layer correspond to the input and
output vectors respectively. The layers in betwaencalled as hidden layers. Every neuron
from one layer is connected to every neuron inféflewing one. In particular, we used only
one hidden layer, because it was proved, that odéeh layer with enough neurons is
sufficient to achieve universal approximation pmdp¢2]. The activation function of hidden

neurons employed in our implementation was a lmggsgmoid :
Oniaden = SI8E) = /(1 4 evo(—p) (1)

where inner potentialé = Y!=3w; 0; — b - is a sum of neuron inputs weighted by synaptic
weights v;) andb denotes bias, While in case of the output neunenidentity function :

Ooutput = § S€€med to be sufficient.

In order to determine the number of hidden neurams, propose simple adaptation
algorithm. It starts with a arbitrarily chosen smalimber and repeatedly increases by one

while the error measured on validation data setedses by specified speed, i.e.

Ew /
By < 09 )

where termsE_;y andE, denote validation error before and after incregshis number

respectively.

Input synaptic weights were initialized by Nguyédhdrow method [3], output weights
were initialized by uniform distributed random nuend from interval (-1, 1). The
optimization of the synaptic weights is governedhmry nonlinear conjugate gradients method.
Three individual weights initializations and optiation runs were performed for each NN
architecture. All inputs and outputs were scalethterval (-1, 1) The resulting method was

implemented in C++.
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3. GENETIC PROGRAMMING

The idea of genetic programming is based on ann@atio development of program in a
tree form composed of predefined primitives (nodasing natural selection from population
of programs based on defined objective (or fitnéssgtion and genetic operators - (for more
information see [4] ) . In the case of search faydel approximation, the primitives are
operators (‘+’, *-*, **") with the arity egual towo, functions (sin(), logistic sigmoid(), cos(),
tanh()) with the arity equal to one, and termin@s x,, ..... , Xp, constant) with the zero
arity. Constants were initialized using uniformlgtdbuted random numbers from interval (-
10, 10). The goal is to find an appropriate matherabexpression for given data. To simplify

and speed up the computation we tried to searcexipession in a form :
a*F+b 3

where F denotes the expression build by genetic progragma and b are constants

determined by simple linear regression. Fitnesstfan was defined by following formula :

E_l

= ~ 2i(0i = D;)/(Dmax — Dimin) (4)

where O; and D; stand for an output of given expression obtainadtiie i.th learning
example and the corresponding desired output, céspl. n is the number of examples and
(Dmax — Dmin) COMpensates the data standardization. The fifoession can be interpreted
as an error relativ to the output interval rangee $ame function is also used as an NN error
measure in order to estimate approximation perfaceaWe employed following genetic
operators : crossover (switching two randomly chaagbtrees from two selected members of
the population), mutation (regenerating subtreeao$elected population member), local
mutation (replacing node in a chosen tree with legrobne having the same arity), and edit

(replacement of constant subtrees with one conttaminal).

Table 1 — parameters of genetic programming

Crossover probability 0.33

Mutation probability 0.33

Local mutation probability 0.33

Population size 1000

Selection mechanism Tournament (n = 4)
Fitness evaluation limit 100000

Maximal depth of expression tree 12
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The resulting algorithm was also implemented in Cariguage.

4. IDENTIFICATION OF MICROPLANE M4 PARAMETRS

Microplane model M4 [5] is a complex 3D numericabael for concrete allowing for
description of tensional and compressive softenidgmage of the material, different
combinations of loading, unloading and cyclic loayjialso the development of anisotropy
within the material. Disadvantages of this model lia enormous computational cost and
unclear physical interpretation of the most ofpisameters. Therefore a robust procedure for
parameters identification is on demand. Some waorlparameters estimation of microplane

model M4 in the inverse fashion was already preskrd.g. in [1] and [6].

We focused on parameters E, k1 and c20, which dhioglidentified from the uniaxial
compression test. We used the simulation of uniaxaenpression of concrete cylinder with
150 mm diameter and 300 mm height. Output of thelehavas a stress — strain diagram,
described by a set of 18 discrete points at piesdristrain values. 70 simulations were
performed for randomly chosen sets of material ppatars, 60 input — output vector were

used for training of neural network/genetic progmaing, the rest of them for a validation.

In the case of forward identification the goal asapproximate the microplane model in
order to replace its time consuming evaluationdasy evaluation of NN or GP during the
optimization process. Two approaches to this taskeveonsidered. In the first one (A), we
tried to approximate the whole microplane model, ihe mappingE, k1,c20,v,e > o. In

the second scenario (B), we tried to find 18 sdpatanctions for 18 predefined values of

€
strain, so the desired approximations corresponchapping :E, k1,c20,v - o. We have
presumed that this procedure would lead to simfplections i.e. easier architecture, faster
optimization of neural networks weights, lessertbey trees in case of genetic programming

and finally greater precision.

NN adaptation started with 10 and 3 hidden neunomsocedure A and B, respectively. In
the first scenario, the resulting number of hidaenirons reminded the same, while in the
second one varied between 3 and 9 neurons. Foraggrbach, ten different approximations
were constructed and used for identification of tkffierent strain — stress diagranihe
minimization of differences between the testing aneldicted data (measured by Euclidian
distance) was governed by the GRADE algorithm WE#RAF strategy (for more detail see
[1]). The results of forward parameter identificatiare summarized in table 2.
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Table 2 — forward identification results

error of parameter identification [% of intervahge]
E k1l c20
approx. method min. av. | max. | min. av. | max. | min. av. | max.
GP-A 0.019 | 123 | 46.2 | 0.03 | 10.5| 30.6 | 1.24 | 446 | 116
NN - A 0.11 795 | 410 | 0.29 | 740 | 31.7 | 0.63 | 26.2 | 845
GP-B 0.0013 | 0.82 | 422 | 0.009 | 197 | 549 | 0.034 | 23.8| 84.2
NN -B 0.0013| 037 | 1.29 | 0062 | 1.24 | 341 | 0.11 | 11.1| 54.7

It is obvious that the approximation of the wholemplane model in the scenario A and
the corresponding parameter identification did pobvide the parameter estimates with
satisfactory precision. In the case of 18 sepduatetions were results much better, it was
possible to identify parameters E and k1 with I&san 2% precision error. However
determination of c20 remained impossible. NN walsitamore precise, but the difference

between both approximation methods was not sigmific

Approximation of inverse relation should directippide desired parameter estimate using
all 18 stress values (microplane M4 output) asitipat. Since there is a redundancy among
all these values, so input space dimension of apadion can be reduced by computing
Pearson correlation coefficient between each paenand stress value in given point of
diagram and choosing only most influential valuéstoess, see Table 3. (Detailed results of
this procedure can be found in [1]).

Table 3 — inverse relations inputs and outputs

Parameter Inputs
E 61,05,03
k1

05,018, Opeaks Speakr Epredict

c20 06,083,012, 016, Epredict: k]-predict

In the case of inverse mapping approximation sdaNé&l adaptation with one hidden

neuron, resulting numbers of hidden neurons werk &nd 3 for parameters E, k1 and c20,
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respectively. NN started to overfit soon in theecaf inverse identification of c20. See table

4 for summarized inverse parameter identificatesuits.

