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This paper presents an experimental and analytical study of rate-dependent ultra-high performance fiber
reinforced concrete (UHPFRC) behavior. UHPFRC three- and four-point bending response was determined
on plates subjected to quasi-static loading. Drop weight tests were performed in order to apply dynamic
three-point-bending loading to UHPFRC plates. In addition, uniaxial tensile tests were performed at dif-
ferent strain rates. A cross-sectional bending model related the uniaxial tensile behavior to the bending
response with good agreement. The equivalent static response of the plate specimens in the drop weight
tests was successfully determined with nonlinear mass–spring models. The results of this study show a
significantly increased strength and fracture energy of the dynamically loaded plates when compared to
quasi-static loading and confirm the validity of the analytical modeling.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Ultra-high performance fiber reinforced concrete (UHPFRC) is a
material with specifically tailored characteristics, resulting in
excellent mechanical properties and a very low permeability. Its
high strength (>130 MPa in compression and >8 MPa in tension)
and strain hardening behavior under tensile loading make it resis-
tant to severe loading and environmental action. Its dense matrix,
in combination with the advantageous strain hardening behavior,
leads to the very low permeability, which can improve the durabil-
ity of UHPFRC structural members compared to conventional
concrete members [1–5].

Previous studies have clearly shown the advantages from the
use of high performance fiber reinforced cementitious composites
(HPFRCC) such as UHPFRC, engineered cementitious composites
(ECC) and slurry-infiltrated concrete (SIFCON) in structural mem-
bers under static loading conditions [6–10]. Much less is known,
however, about the behavior of HPFRCC under high strain rates
[11–18].

It was observed that HPFRCC are more sensitive to the loading
rate than conventional concrete: their strength gain is higher for
increasing strain rates than for conventional concrete [11–13].
Strain capacity, however, does not appear to be affected by strain
ll rights reserved.
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rate [12]. Moreover, these materials show improved structural
behavior when compared to conventional concrete, and there
was reduced spalling and scabbing under impact-type loading.
The capacity of multiple cracking in HPFRCC leads to a high-energy
dissipation and a high deformation capacity without provoking
brittle fracture, as would be the case for conventional concrete
[12,14]. However, the deformation capacity of HPFRCC is largely
dependent on fiber length compared to crack width, since it is
commonly known that force transfer through a given crack
decreases to a small value as the crack width approaches one-half
the fiber length.

The behavior of structural members subjected to high strain
rates from dynamic loading can either be modeled numerically
by finite element analyses or analytically by mass–spring models.
While appropriate finite element models allow more refined anal-
ysis, mass–spring models are relatively simple and can be success-
fully used to simulate impact-type loading, when nonlinear springs
are incorporated into the models [19–22]. Only analytical model-
ing based on mass–spring models was used in the study described
in this paper.

The objectives of this study were to investigate experimentally
the quasi-static and dynamic response of UHPFRC under high
strain rates and to validate a proposed analytical modeling
approach for this type of material. For this, the mechanical re-
sponse of UHPFRC under bending was studied under quasi-static
loading and under impact by drop weight tests. Also, some rate-
dependent uniaxial tensile tests were performed. The response of
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Nomenclature

EUc Young’s modulus of UHPFRC in compression
EUt,hard strain hardening modulus of UHPFRC in tension
EUt Young’s modulus of UHPFRC in tension
F force
FDW drop weight force determined from accelerometers
Fsu sum of the vertical support reactions from load cells
FUc force in the compression zone of a UHPFRC bending

member
FUt force in the tension zone of a UHPFRC bending member
L specimen span
Lhi hinge length
LR reference length
M bending moment
MOR modulus of rupture
RD nonlinear spring representing the response of the ply-

wood
RP nonlinear spring representing the response of the plate
aDW drop weight acceleration
b specimen width
fUc UHPFRC compressive strength
fUt UHPFRC tensile strength
fUt,1st cracking strength of UHPFRC in tension
f1 mid-span deflection
hU specimen depth

