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Abstract: This paper is a contribution to the material description of Ultra High Performance Concrete
(UHPC) at high-speed dynamic loading conditions. Based on a series of Hopkinson-Bar experiments,
dynamical material parameters such as the Tensile Strength, Young’s Modulus and Fracture Energy are
determined at high strain rates of 102 s–1. A comparison with the results of these parameters for normal and
high strength concretes leads to a qualitative and quantitative description of UHPC at high strain rates.
Differences in macroscopic strain-rate-effects occur due to a significantly reduced amount of the moisture
effect (reduced capillary pores) on the one side and a different relation of aggregate to grout strength for
UHPC on the other side (section 1).
Based on the experimentally determined Fracture Energy and Stress-Crack-Opening-Relation a material
model for UHPC at high strain-rates is postulated by extending the established RHT concrete damage model
with a new fracture mechanical damage law (section 2). Numerical hydrocode simulations of the HopkinsonBar Experiments are presented to proof the evidence of the concrete model for a one-dimensional wave
propagation problem. Furthermore a series of impact experiments on rebar reinforced UHPC plates with
more complex three-dimensional wave propagation show a satisfying accuracy of the new fracture mechanic
concrete model even for more complex failure mechanisms from cracking of the concrete to perforation of
aircraft engine missiles at high strain rates (section 3).

investigated high-strength and normal-strength
fiber reinforced concretes with varied fiber
contents. The strain-rate-dependent strength
increase is often applied as a ratio of the
dynamic to static strength and described
internationally as “dynamic increase factor,
DIF”. Figure 1 shows experimentally
determined values for the strain-ratedependent tension strength of normal-strength
concrete. All the experiments carried out have

1. EXPERIMENTS ON UHPC AT HIGH
STRAIN RATES IN TENSION
There is currently no experimentally
substantiated basis available for the strength
description of the material UHPC under highspeed dynamic loading. For normal-strength
concrete, in contrast, there are numerous
experimental results and mechanical models
[1-10]. Further authors [11-14] have
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•
With the alterations to the material
composition, the essential failure mechanism
changes. Instead of the failure of the contact
surface of matrix and aggregate, the aggregate
grains themselves increasingly fail. This
effect, which is given in [1] as one of the
causes for the strength increase for normal
concretes, already occurs in high-strength
concretes under static conditions, and therefore
does not lead to a further increase of strength
under higher loading velocities. Proof of this is
delivered by Ortlepp in [18]. His fractal
analyses show the considerably altered failure
surface in comparison to normal concrete and
point to another, more finely distributed
cracking behavior.
•
The tension strength-increasing effect
of pore water described by Rossi et al. [22,23]
and Ross et al. [6], called the Stefan effect,
reduces with the reduced porosity in highstrength concretes (see Figure 3).

−1
in common a significant and from ε& ≥ 1 s
over-proportionally increasing effect of strain
rate on the tension strength which is dedicated
to a limited crack-opening velocity in the
evoluation of cracks [1,15]. An analogous
conclusion from normal concrete to UHPC is,
however, not possible without further
experimental data, because significant
differences have already been determined for
high-strength concretes [1,16-19].

Figure 1: Dynamic increase factor (DIF ft) for the
tension strength of various concretes [20]

Lok [13] and Schuler [19] investigate the
influence of increasing compression strength
and the fibers [11,13,14] on the dynamic
tension-bearing properties of high-strength
concrete through the use of Hopkinson-bar
spallation experiments under strain rates of 101
to 102 s-1. The results are shown in Figure 2.
Figure 3: Porosity of C30/C60 and UHFB mixture
[21]

•
Inertia effects in crack evolution which
determine the second steep increase in the DIF
are driven by tension failure mechanism in
fibrous materials. The crack process is
presumably determined by the fiber bond and
fiber failure strength rather than aggregate
interlock effects in plain concrete.
Figure 2: Dynamic Increase Factor (DIF ft) for the
tension strength of various high-strength concretes [20]