Table 4 — inverse identification results

inverse mapping approximation error [% of intemaaige]
E k1 c20
approx. method min. av. | max. | min. av. | max. | min. av. | max.
GP 0.520 | 0.522 0.523| 1.01 137 188 21.90 21.921.95
NN 0.298 | 0.340 0.387| 0.849| 0.8600.876| 22.13| 22.48322.94

It may be seen, that parameters E and k1 wereifi@éentnore precise than in the case of
forward identification. Differences between forwadéntification B and inverse identification
are not very significant and both these approachasbe recommended for a practical usage.
On the other hand, no need for optimization prodesag a potential source of additional
errors an consuming more computational time is raportant advantage of the inverse

approach.

The attempt to estimate c20 was not very succesHfig importance of this parameter for
uniaxial compression test and possibilities to tdgnt only from this experiment is up to

further discussion.

5. CONCLUSION

 Both GP and NN can provide useful approximation. téNds to be a bit more
precise than GP. The drawback of NN is nontriviabice of hidden neurons

number.

* In the case of forward approach, one may obtaiabiel parameter estimates using
approximations of stress-strain diagram in preaefipoints. However, neither NN
nor GP were unable to achieve useful approximatiotihhe whole microplane M4

model.

* Microplane model M4 parameters E and k1 can benestid with satisfactory
precision using appropriate method. All proposedhods of identification failed
in the case of parameter c20. This may be causegibg only data from uniaxial

compression test.
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DEVELOPMENT OF CEMENT PASTES HYDRATION HEAT:
EFFECT OF A PVA NANOTEXTILES AS SURFACE LAYERS

RYPAROVA PAVLA !, TOMAS NEMETH 2, JAN MUKA ROVSKY 3,
PAVEL TESAREK *

Abstract: The article deals with the effect of nanofiber asea surface treatment of cement
pastes. There is interesting and promising fielshafhofiber application in building industry
as the surface treatment with specific properti®sch a treatment can affect the hydration
process of cement based materials. Suitably desiga@ofiber can prevent or limit water
vaporization from the surface during cement hyawmatand so affect the final mechanical
properties (strength) of cement based materialgh&narticle, there is investigated the effect
of nanofibers with different weight per unit argapfied on cement pastes made from CEM |
42.5 R (wet) cement. Finally, the mechanical propsr(compressive strength and tensile
strength in bending) and weight decrease (relatedwiater vaporization from the test
samples) were assessed.

Keywords: Nanofibers cement pastenechanical properties, hydration processes,

1. INTRODUCTION

The effect of the hydration processes in wet cdrooa final properties, that are typically
represented by the mechanical properties abovésdiequently discussed topic nowadays.
From the very beginning of wet concrete desigelaee several parameters (water to cement
ration, cement type, filler and his granulometrgoaint and type of aggregate, etc.) to be
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optimized to get the concrete that meets all tqeirements, nowadays oriented namely to the
durability of concrete structure. Every concreteucure has to meet further specific
requirements and parameters that are related tsteugture size, its location in the building,
or the way of treatment [1].

The hydration process itself can be determined. risspelated to ambient environment,
where the temperature is the predominant paranfetether, the effect of water vaporization
from the not covered structure surfaces is alsa bigh importance. At this point, there are
several ways how to protect especially the horiostirfaces of concrete structures during
the hardening and solidification process in wetcrete. The reason is to prevent the surface
from cracking that enables water penetration nearsteel reinforcement and its degradation

thus the degradation of the whole reinforced caecstucture [2], [3].

As one of the easiest ways for surface protectlmret is used complete covering or
protection of horizontal surfaces (reinforced ceterfloors) by using plastic foils or different
spray application or coating that should preveoninfrexcessively high water vaporization [4],
[5]. The water vaporization, together with furtredfects, can affect also the development of
hydration heat inside the concrete components ithaionsiderable especially in massive
reinforced concrete components [6]. As an alteveai the above mentioned ways, there can
be used very thin protective layer based on naaddithat are being widely used in different
industrial branches nowadays. Using electrospinmimgthod, it is possible to produce
nanofibers that have specific material propertied tan be continually modified according to
the need during production. Such a nanofibers cdtaldy moderate the vaporization. The
nanofiber sheets (produced in width of up to 4 oyl@d be unrolled on wet surface of newly

layed concrete structure.

2. MATERIALS AND SAMPLES

The testing of temperature distribution during depment of hydration heat was done on
cement paste cubes with dimensions of 100x100x160 frhe cubes were cast into the
mould where the mould was functioning also as tlaérimsulation. This way, there were
modeled half-infinite ambient conditions. The maulMere made of extruded polystyrene
(Styrodur 3035 CS) supporting the sample cubeswensides. The temperature distribution
was measured with digital temperature sensors glateng vertical axis of the cubes. The
sensors are working in operative range from -168® °C with accuracy of = 0.5 °C.
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The nanofibers were spun in different weights pet area (0.1; 5 and 10 gfirespecially
for this testing. The used polyvinyl alcohol (PVAxnofibers can be spun approx. up to 5
g/m’ in one layer, higher weights per unit area arespuwo (up to 10 g/) or more layers.
Extremely fine nanofibres can’t exist independettilgy need a kind of support, a material
that would assure sufficient mechanical resistambese nanofibers were spun on polymeric
support textile (spunbond). The PVA nanofibreslitaee very instable and dissolves when in
touch with water. That is way the polymer have édbabilized by adding of suitable heat
activated catalytic agent. After heating up (10utés at 140 °C) the polymeric nano structure

becomes stable.

3. EXPERIMENTAL RESULTS

The measured results are presented on Fig. 1 arfig2.1 shows the temperature
distribution on referent A sample cubes from cenpaste (without additional treatment). Fig.
2 shows the temperature distribution on B sampleswvhere the upper side of the cube were
covered with nanofiber (10 gfn Comparing both temperature distributions, itlear that
the B sample cubes with nanofibre surface treatrhadtmajor temperature growth of up to
approx. 5 °C for every time step and temperatunesae position. Further, from the
observation of cement paste surface, it is viditie the nanofiber “grew into” the surface and
became its component. Separating of these layqtsres “a certain” force for ripping off.
Contrary to this “growing into” the spunbond can beparated from the “grown into”

nanofiber cleanly and easily.

4. CONCLUSIONS

The article is dealing with an experimental usd®fA nanofibers applied on wet surface
of cement paste. The positive result is the naeofigrowing into” the wet surface of cement
paste above all. Also the effect of major tempegagrowth in B sample cubes with nanofiber

treatment is not negligible.
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DETERMINATION OF DYNAMIC PROPERTIES
OF ASPHALT CONCRETE USING
THE RESONANCE METHOD

HANA NEMCOVA !, TOMAS PLACHY 2, ANDREA HAJKOVA 3 JIRi VAV RICKA *

Abstract: The paper presents the determination of mechampicgierties of asphalt concrete

used in layers of pavement. The resonance methgdused for determination of dynamic
Young's modulus and dynamic shear modulus of {higattsconcrete. These properties were
determined twice in different temperatures®® and 20 °C. The resulting values of the

properties were compared and discusssed.

Keywords: asphalt concrete, resonance method, dynamic Youngdsilus

1. INTRODUCTION

Assessment of asphalt concrete in terms of dynamiclulus of elasticity and the
development of new asphalt concrete for optimunioperance are activities which require
increased need for finding new methods that weidido verify the dynamic properties of

course layer pavement.