mDW drop weight mass
mP concentrated plate mass
�m mass per unit length of the specimen
T time
uDW drop weight displacement
uP plate displacement
wUt crack width of a localized crack in the UHPFRC
wUt,1 parameter of the UHPFRC softening diagram
wUt,2 parameter of the UHPFRC softening diagram
x depth of the compression zone
U shape function
e strain
de/dt strain rate
eUc UHPFRC compressive strain
eUc,y parameter of the UHPFRC compressive strength
eUc,u parameter of the UHPFRC compressive strength
eUt UHPFRC tensile strain
eUt,1st UHPFRC first cracking strain
eUt,max UHPFRC strain at the tensile strength
r stress
r1 parameter of the UHPFRC softening diagram
rUc compressive stress in the UHPFRC member
rUt tensile stress in the UHPFRC member
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test specimens under static bending was modeled with an analyt-
ical model based on the UHPFRC compressive and tensile behav-
iors. An adequacy of a two mass–spring model to simulate the
dynamic response of the drop weight tests was validated. The dy-
namic response was then compared to the results of the quasi-sta-
tic tests.

2. Experimental program

2.1. Overview

The static and impact behavior of UHPFRC was determined in
bending on 26 UHPFRC plate specimens. Each plate had a length
of 600 mm, a width of 145 mm and a depth of 50 mm. Additional
dog bone-shaped specimens with length 600 mm, width 100 mm
and depth 50 mm were tested in direct tension for a range of strain
rates.

2.2. Material composition and specimen preparation

The UHPFRC mix design was based on the composition devel-
oped by Rossi [2], and used locally available constituents. Mix pro-
portions are provided in Table 1. The water/binder ratio was 0.20,
with the binder including cement and silica fume. Additional de-
tails on the development of the mix are provided in [23]. The
UHPFRC was mixed in a horizontal axis mortar mixer, using a batch
size of 50 l. All plates were cast in three batches. Tests confirmed
Table 1
Composition of the UHPFRC

Constituent Type Weight (kg/m3)

Cement Portland cement 967
Silica fume White, specific surface: 15–18 m2/g 251
Silica sand Size < 0.5 mm 675
Steel fibers Straight (length/diameter: 10 mm/0.2 mm) 430
Superplasticizer Polycarboxylate 35
Total water 244
that the three batches produced similar material properties. The
self-consolidating mix was placed into the formwork using a buck-
et. No heat or pressure treatments were utilized during casting or
curing. The UHFPRC was cured under moist burlap and plastic for
seven days. All specimens were then stored in a moist curing
chamber at a temperature of 23 �C until testing. Compressive
strength was determined using 100 mm diameter � 200 mm cylin-
drical specimens. The average strengths from three cylinder tests
were 128, 132 and 131 MPa at 28, 90 and 253 days, respectively.
All plate tests were conducted for specimen ages between 90 and
260 days. Since the mechanical properties were virtually constant
for ages greater than 90 days, as shown with the compression tests
in this study and in [24] using similar mix designs, the difference in
test age did not significantly influence the test results.

2.3. Test setups

2.3.1. Uniaxial tensile tests
Four tests under uniaxial tension were performed on UHPFRC

specimens cast in dog bone configurations having a reduced
cross-section measuring 100 � 50 mm over a length of 300 mm.
The tests were deformation-controlled by the mean value of two
linear variable differential transformers (LVDT) placed at the sides
of the specimens. Two specimens were loaded under quasi-static
conditions at a strain rate of de/dt = 8 � 10�7 s�1, and one each at
the higher strain rates of de/dt = 5 � 10�3 s�1 and de/dt =
2 � 10�2 s�1. These higher strain rates can be viewed as values rep-
resentative of demand from seismic loading, or from vehicle
impact on bridge piers [20]. The specimens were equipped with
two LVDTs spanning the entire reduced cross-section on the back
side. Force in the specimen and stroke of the testing machine were
also measured. Further details on test method and results can be
found in [25,26].