Experimental program – Static Tests
For a reference UHPC-mixture, static
experiments are performed to determine the
uniaxial compression strength, uniaxial tension
strength, Young’s modulus and fracture
energy. The mixture recipes used for UHPC
are B4Q and B5Q [24]. The fiber content in

Possible causes for the observed strain-ratedependent strength behavior of high-strength
and ultra-high-strength concretes can be
described with the following hypotheses:
2
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the UHPC-mixture varies between 1.0 % vol.
and 2.5 % vol. The fibers used are micro-fibers
with an l/d ratio of 9 mm/ 0.15 mm, for which
extensive static investigations with UHPC are
available for reference [24,25,26]. To
determine the influence of the fibers, a
reference mixture without fibers is also used.
In order to make the results as comparable
as possible, specimens are made from one mix
with 0 % vol., 1.0 % vol. and 2.5 % vol.
Cubes, cylinders and prisms are formed
individually. The Hopkinson-bar cylinders are
drilled out of a panel with dimensions of
600/600/320 mm as drill cores. In order to
reduce the influence of the aligned fiber
orientation at the base of the formwork, the
ends of the drill core are shortened by 35 mm
at each end and ground parallel (Figure 4).
Concreting direction

and thus to a higher fracture stress. The
observation by Leutbecher [25], that
strengthening behavior due to the fiber using
short micro-fibers 9 mm/0.15 mm only occurs
at fiber contents of more than 1 % vol., could
be confirmed in the tension experiments.
Figure 5 shows an example of an
experimentally
determined
stress-crack
opening relationship against the calculation
law according to Leutbecher [25]. The
experimental results can be repeated as a good
approximation with the aid of Equations (1)
and (2).
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The initial parameters used in Equation 1
are shown and explained in Table 1. The fiber
pull-out from the UHPC is dependent on the
fiber content ρf, on the bond between fiber and
UHPC matrix expressed through the bonding
stress τf and the surface of the fiber (lf and df)
and the Young’s modulus of the fibers Ef. The
achievable fiber effectiveness is dominated by
the
sample-specific
fiber-orientation
coefficient η and the fiber effectiveness
coefficient g.
The fracture energy corresponds to the area
under the stress-crack opening curve in Figure
5. It can be obtained directly by the summation
of the stress increments from the direct tension
tests. The values lie according to expectations
about two orders of magnitude over the values
for normal concrete (without fibers) and
increase again considerably with increasing
fiber content from 10,290 N/m to 13,935 N/m.

Shortened + ground parallel

32

(1)

max

Shortened + ground parallel

Figure 4: Drill core removal for specimen for the
Hopkinson-bar experiments taken from the central
section of a conventionally cast UHPC panel to avoid
edge influence [20]

The cube compression strength increases
considerably with increasing fiber content. The
increase of strength due to the fibers of 15 %
at 2.5 % vol. fiber content, which was
observed by Fehling [24], is exceeded. This
effect can also be observed in the cylinder
compression strength experiments, where the
average compression strength of the reference
mix without fibers is 152.9 N/mm², with 1 %
vol. fibers 173.3 N/mm² and with 2.5 % vol.
fibers 208.1 N/mm².
The tension strength increases from 6.0
N/mm² to 6.6 N/mm² with 1 % vol. fiber
content and to 9.4 N/mm² with 2.5 % vol. fiber
content. In this case, the matrix tension
strength defines the fracture state at a fiber
content of 0 % vol. or 1 % vol., respectively,
while at a fiber content of 2.5 % vol., the fiber
effectiveness leads to a further increase of load
3
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Table 1: Values for the calculated determination of the softening curve for UHPC [28]
Value
Unit
Fiber content ρf

2.5

[% vol.]

