
1. INTRODUCTION
The behaviour of concrete structures under different
strain rates has been extensively studied. Many con-
crete structures can be affected by high strain rates
coming from different sources, like natural hazards
(tornadoes, earthquakes or ocean waves) or industrial
accidents (Figure 1) [1]. The example of concrete
structure can be a nuclear power station, which must
be prepared to withstand dynamic loads due to explo-
sions and impact loadings. To properly design the con-
crete structure for all types of loadings the under-
standing of concrete behaviour under wide range of
strain rate is required.

Abrams was the first researcher who noted, in the
1917, that the response of concrete under wide range
of strain rates differs from what is observed under
quasi-static condition [2]. Further, many investigators
confirmed the rate effect on strength, strain and mod-
ulus of elasticity of concrete in compression, tension
and bending. Researchers proved the influence or lack
of influence of the parameters like moisture content,
temperature or type of gravel on rate dependence of
concrete. The discussion in this article is focused on
the experimentally observed strain rate effect on
mechanical properties of concrete in compression and
tension with taking into account the experimental
techniques and related to them specimen shape and
size.
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A b s t r a c t
Based on extensive literature review the behaviour of concrete under wide range of compressive and tensile strain rates is
presented. The dynamic compressive strength of concrete can achieve the value of DIF (dynamic increase factor) equal
about 3.5, and the dynamic tensile strength even 13. However, the strain rate response of concrete in tension and compres-
sion in all range of strain rate differs much. In compression strain rate sensitivity should be investigated in two domains,
because of the shift of test results. The reason of division is probably connected with influence of the method of testing and
especially with the specimen shape and size. The article presents also the strain rate sensitivity of new types of cement-based
materials, like RPC, which appears not to differ much from the sensitivity of normal concrete.

S t r e s z c z e n i e
W artykule, w oparciu o szeroki przegląd literaturowy, przeanalizowano zachowanie betonu poddanego szerokiemu zakre-
sowi ściskających i rozciągających szybkości przemieszczeń. Wytrzymałość betonu poddanego dynamicznym szybkościom
przemieszczeń ściskających może osiągnąć 3.5-krotną wartość wytrzymałości statycznej. Dynamiczne szybkości
przemieszczeń rozciągających mogą spowodować, że beton osiągnie aż 13-krotną wartość wytrzymałości statycznej.
Jednakże odpowiedź betonu na szybkości przemieszczeń rozciągających znacznie się rożni od odpowiedzi betonu na szyb-
kości przemieszczeń ściskających. Wrażliwość betonu na szybkość przemieszczeń ściskających powinna być rozważana
w dwóch zakresach, ze względu na skok wyników badań. Przyczyna tego podziału jest prawdopodobnie związana z metodą
badania, a w szczególności z wymiarami i kształtem próbek. W artykule zostały również przeanalizowane nowego typu mate-
riały, takie jak RPC, których zachowanie okazało się nie odbiegać od zachowania betonu zwykłego.
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2. THE INFLUENCE OF THE STRAIN
RATE ON THE STRENGTH OF CON-
CRETE
A summary of available test data of concrete and
other cement-based materials subjected to different
compressive and tensile strain rates are presented
respectively in Figure 2 and Figure 3. The results are
presented as DIF versus log of strain rate. Dynamic
increase factor (DIF) is defined as the ratio of the
dynamic strength to quasi-static strength. Such defin-

ition of DIF is optimal because it normalizes differ-
ent quasi-static initial strengths due to different spec-
imen scale and different maturity [3,4].
In this paper not only normal concrete is considered.
Nowadays, many new types of cement-based materials
are used. The development of technology let to
improve many properties of normal concrete, like
strength and durability. An example of new type of
ultra-high-performance concrete can be the reactive
powder concrete (RPC), which is widely investigated
because of its common use [5]. In Figure 2 all new
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Figure 1.
Strain rate according to real loads [1]

Figure 2.
Strain rate effect on compressive strength of concrete
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types of materials are pointed: UHPCC – ultra high
performance cementitious composites, HSC – high
strength concrete. One of the most important ingredi-
ents of new types of cement-based materials are steel
fibers. Figure 2 and Figure 3 present also the results
obtained from tests on cement-based materials with
the addition of steel fibers (Figure 2: Cavill [5], Lok [6]
0.6%; Figure 3: Fujikake [7] 2%, Kim [8] 1%).
According to Pająk [9] the addition of steel fibers usu-
ally used in structures, less than 2% of volume fraction,
does not affect the strain rate sensitivity of concrete.
All collected results are direct form the authors’
work, apart from Cowell’s results, which were
redrawn after Cotsovos [10].