2.3.2. Quasi-static bending tests
Quasi-static three- and four-point bending tests were per-

formed using the configurations shown in Fig. 1. The specimens



F

228228 2727

50

in [mm]

s1
F/2

152 152 152 2727
600600

F/2

potentiometer

s2 s1 s2

1f1f

a b

Fig. 1. Quasi-static bending test configurations: (a) three-point bending and
(b) four-point bending.
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were tested under displacement-control in a 1000 kN capacity uni-
versal testing machine at a loading rate of 6 � 10�6 m/s. Assuming
linear–elastic material behavior, this corresponds to a strain rate in
the lower extreme fiber of the plate of 5.7 � 10�6 s�1 at mid-span.
Deflections were measured with linear potentiometers. The load
and stroke of the machine were also recorded.

2.3.3. Bending tests under high strain rates
Drop weight tests were used to apply high strain rates to the

specimens. The test configuration is illustrated in Fig. 2. Two drop
weights of 10.2 and 20.6 kg, respectively, were used, from a con-
stant drop height of 1050 mm measured between the top of the
19 mm thick, 20 mm wide plywood and the bottom of the drop
weight. Vertical tie-down rods, prestressed with forces of 5 and
10 kN for the tests with the 10.3 and the 20.6 kg weights, respec-
tively, were provided at both supports to prevent uplift of the spec-
imens during rebound after the impact. To minimize horizontal
restraint, free steel rollers were used at the underside of the plate.
The rollers at the top of the plate and at the support beam below
the load cell allowed rotation of the tie (see Fig. 2). The plywood
was replaced after every drop. Multiple drops were performed on
most specimens in order to obtain complete fracture.

Since some friction was produced between the drop weight and
the steel guide frame, the speed of the drop weight at the instant of
impact needed to be determined. This was accomplished through
image analysis of digital movies recorded for each drop by a
high-speed camera operating at 1000 frames per second. The speed
at impact was evaluated to 4.2 m/s for the 10.3 kg weight and
4.3 m/s for the 20.6 kg weight.
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Fig. 2. Setup of the dynamic bending tests.
The impact force was determined from the average reading of
two accelerometers (aDW) affixed to the drop weight. Support reac-
tion forces were measured with load cells (denoted LC1 and LC2 in
Fig. 2). The strains in the tie-down rods were recorded from electri-
cal resistance strain gauges. These strain gauges were previously
calibrated to force values with tests in a uniaxial tension setup.
Deflections were assessed at several locations with potentiometers
(denoted f1–f7 in Fig. 2). Moreover, the vertical acceleration of the
specimen was measured at one side at a location 77 mm from the
mid-span with an accelerometer. Three specimens, impacted with
the 10.3 kg weight, were equipped with electrical resistance strain
gauges affixed to the concrete surface. The data acquisition rate for
all instrumentation was 2.4 kHz. All specimens were visually in-
spected after every drop.

3. Analytical modeling

3.1. Overview

The objective of the modeling was to validate the approach of
using analytical models to predict the response of UHPFRC flex-
ure-critical members under quasi-static and impact-type loading.
The models were also used for further understanding and interpre-
tation of the test results.

A cross-sectional based model was used to describe the mo-
ment–curvature relationship based on the uniaxial tensile and
compression properties. The moment–curvature relationship was
then distributed over the length of the component. Localized
cracks were modeled as hinges with a hinge length Lhi. Dynamic
inertia effects were taken into account by a mass–spring model
that allowed prediction of the dynamic response based on an
equivalent force–deflection diagram of the component.

