
Chapter 5

Mechanical Response Change in Fine Grain

Concrete Under High Strain and Stress Rates

Francesco dell’Isola, Anatoly M. Bragov, Leonid A. Igumnov, Bilen Emek Abali,
Andrey K. Lomunov, Dmitry A. Lamzin & Alexander Yu. Konstantinov

Abstract Experimental results on assessing the effects of strain and stress rates on
the behavior of fine-grain concretes are presented. Specimens of fine-grain and fiber-
reinforced concretes were dynamically tested using the Kolsky method and its mod-
ification, the “Brazilian test”. As a result of the experiments, values of the Dynamic
Increase Factor (DIF) were determined for both the materials studied. Their curves
as a function of strain and stress rates were constructed. The experimental data is
compared with the theoretically obtained values of DIF as a function of strain rate
available in the literature
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5.1 Introduction

Buildings and structures are constantly under various mechanical loadings. Hope-
fully, all of these loading conditions were foreseen at the stage of construction. Es-
pecially impact loading is more critical in the case of safety. Some extreme exam-
ples are earthquakes, explosions, collisions of vehicles with parts of structures, etc.
Adequate and comprehensive understanding of how structures behave under impact
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loading requires knowledge of mechanical properties of structural materials under
strain rates. An experimental approach leads to material models and parameters;
they are necessary for simulations of applications by utilizing computations with
the aid of the finite element method as in Abali (2017). Determining the properties
of materials under impact loading is challenging such that procedures and outcome
are reported heavily in the literature (Bischoff and Perry, 1991; Malvar and Craw-
ford, 1998; Wang et al, 2011; Thomas and Sorensen, 2017; Scerrato et al, 2016).
Modeling concrete by an appropriate constitutive relation is challenging as well.
For example in Scerrato et al (2014), Mazars et al (2015) and Giorgio and Scerrato
(2017), different constitutive equations are presented in order to represent materials
behavior of concrete. Subject to impact loading, the response changes such that the
strain rate dependency plays an important role in the material modeling as studied
in Chiaia et al (2015), Xiao et al (2015) and Kezmane et al (2017). There are differ-
ent techniques to define a model, see Contrafatto et al (2016) and Contrafatto et al
(2017). Even in the case of multiphysics as in Altenbach et al (2011) and Misra
and Poorsolhjouy (2015) there are suggested material models for brittle materials.
In order to define the parameters in any of the introduced material models, we need
experimental studies.

This work presents the results of studies on evaluating the effect of strain and
stress increase rates on the mechanical behavior of fine-grain concrete. Specimens
out of fine-grain concrete and fiber-reinforced concrete were dynamically tested by
using the so-called Kolsky method and its modified version known as “Brazilian
test.” Experimental outcome is deformation diagrams for different stress and strain
rates. This data is used to obtain the strength of the underlying material subject to
various stress and strain rates. Strength increases with an increasing rate, for the
brittle materials this increase is characterized by the so-called dynamic increase
Factor (DIF). Diagrams of DIF as a function of strain or stress increase rates were
constructed. The experimentally obtained data was compared with the theoretical
diagrams of DIF as described in Wang et al (2011).

5.2 Specimen Preparation

Specimens of blended fine-grain concrete with class B25 axial compression strength
were tested. The composition of the concrete mixture corresponded to Russian stan-
dard GOST 27006-86. The concrete mixture included grade 400 cement, sand with
fineness modulus 2, as well as Muraplast FK-63 plasticizer and Reostab stabilizer.
The component ratio used was C:W:F=1:0.6:3, where C denotes cement, W is water,
and F stands for fine filling. Cylindrical specimen with 20 mm diameter and 10 mm
axial height were prepared for dynamic compression tests, and additionally, diam-
eter of 20 mm and height of 20 mm were constructed for quasi-static tests (up to a
strain rate of 0.001 s−1). The mass density is measured as 2000 kg/m3. The quasi-
static strength in compression was equal to 12.1 MPa, and in tension was 1.31 MPa.
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The above values of the quasi-static strength were used as reference values for the
further computations.

Apart from the tests on the aforementioned concrete B25, we conducted exper-
iments with fine-grain fiber-reinforced concrete CARDIFRC developed and pro-
duced in the University of Cardiff (Great Britain) as studied in Benson and Kari-
haloo (2005a), Benson et al (2005), Benson and Karihaloo (2005b) and Nicolaides
et al (2010). In this composite material, as fibers, zinc-coated steel wires were em-
ployed. For quasi-static tests—again with the constant strain rate of 0.001 s−1—we
used cylindrical specimens of 20 mm diameter and 20 mm height. The quasi-static
strength in compression read 94.4 MPa and 23.11 MPa in tension. In the case of
dynamic tests, we chose cylinder specimens of 15 mm diameter with 10 mm height
on RSG-20 stand (with 20 mm diameter of measuring bars); cylinder specimens of
60 mm diameter with 30 mm height on RSG-60 stand (with 60 mm diameter of mea-
suring bars). The experiments using the two stands with measuring bars of different
diameters allowed us to cover a wide range of stress increase rates. Effected by high
stresses (locally exceeding the tensile strength), spallation is observed in several
tests.