2.1. Strain rate sensitivity of concrete in compression
Analyzing Figure 2 an increase in concrete strength
with increasing strain rate can be observed. However,
the results cannot be approximate with one line. All
range of strain rates should be investigated in two
domains according to the behaviour of concrete. In
the first region the slow increase in concrete strength
with the increasing strain rate can be observed. The
maximum dynamic compressive strength in this range
is equal to about 1.8 times the quasi-static strength
(blue line). In the second range of strain rates the
response of concrete is changing. The shift of the
results can be seen with the pronounced strength
increase. The DIF factor achieves the values from 1.0
or even less than 1.0 to about 3.5 (red line). The value
of strain rate in which the answer is changing is called
the transition strain rate. Many authors assign the
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Figure 3.
Strain rate effect on tensile strength of concrete
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transition strain rate as the strain rate: 60-80 [1/s] –
Ross [19,4]; ∼10 [1/s] – Bischoff [18]; Brara [3]. In the
author’s opinion the transition strain rate for com-
pression is close to 10 [1/s] as is shown in Figure 2.
Maybe, the question should be not the position of
transition strain rate, but the real cause of the shift of
the presented results shown in Figure 2? Probably
there are some factors that strongly influence the
results and causes their shift? This issue will be dis-
cussed later on it this paper.

2.2. Strain rate sensitivity of concrete in tension
The strain rate sensitivity of concrete in tension is
graphically presented in Figure 3. The significant
increase of tensile strength, about 13 times the quasi-
static strength, with the increasing strain rate can be
observed. The available results indicate that behav-
iour of concrete under different tensile strain rates is
more uniform in comparison to compression. In the
author’s opinion the transition strain rate cannot be
assigned so, there is only one line to describe the
response of concrete in wide range of strain rates.

However, some researchers assigned the transition
strain rate: ∼1 [1/s] – Brara [3]; 5 [1/s] – Ross [19]; 1-
10 [1/s] – Ross [4].

2.3. Comparison of the strain rate compression and
tension response of concrete
The comparison of results of concrete in wide range
of compressive and tensile strain rates is shown in
Figure 4. The rate effect is pronouncedly higher in
tension than in compression. In the author’s opinion
there are no significant differences in behaviour of
concrete in compression and tension for strain rates
lower than 10-1 [1/s]. The real differences in the
behaviour of concrete appear for higher strain rates.
The large increase in strength of concrete starts for
lower strain rates in tensile than in compression. In
tensile the DIF factor seem to increase asymptotical-
ly to strain rate about 2�102 [1/s] to reach the value
about 13.0. Whereas, in compression the asymptote is
about 103 [1/s] with the maximum value of DIF = 3.5.
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Figure 4.
Comparison of strain rate effect on tensile and compressive strength
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2.4. Strain rate sensitivity of new cement-based
materials
No apparent differences in the strain rate sensitivity
of new types cement-based materials in comparison
to normal concrete were observed. The values of DIF
factor achieved for new types of cement-based mate-
rials in compression and tensile did not differ much
from the values of DIF obtained for normal concrete.
This materials are characterized by very high strength
of concrete, which may be even 800 MPa! [32].
However, the ultimate strength of the materials pre-
sented in this paper is not much over 300 MPa. Thus,

probably the ultimate strength of concrete is the fac-
tor that does not affect the strain rate sensitivity of
concrete.