3.2. Cross-section based bending response model

The moment–curvature relationship was obtained with a cross-
sectional model as shown in Fig. 3. The model is based on the plane
sections hypothesis and is similar to the model presented in [27].
The crack width during the tension softening behavior of UHPFRC
(Fig. 3b) was transformed into an equivalent strain by using a ref-
erence length LR. The variation in the deflection along the length of
the member was determined from the moment–curvature rela-
tionship, and force–deflection curves for the flexure-critical
fUc

σUc

εUc
EUc

εUc,y εUc,uεUt,max

fUt
fUt,1st

σUt

εUt,1st

σ1

wUt,1

σUt

wUt,2

εUt wUt
EUt

EUt,hard

εUt

εUc σUc
b

MFUc

FUt

ForcesStrain ssertSnoitcesssorC

hU
x

σUt

a

dcb

ε = εUt,max + 
wUt
LR

Fig. 3. Analytical cross-sectional model for UHPFRC under bending: (a) model
definition, (b) linear–elastic and strain hardening in tension, (c) softening behavior
of in tension and (d) compressive behavior.
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Fig. 5. UHPFRC uniaxial tensile behavior: (a) linear–elastic part and strain
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UHPFRC specimens were developed. For this, the beam was subdi-
vided into 26 elements over its length. At locations of crack local-
ization, a hinge length Lhi was defined, within which the
deformation resulting from the crack opening was concentrated.
Crack localization was assumed to occur when the tension chord
exhibited softening.

3.3. Mass–spring model

The response of the UHPFRC plates under high strain rates was
modeled with the nonlinear two mass–spring model shown in
Fig. 4. The UHPFRC plate was simulated as a concentrated mass
(mP), which was determined by considering a shape function U
according to

mp ¼
Z l

0
�m �U2ðxÞ � dx ð1Þ

where mP: concentrated plate mass, �m: mass per unit length of the
specimen, U: shape function, L: span length.

The shape function is based on the deflected shape of the spec-
imen. Mass–spring models like the one in this study are commonly
used to determine the dynamic behavior of structural elements
and are described in more detail, for example, in [19,20]. The
well-known mathematical formulation of the model, including
inertia effects, is given in Eqs. (2) and (3). The springs, represented
by RP and RD, are nonlinear. The spring RP(uP) represents the equiv-
alent static force–deflection response of the plates, and the spring
RD(uDW � uP) represents the force–displacement relationship of the
plywood

mDW �
d2uDW

dt2 � d2up

dt2

 !
þ RDðuDW � upÞ ¼ 0 ð2Þ

mp �
d2up

dt2 þ RpðupÞ � RDðuDW � upÞ ¼ 0 ð3Þ

with terms according to Fig. 4.

4. Results and discussion

4.1. Uniaxial tensile behavior

The results of the uniaxial tensile tests are presented in Fig. 5,
which is subdivided in the two major domains that are typical
for UHPFRC tensile behavior: (a) a linear–elastic and strain harden-
ing part, which includes the linear–elastic stress rise and the strain
hardening domain, and in which the energy dissipation can be seen
as volumetric and (b) the softening part in which the energy is dis-
sipated in a localized crack at the crack surface.

Fig. 5a shows the stress–strain relationship in the strain harden-
ing part of the curve. The stress was calculated by dividing the
measured force by the reduced cross-section of the dog bone
(100 � 50 mm). Strain values were determined from the average
displacement measured with the LVDTs which spanned over the
entire reduced cross-section portion of the specimen. Fig. 5b pro-
vides the relation between stress and crack width (w) during soft-
ening. The crack width was directly obtained from the mean value
of the two LVDTs spanning over the reduced cross-section of the
specimen. Also the mean curve of the two tests with a strain rate
of de/dt = 8 � 10�7 s�1 was calculated and plotted in Fig. 5.