In this case the resonance method was used. Eagblesaf solid material vibrates after
giving a mechanical impulse. The value of the rastrfrequency is dependent on the
dimensions of the specimen, its density and Youmgdglulus. Based on these physical

relations, the dynamic Young's modulus and dynahear modulus were determined.
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2. MATERIALS AND SPECIMENS

The experiment used 4 samples of asphalt con&&®, 16 + with dimensions of 40 x 40
x 170 mm. Specimens were cut from the plate-type tehich was prepared with the shock
compaction energy 2 x 50 shots [1]. The mixtuneststs of non-recycled aggregate [2] with
a nominal grain size of up to 16 mm- grain lineg(lfe 1) and was used as a binder asphalt

50/70 with a total binder content of 5.3 % by weiff}
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Fig. 1. Grading curve

3. IMPULSE EXCITATION METHOD

The test procedure was performed in accordance ABHIM C215 [4] and withCSN EN
14146 Natural stone test methods — Determinatioth@fdynamic modulus of elasticity [5].
Principle of this method lies in the oscillationtbé& specimen using the longitudinal, bending and
torsional vibrations. In the next chapters there mentioned the corresponding relations for
calculations of the dynamic Young's modulus andadyic shear modulus based on the

fundamental resonance frequencies.

3.1 DYNAMIC MODULUS OF ELASTICITY

The fundamental natural frequency of longitudin@kationF_ [Hz] was determined as the
basic resonant frequency of the Frequency Respemsetion (FRF). The dynamic Young’'s

modulusEd [MPa] can be determined using the relation:

— ] 2z 2z
Ed, =4-10"°-1>-F%-p

1)
wherel [m] is the length of the specimen[kg/m?] is the density of the specimer, [Hz]

is the fundamental natural frequency of the lordjital vibration of the specimen.
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3.2 DYNAMIC SHEAR MODULUS
The first torsional resonant frequency was evatliagng the same procedure as the above
described longitudinal one. The dynamic shear mel@; [MPa] can be determined based

on the equation

G,=4+10"°"1*-Ff"p'R
2)

wherel [m] is the length of the specimen[kg/m?] is the density of the specimefy [Hz]
the fundamental torsional resonant frequency osfgleeimenR is correction factor dependent

on the width-to-thickness ratio of the specimese (thsm-shaped specimen is R = 1.183).
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Fig. 2. Dynamic Young’s modulus Etetermined based on the basic longitudinal resbnan

frequency

Dynamic Shear Modulus - G,

12
N ESEESSESS: [ SSTTEeS | EE— =
— 8 |
-3
o
C 4 ---l-- Gy(0°C)
2
0
0 1 2 3 4 5
Samples

Fig. 3. The dynamic shear modulug d&termined based on the torsional resonant frequen
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4. RESULTS

Samples were subjected to the resonance methaeaetmperatures. The samples were
measured at the laboratory temperature of 20 (£2rd then they were placed in the freezer

box (0 C°) for 12 hours. After removing, the measuents were repeated.

The resulting values of dynamic Young's modulugy(R.) and dynamic shear modulus
(Fig. 3) increased almost twice due to temperatlings is mainly due to the properties of

asphalt binder, which is stiffer with decreasingiperature.

5. CONCLUSION

Test measuring the dynamic modulus of elasticity lsa beneficial in the file significant
test methods in assessing the design of asphaturesx Its advantages are simplicity and
repeatability of measurements at different tempeest on the same samples. The
measurement results are affected by the size afeggtes and the binder amount in the
sample. Although the measurement was done only smal group of samples, we can say
that this method will be used for more samples. Measurements obtained at the given

conditions are approaching values of proven methods
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MODELING OF BEHAVIOUR OF FIBERSIN COMPOSITE
MATERIALSUNDER CYCLIC LOADING AND UNLOADING

MICHAL PRINOSILY PETR KABELE?

Abstract: This article deals with the behaviour of singleefibn composite materials. For

modeling a single fiber’'s response during pullingnfi the surrounding matrix is used a new
approach, including debonding and pulling-out fisem both sides of the crack. Unloading
and reloading of the fibers may occur during thieqess. To monitor the behaviour of fibers

during loading and unloading, FEM model is created.

Keywords: Fiber composite, debonding process, pull-out precegclic loading, FEM

1. INTRODUCTION

Engineered Cementitious Composites (ECC) represewt trend of High Performance
Fiber Reinforced Cementitious Composites (HFRCQ)s Tnaterial consists of fine grained
cement matrix (mixture of cement, sand, fly ashtewaand other additives) and short

randomly oriented fibers at average 2 % of volume.

The main ability of ECC is strain hardening behavie high tensile strain capacity with
range 3-5 % with increasing tensile load. During fbrocess large number of fine cracks is
formed with the limited width about 60 — 1Qfh and the spacing of several millimeters. This
behaviour is so-called “multiple cracking”. Thisoperty can be used in various applications,
where the material has to accommodate large defammavithout losing macroscopic

integrity or where the limited crack width is recpd.

ECC is micromechanically designed material. Forcdpson of behaviour there is a
number of models at different levels. In this detienicromechanical FEM model is used for
connection of basic material properties with resgoof single fiber.
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2. MODELING OF SINGLE FIBER BEHAVIOUR

For description of behaviour of single fiber a nenlof the analytical relations was
derived in the past. In our article we use relapoiblished in [1]. The process of extracting
fiber is divided into two phases: the phase debumadf fiber from the surrounding matrix and

the phase pulling-out of full debonded fiber. Thiscess is shown in Figure 1.

A
o
. Potencial separation and
Full debonding / pulling on both sides
l Slip hardenin
B>0 P 9
\\ ~_ ~_p=0 \\\ Constant friction
AN ~_ \\
S~ o\ Slip softening
B<o 0\

—X2 .

Debonding Pulling-out u

Fig. 1. Single fiber pull-out response

In [2] this model has been extended of possibleoddimg and pulling-out of the fiber on
both sides of the crack. Considering that the emmeed lengths on both sides of crack are
different, this approach leads to stress drop dh bmles of fiber (balance of forces) at full
separation of fiber on shorter embedment length #sdsubsequent pulling out and
contraction of fibers at the longer embedment len@ubsequently, the fiber is unloaded

during pulling-out, or is reloaded considering ta@dening response (Figure 2).
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Fig. 2. Response on both sides of fiber
(6 = 0 - only unloadingp = 0,3- reloading and unloading)

Because in most cases unloading occurs in the pbiaskebonding, model is created

especially for it.
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3. CYCLIC LOADING AND UNLOADING

For the purpose of this article we developed 1D FEMdel in the environment of
software MATLAB. Frictional forces along the fiberere replaced by nodal loads, which take
into account that these forces don’t operate, whemode is removed from the matrix. The
orientation of these forces on each node is detetnby the condition of balance of forces
along whole fiber and their orientation changesfithe free end to embedment side. Number
of elements changes with the length of debondeer fitbom the matrix. Separation occurs
while exceeding the cohesive strength fibers withadrix in embedment node (Figure 3). The

calculation is controlled by prescribed displacetwrthe free end.
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Fig. 3. The phases of cyclic pulling fiber
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Fig. 4. Comparison fiber response under cyclic iogd
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4. COMPARING THE RESULTSWITH AN EXPERIMENT

To verify the model we used data measured duriegpthil-out experiment of the fiber
from matrix with cyclic loading [3]. This experimenvas performed on the PVA fibers
pulling out from cement matrix. We don’t know theaet values of material parameters, but
our aim was to capture the best results measunaagdihe experiment. Comparison of results
from the experiment and the FEM model are showfigare 4.

5. CONCLUSION

From the results in Figure 4 it is evident that thedel can capture well the response of
single fiber measured during the experiment. Déifees can be caused by the arrangement of
the experiment. It is also evident from Figure dttne slope of the unloading curve gradually
decreases and thus decreases the overall stitbhessponse. When unloading (at zero force
at the free end of the fiber), the residual lengththe pulled fiber at the free end is

approximately equal to half the maximum of the @dllength.