5.3 Method of Impact Loading

One of the most widely used approaches of dynamic testing is the so-called Kolsky
method using a Split Hopkinson Bar as introduced in Kolsky (1949). Various mod-
ifications of this approach have been discussed in the literature, among others in
Bragov and Lomunov (1995), Bragov et al (1994), Bragov et al (1996), Bragov et al
(2001), Bragov et al (2008), Bragov et al (2017) and Rodriguez et al (1994). These
amendments allow one to determine mechanical properties of various solid materi-
als subjected to high strain rates. In the tests on fine-grain concretes, the classical
Kolsky methodology for determining strength under uniaxial compression was used,
as well as its modification, the “Brazilian” or spallation test as in Rodriguez et al
(1994), which is tantamount to the tensile test configuration as shown in Fig. 5.1.

In compression tests via the Kolsky approach, the loading pulse is assumed to
be much longer than the traveling time of the pressure along the specimen. This
assumption is indeed accurate since the specimen height is in mm length scale and
the speed of sound in solid materials is in the order of km/s. Hence, multiple reflec-
tions of the waves from both ends of the specimen result in uniform stress and strain
states during the experiment. Therefore, even in the case of high strain rates, we can
handle the experimental results in the same way as in quasi-static tests. Propaga-
tion of waves along measuring bars is assumed dispersion-free. Otherwise, special
corrections must be used as in Bragov et al (2011).

We briefly sum up the expressions used for computing stresses, strains, and strain
rates in the specimen as follows:
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σs(t) =
EA

A0
εT(t) ,

ε•s(t) = −2C

L0
εR(t) ,

εs(t) = −2C

L0

t∫
0

εR(t̄) dt̄ ,

(5.1)

where E, A, c denote elastic modulus, cross-sectional area, speed of sound in the
Hopkinson bars, respectively; A0 is the initial cross-sectional area of the specimen
as well as L0 is the initial length of the specimen. The measured quantities, reflected
strain, εR, and transmitted strain, εT, are recorded at the cross-sections of the Hop-
kinson bars. Concretely, the reflected strain is measured at the loading bar and the
transmitted strain is received at the supporting bar. Thus, the material response de-
pends on the amplitude and form of the reflected and transmitted strain pulses.

The Brazilian or spallation test is a modified version of the Kolsky method and
it is used for determining tensile strength of brittle materials, see Rodriguez et al
(1994). In a conventional compression test of a cylindrical specimen, loading is
applied along the longitudinal axis of the specimen. In spallation experiments, a
cylindrical specimen is rotated by 90◦ relative to the transversal axis, and a load is
applied along the diametric plane of the specimen, i.e., along the generatrix of the
cylinder, see Fig. 5.1. In this case, tensile stresses are induced normal to the loading
direction, and the tensile stress, σt, is calculated by

σt(t) =
2EA

πL0D0
εT(t) , (5.2)

where D0 is the diameter of the specimen such that πD0L0 denotes the curved
surface area of the cylindrical specimen.

Two different stands are employed in the experiments:

• RSG-20 composed of 20 mm diameter measuring bars,

Fig. 5.1 Drawings of the
specimen positioning in a
conventional Kolsky method
(upper) and a spallation test
(lower).
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• RSG-60 with bars of 60 mm diameter.

The stands were equipped with a pneumatic loading unit (a gas gun with a con-
trolling system), sensors for recording the strains, εR, εT, at the two measuring
(cylindrical) bars named after Hopkinson. The initial condition is determined by
using strain gauges cemented to the curved surface of the measuring bars. Strain
gauge signals were transmitted to a digital oscilloscope, the data is post-processed
in oscilloscope’s own software package.

5.4 Results and Discussion

Results of dynamical tests of the brittle material has been thoroughly analyzed in
order to examine the main assumption in Kolsky’s method: homogeneous stress
within the specimen. Otherwise, the dynamic strength of the material fails to be
calculated accurately. In Li and Meng (2003), Zhang et al (2009) and Li et al (2009),
the effect of lateral inertia confinement is described in a Split Hopkinson Bar test,
especially, in the case of brittle materials. According to the given recommendations,
the ratio of the length and the diameter of specimens must be within the range of
0.3-1.0, and the contact surfaces of the measuring bars and the specimen should
be lubricated to decrease the effect of friction forces when the specimen expands.
These recommendations were followed that provided the equilibrium deformation
state in the specimens. This is corroborated by the synchronized strain pulses in the
measuring bars, as shown in Fig. 5.2.