The average apparent strain at the end of strain hardening
region of the quasi-static tests was eUt,max = 0.15% and the average
tensile strength was fUt = 11.0 MPa. The two tests with the higher
strain rates had a higher maximum force and lower strain harden-
ing than the two tests with the lowest strain rate (Fig. 5a). Also, the
slope of the stress–strain diagram EUt,hard (see Fig. 3) decreased
during strain hardening for higher strain rates. The tensile stress
fUt increased by approximately 25% between strain rates of
de/dt = 5 � 10�3 s�1 and 2 � 10�2 s�1. For a strain rate of de/dt =
2 � 10�2 s�1, slight strain hardening was observed until a strain
of eUt,max = 0.10%. Since energy dissipation can be seen as volumet-
ric during strain hardening, the volumetric energy dissipation
capacity decreased for increasing strain rates.

Softening behavior was also influenced by the strain rate
(Fig. 5b): higher strain rates led to a slower decrease of the stress
for increasing crack widths. During softening, energy dissipates
in a localized crack as surface fracture energy.
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Though limited in number, the tests show that UHPFRC per-
forms well under higher strain rates: strength and fracture energy
during softening were increased with higher strain rates. A slight
reduction in strain hardening capacity with increased strain rate
was also observed. The results are consistent with results found
in the literature for ECC [12].

4.2. Quasi-static bending tests

The quasi-static response of UHPFRC was determined from
three- and four-point bending tests. Applied force is plotted as a
function of mid-span deflection in Figs. 7 and 8 for the three-point
and four-point tests, respectively. Mid-span deflection was cor-
rected for measured support settlements. Mean response of the
tests and response computed using the cross-sectional analytical
model are also plotted.

The average peak force for the seven three-point bending tests
was 12.8 kN at a deflection of 2.0 mm. The scatter of the test results
for maximum force and mid-span deflection was relatively high,
with coefficients of variation of 25%. This scatter is believed to
result from variations in both the fiber distribution within the
matrix, which resulted from the mixing procedures, and casting
method utilized. The horizontal axis mortar mixer used in this
study resulted in slightly poorer mixing efficiency as compared
to high-energy pan-type mixers normally used for producing
UHPFRC. This factor, together with problems in the flow of the
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Fig. 7. Force–mid-span deflection curves from four-point bending tests.
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self-consolidating concrete within the moulds, and differences in
fiber orientation within the moulds, may have contributed to vari-
ations in fiber alignment and distribution.

The mean curves of the bending response of the three- and four-
point bending specimens were modeled with the analytical
cross-sectional model described in Section 3.2. A Young’s modulus
of EUc = EUt = 40 GPa and a compression strength of 130 MPa were
assumed. As tensile input, the response of the quasi-static uniaxial
tensile test was used, as shown in Fig. 8. The force–deformation
curves generated by the analytical model were in good agreement
with the mean test curves, as illustrated in Figs. 6 and 7. This
demonstrates that it is possible to correlate the uniaxial tensile
response to the bending response of UHPFRC.

For calculations of the moment–curvature response, the refer-
ence length used was LR = 120 mm (Fig. 3) and the hinge
length of Lhi = 100 mm and Lhi = 130 mm for the three- and four-
point-bending specimens, respectively. Hinge length and reference
length are both dependent on several material- and structure-
related parameters as described in [10]. The lengths used in this
study were selected empirically based on the experimental data,
since a suitable rational determination is still in research and not
the focus of the presented study. It can be seen that the hinge
length for the four-point bending was longer than for three-point
bending, which is consistent with what would be expected from
the difference in the structural systems.

4.3. Drop weight bending tests

4.3.1. Experimental results
Thirteen drop weight tests were performed to determine the

dynamic behavior of UHPFRC plates under bending (Table 2). In
the table, the number of drops is defined as the number necessary
for complete fracture of the specimen. The maximum strain rate
(max. de/dt) in the lower fiber of the specimen was determined
from the mid-span deflection history and by assuming linear–
elastic material behavior.

The seven specimens impacted with the 10.3 kg weight were
tested between three and five times each, while four of the six
specimens impacted with the 20.6 kg weight failed during the first
impact (Table 2). The scatter in the impact test results was compa-
rable to the scatter of the quasi-static tests and was also attributed
to varying fiber distributions in the specimens.