Compared to analytical relationship this model eety elastic deformation of the
surrounding cement matrix. On the other hand, kegainto account real distribution of
frictional forces, including the removal of thesedes on the pulled part of the fiber.

This model also allows monitoring the distributiohstress in the fiber along its length at

various points of the loading curve.

Results can be also used in modeling the behawiosingle crack response (cohesive law)
with consideration of pulling fibers on its botlilss.
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NANOFIBERS: INFLUENCE OF SURFACE THREATMENT
ON MECHANICAL PROPERTIES OF CEMENT PASTE

RYPAROVA PAVLA ! ALES WAGNER?, JAN MUKA ROVSKY 3,
PAVEL TESAREK *

Abstract: The article deals with the use of nanofibers wiffecent weight per unit area as a
surface treatment applied on cement paste test lesm@s the goal, there was the
determination of the influence of nanofiber surfdoeatment on temperature distribution
during the development of cement paste hydrati@at bethe samples. The development of

hydration heat has fundamental influence on thal fstrengths of indurated cement paste.

Keywords: Nanofibers cement pastenechanical properties, hydration processes.

1. INTRODUCTION

Problems related to cement hydration processeseinoencrete are generally known.
There are designed varied treatments to preveait least limit cracking (related to shrinkage,
drying up, etc.) at the early phases of hardenmtyslidification process of the concrete and
cement based materials. Furthermore, also the fimathanical properties (compressive
strength, tensile strength in bending, and modafuslasticity) can be negatively influenced
during the hydration processes [1]. The treatmenisually related to the desirable design of
wet concrete, the concrete structure or compornea stc. but also to the surface treatment of
not covered structure surfaces (usually horizoatal large) especially during the first few
days after casting. As the surface treatment tlsetsed complete covering or protection of

horizontal surfaces (reinforced concrete floors) using plastic foils or different spray
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application or coating. All that should preventrfr@xcessively high water vaporization and

prevent or limit the cracking [2].

As the surface treatment, there can be also usednémofibers that have specific
properties. Using the electrospinning method (Namb& technology by Elmarco), that is
successfully used in industry which reduces the absanofibres to an acceptable level and
that enables spinning of different types of polysnehere the properties of nanofibers can be
continually modified according to the need, therseaa wide field of potential use of
nanofibres in building. Specifically, the nanofisecan be used as membranes with
continually variable barrier properties, fibres foptection of wet concrete, or e.g. fibres with
implemented particles with biocide effects. There also studies about composites of PVA
and cement. The nanofibers can be used, accordititetpolymer type, as stabilized fibers

against humidity or soluble in humid environment.

2. MATERIALS AND SAMPLES

Tested samples were made from cement paste whielprgpared using cement CEM 42.5
R (Mokra, Czech Republic). The water/cement rataswn this case 0.41, the cement paste

was prepared by hand.

The nanofibers of different weights per unit ar@al{ 5 and 10 g/ were spun on
laboratory device Nanospider in Center for Nanatetbgy in Civil Engineering (Faculty of
Civil Engineering, CTU in Prague). The nanofibersrgyspun from PVA with crosslinking
agents and finally stabilized by heating up at terajure around 140 °C. The nanofiber ifself
was spun on polymeric support textile (spunbondh B g/nf weight per unit area that was
made from polypropylene (PP) with antistatic treatin

Six different sets of samples were tested, whichewdenotes as: A — samples without
surface treatment (reference samples), B — sangulgswith the spun bond, C — samples
with the nanofibers and the spun bond (positiothefspun bond was above the nanofibers),
square weight of the applied nanofibers was 0.17%,g/Bh— samples with the nanofibers and
the spun bond, square weight of the applied naerfivas 5 g/f) E — samples with the
nanofibers and the spun bond, square weight ofafipdied nanofibers was 10 fImF —

samples with 1 mm layer of PVA (applied on a fredace).

The cement paste was placed on crystallizatiombasgith diameter 100 mm and a high 15
mm and in forms with diameters of 20x20x100 mm.Ttiee surfaces of tested samples were
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modifying using the spun bond or the nanofibershwite spun bond. Finally, the samples

were placed at laboratory conditions with tempe®af0 + 2 °C and relative humidity 30 + 2.

3. EXPERIMENTAL RESULTS

The results can be divided into two groups. In fir& group, there are the results from
mechanical tests. In the second group, there issiigated the water vaporization from the

surface of wet cement paste samples.

From the mechanical properties, there were measbheedompressive strength and tensile
strength in bending [3]. The standard testing efecbmpressive strength was done on bearing
area 40x20 mm, the tensile strength in bendingdeag as standard three point bending with
the width of span of 60 mm. The cement paste sampith the dimensions of 20x20x100
mm were treated on the surface with the nanofibedsfferent weight per unit area or treated
different way as mentioned above. The samples wimed in laboratory environment after
casting and subsequently tested after 28 daysTdése results were compared with the
reference samples without any special treatmerd. ditierent ways of surface treatment did
not led to differences in the results, the measditfidrences were up to 10 % which can be

considered as measurement error [5], [6].

The influence of surface treatment on water vaption from the free surface of samples
was measured as time dependent weight (water)diassg first 28 days after casting. After
this period, there was only minimal weight (watk3s. The typical time behavior of the
single sample sets is shown on Fig. 1. It is euidbat all the samples had uniform time
behavior where are no evident differences betwéen sample sets of different surface
treatment. The biggest differences arrived on the®, when the variance arose up to 10 %.
It is necessary to note that all the samples ditia\te the same initial weight (volume)

because not all the basins were filled up equally.
The measured results can be interpreted as follows:

I. The nanofibers after its heat stabilization tenspread (applied) on the surface of wet
cement paste without problems. The nanofibers adioethe wet sample surface thanks to the

water included in the cement paste and large seideea of the nanofibers.

Il. The nanofibers bound with the wet cement pa&tier 28 days it is possible to separate
the nanofibers (with 5 and 10 dfjirom the cement paste but on the bottom of threfibers
there are resisting the rest of hydration prodattbe clinker minerals.
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Fig. 1. Water loss of the tested samples

4. CONCLUSIONS

The article describes the first known (publishex)eziments related to the application of
nanofibers on the surface of wet cement pastddrdéscribed experiments, there was proved
the real possibility of application of material fnothe “nano” sphere on the surface of
“macro” material, although it was “fine” cement pasThe way of application could be
compared to upholstering where the thin layer aofofibers is spread on the wet surface of

building material.

The fundamental question is whether there got tanéeraction between the material
surface and the surface treatment (nanofibers).tNéhehe bonding of these two materials
was caused only by the large specific areas ohtrfibers or it was caused also by any
interaction between PVA and hydrated clinker mileeos other hydration products originated

from the hydration of cement paste.
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INELASTIC CALIBRATION OF PARTICLE MODELS USING
CELLS WITH PERIODIC BOUNDARY CONDITIONS

JAN STRANSKY?!, MILAN JIRASEK 2,

Abstract: A systematic approach to the calibration of padichodels, i.e. characterizing a
relationship between microscopic (defined on thvell®f individual interparticle bonds) and
macroscopic parameters, using cells with periodarary conditions is presented, focused
on inelastic conditions. To demonstrate the apiidy of the described method, the plane
stress failure envelope for the investigated maglebnstructed for different combinations of

microscopic parameters.