Young’s modulus of fibers Ef

200,000

[N/mm²]

Bonding stress of fibers τf

11

[N/mm²]

Diameter df

0.15

[mm]

Length lf

9

[mm]

Fiber orientation coefficient η

0.771

[-]

Fiber effectiveness coefficient g

1

[-]

Fracture surface ARiss

1028

[mm²]

Figure 5: Example of a stress-crack opening relationship in the experiment with 2.5 % vol. fibers (black) in comparison
with the calculated softening curve according to Equations (1), (2) (red). [28]
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Figure 6: Sequence of pictures of a UHPC specimen for strength determination in the Hopkinson-bar spallation
experiment. [28]
Table 2: Results from the Split-Hopkinson-Bar Experiments for UHPC for tension strength [28]
No.
[-]
1
2
3
4
5
6
7
8
9
10
11
12
13

ρf
[Vol.-%]
0
0
0
0
0
0
1
1
1
1
2,5
2,5
2,5

fc,stat
ft,stat
ft,dyn
Strainrate
DIFft
DIFft
Deviation CEB/Exp.
[MN/m²] [MN/m²] [MN/m²]
[1/s]
Experiment CEB-FIP 90
[%]
152,9
8,6
41,1
103
4,8
5,2
9
152,9
8,6
38,5
114
4,5
5,4
21
152,9
8,6
46,2
122
5,4
5,6
3
152,9
8,6
40,6
103
4,7
5,2
11
152,9
8,6
39,1
114
4,6
5,4
19
152,9
8,6
38,9
111
4,5
5,4
19
173,3
9,3
41,8
111
4,5
5,3
18
173,3
9,3
47,2
164
5,1
6,0
19
173,3
9,3
39,1
115
4,2
5,4
28
173,3
9,3
42,9
129
4,6
5,6
21
208,1
10,5
51,2
132
4,9
5,5
14
208,1
10,5
53,8
148
5,1
5,7
12
208,1
10,5
60,9
156
5,8
5,9
2

Table 3: Results from the Split-Hopkoinson-Bar Experiments for UHPC (Mean Values) [28]
Dyn. Young´s
Modulus

Dyn. Tensile
Strength

Dyn. Fracture
Energy (specific)

[N/mm²]

[N/mm²]

[N/m]

B4Q 0,0 Vol.-%

50600

40,7

-

B4Q 1,0 Vol.-%

53100

42,7

10070

B5Q 2,5 Vol.-%

56600

55,3

11290

Mixture,Fibres/Unit
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experiments of other authors on high-strength concretes
and regression according to modified CEB law [28,30]

Hopkinson-Bar Spallation Experiments
The
dynamic
material
experiments
performed with UHPC samples are described
as spallation experiments [3, 29, 7, 19]. This
method can be used to determine the dynamic
tension strength, the dynamic Young’s
modulus and the dynamic fracture energy. The
experimental configuration is according to
Schuler and his work should be referred to for
the detailed description of the method and the
evaluation scheme (Example of an experiment
see Figure 6).
The strength increase under dynamic
loading is given by the dimensionless dynamic
load increase factor DIF (dynamic increase
factor) as a function of the strain rate.

The calculation method according to
Malvar et al. [31], which is used for example
in [30], allows for the consideration of the
concrete compression strength class, but shows
an overestimation of the calculated value for
experiments with UHPC in the strain rate zone
−1
−1
of ε& ≈ 100 s − 150 s . The increase of tension
strength is overestimated by an average of 15
% with values of 5.2 to 5.9 compared to the
experimental values of 4.2 to 5.8. Table 2
shows the strength overestimation for all the
individual
results
of the performed
experimental series, as absolute values and as
percentages.
The
initially
formulated
hypotheses about the behavior of UHPC under
high strain rates can be indirectly confirmed
by the results and are now evaluated
individually using experimental observations.
In addition to these values, the fracture
surfaces are analyzed with optical and light
microscopic pictures in order to be able to
draw more conclusions about the failure
behavior.