3. THE INFLUENCE OF THE EXPERI-
MENTAL TECHNIQUE ON THE STRAIN
RATE SENSITIVITY OF CONCRETE
All presented results are characterized by scatter,
what is associated with, among others, different test-
ing techniques, size and shape of specimens.
To study the behaviour of concrete under wide range
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Figure 6.
Strain rate sensitivity of concrete in compression according to specimen shape and size and testing machine

Figure 5.
Strain rates according to typical testing machines
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of strain rates three main groups of machines are
used: hydraulic machines, drop hammer machines
and Split Hopkinson Pressure Bar (SHPB). The
range of strain rates that can be investigated in the
use of each machine is presented in the Figure 5.
There are also two more testing machines: Taylor
Anvil and Flyer Plate. Unfortunately, there is a lack
of available tests conducted with the use of this
machines, so it is not considered in this paper.
To examine the influence of these factors on the
behaviour of concrete in compression (Figure 6) and
tensile (Figure 8) the results were distinguished
according to the method of testing and specimen size
and shape.

3.1. Compression
Comparing Figure 2 and Figure 6, the superposition
of the transition strain rate and the method of testing
can be observed. The hydraulic and drop hammer
machines are not able to achieve the values of strain
rates higher than transition strain rates (10 [1/s]).
Meanwhile, in the use of the SHPB only strain rates
above than transition strain rate can be obtained.
Analyzing research conducted with the use of
hydraulic machines and drop-hammer machines, for
strain rates less than 10 [1/s], some scatter of results
can be observed. These machines let use all shapes
(cubic, cylindrical, prismatic) and sizes of the speci-
mens. Based on Figure 6 no apparent differences in
strain rate sensitivity of concrete specimens connect-
ed with the variety of tested specimens shapes and
sizes was observed. However, the ratio of the height
of the specimen to its diameter (cylindrical) or width
(prism) for all presented results is equal or even big-
ger than 2, apart from cubic specimens.
In the author’s opinion the results obtained from
SHPB test are characterized by the biggest scatter.
Essential information about the SHPB are necessary
for further investigation.
The Split Hopkinson Pressure Bar (SHPB) is used to
determine dynamic material behaviour at strain rates
between 100÷104 [1/s]. It was originally developed by
Kolsky and modified by Hopkinson [29]. In Figure 7
the main parts of the SHPB are presented: projectile,
incident bar, transmitter bar and the specimen [46].
The incident wave is produced by the projectile to
propagate into the bar. One part of the wave is trans-
mitted into the specimen and the other part is reflect-
ed at the interface between bar and the specimen. In
the compression test the transmitted wave causes
failure of the specimen. In the tensile test the com-

pressive wave propagates through the specimen to be
reflected in the opposite direction at the free end of
the specimen. The transmitted bar is usually removed
in the tensile test [43]. The reflected tensile wave
causes the spall of the specimen. Schuler [39] claims
that those experiments are restricted to brittle mate-
rials which are characterized by much higher com-
pressive strength than tensile strength. According to
Weerheijm [43] the compressive stress wave should
be about 30% of quasi-static compressive strength.
Erzac claims [44], based on post-mortem studies, that
the compressive wave which first propagates through
the specimen does not cause any damage in the spec-
imen and has no consequence on the tensile results.

The work of this device is based upon one-dimen-
sional wave propagation theory. Two more main
assumptions which are the base of SHPB technique
are that in the axial direction the stress and strain are
uniform while specimen inertia and friction effects
are negligible. To ensure the main assumptions it is
necessary to reduce as much as possible the diameter
of the specimen, what has the biggest influence on
the length of the equipment, cause too stocky bars
can distort the results. For example the specimen
with a diameter of 75 mm should have the equipment
10-12 m long. On the other hand the concrete speci-
men contains usually large size aggregate, so it should
be about several times the size of the aggregate, to be
representative for the material. Furthermore, to
ensure that inertial effects in the specimen are mini-
mized, the length of the specimen is taken as small as
possible [46].
Thus, the variety of dimensions of the specimens
used in SHPB is very small. All used specimens have
cylindrical shape with the maximum diameter of
75 mm and length up to about 50 mm. The length-
diameter ratio (λ) for all presented in this paper spec-
imens is in the ranges of 0.3÷1.0. It is well known,
that uniaxial stress state in a specimen is when the is
equal to 2, like in the test conducted with the use of
hydraulic and drop hammer machines. The stress
state in the specimens usually used in SHPB tests is in
fact a triaxial strain state, because the reduction of
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Figure 7.
Split Hopkinson Pressure Bar [46]
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the length of the specimen inevitably contribute to
the radial confinement in the specimen. Some
researchers call the studies conducted in SHPB tests
as “pseudo strain rate effect”. Zhang [30] proposes
even to conduct corresponding numerical simulations
to SHPB laboratory tests, to correct the pseudo
strain-rate effects.
It is worth mentioning that, some researchers modi-
fied the SHPB to get the machine able to investigate
large size specimens. Cadoni presented the machine
called Hopkinson Bar Buddle (HBB) which lets ana-
lyze the cube specimen with the dimension of
200 � 200 � 200 mm [36]. As it was mentioned earli-
er, the specimen should be large enough to be repre-
sentative for the heterogeneous materials like con-
crete. This purpose was surely achieved. However,
Cadoni conducted tests using this machine only in
tension and not in compression.