Dynamic deformation diagrams showing stress versus strain are obtained out of
the latter measurements of transmitted and reflected strains with the aid of Eq. (5.1).
The material response for various loading rates is depicted on Fig. 5.3. The defor-
mation diagrams of the concrete and the fiber-reinforced concrete are similar; they
indicate a nonlinear stress-strain relation. For each experiment, one deformation di-

Fig. 5.2 Measured strain pulses at the measuring bars during the compression tests: on fine-grain
concrete (left) and fiber-reinforced concrete (right).
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Fig. 5.3 Stress-strain plots obtained from the compression tests: on fine-grain concrete (left) and
fiber-reinforced concrete (right).

agram was used to determine strength of the material. The strength of the material
let us evaluate DIF. Then a diagram of DIF as a function of strain rate was gener-
ated with the following approach. As also noted in Wang et al (2011), the formulas
for DIF recommended by Comité Euro-International du Béton adequately describe
the experimental results for the high-strength concrete; but they overestimate the
strength for the fiber-reinforced concrete. The transition strain rate—where the in-
accuracy starts growing—is approximately 30 s−1. In order to obtain DIF from the
experimental results, we use a modified version of the formula for DIF of concretes,
with a parameter i = 0 for the plain concrete and i = 1 for the fiber-reinforced
concrete, as follows:

DIF =
σd

σs
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(
ε•d
ε•s

)1.026αs

for ε• ≤ (30 + 23i) ,(
η
ε•d
ε•s

)k

for ε• > (30 + 23i) ,

(5.3)

where the fit parameters read

αs =
1

5 + 9 σs

σc0

, σc0 = 10MPa , η = γs(1− 0.3392i) ,

ln γs = 6.156αs − 2 , k =
1 + 0.05i

3
, ε•s = 30× 10−6 s−1 .

(5.4)

The diagrams comparing the experimental data with the theoretically obtained
curves of DIF are presented in Fig. 5.4. Obviously, the experimental results fail to
be represented accurately by the relation as in Eq. (5.3). We can set the following as-
sumptions in question. As also indicated in Rodriguez et al (1994), the applicability
of the Brazilian test needs to be analyzed for determining tensile strength of brittle
materials. The authors indicate that the Brazilian test can be used for determining
tensile strength of brittle materials under the conditions:
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Fig. 5.4 Experimental results for DIF as a function of strain rate: for fine-grain concrete with green
diamond markers (left) and for fiber-reinforced concrete with blue triangles (right). The dashed
line corresponds to the relation as given in Eq. (5.3).

• Material deforms elastically.
• Deformation occurs in equilibrium.
• Compression creates a deformation solely on the diametral plane of the cylinder.

The measured strain pulses of the measuring bars are presented in Fig. 5.5. Since
they are synchronized, the deformation is in equilibrium during the process of spal-
lation. Cracks as well as total disintegration of specimens occurred on the diametral
plane. Therefore, we use a slightly different approach to compare relations from
Eq. (5.3) experimental results. In each of the spallation experiment, time histories of
tensile stress were constructed. Then this relation was used for determining strength
of the material, the value of DIF and stress rate. To determine stress rate, the fol-
lowing algorithm was used. A nearly linear part of the time history of tensile stress
was chosen, and the experimental curve was approximated by a linear function. The

Fig. 5.5 Experimental results for DIF as a function of strain rate: for fine-grain concrete with green
diamond markers (left) and for fiber-reinforced concrete with blue triangles (right). The dashed
line corresponds to the relation as given in Eq. (5.3).
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Fig. 5.6 DIF as a function of stress rate: for fine-grain concrete with green diamond markers (left)
and for fiber-reinforced concrete with blue diamonds from Hopkinson bar RSG-20 experiment as
well as green circles from RSG-60 experiment (right).

slope ratio of the approximating straight line was taken to be the average stress rate.
In this way, we have generated the diagrams of DIF as a function of stress rate
obtained from spallation test data as shown in Fig. 5.6.

5.5 Conclusion

The Kolsky method and its modification—the Brazilian test—have been used in
uniaxial compression and tension spallation tests with specimens of fine-grain and
fiber-reinforced concretes. The obtained experimental results demonstrate the effect
of strain and stress rates on the strength of the tested materials. The increase of
strength observed both in compression and tension has been characterized by DIF.
It is noted that the theoretical relations between DIF and strain rate available in the
literature do not describe the experimental data adequately.
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