Figure 7: Dynamic Increase Factor (DIFft) for the
tension strength of different concretes and UHPC in
comparison [19,28]

With the increase of strain rate, the strength
under tension loading also increases
significantly. The increase is less pronounced
with increasing concrete strength. (Fig. 7,8)

Figure 9: Fracture surface of UHPC after spallation
[28]

•

The fracture surface runs through the
matrix and the aggregate grains in equal
measure. Bypassing, i.e. failure in the contact
zone between aggregate and matrix, as is

Figure 8: DIF ft for UHPC specimens compared to the
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observed with normal concrete, does not
occur. A strength increase under dynamic
loading based on this effect cannot therefore
be assumed mechanically. This observation
agrees with the observations of [18] and [19]
on high-strength concrete.
•
The low porosity reduces the influence
of the so-called Stefan effect on the dynamic
strength increase (Figure 3). With the lower
porosity, the influence of the cohesive effect of
the free pore water reduces and thus reduces
the strength increase under rapid loading.
Two essential hypotheses described in
section 1 for a different strength and fracture
behavior can be qualitatively confirmed
through the experimental series. Based on the
observations of other authors [6,10,18,22,23],
it can be shown that the material properties of
UHPC (reduced porosity, changed failure
mechanism) tend to reduce the dynamic
strength increase. The inertia effects in crack
evolution however still dominate the DIF in
the experimentally examined strain rate
regime. The situation is illustrated in Figure
10. It should be noted that this macroscopic
observation should be handled carefully in
material models to avoid doubling of
considered inertia effects (e.g. in dynamic
calculations).

To analyze the influence of the fibers on the
tension-bearing behavior, the experimental
results for UHPC are compared with other
experimental results [11-14] on concretes with
variable fiber content. An analysis of the
fracture surface regarding the dominant fiber
failure delivers further information about the
contribution of the fibers to the load increase
under strain rate influence. Using light
microscope analyses, it was possible to
demonstrate that the failure of the bond
between fiber and matrix is decisive. Fiber
cross-sections reduced through plastic
deformation were not observed.

Figure 11: DIF ft for UHPC specimen in comparison
to experiments from other authors with fiber
concretes [28]

If the results for UHPC are compared with
the results from other authors for fiber
concrete, then this also shows a significant
DIF for all configurations (Figure 11). With
increasing fiber content, the dynamic tension
strength also increases considerably (41
N/mm² to 53 N/mm²), so that the strain rate
influence, as suspected, is present in the same
way for the tension strength. At the same time,
however, it is also noticeable that there is
clearly no additional over-proportional
increase of DIF between the UHPC specimen
with and without fibers, as observed, for
example, by Lok [12,13].
Figure 10: Causes of the strain rate effect DIF ft with
increasing matrix strength and simultaneously
reducing porosity (Stefan effect) [28]

Dynamic fracture energy
The static fracture energy increases
considerably with increasing fiber content
from 10,290 N/m to 13,935 N/m. The dynamic
7
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fracture energy also reaches values of 10,070
N/m and 11,290 N/m. Considering the
relatively small number of samples, no
tendency for the strain rate effect is clearly
identifiable. Further experiments, which are
being carried out in a parallel project at the
Fraunhofer EMI, should deliver information
about this tendency and its possible
mechanical causes.

softening curve and thus approximately
congruent. A further proof of this
important final conclusion is the
experimental results from Pedersen et
al. [10,32], which demonstrate the
congruence of the static and dynamic
softening curves at comparable strain
rates of approx. dε/dt = 102 for normal
concrete in similar form.

Dynamic softening hypothesis
The softening curve for fiber-reinforced
UHPC cannot be directly measured from the
spallation experiments. Nonetheless, a
functional relationship can be proposed
indirectly using the measured values and the
known physical mechanisms, making use of
the following constraints:

The resulting curve of the thus postulated
softening curve is shown in Figure 12 as a
synthesis of i. to iv. It is used in the material
model for UHPC, described in Section 2.

i. Edyn ~ Estat (Table 3). → The increase
of the stress-strain relationship in the
elastic zone has the same gradient
under dynamic loading as under static
conditions.
ii. At high strain rates, the dynamic
tension strength of the material
increases (Tables 2, 3). → The strain
rate effect observed with normal- and
high-strength concretes also occurs
with UHPC. A distinction between
matrix tension strength and fiber
effectiveness is not undertaken for the
proposed softening hypothesis.

