DE GRUYTER DOL: 10.1515/ace-2015-0102 ARCHIVES OF CIVIL ENGINEERING
OPEN Vol. LXII ISSUE 4,Part1 2016

QIR

© 2016 by D. Watach. This is an open access article distributed under
the Creative Commons Attribution-NonCommercial-NoDerivs license (http://creativecommons.org/licenses/by-nc-nd/3.0/)

IMPACT OF THE RESEARCH CONDITIONS
ON THE ACCURACY OF THE DESIGNATION
OF HIGH PERFORMANCE CONCRETE STRENGTH
PARAMETERS

DANIEL WALACH!

Abstract: The article presents research results of the strength parameters of HPC achieved in various research
conditions. The research was carried out on substantially different samples, both as to the size as the slenderness
ratio. Moreover, the assessment of the effect of speed of a load on strength parameters as well as other factors
which in a significant way show the difference in the strength values was made. For comparison, the results were

also applied to the relations known in ordinary concrete.
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1. INTRODUCTION

Technological Progress has caused a significant concrete production development. Possibility of
realisation of many objects, including civil engineering, requires the use of concrete with more
specialized properties and the use of mixtures of ever higher strength. High performance concrete
which recently have wider application can be the answer to the growing civil engineering
requirements [2].High performance concrete can be used in production of the underground
excavation housing i.e. shafts, chambers and tunnels. Especially, in the case of the shaft housing,
presently dominated by ordinary concrete, the introduction of high performance concrete can bring
a total change in the approach to design and construction of excavations. Greater use of HPC, as for

instance
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in shaft sinking, may result in decrease of housing thickness, its volume, volume of a breach and
labour costs of concrete production.

The strength parameters of concrete substantially depend on conditions of the research. This applies
to the size of the samples, and among many to the speed of a load. Those issues in relation to
ordinary concrete are commonly known, but the research results of recently widely used high
performance concrete are different than those of ordinary concretes. Knowledge of those issues may
in a substantial way affect, among many, the interpretation of HPC diagnostic components.

The article shows the research results of HPC strength parameters determined in various conditions
of the research. The research was carried out on substantially different samples both to the size and
to the slenderness ratio. Moreover, the assessment of the impact of various factors, which result in
differences in specified values of compressive strength of HPC, was carried out. For comparison,

the results were also referred to the relations known in ordinary concretes.

2. THE GENERAL DESCRIPTION OF THE RESEARCH

The main purpose of the research was to obtain the results of experimental compressive strength of
high performance concrete determined in various research conditions. Two concrete mixture
compositions of the same content of coarse aggregate and w/c relation were used in the research.
The first mixture was made of natural diabase aggregate and the second made of natural basalt
aggregate. Table 1 shows the composition of concrete mixtures per 1 m3, and fig. 1 illustrates the
results of sieve analysis carried out on the specific aggregates. Each mix was designed to strength

class C60/75.
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Fig. 1. Results of sieve analysis of used aggregates
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Table 1. Concrete mixture composition

Component [kg/m?]
Portland cement CEM 1 42.5R 500
Coarse aggregate(diabase/basalt) 1150
Sand 650
Microsilica 18
Superplasticizers 35
Water 55

Compressive strength fcm for the samples of tested concrete is as follows:

- cubes 15x15%15 c¢m,

- cubes 10x10x%10 c¢m,

- cylinders @15%30 cm,

- cylinders @16x16 cm,

- cylinders @5.5%11 cm.

Markings on 5 samples were made for each experimental group with compressive strength
determined in specific research conditions. All samples were taken after 28 days of maturing in the
same climate conditions.

The research took into account the impact of slenderness ratio and the size of the samples as well as

load application speed obtained for compressive strength of concrete tested.