Keywords: Particle models, calibration, periodic boundary ctions, multi-axial loading,

failure envelope

1. INTRODUCTION

Using discrete numerical methods, the studied prokik discretized by discrete elements
(rigid spherical particles with uniform diameterths paper), which are mutually connected
by deformable bonds. “Microscopic” constitutive gaueters of these bonds (normal and
shear stiffness, tensile strength and ductility ahdar yielding parameters in this paper)
influence the behavior of the whole model on themscopic scale and the micro-parameters
are usually identified (calibrated) using some kaidptimization (from the easiest trial-and
error method to sophisticated sensitivity analysigh that the macroscopic behavior of the
model corresponds to the actual behavior (e.dheéaekperimentally observed one) as closely

as possible. For this purpose, periodic boundanglitions (PBCs) seem to be suitable tool.

All described methods were implemented into opamemsoftware YADE [1], which was

chosen for numerical simulations.
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(a) (b)
Fig. 1. lllustration of particles (a) and bond netik (b)

2. PERIODIC BOUNDARY CONDITIONS

1 03
T2 = { 03 1 }
08 06
Ti= [ 06 08 }
T =T3Ty
(@) (b)

Fig. 2. 2D illustration of periodic cell (a) and 2iustration of the cell

transfromations (b)

Consider a periodic cell as a block filled with exripdic assembly of particles and bonds.

Periodicity means that this cell (as well as alparticles and bonds and all their properties —

velocity, stress, damage etc.) is surrounded biytick cells shifted along the cell edges, see

fig. 2a. In quasi-static (still dynamic) case, gegiodic simulation is governed by the shape of

periodic cell. We can modify the periodic cell via 3x3 transformation matriX (identity

matrix initially) in two basic ways: rotation (wheto strain occurs) and deformation (normal

or shear strain without rotation), see fig. 2b.tA¢ beginning of our simulation, the cell is

rotated to the requested position. The computatipnacedure in a generic k-th step of

simulation is as follows: First, the polar decompos [2]

Tk= UH (1)
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is performed onTl. U is an orthogonal matrix and is a positive semi-definite symmetric
matrix. Apart from this mathematical definition, lao decomposition has a straightforward
geometric meanindJ represents rigid body rotation akidis related to the shape change. In
terms of infinitesimal strain theory, the str&ns obtained as

E=T-1, )

where | is the identity matrix. Another definition of sima(e.g. logarithmic) could be

incorporated.

The prescribed strain increment (in global coorthepAE is then appropriately rotated to
cell’'s local coordinates and added to the shapeixnidt Afterwards, the new value df is

composed fromJ and newH:
Tk=UH, Tksa=U(H + UTAEU) (3)

Prescribed strain components can be directly appphe the cell's shape change. However,
stress cannot be prescribed directly. Thereforedeweloped a special strain predictor, which
considers the values of stress and strain in ddstxsteps and predicts the strain value for the
next step such that the value of stress is as eegmssible to the prescribed one, see [1] for

more details. The stress is computed according]to |

3. CALIBRATION
The topic of DEM calibration was studied by manyhaus [4,5,6,7], but only a few of

them used periodic boundary conditions [8] andetiog to our knowledge, there is no
study of PBC in combination with post-peak behawaod strain localization. In inelastic
calibration (usually fitting ultimate stress/straamd shape of stress-strain diagram under
specific load conditions - typically uniaxial teasior compression), using PBC can reduce
(unreal) local stress concentrations when applpigcribed displacement or force on certain

particles.

For the case of uniaxial tension, a problem caseasihen applying prescribed stress/strain
on opposite “faces” of a specimen. If the sphekipg of the face is regular, the transition of
regular to irregular (random) particle structuraissially broken and damaged first, before the
“real structure” can be investigated. Another poifisy would be to cut a plane from random

packing and fix some particles up to a given distainom the face, but this can lead to stress
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concentration at the transition of fixed and unfixearticles and devaluation of simulation

results. For this reason, the periodic boundarylitimms seem to be suitable solution.

However, all that glitters is not gold. In the badition with the help of PBC, we have to
pay attention to the cell orientation with resptxthe load, especially if strain localization
occurs. In general, there exists an “optimal’ diagion of the periodic cell, where the
localized zone is parallel to the cell surfacesocriossing the cell from one corner to another.
For the simple case of uniaxial tension, the optionentation is zero. Then the localization
zone (crack) has the minimal area (and is only @m&) the minimal amount of energy is
needed to split the cell. For other orientatiomg periodic boundary conditions force the
crack crossing the cell boundary to continue at gieaodic image of the cross point on
another cell edge (see fig. 3). The crack is tloergér than in the ideal case, more energy is
needed for its propagation and the behavior ot#ileis more ductile (see fig. 4a). Notice the
same behavior in pre-peak (elastic) range and rdiitebehaviors in post-peak (inelastic)
range. The most ductile response is exhibited bgllarotated by about 30°, the most fragile
(as expected) by an unrotated cell. Results forlébh between, see fig. 4 for illustrative

example.

Fig. 3. Different localization zone using PBC fanaxial tension in horizontal
direction

In a general calibration procedure, the most brittiptimal) cell position has to be found
numerically and its behavior is considered as #& one (unaffected by periodic boundary

conditions).

4. RESULTS

For the case of uniaxial tension, the most br{ttbgptimal”) behavior is obtained for a non-
rotated cell. For the case of uniaxial compressitre most fragile behavior occurs
approximately for a rotation between-20d 30 and for simple shear near-4Bn important
fact for all the studied cases is that the pre-p@aéstic) response is the same for all

orientations (verifying isotropy of the model) atiee strength (maximum reached stress) is
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also almost identical for all cases. Under thisuag#ion, the plane stress failure envelope is

constructed for different material parameters gn .

0. [MPa]

(@) (b) ()
Fig. 4. Results for uniaxial tension (a), uniaxtcampression (b) and simple
shear (c)
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Fig. 5. Plain stress failure envelope constructeddifferent sets of micro-
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parameters

5. CONCLUSION
A systematic calibration method for discrete modeith the help of periodic boundary

conditions was presented. This method is applicabény type of particle model and for both

elastic and inelastic material parameters idewtiio®1. In the case of inelastic calibration,

PBC can reduce local stresses due to force oradisplent prescribed on certain particles. A

special attention has to be paid to the cell caigoh with respect to the load. For realistic
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results, the optimal orientation (without negatefects of PBC) has to be found and the
parameters should be calibrated on such an orientaThis orientation is parameter-
dependent, so by changing the parameters to bmiapt, the optimal calibration orientation
can be changed as well.
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ANODIC OXIDATION — SIMPLE WAY TO PROTECT
METALS WITH LAYERS THINNER THAN 1 pm

JOSEF VLK !, BRUNO SOPKO?

Abstract: The oxidation process affects most of metals exptzsédumid environment. This
behavior is called corrosion. There are many waystotect metals from corrosion, like
paintings or cover of anti-corrode metals, but stmes is the oxidation useful, for example

in case of aluminum or titanium.

Keywords: Anodic oxidation, Metal protection, Humidity sensor

1. INTRODUCTION

Anodic oxidation as a protection method constitutes primary corrosion measure taken
usually in strongly aggressive industrial acidicatkaline solutions. The main purpose of its
use is to ensure sufficient resistance of metainggainiform and localized corrosion. Pure

environment is another purpose for applicationrafdic oxidation [1-2].

