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Abstract. When subjecting cementitious materials to high-dynamic uniaxial compression, the ulti-
mate load carrying capacity of tested specimens increases significantly with increasing loading rate.
In the present paper, an engineering mechanics model [6,7] which explains high-dynamic strength-
ening of cement pastes, mortars, and concretes under uniaxial compression is discussed. The model
explains that high dynamic strengthening is probabilistic in the sense that the first crack may nucleate
at any position within the volume of the tested specimen, and that the actual position of crack nucle-
ation is relevant for the achievable compressive strength of the specimen. The disintegration process
of the specimen, namely, starts with nucleation of the first crack and lasts until the crack has propa-
gated – in loading direction – through the entire specimen. This process lasts the longer, the closer
the first crack nucleates to one of the load platens. During the disintegration process, the stress level
increases inside the solid parts of the specimens, driven by progressive macroscopic load increase.
Crack nucleation is modeled by an elastic limit criterion. Crack propagation is considered to happen
under mode I, in direction of uniaxial loading, at the speed of Rayleigh waves. The ultimate load is
equal to the product of the elastic stress rate and the total test duration. The model does not include
any fitting parameters. Still, model predictions agree qualitatively and quantitatively very satisfacto-
rily with measured dynamic strength increase factors. This suggests that high-dynamic strengthening
is a purely structural effect, depending on geometric properties of the tested specimen.

1 INTRODUCTION

When subjecting cementitious materials to
high-dynamic uniaxial compression, the ulti-
mate load carrying capacity of tested specimens
increases significantly with increasing loading
speed. It is also well known that experimen-
tally determined high-dynamic “strength” val-
ues exhibit significantly more dispersion that
their quasi-static counterparts. As regards ex-
planations for these two effects, the scientific

community is still debating about contributions
from the visco-elasticity of the bulk material,
from loading-rate dependent aspects of crack
propagation, and from inertia forces, see, e. g.,
[1–5], but it remains unclear to which extents
high-dynamic strengthening is a material effect
or a structural effect, respectively.

The present paper reports on an engineering
mechanics model which explains high-dynamic
strengthening of cement pastes, mortars, and
concretes under uniaxial compression [6, 7].
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This model is free from fitting parameters.
Given our focus on compressive strength test-
ing, we consider compression to be positive and
tension to be negative.

2 HIGH DYNAMIC STRENGTH OF CE-
MENTITIOUS MATERIALS

In high-dynamic compression tests, the
crushed specimens fall into many small pieces.
From a-posteriori inspection of fracture planes
of a cement paste sample, it was concluded
in [6] that cracks propagate predominantly in
the direction of uniaxial compressive loading.
This implies a so-called “axial splitting” failure
mode and has resulted in the following model-
ing idea [6].

Consider a high-dynamic uniaxial compres-
sive strength test carried out at a given strain
rate ε̇. Consider also that timet starts to run,
once loading of a specimen begins. Conse-
quently, the total strain follows at any timet as

ε(t) = t · ε̇ . (1)

Consider that a high-dynamic strength test is
performed so fast that its duration is so short
that creep cannot contribute significantly to
the total deformations of the tested specimens.
Therefore, specimens behave linear-elastically
and Young’s modulusE is the proportionality
factor between stresses and strains

σ(t) = E ε(t) . (2)

As for more detailed modeling, we subdivide a
high-dynamic strength test into three consecu-
tive phases, discussed next.

2.1 First phase of a high-dynamic compres-
sion test

During the first phase of a high-dynamic
strength test, the specimen remains intact. The
phase ends, as soon as the first macrocrack nu-
cleates. Consider that this will be the case, once
the stress in the high-dynamic test has reached
thestatic compressive strengthfcu of the mate-
rial. Consequently, the stress level at the end of
the first phase, i.e. at timet = ∆t1, reads as

σ(∆t1) = fcu . (3)

2.2 Second phase of a high-dynamic com-
pression test

During the second phase of a high-dynamic
strength test, the first macrocrack propagates
in loading direction. The phase ends, as soon
as the crack has propagated through the entire
specimen, such that the crack has split the spec-
imen into two halves. Let us quantify the incre-
mental stress increase during the second phase.
This requires knowledge (i) on the speed of
crack propagate and (ii) on the position at which
the crack has nucleated, as discussed next.