3. ANALYSIS OF THE RESEARCH RESULTS

3.1. IMPACT OF SLENDERNESS RATIO OF THE SAMPLES

Research by standards on compressive strength was carried out on @15%30 cylindrical samples so
samples with slenderness ratio 2. Sometimes samples with different proportions can be seen such as
in core samples taken from existing constructions. In this case, conversion of obtained strength into
strength by standards is necessary. The values of correction factors in relation to ordinary concrete
are commonly known. However, in the case of HPC those factors can be different. In this respect
the research was carried out on the cylindrical samples @15x30 cm with ratio of h/d = 2 and the
cylindrical samples ¥16x16 cm with ratio of h/d = 1. The research results obtained for concrete

made on diabase and basalt aggregates are shown in Table 2.
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Table 2. Research results of slenderness ratio for HPC samples

Compressive strength ratio for concrete

Compressive strength ratio for concrete

Number made on diabase aggregates [MPa] made on basalt aggregates [MPa]
hld=2 hid=1 hld=2 hld=1
1 61.26 64.65 63.49 65.40
2 63.01 71.06 67.64 67.46
3 74.50 78.89 61.25 63.77
4 58.63 75.43 65.83 62.57
5 61.25 69.83 61.28 66.86
average 63.73 71.97 63.90 65.21
Standard 6.22 545 2.81 2.05
deviation
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Fig. 2. Impact of height-diameter of the cylinder relation to the apparent strength of cylindrical sample made

on ordinary concrete [4] and HPC tested: a) HPC made on diabase aggregate, b) HPC made on basalt
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Fig. 3. Effect of height-diameter relation to the apparent strength of cylindrical samples made on ordinary

concrete of various strength [3] and HPC tested: a) HPC made on diabase aggregate, b) HPC made on basalt

aggregate.
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Obtained research results indicate that in the case of HPC differences of compressive strength
determined for samples with various slenderness are substantially smaller than those for ordinary
concrete. See fig. 2. As shown below, the relative strength was determined in relation to average
strength determined on specific HPC samples with ratio of h/d = 2. The obtained research results
confirm the Murdock and Kesler theory [3]. The theory states that the values of correction factors
also depend on values of the strength of concrete, see fig. 3. Thus, HPC strength is less susceptible
to the changes of experimental samples and less depend on the shape of the sample. It can also be
noticed that high performance concrete with average compressive strength at level of 63.73 MPa
and 63.90 MPa in a satisfactory way fit into relations for higher-class concrete as defined by
Murdock and Kesler. It follows that, for high performance concrete, the compressive strength
determined on the samples with slenderness ratio less than 2 does not differ significantly from those
determined on samples by standards with ratio of h/d = 2. The results of study indicate, that
dispersion of concrete made on diabase aggregates is higher than concrete based on basalt
aggregates. It can be result of aggregate properties, as well as specifics of failure mechanism of

HPC. In such case, the plane of destruction goes through both aggregates and matrix.

3.2. EFFECT OF THE SIZE OF THE SAMPLES

The size of the samples used in compressive strength research is unequivocally specified by
standards. Normally the compressive strength of the concretes is determined on cube samples
15%15%15 cm and cylindrical samples ©@15%30 cm. However in many cases testing on smaller
samples is necessary. The research was not analysed in the cases when after certain sample size the
effect of the scale decreases without causing any significant drop of the strength. Thus, the research
was carried out on cylindrical samples @15%30 cm and ©@5,5x11 cm as well as on cube samples
15%15%15 cm and 10x10%10 cm. Obtained research results for concrete made on diabase and basalt

aggregates are shown in Table 3 and 4.

Table 3. Research results for HPC cylindrical samples of various sizes

Compressive strength of concrete made on Compressive strength of concrete made on basalt
Number diabase aggregate [MPa] aggregate [MPa]
9D15%30 cm 95.5x11 cm 9D15%30 cm
1 61.26 68.27 63.49 68.56
2 63.01 67.08 67.64 71.24
3 74.50 76.17 61.25 64.98
4 58.63 62.47 65.83 70.52
5 61.25 64.21 61.28 66.53
Average 63.73 67.64 63.90 68.37
Standard 6.22 529 281 2.63
deviation
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Table 4. Research results for HPC cube

samples of various sizes

Compressive strength of concrete made on Compressive strength of concrete made on
Number diabase aggregate [MPa] basalt aggregate [MPa]
15x15%15 cm 10x10x10 cm 15x15%15 cm 10x10x10 cm
1 68.22 67.50 84.54 88.98
2 72.99 72.96 88.96 83.32
3 72.03 73.43 86.74 87.04
4 69.05 71.21 82.56 86.58
5 71.45 71.07 82.16 85.57
average 70.75 71.23 84.99 86.30
Standard 2,02 2,33 2,86 2,07
deviation
a) b)
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Fig. 4. Impact of the size on apparent strength of cylindrical sample made on ordinary concrete [5] and HPC
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Fig. 5. Impact of the size on apparent strength of cube sample made on ordinary concrete [6] and HPC tested:

a) HPC made on diabase aggregate, b) HPC made on basalt aggregate.