The maximum observed strain rates were approximately de/
dt = 2 s�1. This was confirmed by the strain gauge measurements
at the bottom side of the plates. The measured strain rate at the
Table 2
Summary of the drop weight tests

Specimen
name (–)

Drop
weight
(kg)

Number of
drops (–)

First drop

Max. f1
(mm)

Max.
FDW (kN)

Max.
Fsu (kN)

Max.
de/dt
(s�1)

10kg_1 10.3 4 �4.1 23.0 24.5 2.5
10kg_2 10.3 5 �4.2 23.4 25.3 2.6
10kg_3 10.3 5 �4.6 22.8 26.4 3.0
10kg_4 10.3 3 �5.1 23.5 18.5 2.4
10kg_5 10.3 3 �5.1 21.6 16.7 2.8
10kg_6 10.3 3 �5.2 21.5 14.8 1.9
10kg_7 10.3 3 �5.7 23.3 20.9 2.7

20kg_1 20.6 2 �6.5 26.3 30.7 2.3
20kg_2 20.6 2 �12.2 23.4 19.7 3.1
20kg_3 20.6 1 –a 23.0 14.3 3.5
20kg_4 20.6 1 –a 23.8 13.3 3.4
20kg_5 20.6 1 –a 23.8 17.1 3.3
20kg_6 20.6 1 –a 22.8 16.5 2.9

a Not applicable due to complete failure of the specimen at first drop.
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bottom extreme fiber of the plates is thus 100 times higher than for
the uniaxial tensile tests. It corresponds to typical low velocity
impacts such as vehicle impact or rock fall [20].

The results of the first drop for selected drop weight tests are
shown in more detail in Fig. 9 with the labels of the curves corre-
sponding to Table 2. The selected results represent the tests which
provided the minimum and maximum response values.

The maximum measured acceleration after impact, recorded
from the accelerometers affixed to the 20.6 kg weight was 50%
smaller than for the 10.3 kg weight (120 g compared to 240 g). This
led to maximum impact forces during the first drop were between
FDW = 22 and 26 kN occurring at approximately 1.6 ms after initial
contact (Fig. 9a). The peak force was largely equal for all speci-
mens. However, the post-peak response was influenced by the
crack pattern and location of localized cracks.

Fig. 9b shows the mid-span deflection history of the plates dur-
ing the first drop. Specimen 20kg_4 was one of the specimens
which exhibited complete fracture during the first drop. For the
plates impacted with the 10.3 kg weight, the maximum deflections
were between �4.1 and �5.7 mm. Note that the maximum deflec-
tions for specimens impacted by the 20.6 kg weight were always
larger than �6.5 mm.

Fig. 9c shows the sum of the vertical support reactions Fsu ver-
sus time. The forces measured in the load cells under each support
were similar, which confirmed symmetric specimen behavior. The
reaction values were corrected for the initial prestress in the
threaded bars. Positive values signify compression in the load cells
during the test. The vertical support reactions became negative for
several specimens, however, the uplift force was always lower than
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the initial prestress force, and no loss of contact with the supports
occurred. The peak value of the sum of the support reactions
occurred at 2.5 ms, approximately 0.9 ms after peak of the drop
weight force FDW. This was attributed to inertia and retardation
effects in the specimen during the test.

The accelerations a1 had maximum values of approximately
210 g for all specimens at 1.5 ms (Fig. 9d). The minimum value of
a1 was dependent on the applied drop weight: it was approxi-
mately �180 g for the specimens impacted with the 10.3 kg weight
and �90 g with the 20.6 kg weight (Fig. 9d). Especially the speci-
mens with low residual deformations, such as 10kg_2, showed pro-
nounced oscillations in the value of acceleration after initial
impact. For the specimens with higher residual deformations, such
as 20kg_4, the accelerations stabilized quickly after initial impact
around a value of zero. This was attributed to the higher inelastic
energy dissipation in the specimens with higher residual deflec-
tions. A similar tendency was also observed in the damping of
the deflection amplitude.