Figure 12: Illustration of the synthesis to the curve of
the softening function for UHPC under dynamic
loading (dashed curve) [28]

iii. The fibers are pulled out of the matrix,
no fiber tearing is observed (Figure 9).
→ The bonding stress determines the
softening behavior as the governing
parameter. This conclusion implies that
the end point of the softening curve, as
with static experiments at wmax = lf/2,
must be reached on the abscissa.

The link between the experimental stresscrack opening relationship and the plastic
cracking strain increments resulting from the
finite element calculations is made through the
coupling in the damage description via
Equations (1) and (2).

iv. The
dynamic
fracture
energy
corresponds approximately to the static
fracture energy for fiber UHPC. →
Together with the already described
observations, the dynamic softening
curve lies only slightly below the static

2. EXTENDED CONSTITUTIVE MODEL
FOR UHPC
When wave propagation specifica and large
distortions are dominating the structural
response at high-speed dynamic loading such
phenomena are often modeled in explicite
8
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Hydrocode simulations. In Hydrocode
simulations the numerical solution is obtained
by an explicite time step calculation where the
equation of state is combined with the
constitutive material law [33] as a supplement
equation to the equilibrium of mass,
momentum and energy. A benefit of this
technique is the consideration of shock waves
in high-speed dynamic processes. The onedimensional SHB experiments are simulated
using the continous Finite-Element technique
to compare the assumptions of a macromechanical UHPC constitutive law. The model
is subsequently used to develop and support a
series of impact tests which were recently
conducted and published in [34].
The parameters for the elasticity-, failureand damage-surfaces (see Figure 13 and
Equation (3)) in the stress-based material
formulation for UHPC are taken from a
literature review of recent quasi-static
experiments [21, 25-28,29,35] calibrated for
own quasi-static experiments which were
conducted in parallel to the SHB tests using
equivalent mixture and concreting. The UHPC
model has a modular configuration based on
the uniaxial stress strain relations under
compression and tension. Based on this the
commonly spread RHT concrete model for
hydrocode simulations [36-41] is extended for
fiber reinforced UHPC by the crack softening
relation obtained in quasi-static tensile tests
(fig. 5) using a simplified crack band width of
2•lf. The importance of this extension is
emphasized by Leppänen in [41].
The strainrate effect observed in the SHB
experiments is considered by using the
modified CEB-formulation proposed by
Malvar et al. [31] as the comparison with the
experimental results show a satisfying
accuracy for dynamic tensile strength.
However only the first branch of the
description
is
implemented
in
the
constitutively law as physical effects of porous
viscosity and mesomechanical failure could be
confirmed indirectly by the UHPC SHB
experiments as described in section 1 (Eq. (4)).
For strainrates higher than dε/dt = 1s-1 the
hydrocode simulation implicitly considers for
local and nonlocal mass inertia effects

resulting in a delayed crack evolution at higher
strainrates so that the second branch of the
CEB formulation is obsolete as observed in
[15].
f ( p, σ eq , θ , ε& ) = σ eq − YTXC ( p ) R3 (θ ) FRate (ε& ) = 0

 ε&
= 
 ε&

(3)

δ



(4)
f

1
1
ε&0 =10−6   ,δ =
, mit fc0 =10MPa
fc
s 
1+ 8
fc0
In addition to the three failure surface
model large hydrostatic pressures are
considered by an equation of state for UHPC.
Hydrostatic compaction of concrete based
materials can be described by a p-α-EOS in the
pressure-density-energy relation (Eq. (5), (6)).
UHPC is decomposed into the basic material
sources to derive the p-α-EOS with the help of
the Hugoniot Mixture Rule [42].
f

t , dyn

t , stat

0

deviatoric stress
σeq

tens. meridian

failure surface
Yfail

initial elastic
elastic limit Yel
pressure p
hardening surface Ypre
residual strength
Yfric

comp. meridian

Figure 13: Three failure surfaces in the-RHT concrete
model: Elasticity, Failure and Damage [34, 35]

p = f(ρ matrix , e)