Similarly as in the case of slenderness ratio, the research results carried out on HPC samples of

various size indicate smaller differencess in compressive strength than those for ordinary concrete,
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see fig. 4 and 5. Relative strength was determined in relation to adequately defined average strength
for cylindrical samples @15%30 cm and cubes 15x15x15 cm for different type of HPC.

In the case of high performance concrete compressive strength determined on smaller samples is not
significantly different to those determined on samples by standards, it means cube samples
15x15%15 cm and cylinder samples @15%30 cm. It can be related to the fact that in comparison to
ordinary concrete the aggregates with substantially smaller fractions are used in HPC, and it may
result i.e. in the wall effect. It should be underlined that the wall effect is more pronounced the
larger the surface area to volume ratio of the sample [1].

The cube samples 10x10x10 cm made on diabase and basalt do not show significant differences in
comparison to research carried out on the samples by standards. The differences for the cylindrical
samples ©5.5x11ecm of HPC made on diabase were equal approximately 6% and for samples made
on basalt approximately 7%.

Similar to slenderness ratio, cylindrical samples based on diabase, has higher dispersion of strength

than concrete made on basalt aggregate. In the case of cube samples, dispersions was comparable.

3.3. LOAD INCREMENT SPEED

Load application speed during testing has a significant impact on a receiving strength of concrete.
In general, the relation seen in the ordinary concrete shows that the lesser the load increment speed
the lesser the strength obtained. Probably, it relates to the increase in the period of deformation as a
result of creeping [1]. For the purpose of comparison of the sample results the adequate norms
clearly determine the standard speed of the increment of stress during the research. In relation to
HPC, described issue may have in terms of structure and smaller deformations more important
meaning in comparison to ordinary concrete.

The impact of load application speed research was carried out on the cube samples 15x15x15 cm.
The research was carried out at 0.5 MPa/s standard speed of a load and additionally at 0.05 MPa/s
and 5.0 MPa/s speed. Obtained research results for concrete made on diabase aggregate and basalt
aggregate are shown in Table 5.

According to the research results it can be concluded that the HPC samples tested at speed of 5.0
MPa/s have registered a substantially greater increase of the strength than those for ordinary
concrete. See fig. 6. As the drawings show, the relative strength for specific type of HPC was
determined in relation to average strength obtained on cube samples 15%15%15 ¢cm and speed of 0.5
MPa/s. Relative strength of ordinary concrete on figure 6, was obtained from average of strength at

speed of 0,2 MPa/s, which may affect on the results.
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Table 5. The research results of the effect of load application speed to HPC strength

Compressive strength of concrete made on diabase | Compressive strength of concrete made on basalt
Number aggregate [MPa] aggregate [MPa]
0.5 [MPa/s] 0.05 [MPa/s] 5.0 [MPa/s] 0.5 [MPa/s] 0.05 [MPa/s] 5.0 [MPa/s]

1 68.22 80.96 84.24 84.54 75.97 98.34

2 72.99 79.97 83.58 88.96 78.94 102.76

3 72.03 72.71 90.82 86.74 77.43 95.88

4 69.05 67.64 93.64 82.56 72.45 99.73

5 71.45 66.92 91.92 82.16 74.76 96.45
average 70.75 73.64 88.84 84.99 75.91 98.63
Standard 2,05 6,62 4,62 2,86 2,49 2,77
deviation

For the samples made on diabase and tested at speed of 5.0 MPa/s the strength increase of
approximately 25% was obtained in relation to samples tested at standard speed. The differences
achieved for samples made on basalt were around 16%. In both cases the differences are greater
than in the case of ordinary concrete.