3.2. Tension
Analyzes of the influence of the specimen shape and
size and the method of testing on the tensile strain
rate sensitivity of concrete were conducted. In Figure

8 the results were distinguished according to speci-
men size and shape. The letter put after the size of
the specimen describes the type of the test: “D” –
direct tensile; “S” – split tensile and “F” – flexural
tensile. Generally, as it was mentioned before, the
tensile results show no shift of the results as it was
noted in compression. It can be attributed to the fact
that the stress state in direct tensile test is uniaxial.
The triaxial stress state is obtained in the specimen in
the tensile splitting and flexural tensile tests.
However, the scatter of the results obtained from
SHPB tests are also very pronounced as it was in
compression. However, the results obtained in split-
ting and flexural tensile test correspond well with the
results from direct tensile test. Also the shape and
size of the specimens seem not to influence the strain
rate sensitivity of concrete.
One more issue should be taken into consideration
when talking about scatters of results. The assump-
tion of presenting different results in one figure was
to use dynamic increase factor. DIF should be the
value from comparison of the specimens with the
same shape and size. Unfortunately, in the SHPB test
the DIF factor is defined by some researchers as the
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Figure 8.
Strain rate sensitivity of concrete in tension according to specimen shape and size
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ratio of dynamic strength established on the small
specimens with λ = 0.3÷1.0 to quasi-static strength
obtained from the tests on the large specimens withλ = 2.0 (usually in hydraulic machine). Maybe the
values of DIF would be different when dynamic to
quasi-static strength is established on the specimens
with the same shape and size. For example, Schuler
[12] determined the quasi-static tensile strength in
the Brazilian tests, while the dynamic strength was
conducted in SHPB direct tensile test. However, tests
conducted by Ross [19], who used the specimens with
the same size for the dynamic and quasi-static tests
indicate apparent shift of strain rate sensitivity of
concrete in compression (Figure 2).

4. SUMMARY AND CONCLUSIONS
The results of concrete in compression in all range of
strain rates indicate that it should be investigated in
two domains of strain rates. The strain rate where the
answer is changing is called the transition strain rate.
In the first region the slow strength increase with the
increasing strain rate can be observed. In this range
the DIF factor achieves the value about 1.8. The sec-
ond domain is characterized by pronounced strength
increase with DIF equal 3.5. However, there is a shift
of the results in the point of the transition strain rate.
It was shown that the transition strain rate determine
the boundary of the technical scopes of testing
machines. For strain rates lower than 10 [1/s] the tests
are conducted with the use of hydraulic or drop ham-
mer machines, while for higher strain rates only the
SHPB is used. The specimens usually used in this
device have the ratio of height to diameter with the
range of λ = 0.3÷1.0. Thus, the obtained stress state
in the specimen in SHPB test is probably triaxial no
uniaxial as it usually is in hydraulic and drop hammer
machines. Than, the values of DIF factor are proba-
bly affected by the possible triaxial stress state in the
specimen. Maybe, this fact is an explanation of the
shift of results in compression.
The strain rate sensitivity of concrete in tensile is sig-
nificant in comparison to compression. The dynamic
strength of concrete can achieve the value of 13 times
the quasi-static strength. Analyzing presented tensile
results under wide range of strain rates no transition
strain rate can be pointed out. Generally, the behav-
iour of concrete under different tensile strain rates is
more uniform than in compression, with no shift of
the results. The explanation of the lack of the shift
(Figure 3) can be the fact that direct tensile test gives
the uniaxial stress state.