A capacitive humidity sensor with a capacitor basedoxidised material with two
metallic electrodes is usually used as an effedtvod for examination of layers prepared by
anodic oxidation. Tantalum is usually used to ustdrd and manage the anodic oxidation
process. A moisture sensitive layer of tantalumtg@ade inserted between the electrodes
serves as a dielectric. The dielectric is critiwal humidity measurement in humidity sensors
[3]. In common humidity sensors of this kind, pobmfilm is used as the dielectric layer.
Some of humidity sensors are using oxides layea oretal like aluminium, tantalum etc, or a
combination of these layers, as a dielectric impacitor. The electrode based on Talksa
layers could be used as a gate in MOSFET undentbeligital structure [4]. Final dielectric
is according to the technology either homogeneaasrenporous (used only as a dielectric

for separation of a capacitor), or inhomogeneowsparous by purpose. Tantalum pentoxide

! Josef VIk, Department of Physics, Faculty of Medbal Engineering, Czech Technical University in
Prague, Technicka 4, Prague 6, CZ-16607, Czechlifiepjosef.vik@fs.cvut.cz
2 Bruno Sopko, Department of Physics, Faculty of Matcal Engineering, Czech Technical University in

Prague, Technicka 4, Prague 6, CZ-16607, Czechliiepbruno.sopko@fs.cvut.cz
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layer prepared by anodic oxidation or by thermadiation is usually employed for creation of
homogeneous films. Another extreme is oxide laydrich is completely porous. In the case
of introducing the porous layer to humidity, theteramolecules are adsorbed, therefore the
capacity of the layer is changing [3-5].

The process of anodic oxidation is explained witfollowing mechanism. A tantalum
pentoxide layer is created on the surface of a Ined¢mtrode of humidity sensor after the
tantalum electrode is dipped into the electrolyiee intensity of an electric field in the X2
layer is very high, even up to 10"7 V/cm. Under th#uence of this field, oxygen ions
migrate in the direction towards tantalum electradd tantalum ions towards the electrolyte.
This diffusion process takes place until the eteowtive force, created by the gradient of
ions, is in the equilibrium with the outer voltagsfter that, the oxidation process stopped.
This method is used for very accurate and reprdadieicihickness of T#s layer. The

thickness depends only on the applied voltage [4].

2. EXPERIMENTAL SET-UP

For anodic oxidation of tantalum, a direct curreoitage source was designed and created.
Maximum voltage is 48 V, maximum current is 25 n@ptimal current density is 1 mA/ém
in galvanostatic mode. Anodic oxidation took pldoe 1 hour in the SIMAX beaker with
different electrolytes. The temperature of the tetdgte was controlled. The set temperature
was 25 °C with the deviation of 0.5 °C. The elelgte was stirred during the process by
electromagnetic stirrer for better distribution tbk heat and stabilization of the solution’s
homogeneity. Negative electrode was created by lamisa plate with sputtered gold.
Positive electrode was created by tantalum plaefo® and after this deposition, both
electrodes (the alumina plate with gold and thealam plate) were washed by water and
dried for 1 hour at the temperature of 50 °C. Thiekness of the layer after deposition was

measured by Tencor Alphastep 200 Profilometer.

Electrolytes used for experiments were:

a) Solution of ammonium citrate in water — the solotwas prepared by dissolving
30 g in 1 | of distilled water and after a perioddhemogenization was filtrated
and used for anodic oxidation.

b) Solution of ammonium citrate in glycerol — the gamo was composed from 1%
neutral ammonium citrate in 90% glycerol solutitme(rest — 10 % - was water).
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This solution was prepared by dissolving 12.43 gnamium citrate in 121 ml of
distilled water. After filtration the solution waesmpleted with glycerol to 1 .

c) Solution of ammonium tartrate in glycerol — theusmin was composed from 1%
neutral ammonium tartrate in 90% glycerol solutipine rest — 10 % - was
water). This solution was prepared by dissolvingd22) ammonium tartrate in
121 ml of distilled water. After filtration the sdion was completed with

glycerolto 1 I.

3. RESULTS AND DISCUSSION

3.1 ANODIC OXIDATION

The final colour of deposited 7@s varied according to the thickness o the layer. flihe
thickness of prepared samples was in the rangeeeet@00 and 600 nm. There was prepared
a scale covering this range. The thickness wasdye@siognized by a different colour. The
colour range was from blue to grey. The typicatkhess gained after 1 hour by the voltage
of 48 V was deep violet with thickness around 260 n

[N
o

I [mA]

OFRP NWPMOUUIO N OO

t [min]

Fig. 1: Dependency of the voltaga ) and current ¢) on the time.

The typical dependency of the voltage and currenthe time is pictured in Fig. 1. After
an initiation of the procedure (usually around h)nthe anodic oxidation took place. There
was no evidence of stating the equilibrium betwden electromotive force and the outer

voltage. For the film thickness an empirical formulas obtained:
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whered is the thickness in nm andlis the applied voltage in V. Eq. 1 is valid ontythe
studied voltage range (from 10 to 48 V) and apptiesign of apparatus for anodic oxidation.

3.2 TANTALUM PENTOXIDE LAYER TESTING

As the main criteria for comparison of three testégttrolytes, the reaction on humidity
was taken. In the Fig. 2 there are summarized hla@ges in capacity of the dielectric layer
prepared by anodic oxidation in water solution wingonia citrate. The reproducibility of the
response is in relative scale good, but not in labsoThe next two electrolytes based on

glycerol possessed almost the same results.
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Fig. 2 The reaction on the humidity of 60 %. Differentvasg represent different samples.

4. CONCLUSION

The comparison of three tested electrolytes did provide the best or the worst one.
Therefore the main outcomes of this work are om#diconditions for anodic oxidation of
tantalum and an empirical description of tantaluentpxide film thickness. The next step of
our work will be optimizing the reproducibility dhe layer properties and scaling up the

samples.
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DESTRUCTIVE AND NONDESTRUCTIVE TESTING
OF CONCRETE STRUCTURES AFTER FIRE

ONDREJ VRATNY !

Abstract: The aim of this paper is to present selected destte and non-destructive testing
of reinforced concrete structures affected by fivhjch are used in order to the properties of

concrete and reinforcement.

Keywords: fire damages, concrete testing, concrete after issessment of concrete

1. INTRODUCTION

The effect of higher temperatures leads to chenaicdlphysical changes in the structure of
concrete and its mechanical properties as streargihmodulus of elasticity are reduced. The
temperature affects not only concrete but also enfarcing steel and also influences the
interaction of these two components of reinforcedocete. Another source of damage is the
evaporation of water chemically and physically baeoh in the concretewhich leads to

general cracking and spalling of the reinforcenaamveer.

Structural damage and properties of concrete Isanted not only during the fire but also
during the cooling process of the structure. Theaalge resulting from fire fighting water is of
a very significant nature. This leads to a suddmrlieg of the structure and consequently to
significant stresses over the cross-section. Thetmocurate knowledge of the extent of
structural damage needs to be obtained for thenaptilesign of remediation measures. It is
important for smooth service life of the structuraupcoming decades. The price is often the
decisive factor. If carried out research work, pprapriate to use simpler procedures for
determining the level of structural damage andfyehem using sophisticated laboratory
tests. Therefore, a comprehensive picture of thectstre in the optimum amount spending

time and money is obtained.

Taking into account the above mentioned conditiang the complexity of the problem,
destructive and non-destructive testing of concaeie reinforcement are an important part of
the analysis of concrete structures once thedimver.