No cracks were observed on the upper surface of the specimens
during visual inspections after each drop. All specimens showed
very fine multiple cracks in the central portion of the lower surface,
which are typically observed for strain hardening materials. The
final fracture of the specimen occurred by fiber pullout in one
localized crack which exhibited a very rough fracture surface.
The failure mode for all specimens was in bending and identical
to the quasi-static fracture mode.

Fig. 10a provides the evolution of deflected shape up to maxi-
mum deflection for the first drop of specimen 10kg_2. In compar-
ison, the evolution of the strain at the bottom surface of the
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specimen is given for the same time span in Fig. 10b. The specimen
was instrumented in the longitudinal direction with three 30 mm
long strain gauges at mid-span and at 72 mm and 114 mm from
the mid-span. Since only one side was instrumented, the shapes
were mirrored to the other half of the specimen and are shown
as dotted lines.

The deflected shapes were close to the elastic deflected shape
until a mid-span displacement of �2.5 mm (Fig. 10a). For higher
deflections, the shapes of deflection (Fig. 10a) and strain rates
(Fig. 10b) were more pointed in the center, indicating inelastic
deformations in the center region due to strain hardening and
cracking in the specimen. No large cracks, however, were observed
after the first drop. The maximum apparent strain at mid-span was
e = 1%. The strain gauge at mid-span recorded a residual strain of
0.6% after the first drop for a residual mid-span deflection of
�1.3 mm.

4.3.2. Analytical analysis and discussion
The deflection time history and the drop weight force time his-

tory were used to calibrate the nonlinear spring RP in the mass–
spring model consistent with Eqs. (2) and (3). The spring RP corre-
sponds to the force–deflection relationship for an equivalent static
three-point bending test whereby the rate effect on the material
properties is incorporated. Such a relationship, combined with
the sectional bending model allowed determination of the equiva-
lent uniaxial tensile material properties under dynamic loading.

4.3.2.1. Equivalent static bending behavior. The equivalent mass mP

was taken as 40% of the beam weight, representing the average
mP value corresponding to the linear–elastic response and the re-
sponse assuming a hinge at mid-span using Eq. (1) [19,20].

A bi-linear spring function for the plywood RD was determined
from quasi-static test results on equivalent plywood samples as
shown in Fig. 11. The average stress was multiplied by a factor of
1.3 to account for the change in material properties under dynamic
loading according to [21]. The speed of the drop weight duDW/dt at
the time of impact was given as initial condition.

The UHPFRC plates were assumed to fail on the flexural tension
side in accordance with the experimental observations. The maxi-
mum compressive strength was assumed to be fUc = 150 MPa to
account for the dynamic increase in strength for the modeling.

The model was able to account for multiple impacts using the
procedure graphically described in Fig. 12. This was achieved by
defining a linear unloading and reloading path between impacts.
Fig. 13 shows the drop weight force versus time and mid-span
deflection f1 versus time curves of the upper and lower deflection
values across the range of tests (specimens 10kg_6, 20kg_4 and
20kg_2). The second drops of specimens 10kg_2 and 20kg_2 were
modeled by zeroing the deflections of the second drops according
to Fig. 12.

The experimental drop weight force was assumed to correspond
to the plywood spring force RD and the experimental mid-span
deflection was taken to be equal to the displacement uP For all
specimens, the model was able to reproduce duration of the drop
weight force, peak force and shape of the force–time response as
a function of time (Fig. 13). The model was also able to reproduce
multiple impacts and thus, could predict the number of impacts
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needed for final fracture when used in a design approach. Since the
model does not account for changes in viscosity due to damping,
only the first peak of deflection was modeled. Even though the data
acquisition rate was relatively low, the modeling results suggested
that there was no important loss in information.