As for the speed of crack propagation
vcrack, it is noteworthy that nanoscopic calcium-
silicate-hydrates are the microstructural glue
of cementitious materials. There exist many
interfaces between different calcium-silicate-
hydrates. It is very likely, that cracks will prop-
agate along such interfaces. Notably, molecu-
lar dynamics simulations of mode I crack prop-
agation along material interfaces have shown
(i) that cracks accelerate very quickly to the
Rayleigh wave speed, and (ii) that crack propa-
gation is limited by this speed [8]. Therefore,
we consider that the speed of crack propaga-
tion is constantly equal to the Rayleigh wave
speed. The latter is very similar to the speed
of normal shear waves [8,9], also referred to as
transversal waves. Their speed is equal to the
square root of the ratio between shear modu-
lus G and mass density̺ of the material, i.e.
vshearwave =

√

G/̺. Combining the given ar-
guments, the crack propagation speed is esti-
mated as

vcrack =
√

G/ρ . (4)

The time which is required such that the first
crack splits the sample, depends on the position
at which the first crack nucleates. In this con-
text, letd denote the geometric size of the spec-
imen in loading direction. All real cases are
bounded by the following two extreme cases.
(i) If the first crack nucleates right at the cen-
ter of the specimen, two opposite crack edges
will propagate in loading direction. The speci-
men will be split into two halves, once each of
the two crack edges has propagated along half
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of the specimen size. Therefore, the minimum
duration of the second phase of a high-dynamic
compression tests follows under consideration
of crack propagation speed (4) as

min∆t2 = 0.5 d
√

ρ/G (5)

(ii) If the first crack nucleates in the immedi-
ate vicinity of one of the load platens, only one
crack edge will propagate in loading direction.
The specimen will be split into two halves, once
this active edge has propagated along the full
size of the specimend. Therefore, the maxi-
mum duration of the second phase of a high-
dynamic compression tests follows under con-
sideration of crack propagation speed (4) as

max∆t2 = d
√

ρ/G (6)

This introduces a probabilistic nature of high-
dynamic strength tests. Since any position be-
tween the two load platens is a sound candi-
date for nucleation of the first crack, one has
to consider an interval of possible durations for
the second phase of a high-dynamic compres-
sion tests. This interval ranges between the two
calculated extreme values:

∆t2 = [ 0.5 , 1.0 ] d
√

ρ/G (7)

The material behavior during the second
phase of a high-dynamic strength tests is dis-
cussed next. While the first crack propagates in
loading direction, the material beside the crack
remains intact. Therefore, it will continue to be-
have linear elastically. Since the loading of the
specimen continues, also the stress in the solid
volume of the specimen increases accordingly.
Progressive increase of the stress level makes it
very likely that additional cracks will nucleate
at other positions, resulting in multiple crack
propagation. While this explains why a speci-
men falls into many small pieces during a high-
dynamic strength test, let us consider that all
cracks propagate in loading direction and that
the material between the cracks remains linear
elastic, with further increasing stress.

The stress level reached at the end of the
second phase of a high-dynamic strength test

is quantified next. The related strain increment
follows from combination of Eq. (1) with (7) as
∆ε(∆t2) = [ 0.5 , 1.0 ] d

√

ρ/G · ε̇. Inserting
this strain increment into the linear elastic law
(2) delivers the corresponding stress increment
as∆σ(∆t2) = [ 0.5 , 1.0 ] dE

√

ρ/G · ε̇.

2.3 Third phase of a high-dynamic com-
pression test

Consider that the transition from the sec-
ond to the third phase marks the peak load in
a high dynamic strength tests. Consequently,
the stress inside the specimen decreases during
the third phase of a high-dynamic compression
tests, because the specimen falls into pieces.
This implies that the ultimate stress during a
high-dynamic compressive strength test is equal
to the stress level reached at the end of the sec-
ond phase. This ultimate stress level is equal to
the sum of (i) the stress levelfcu reached at the
end of the first phase, and (ii) the stress incre-
ment of the second phase:

σult(ε̇) = fcu + [ 0.5 , 1.0 ] dE
√

ρ/G · ε̇ (8)

2.4 Dynamic strength increase factor
The dynamic strength increase factor,DIF ,

is the ratio between a high-dynamic strength
values σult(ε̇), see (8), and the quasi-static
strengthfcu, i.e.

DIF (ε̇) = 1 + [ 0.5 , 1.0 ]
dE

fcu

√

ρ

G
· ε̇ (9)

This expression for the dynamic strength in-
crease factor contains – as required input val-
ues – just material properties and the specimen
size measured in loading direction. These in-
puts are of clear physical meaning and simple
to quantify. Therefore, we now strive for model
validation.

3 Model validation
In the sequel, we evaluate the dynamic

strength increase factor,DIF , according to
Eq. (9), and we compare model outputs with ex-
perimental data. To this end, we consider high-
dynamic uniaxial compressive strength tests
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carried out on cement paste, mortar, and con-
crete.