The comparison of the tensile and compressive strain
rate sensitivity was performed in the paper. In the
author’s opinion the strain rate behaviour of concrete
under strain rates about 10-1 [1/s] is similar in com-
pression and tensile. The presented comparison indi-
cates that the real differences start from higher strain
rates, where the increases of DIF factor are pro-
nouncedly higher in tension than in compression.
The results seems to tend to the asymptote, which is
about 2�102 [1/s] in tension and 103 [1/s] in compres-
sion.
The specimen shape and size probably do not affect
the strain rate response of concrete, providing that
the proportions of the specimen dimensions ensure
the uniaxial stress state in the specimen, what was dis-
cussed earlier.
The tests conducted using hydraulic and drop ham-
mer machine are characterized by less scatter than
the research made using SHPB. It is connected with
the investigated range of strain rates. The results
obtained from SHPB tests are close to each other,
but when analyzing one value of strain rate the dif-
ferences in the values of DIF are very pronounced.
The explanation can be the fact that the results from
SHPB test are very close to possible asymptote.
Further, the time of the test is very short, what can
additionally distort the results because of the techni-
cal scopes of the measure.
The values of dynamic increase factor obtained from
tests of new cement-based materials correspond well
to the presented results from the normal concrete
tests. This fact leads to conclusion that ultimate
strength, much higher for new types of cement-based
materials than normal concrete, has no influence on
the strain rate sensitivity of concrete.

REFERENCES
[1] Riisgaard B., Ngo T. & Mendis P., Georgakis C.T. &

Stang H.; Dynamic Increase Factors for High
Performance Concrete in Compression using Split
Hopkinson Pressure Bar. Fracture Mechanics of
Concrete and Concrete Structures, Italy, 2007

[2] Bischoff P.H., Perry S.H.; Compressive behaviour of
concrete at high strain rates. Materials and
Structures, Vol.24, No.144, 1991; p.425-450

[3] Brara A., Klepaczko J.R.; Experimental characteriza-
tion of concrete in dynamic tension. Mechanics of
Materials, Vol.38, No.3, 2006; p.253-267

[4] Ross C.A. , Jerome D.M., Tedesco J.W., Hughes M.L.;
Moisture and Strain Rate Effects on Concrete
Strength. ACI Materials Journal, Vol.93, 1996;
p.293-300

84 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 3/2011



THE INFLUENCE OF THE STRAIN RATE ON THE STRENGTH OF CONCRETE TAKING INTO ACCOUNT THE EXPERIMENTAL TECHNIQUES

[5] Cavill B, Rebentrost M., Perry V.; Ductal® - An Ultra-
High Performance Material for Resistance to Blasts
and Impacts. First Specialty Conference on Disaster
Mitigation, Calgary, 2006

[6] Lok T.S., Zhao P.J.; Impact Response of Steel Fiber-
Reinforced Concrete Using a Split Hopkinson
Pressure Bar. Journal of Materials in Civil
Engineering, Vol.16, No.1, 2004; p.54-59

[7] Fujikake K., Senga T., Ueda N., Ohno T., Katagiri M.;
Effects of Strain Rate on Tensile Behaviour of
Reactive Powder Concrete. Journal of Advanced
Concrete Technology, Vol.4, No.1, 2006; p.79-84

[8] Kim D.J., El-tawil S., Naaman A.E.; Rate-dependent
tensile behavior of high performance fiber reinforced
cementitious composites. Materials and Structures,
Vol.42, 2009; p.399-414

[9] Pająk M.; Dynamic response of SFRC under different
strain rates – an overview of test results. 7th

International Conference Analytical Models and New
Concepts in Concrete and Masonry Structures, June
13th-15th 2011, Kraków

[10] Cotsovos D.M., Pavlović M.N.; Numerical investiga-
tion of concrete subjected to compressive impact
loading. Part 2: Parametric investigation of factors
affecting behaviour at high loading rates. Computers
and Structures, Vol.86, 2008; p.164-180