Testing at speed of 0.05 MPa/s gave divergent results for each HPC concrete. HPC made on base of
diabase indicated a minimal increase of strength (approximately 4%) in relation to tests carried out
at standard speed. On the other hand, for HPC made on basalt a greater decline of the strength was
achieved than in the case of ordinary concrete. Registered occurrence seems to be difficult to
explain, although, it may result from the properties of applied aggregate, and as mentioned above

from the different deformation properties of HPC than in the case of ordinary concrete.
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Fig. 6. The effect of load application speed on the apparent strength of cube sample made on ordinary

concrete [7] and HPC tested: a) HPC made on diabase aggregate, b) HPC made on basalt aggregate.
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4. THE GENERAL DESCRIPTION OF THE RESEARCH

During the compressive strength determination high performance concrete, in terms of their
characteristics, indicate divergent behavior than the ordinary concrete. The research performed
shows that the slenderness ratio has a greater effect in low performance concrete. It should be
underline that the effect of the slenderness ratio disappears in the case of eliminating the friction on
the surface area — uniaxial state of stress. It needs to be remembered that values of correction factors
regarding the effect of the slenderness ratio of tested samples also depend on strength values of
concrete.

The compressive strength determined for high performance concrete on smaller samples does not
significantly differ from those determined on samples by standards. It may result from the
minimisation of the scale effect in HPC in comparison to ordinary concretes. During the carried out
research, the usage of smaller samples in HPC strength research may appear to be important in
regards to the required pressure force.

»Small” samples testing, can also be useful for assessment of technical condition of the objects
made of HPC. It is associated with the necessity of cores taking, used to determine the current
strength of concrete. Knowledge about the correlations between different samples allow the correct
assessment of the strength of HPC.

The results obtained during testing of the HPC strength confirm a significant effect of the increment
stress speed. Mainly, it applies to all research with speed of the stress greater than the set norms.
The increase in strength recorded in HPC is greater than in ordinary concrete. This can have a
significant impact during strength analysis of high performance concrete under influence of
exceptional load. Knowledge of the HPC behavior in different load conditions may result in its
wider use, and in the case of civil engineering a significant change of the approach to design and
construction of underground objects, which often are subjected to dynamic loads coming from
mining tremors. Knowledge of the behavior of HPC under such influences, can result in its wider

use.
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WPLYW WARUNKOW BADANIA NA PARAMETRY WYTRZYMALOSCIOWE BETONOW

WYSOKOWARTOSCIOWYCH

Stowa kluczowe: beton wysokowartosciowy, budownictwo, wysoka wytrzymatos¢

STRESZCZENIE:

Postep technologiczny spowodowat znaczacy rozwoj produkeji betonu. Mozliwos¢ realizacji wielu obiektow, wymaga
stosowania betonéw o coraz bardziej specjalistycznych wiasciwosciach a tym samym stosowanie mieszanek o coraz to
wyzszych wytrzymatosciach. Odpowiedzia na te rosnace wymagania dzisiejszego budownictwa, moze okaza¢ si¢ beton
wysokowarto$ciowy, ktory w ostatnim czasie znajduje coraz szersze zastosowanie. Okreslane parametry
wytrzymatosciowe betondw w istotny sposob zaleza od warunkow prowadzonych badan. Dotyczy to zardwno wielkosci
samych probek badawczych jak i m.in. predkosci obcigzania. Zagadnienia te w odniesieniu do betonéw zwyktych sa
powszechnie znane, jednak w przypadku betonéw wysokowartosciowych, ktére ostatnio znajduja coraz
powszechniejsze zastosowanie, uzyskuje si¢ nieco odmienne wyniki badanych parametréw wytrzymatosciowych niz w
przypadku betondow zwyktych. Znajomo$¢ tych zagadnien moze w istotny sposob wptywaé m.in. na interpretacje
prowadzonych badan diagnostycznych elementéw wykonanych z BWW.

W artykule przedstawiono wyniki badan parametrow wytrzymatosciowych BWW okreslonych przy roznych
warunkach. Dla poréwnania uzyskane wyniki odniesiono do zalezno$ci znanych w betonach zwyktych.