3.1 Cement paste
As for cement paste, we consider the

quasi-static and high-dynamic tests described
in Fischer et al. [6]. The input quantities
for the DIF expression (9) are listed in Ta-
ble 1. Model predictions agree very well
with the tested strength values, see Fig. 1.

Table 1: Cement paste properties from Fischer et al. [6]

specimen height d = 6.625 mm
Young’s modulus E = 14.24 GPa
shear modulus G = 5.533 GPa
mass density ̺ = 1597 kg/m3

static strength fcu = 48.15 MPa

−5 −4 −3 −2 −1 0 1 2 3 4
0

1

2

3

logarithmic strain rate: log (ε̇× 1 s) [–]

d
y
n
am

ic
st

re
n
gt

h
in

cr
ea

se
fa

ct
or

D
I
F

=
σ

u
l
t
(ε̇

)/
f c

u
[–

]

test results
model bound 1
model bound 2

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

strain rate: ε̇ [1/s]

Figure 1: Comparison of (i) model predictions obtained
from specialization of DIF expression (9) for input quan-
tities listed in Table 1 and (ii) experimental data from [6];
after [6]

3.2 Mortar
As for mortar, we consider the quasi-static

and high-dynamic tests described in Grote et
al. [10]. The input quantities for the DIF expres-
sion (9) are listed in Table 2. Model predictions
agree very well with the tested strength values,
see Fig. 2.

3.3 Concrete
As for concrete, we consider the

quasi-static and high-dynamic tests de-
scribed in Gary and Bailly [11]. The

Table 2: Mortar properties from Grote et al. [10]

specimen height d = 1.524 cm
Young’s modulus E = 20 GPa
shear modulus G = 8.3̇GPa
mass density ̺ = 2100 kg/m3

static strength fcu = 80 MPa
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Figure 2: Comparison of (i) model predictions obtained
from specialization of DIF expression (9) for input quan-
tities listed in Table 2 and (ii) experimental data from
[10]; after [6]

model remains applicable, ifd denotes the max-
imum aggregate size. The underlying idea is
that once the first crack has extended to a length
being equal to the maximum grain size, a large
aggregate will break out of the microstructure
of the specimen, and this marks the peak load in
a high-dynamic uniaxial compression test. The
input quantities for the DIF expression (9) are
listed in Table 3. Model predictions agree very
well with the tested strength values, see Fig. 3.

4 CONCLUSIONS

The presented engineering mechanics model
does not contain any fitting parameter and ex-
plains the high-dynamic compressive strength
increase of cement paste, mortar, and con-
crete reliably. The model suggests that
crack nucleation starts – independent from
the loading rate – as soon as the quasi-
static strength is reached. In a quasi-static
test, the loading rate is so slow that crack-
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Table 3: Concrete properties from Gary & Bailly [11]

maximum grain diameter d = 1 cm
Young’s modulus E = 32 GPa
shear modulus G = 13.3̇GPa
mass density ̺ = 2300 kg/m3

static strength fcu = 48 MPa
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Figure 3: Comparison of (i) model predictions obtained
from specialization of DIF expression (9) for input quan-
tities listed in Table 3 and (ii) experimental data from
[11]; after [7]

ing is a quasi-instantaneous process. In other
words, the interval of time which is required to
load a specimen up to the quasi-static strength
is significantly larger than the interval of time
which is required for the first crack to propa-
gate though the entire sample and to split it into
two halves. In a high-dynamic test, in turn, the
loading rate is so fast that consideration of a fi-
nite speed of crack propagation is important. In
other words, the interval of time which is re-
quired to load a specimen up to the quasi-static
strength is of similar size or smaller than the
interval of time which is required for the first
crack to propagate though the entire sample and
to split it into two halves. Therefore, a signif-
icant increase of the stress in the solid parts of
the specimen is possibleduring its disintegra-
tion process. This suggests that high-dynamic
increase of uniaxial compressive strength is a
structural effect, because it involves the geomet-
ric dimension of the specimen, measured in the

direction of loading.
The model provides interesting insight

into the probabilistic nature of high-dynamic
strength tests. The significant dispersion of
high-dynamic strength values results from un-
certainty regarding the position at which the
first crack nucleates. If the first crack nucle-
ates at the center of the specimen, two opposite
crack edges are active. In order to split the spec-
imen, both of them have to run just along half
of specimen size in loading direction. This will
result in the shortest duration and the smallest
high-dynamic strength value. If the first crack
nucleates directly at one of the load platens, just
one crack edges is active. In order to split the
specimen, it has to run along the total specimen
size in loading direction. This will result in the
longest duration and the largest high-dynamic
strength value. Realistic scenarios will fall in
between these extreme cases. This explains the
significant dispersion observed in high-dynamic
strength testing.
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