[11] Watstein D.; Effect of Straining Rate on the
Compressive Strength and Elastic Properties of
Concrete. Journal of the American Concrete
Institute, Vol.49, No.8, 1953; p.729-744

[12] Spooner D.C.; Stress-strain-time relationship for con-
crete. Magazine of Concrete Research, Vol.23,
No.75-76, 1971; p.127-131

[13] Dhir R.K., Sangha C.M.; A study of the relationship
between time, strength, deformation and fracture of
plain concrete. Magazine of Concrete Research,
Vol.24, No.81, 1972; p.197-208

[14] Scott B.D., Park R., Priestley M.J.N.; Stress-Strain
Behaviour of Concrete Confined by Overlapping
Hoops at Low and High Strain Rates. ACI Journal,
Proceedings Vol.79, No.1, Jan-Feb. 1982; p.13-27

[15] Dilger W.H., Koch R., Kowalczyk R.; Ductility of Plain
and Confined Concrete Under Different Strain
Rates. ACI Journal, Vol.81, No.1, 1984; p.73-81

[16] Rostàsy F.S., Scheuermann J., Sprenger K.H.;
Mechanical behaviour of some construction materials
subjected to rapid loading and low temperature.
Betonwerk+Fertigteil-Technik, Vol.50, No.6, 1984;
p.393-401

[17] Ahmad S.H., Shah S.P.; Behaviour of Hoop Confined
Concrete Under High Strain Rates. ACI Journal,
Vol.82, 1985; p.634-647

[18] Bischoff P.H., Perry S.H.; Impact Behaviour of Plain
Concrete Loaded in Uniaxial Compression. Journal
of Engineering Mechanics, Vol.121, No.6, 1995;
p.685-693

[19] Ross C.A. , Tedesco J.W., Kunnen S.T.; Effects of strain
rate on concrete strength. ACI Materials Journal,
Vol.92, 1995; p.37-47

[20] Gary G., Bailly P.; Behaviour of quasi-brittle material
at high strain rate. Experiment and modelling.
European Journal of Mechanics, Vol.17, No.3, 1998;
p.403-420

[21] Filiatrault A., Holleran M.; Stress-strain behaviour of
reinforcing steel and concrete under seismic strain
rates and low temperatures. Materials and Structures,
Vol. 34, 2000; p.235-239

[22] Ghazy M.F., Elaty M.A.A.A.; Influence of strain rate
on compressive properties of concrete. Twelfth
International Colloquium on Structural and
Geotechnical Engineering. 2007; Cairo-Egypt

[23] Ranjith P.G., Jasinge D., Song J.Y., Choi S.K.; A study
of the effect of displacement rate and moisture con-
tent on the mechanical properties of concrete: Use of
acoustic emission. Mechanics of Materials, Vol.40,
2008; p.453-469

[24] Wang Y., Wang Z., Liang X., An M.; Experimental and
numerical studies on dynamic compressive behaviour
of reactive powder concretes. Acta Mechanica Solida
Sinica, Vol.21, No.5, 2008; p.420-430

[25] Wang Z.L., Liu Y.S., Shen R.F.; Stress-strain relation-
ship of steel fiber-reinforced concrete under dynamic
compression. Construction and Building Materials,
Vol.22, 2008; p.811-819

[26] Yan D., Lin G.; Influence of initial static stress on the
dynamic properties of concrete. Cement & Concrete
Composites, Vol.30, 2008; p.327-333

[27] Jiao C., Sun W., Huan S., Jiang G.; Behavior of steel
fiber–reinforced high-strength concrete at medium
strain rate. Frontiers of Architecture and Civil
Engineering in China, Vol.3, No.2, 2009; p.131-136

[28] Lai J., Sun W.; Dynamic behaviour and visco-elastic
damage model of ultra-high performance cementi-
tious composite. Cement and Concrete Research,
Vol.39, 2009; p.1044-1051

[29] Tai Y.S.; Uniaxial compression tests at various loading
rates for reactive powder concrete. Theoretical and
Applied Fracture Mechanics, Vol.52, 2009; p.14-21