Uzyskane wyniki badan wykazaty, ze w przypadku BWW r6znice wytrzymatodci na $ciskanie okreslane na probkach o
réznych smuktosciach sa zdecydowanie mniejsze niz w przypadku betondéw zwyktych. Otrzymane wyniki badan
potwierdzaja teoric Murdocka i Keslera, ze warto$ci wspotczynnikow poprawkowych zaleza rowniez od wartosci
wytrzymatosci betonu. Wytrzymatos¢ BWW jest zatem mniej podatna na zmiany proporcji probki badawczej oraz jest
mniej zalezna od ksztaltu samej probki. Mozna réwniez zauwazy¢, ze badane betony wysokowartosciowe, dla ktorych
uzyskano $rednie wytrzymatosci na $ciskanie na poziomie 63,73 MPa i 63,90 MPa w zadawalajacy sposob wpisuja si¢
w zaleznosci okreslone przez Murdocka i Keslera dla betonéw wyzszych klas. Z powyzszych rozwazan wynika, ze w
przypadku betonow wysokowarto$ciowych wytrzymato$¢ na S$ciskanie okreslana na probkach o smuklo$ciach
mniejszych niz 2, nie odbiega znaczaco od tych, okreslanych na probkach normowych o stosunku h/d = 2.
Przeprowadzone badania wykazaty, ze w przypadku betondw wysokowartosciowych wytrzymato$¢ na $ciskanie
okreslana na mniejszych probkach, nie odbiega znaczaco od tych, okreslanych na probkach normowych, czyli na
probkach kostkowych 15x15x15 cm i walcach @15%30 cm. Moze to by¢ zwiazane z faktem, iz w BWW stosuje si¢
kruszywa o znacznie mniejszych frakcjach w poréwnaniu do betonéw zwyktych, co moze wptywaé m.in. na efekt
Sciany. Nalezy podkresli¢, ze efekt $ciany jest tym wyrazniejszy, im wigkszy jest stosunek powierzchni do objetosci
probki.

W przypadku badanych prébek kostkowych 10x10x10 cm wykonanych zaréwno na diabazie jak i bazalcie, nie
zarejestrowano istotnych réznic wytrzymatosci w poréwnaniu do badan wykonanych na probkach normowych. W
przypadku probek walcowych ©@5,5%11 ¢cm rdznice te wyniosty ok. 6% dla BWW wykonanego na diabazie oraz ok. 7%
dla probek wykonanych na bazalcie.

Na podstawie uzyskanych wynikow badan mozna stwierdzi¢, ze w badanych BWW zarejestrowano znacznie wyzszy
wzrost wytrzymato$ci przy badaniu z predkoscia 5,0 MPa/s niz w przypadku betonow zwyktych. Dla prébek

wykonanych na diabazie i badanych z predkoscia 5,0 MPa/s uzyskano $rednio 25% wzrost wytrzymatosci w stosunku
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do probek badanych z predkoscia normows. Dla probek wykonanych na bazalcie réznice te wyniosty ok. 16%.
Zaréwno w jednym jak i w drugim przypadku réznice te sa znaczaco wigksze niz w przypadku betondw zwyktych.
Podsumowujac mozna stwierdzi¢, ze betony wysokowartosciowe, ze wzgledu na swoje wlasnosci, wykazuja istotnie
odmienne zachowanie niz betony zwyklte podczas okreslania ich wytrzymatodci na $ciskanie. Z przeprowadzonych
badan wynika, ze smukto$¢ probki ma wigkszy wptyw w betonach o nizszej wytrzymatosci. Nalezy podkresli¢, ze
wplyw smuktosci zanika w przypadku wyeliminowania tarcia na powierzchniach czolowych — jednoosiowy stan
naprezenia. Nalezy takze pamigtaé, ze wartosci wspotczynnikow poprawkowych uwzgledniajacych wptyw smuktosci
badanych probek zalezg rowniez od wartosci wytrzymatosci betonu.

W przypadku betonéw wysokowartosciowych wytrzymatosé na $ciskanie okreslana na mniejszych probkach, nie
odbiega znaczaco od tych, okre$lanych na prébkach normowych. Moze to wynikaé, z minimalizacji efektu skali w
BWW w poréwnaniu do betonéw zwyktych. Stosowanie mniejszych probek do badan wytrzymatosciowych BWW
moze okazac si¢ istotne ze wzgledu na wymagane sity nacisku podczas badan tych betondw.

Uzyskane wyniki badan potwierdzaja istotny wptyw szybkosci przyrosty napre¢zen podczas badan wytrzymatosciowych
BWW. Dotyczy to przede wszystkich badan z prgdkosciami obcigzenia wigkszymi niz normowe. W BWW rejestruje
si¢ znacznie wyzszy wzrost wytrzymatosci niz w przypadku betonéw zwyktych. Moze mie¢ to istotny wpltyw w

przypadku analizy wytrzymatosci betonow wysokowartosciowych pod wptywem dziatania obciazen wyjatkowych.
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