α = 1 + (α init
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Figure 14: Numerical simulation results for Hopkinsonbar spallation experiments with the extended RHTmodel for UHPC compared to the experimental results,
loading direction from the left of the picture. [28]

4. NUMERICAL APPLICATION:
FE-HYDROCODE SIMULATIONS
Hopkinson-Bar experiments
The calculation of the Split-Hopkinson-bar
(SHB) experiments is performed with the
measured speed constraints from the
experiments, which can be determined from
the strain measurement at the last
measurement point on the input bar and the
sound wave speed. The discretization is done
with volume elements as 3-D cylinders with an
element length of 5 mm.
The following illustrations (Figure 14)
show as examples an experiment for a very
brittle UHPC without fibers (left) and an
experiment on a fiber-reinforced UHPC
(right).

Despite the relatively course and non-adaptive
discretization – the element edge length of 5
mm is many times the crack opening – the
element, in which the fracture occurs, can be
clearly localized in both cases. For the
pronounced multiple cracking of the brittle
material without fibers (left), a Fourier
analysis delivers information about the
location of the initial crack, which is at the
same location as in the segmented illustration
calculated in Figure 14 (bottom).
Plate impact experiments
The comparison of predictive numerical
simulations
and
scaled
experimental
investigations of rebar reinforced UHPC plates
subjected to mechanical impact of aircraft
engines [34,43] show a satisfying correlation
(Figure 15). At a relevant aircraft impact
velocity of 200 – 260 m/s a representative
UHPC core segment shows only minor front
side damage and rear side hairline cracks. The
experiments 1,2 and 5 (Figure 15) have been
conducted in this velocity regime. The
ultimate loading capacity (ballistic limit) of the
wall is reached at 320 m/s far higher than the
maximum impact velocity. Please note that the
bearing mechanism changes from the
material´s shear strength to the reinforcement
membrane resistance as illustrated by the
predictive numerical simulation and the
experimental validation No. 3 respectively.
Within this failure process large deformations
occur before the material fails either in steel or
concrete strain failure. A further increase of
impact velocity finally leads to a perforation of
the wall (Experiments No. 4, 6) with a residual
velocity of the aircraft engine of 11 – 16m/s.

10
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Figure 15: Numerical simulation results for UHPC plates subjected aircraft engine impact at different impact velocities
[43]

In a synthesis of the experimentally
obtained static and dynamic tension strength,
fracture energy, Young´s modulus and fracture
surfaces a stress-crack-opening relation is
postulated and implemented in the RHT
concrete Model. With the extension of this
established concrete model by the obtained
stress-crack-opening-damage-law HopkinsonΒar experiments and more complex plateimpact experiments are simulated using FEHydrocode calculations. The good accuracy of
the obtained results indicate that the dynamic
tensile strength and the softening (damage)
law are the most relevant fracture mechanical
material properties for fiber reinforced UHPC
at high strain rates.

CONCLUSION
The strainrate-effect observed for normalstrength concretes can be confirmed for the
fiber
reinforced
Ultra-High-Performance
Concrete by a series of Hopkinson-Bar
spallation experiments. The significantly
reduced amount of free water due the low
capilar porosity of the material leads to a
reduced
dynamic
tension
strength.
Furthermore a comparison of fracture surfaces
under statical and dynamical failure shows a
clear difference in failure to normal concrete
where aggregates tend to fail with increasing
loading rate. Both effects lead to a reduced
dynamic increase factor for tension strength
with increasing strength. For high strain rates
however experimentally observed inertia
effects in crack evolution still have the largest
contribution to the macroscopic dynamic
tension strength.
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