[30] Zhang M., Wu H.J., Li Q.M., Huang F.L.; Further
investigation on the dynamic compressive strength
enhancement of concrete-like materials based on
split Hopkinson pressure bar tests. Part I:
Experiments. International Journal of Impact
Engineering, Vol.36, 2009; p.1327-1334

C
I

V
I

L
E

N
G

I
N

E
E

R
I

N
G

ce

3/2011 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 85



M . P a j ą k

[31] Hasan A.S.M.Z., Hamid R., Ariffin A.K., Gani R.;
Stress-Strain Behaviour of Normal Strength Concrete
Subjected to High Strain Rate. Asian Journal of
Applied Sciences, Vol.3, No.2, 2010; p.145-152

[32] Ju Y., Liu H.B., Sheng G.H., Wang H.J.; Experimental
study of dynamic mechanical properties of reactive
powder concrete under high-strain-rate impacts.
Science China Technological Sciences, Vol.53, No.9,
2010; p.2435-2449

[33] Rong Z., Sun W., Zhang Y.; Dynamic compression
behavior of ultra-high performance cement based
composites. International Journal of Impact
Engineering, Vol.37, 2010; p.515-520

[34] Reinhardt H. W., Rossi P., van Mier J.G.M.; Joint inves-
tigation of concrete at high rates of loading. Materials
and Structures, Vol.23, 1990; p.213-216

[35] Brara A., Camborde F., Klepaczko J.R., Mariotti C.;
Experimental and numerical study of concrete at high
strain rates in tension. Mechanics of Materials,
Vol.33, 2001; p.33-45

[36] Cadoni E., Labibes K., Albertini C., Berra M.,
Giangrasso M.; Strain-rate effect on the tensile behav-
iour of concrete at different relative humidity levels.
Materials and Structures, Vol.34, January-February
2001; p.21-26

[37] Verleysen P., Degrieck J., Taerwe L.; Experimental
investigation of the strain rate dependent impact
behaviour of cementitious composites. Magazine of
Concrete Research, Vol.54, No.4, 2002; p.257-262

[38] Wu H., Zhang Q., Huang F., Jin Q.; Experimental and
numerical investigation on the dynamic tensile
strength of concrete. International Journal of Impact
Engineering, Vol.32, 2005; p.605-617

[39] Schuler H., Mayrhofer Ch., Thoma K.; Spall experi-
ments for the measurement of the tensile strength
and fracture energy of concrete at high strain rates.
International Journal of Impact Engineering, Vol.32,
2006; p.1635-1650

[40] Yan D., Lin G.; Dynamic properties of concrete in
direct tension. Cement and Concrete Research,
Vol.36, 2006; p.1371-1378

[41] Brara A., Klepaczko J.; Fracture energy of concrete at
high loading rates in tension. International Journal of
Impact Engineering, Vol.34, 2007; p.424-435

[42] Cadoni E., Asprone D., Prota A.; High strain-rate test-
ing of concrete and steel for the assessment of the
Tenza Bridge under blast loading. Fracture
Mechanics of Concrete and Concrete Structures –
New tends in fracture mechanics of concrete,
Taylor&Francis Group, London 2007; p.627-635

[43] Weerheijm J., Van Doormaal J.C.A.M.; Tensile failure
of concrete at high loading rates: New test data on
strength and fracture energy from instrumented
spalling tests. International Journal of Impact
Engineering, Vol.34, 2007; p.609-626

[44] Erzar B., Forquin P.; An Experimental Method to
Determine the Tensile Strength of Concrete at High
Rates of Strain. Experimental Mechanics, Vol.50,
No.7, 2010; p.941-955

[45] Millard S.G., Molyneaux T.C.K., Barnett S.J., Gao X.;
Dynamic enhancement of blast-resistant ultra high
performance fibre-reinforced concrete under flexural
and shear loading. International Journal of Impact
Engineering, Vol.37, 2010; p.405-413

[46] Kim D.J., Sirijaroonchai K., El-Tawil S., Naaman A.E.;
Numerical simulation of the Split Hopkinson
Pressure Bar test technique for concrete under com-
pression. International Journal of Impact
Engineering, Vol.37, 2010; p.141-149

86 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 3/2011