The dynamic force–deflection curves obtained from the model
were characterized by a higher maximum load than the mean
curve obtained from measurements during the quasi-static tests
(Fig. 14): the increase was between 25% for specimens 10kg_6,
20kg_4 and 70% for 20kg_2.
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Fig. 14. RP–uP curves of specimens 10kg_6, 20kg_2 and 20kg_4.
4.3.2.2. Equivalent static uniaxial tensile behavior. The uniaxial ten-
sile behavior derived from the cross-sectional model is given in
Fig. 15. Also, the test results of Fig. 5 are shown for comparison.
The assumed hinge and reference lengths for modeling the two
dynamic specimens was 100 mm and the reference length
120 mm identical to the values assumed for modeling the three-
point bending quasi-static test results. The crack leading to failure
of specimen 20kg_2 was 30 mm eccentric from the loading point.
This eccentricity was added to the basic hinge length of 100 mm
to result in a hinge length of 130 mm.
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(a) linear–elastic part and strain hardening and (b) softening.
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Compared to the quasi-static behavior determined experimen-
tally, the stress rise at the beginning of the modeled dynamic
response was higher. This led to a higher modulus of elasticity of
60 GPa compared to a quasi-static modulus of elasticity of
40 GPa (Fig. 15a). Moreover, the modeled dynamic tensile strength
was increased by 15% to fUt = 12.6 MPa for 10kg_6 and 20kg_4 and
by 60% to fUt = 17.5 MPa for 20kg_2 when compared to the quasi-
static experimental results. The modeled dynamic strain at the
peak tensile strength was 0.1% and 0.15% for the modeled values
and 0.15% for the quasi-static test results. This indicates that there
was no significant loss in strain hardening for the specimens sub-
jected to higher strain rates.

The softening behavior of the modeled drop weight specimens
showed higher stress values for a given crack width w, when com-
pared to the quasi-static test results (Fig. 15b). Modeling showed
that the main difference of specimens 20kg_2 and 10kg_6 com-
pared to 20kg_4 was observed in the first part of the softening re-
gion, while the second part was virtually identical for all dynamic
tests. This suggests that the fiber pullout at larger crack openings
was identical for all drop weight specimens.
5. Conclusions

The following conclusions can be drawn from this study on the
behavior of UHPFRC under low and high strain rates and related
analytical modeling:

1. Under quasi-static loading, the UHPFRC considered in this study
exhibited strain hardening to an elongation of 0.15% and a ten-
sile strength of 11.0 MPa. The tensile behavior determined from
uniaxial tensile tests related well to tensile properties deduced
from three- and four-point bending tests as shown with the
proposed cross-sectional based analytical model. Note that
there was some scatter due to variation in fiber orientation in
the measured test results.

2. Drop weight and quasi-static bending tests had identical failure
modes: multiple cracking was observed in the high moment
region and final fracture occurred by fiber pullout in one local-
ized bending crack at the center of the specimen.

3. An analytical two mass–spring model of the drop weight config-
uration was in good agreement with the impact test results. The
modeling allowed determination of the equivalent static bend-
ing response. Also, the modeling technique permitted the sim-
ulation of multiple drops. The dynamic tensile behavior could
then be determined by the cross-sectional based analytical
model. Thus, the analytical modeling technique for the impact
tests, adapted from [19,20], proved to be valid for the UHPFRC
plate tests performed in this study.

4. The analysis showed that the UHPFRC strength increased with
increasing strain rate, for strain rates de/dt of up to 2 s�1, the
maximum considered in the present study. At this strain rate,
the UHPFRC continued to exhibit strain hardening characteris-
tics. Multiple cracking was also observed during testing. The
bending resistance increased by more than 25% and the corre-
sponding uniaxial tensile strength was increased by more than
15% relative to static behavior.

5. This study demonstrates that the advantageous properties of
UHPFRC, such as its strain hardening behavior also subsist
under high strain rates.
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