! Title First Name Middle Name Surname; Full titletioe Institution; Street, ZIP-code City, CountBzmail
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2. GENERAL INFORMATION ABOUT CONCRETE TESTING AFTER FI RE

Following part of the contribution is based on (Belletin 46), issued by the International
Federation for Structural Concretehich summarizes the knowledge of the isSkee
Design of Concrete Structures - Structural and BedraAssessmentThe Fire design is not
only about the temperature behaviour on the cocistns during fire, but also about checking
the safety of the damaged structure. The conclusfatme construction testing has to be a
definition of the best strategy for repairing aresgthening of the structure, as an alternative
to the demolition. Information about the maximurmperature and damage as well as about
the residual strength and stiffness in local positbn the structure is very valuable for the

assessment of the construction.

It is known that concrete naturally has a good beha at a high temperature. It depends
on its incombustible nature and low thermal diffityi Following these facts is the
propagation of thermal transients within the stitatmembers slow which causes that during
a fire very strong thermal gradients arise in thmforcement cover. These result in the
thermal damage only few centimetres deep. The damad residual load capacity of the
structure must be determined and assessed for ldmipg of any strengthening and

reparations.

One of possible damages is spalling. The construdbsses the external concrete layer
and the deeper layers are exposed to the maxinmpetature. In some cases the build-up of
vapour pressure can result into an explosive eiguulsf concrete chips, but it happens
mostly within a relatively low temperature ranged@°C) and the damage inflicted by

temperature is not significant.

In case of fire also chemo-physical transformatiohsoncrete at increasing temperature
are relevant. The physically combined water isasbel with the temperature of about 100°C,
than the silicate hydrates are decomposed aboveéC3@@d with 500°C occurs to the
dehydration of the portlandite. The fire heat ieflges significantly the coarse aggregate too.
The temperature above 600°C causes the beginniraprofersion and decomposition [1].
According to [7], the concrete with siliceous aggee loses near one half of its capacity at

650°C, while carbonate aggregate concrete exmbisly full capacity.

Aforementioned damage of concrete must be assesitledspecific tests. After the fire
expose the residual capacity and other main pregecannot be inspected with traditional

destructive or non-destructive testing techniqguesncrete after fire is too heterogeneous
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layered-material and therefore we have tree massipiities of inspecting the material (Tab.
1.):

- Average response of the concrete cover
- Point by point response of small samples of diffedepths
- Special interpretation techniques for overall rexgoof concrete

Tab. 1. Possible assessment of fire-damaged canstetctures [1]

Average response of the  Point by point response of Special interpretation

concrete cover small samples techniques

Schmidt rebound hammerSmall-scale mechanical test | UPV indirect method

Windsor probe Differential Thermal Analysis | Impact echo

Capo test Thermo-gravimetric Analysis | Sonic tomography

BRE internal fracture Dilatometry Modal Analysis of

Ultrasonic Pulse Velocity] Thermoluminescence Surface Waves
Porosimetry Electric Resistivity
Colorimetry

Microcrack-density analysis
Chemical analysis

Basic methods that are commonly used to study dnerete after a fire are listed in the
previous table. In the following sections of thantribution several selected methods will be

presented. [1, 2 and 4]

3.1 VISUAL ASSESSMENT AND COLORIMETRY

The easiest observations technique is visual aseesgs After cleaning the construction
from the soot hidden cracks, spalls and distortmars be found in the structure. The structure

can be cleaned with dry ice blasting, grit blastimgchemical washing etc.

In the second step the traditional method for gsmeasment of concrete damage after a fire
can be used. This method is based on the visualicahspection of the cement matrix or
concrete aggregate (Tab. 2). Colour changes itdherete are based on the influence of the
intense heat which are caused of chemical reactifims colour of the material is associated
with the approximate temperature of the concrete.example, for the temperature range 300

°C - 600 °C, the colour changes to pink or redsTisidue to the presence of iron compounds
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in the aggregates which within the above mentideetperature range dehydrates or oxidizes.
When this change occurs, it is an important indcaiof a possible fast decrease of the
concrete strength. Recently, therdés also been the possibility of using modermrunsénts

for colour measurement of concrete components laa@fore the paramount problem of this

method, subjective evaluation, has been eliminated

Tab. 2. Physical Effects of Temperature on Condigte

Colour Changes in Physical Appearance and Concrete
Temperature
Change Benchmark Temperatures Condition
0 to 290°C None Unaffected Unaffected
290 to 590°C Pinktored Surface crazing — 300°C Sound but
Deep cracking — 550°C strength
Popouts over chert or quartz aggregate significantly
575°C reduced
590 to 950°C Whitish | Spalling, exposing not more than 25% piVeak and
Grey reinforcing bar surface — 800°C,; friable
Powered, light coloured, dehydrated
paste — 575°C
950+°C Buff Extensive spalling Weak and
friable

Visual assessment can be used also to determineighest temperature in the fire area
and duration of the fire. The condition of struelumembers and associated materials can
develop the heat intensity map (Tab. 3). Anothesspmlity is the presence and condition of
the timber based material. Fire duration can berdenhed from the thickness of the charred

exterior material. [1, 2, 6, 7, 8 and 9]

3.2 CORETEST AND CARBONATION TEST

The basic and most direct method of testing coadsethe core test. The estimation of the
concrete strength carried out on testing cores fouh the structure. This test gives
information about the entire core, but after the the strength varies along the core. The core
test is still the first test of all available metlsosuch as colorimetry, porosimetry, chemical

analysis, etc. The carbonation test is usually pé&stormed on the core.
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Tab. 3. Physical Effects of Temperature on Varidaserials [7]

Material Examples Condition Temperature
Polystyrene Foam insulation; light shadesSoftens 50 to 60°C
handles
Curtain hooks; radio Melts and flows 120°C
containers
Polyethylene Bags; film Shrivels 49°C
Bottles; buckets Softens and melts 66°C
UHMW / HD Water and waste pipes Melts, flows, 190°C
Polyethylene pipe bubbles, or burns
Zinc Plumbing fixtures; flashing; | Drops formed 400°C
galvanized surfaces
Aluminium Small machine parts; bracketdDrops formed 650°C
toilet fixtures; cooking utensils
Sheet glass Window glass; plate glass; Softened or 700 to 750°C
reinforced glass adherent
Rounded 800°C
Thoroughly flowed| 850°C
Brass Door knobs; furniture knobs| Sharp edges 900 to 1000°C

locks; lamp fixture; buckles

rounded or drops

formed

Fig. 1. Carbonation phenolphthalein test [sourcéph/buildtest.com.my]
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The carbonation test determines the carbonatiothdeyp spraying the concrete with a
phenolphthalein solution and measuring the depthetiscoloured zone. Carbonation depth
is an important piece of information for the suhs®g determination of the residual
durability of fire damaged structure. Fire negdiivfluences not only the statics of the

structure, but also its durability. [1]

3.3 SCHMIDT HAMMER TEST AND DRILLING RESISTANCE

The rebound hammer is a very popular tool for ngstof materials. The test, called
Schmidt hammer test, is very easy to perform. Teten®dt hammer test provides information
about the surface hardness of the concrete. Prepeart a surface layer with a thickness of
about 20-30 mm can be determined. In case of fwmatjed concrete the use of this test is
very difficult. Due to the statistical reasonsisihecessary to execute a large number of tests.
In general, this test is not very suitable for stiwes with heavily damaged surface (due to
spalling), but for its simplicity and availabilityt, is used very often with some limitations of
conclusions. Its application can be suggested fastidetection of areas where the concrete

of the exposed surface has lost 30-50% of its maigstrength.

Following the disadvantage of mere surface testimg,Schmidt hammer test, some more
complicated methods of analyzing the propertiesmicrete after a fire on small samples
from different layers were developed. The comboratof the above mentioned methods
promises a faster technique based on the measureniéng resistance. This method can be
described as a continuous "scanning” of the matesgstance. Relevant sources generally

recommend the use of this test in case of a sélermal damage.

As with any indirect method of testing, it is nex®y to establish a good correlation
between the tested parameter, which, in this daseprk dissipated per unit drilling depth
(J/mm), and compressive strength. Also, in thisegcdhis relationship cannot be easily
determined. Many different factors, such as fractemergy and aggregate hardness, have a
huge impact on the results. The basis therefote sways compare the results of the virgin

material and the fire damaged concrete. [1, 3 dnd 9
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Fig. 2. The hammer drill fitted with the electromiccuits and displacement transducer [3]

3.4 CHEMO-PHYSICAL AND MECHANICAL TESTS AND CHEMIC AL
ANALYSIS

Chemo-physical tests can be described collectiasliesting techniques based on repeated
testing of small samples from different depths loé tdamaged concrete element under
laboratory conditions. These techniques are basechemo-physical transformations in the

material.

The so-called "Disc Punching-Test" is a good exangdl mechanical tests suitable for
testing the compressive strength of concrete. Thase“punching” into thin disks, cut

samples, of the damaged concrete. [1]

Chemical analysis can be performed in order to finel residual combined water in
hardened cement or chloride in concrete. Chloraes imay attack the concrete during and

after the fire due to the decomposition of plastiataining polychlorides, e.g. PVC. [1]

Petrographic examination and porosimetry are aésp kelpful test methods. [5]

4. CONCLUSION

In this article a few selected tests fire damagecrete used to determine the degree of
damage were featured. From the description, iegrd¢hat for each of the tests significant use
restrictions apply. Each of the methods have owmtdi and benefits. To achieve correct
results, it is necessary to use appropriate teistsragard to the degree of damage of concrete
and other conditions. It is also important to ule tonceptual simpler logical follow-up
techniques and sophisticated methods should berhiiosomplement and verify methods for
the optimal use of resources.
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CEMENT PASTEWITH VARYING AMOUNTS OF ADDED
FLY ASH ASA BINDER IN CONCRETE: COMPRESSIVE
STRENGTH AND TENSILE STRENGTH AFTER 28 DAY S

ONDREJ ZOBAL', PAVEL PADEVET?,

Abstract: Fly ash generated during coal combustion in therp@der plants is primarily
considered as a waste material. However, this meltbas its potential and can be more
widely used for construction purposes, as it ieatty happening in other countries around
the world (Germany, USA, Australia). This papergams the first results of measurement of
compressive strength and bending tensile strengtlerment paste with varying amounts of fly
ash after 28 days.

Keywords: Fly ash, compressive strength, tensile strength

1. INTRODUCTION

In the Czech Republic is around 50% of electricrgyas still obtained from thermal
power plants burning coal. Annually, on averagedpoes about 8 million tons of fly ash.
This fact places the Czech Republic's largest prexuof power plant fly ash per capita in the
world. In Fig. 1 is seen in the microscopic picttypical shape of fly ash. Fly ash is taken
primarily as a waste material, but growing effatuse this material in industry, mainly in

construction. In the U.S. example is the constouctf highways [1].

Fig. 1. Microscopic image of fly ash - 2000 x mdigation, [1]
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It is therefore important to obtain information abds properties and behavior [2], alkali-
activated fly ash can be, this issue deals witheiwample, [3]. This article describes an
experiment, however, dealing only with the mechalnpcoperties of fly ash added in varying
amounts in the cement paste with no other addiates 28 days.

2. MATERIAL

For the purpose of the experiment was necessagrotiuce high-quality mixture of water,
cement and fly ash. Coefficient of a mixture of erdtas a value of 0.4. Cement was obtained
from the site Radotin and is a Portland cement AEA2.5 R. Fly ash from the site was
chosen Minik type fly ash in concrete. It is one of the tbfig-ash in the Czech Republic,
which is used in blended cements. It made sevetalwith different percentage of fly ash to
the cement content in the mixture. Individual s®ts described in Tab. 1, where you can see
the development density of each set of mixturesaiit be seen that with a higher content of

fly ash reduces the value of the density.

Tab. 1. Sets of test samples and their density

Type CEM 142,5R Fly Ash  Volume density
[-] [%] [%] [kg/m?]
I 100 0 2059 + 89
Il 60 40 1820 + 22
1] 50 50 1844 + 19
v 40 60 1749 + 32
\% 30 70 1650 + 29

3. SPECIMENS

For the experiment were designed two groups of t&snpo that it can place the necessary

measurements which have been scheduled:

* cylinders — diameter 10 mm, length 100 mm
— made for compressive strength test
e prisms — 20 x 20 x 100 mm
— made for test the tensile strength in bending

Test specimens in the shape of cylinders manufedtur special plastic molds. Prisms
were made in the classic steel forms (see FigAfzgr allowing 48 hours after the samples

were placed in a water bath, where at 21 ° C aredtiong term.
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Fig. 2. Test specimens in the forms

4. METHODOLOGY

Were carried out two mechanical tests - deternonatf compressive strength and tensile
strength. For both tests was used electromechaeisi@hg machine MTS Alliance RT-30, the
maximum  loading force of 30 kN in compression andenston.
The modified cylinders pressure test was performadinders were shortened from 100 mm
in length 40 mm. Diameter samples did not changmaining value of 10 mm and a loading
area therefore the size of 78.5 mm2. At each sama¢emounted strain gauge during the test,
which recorded values of strain to calculate thee sof the modulus of elasticity.
The classic three-point bending test to obtain eslof tensile strength in bending was
performed on prisms. Prisms before the test has bemlified. The load acted in the middle
range of support and were placed 10 mm from thee exfgthe sample and span between

supports (effective length) was therefore the valu@0 mm [4].

5. EVALUATION

In Fig. 3 shows the evolution of compressive sttierigr each set of test samples after 28
days. All measurements were statistically evaluateid shown for each result and standard
deviation.

In Fig. 4 shows the development of tensile stremgthending for each set of test samples
after 28 days. As with the compressive strengthwshbere is the standard deviation. The

observed trends are summarized in the conclusion.
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Fig. 3. Compressive strength after 28 days

Tensile strength [MPa]

6,272
5,694 5,676
I I 4’8—13
T T T T I 1

100/0 60/40 50/50 40/60 30/70

Type of material [-]

6. CONCLUSION

Fig. 4. Tensile strength after 28 days

Measurement results observed mechanical propesfieement and water mixture with

different proportion of fly ash with a water factoir 0.4 without any additives and ingredients
we now bring this knowledge (all measurements vegaéistically evaluated and has always

been determined by standard deviation, which rangetb 10%). Density with a higher ash

content in the mixture decreases. Compressivegttraiter 28 days with a higher ash content
also decreases. Pure cement has a value of compresength after 28 days of about 60
MPa when the mixture is only 30% cement and 70%adly, the compressive strength value
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of the third. The tensile strength after 28 days0$ increasing ash content in the mixture
almost no effect, values range from about 5 to @MP

Another aim of our work is to continue to monitbetevolution of the material in time and
focus on other properties such as static moduluslasticity, heat of hydration, fracture
energy, etc. We would like to pay and structurenadterials at the micro level. Another
objective is to improve and expand the databadéy aish produced in the Czech Republic
and to create a comprehensive look at this matandlcould be better and more widely used
for industrial needs.
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