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Abstract: Increased loading rates on fasteners may be caused by high ground accelerations as
a consequence of e.g., nuclear explosions, earthquakes or car collisions. It was concluded by Hoehler
et al. (2006) that fasteners under rapid loading rates show an increased ultimate resistance in the
concrete dominant failure modes or the ultimate resistance is at least as large as under quasi-static
loading. Due to the increased demand on using fasteners in steel fiber reinforced concrete (SFRC),
it is intended to show how the ultimate concrete cone capacity of fasteners changes under higher
than quasi-static loading rate in normal plain concrete (PC) and in SFRC. This paper presents the
results of an extensive experimental program carried out on single fasteners loaded in tension in
normal plain concrete and in SFRC. The test series were conducted using a servo-hydraulic loading
cylinder. The tests were performed in displacement control with a programmed ramp speed of 1,
100, 1000, and 3500 mm/min. This corresponded to calculated initial loading rates ranging between
0.4 and 1600 kN/s. The results of the tension tests clearly show that the rate-dependent behavior of
fasteners in SFRC with 30 and 50 kg/m3 hooked-end-type fibers fits well to the previously reported
rate-dependent concrete cone behavior in normal plain concrete. Additionally, a positive influence of
the fibers on the concrete cone capacity is clearly visible.
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1. Introduction and Motivation

Impact loads acting on concrete structures or on structural components are of common occurrence.
Examples for that include nuclear explosions, earthquakes and collision of vehicles. Engineering
structures may be subjected to functional impact loads such as pile driving. As a part of the whole,
fasteners in safety relevant applications may also be subjected to high loading rates and high impact
loads over their service life.

It is well known that concrete shows strong rate-dependent behavior. Concrete, even if unloaded,
always shows micro-cracking, mainly at the matrix-to-particle interfaces [1]. Under loading, the cracks
propagate and a tensile failure occurs after the cracks exceed a critical crack length i.e., after excessive
cracking. The crack growth rate is affected by the loading rate. In order to reach a critical crack size,
at which the concrete fails, a certain amount of time is required. In the case of static tests and at
very low loading rates i.e., sustained loads, the cracks can extend to zones in the concrete where the
concrete tensile strength and/or the bond is the lowest [2]. Under low loading rates, the opening
crack has enough time to follow the path of minimum resistance. If concrete is subjected to high
loading rates, the fracture takes places within a very short time span (milliseconds). Therefore, the
cracks are not always able to propagate into the zones with lowest resistance. Instead, the cracks
will extend to concrete fracture areas with higher strengths e.g., due to crossing aggregates. This,
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however, requires more energy and consequently the resistance under increased and impact loads
must be higher. The ultimate strain under impact loads is also greater than for static loads [2]. As
aforementioned, under high loading rates, the crack cannot find the weakest path, and therefore the
cracking will develop at various sections involving greater fracture areas. Crack branching may also
take place, and therefore the sum of the ultimate strain is expected to be higher [2]. Another aspect
that dominates the structural response at very high loading rates e.g., impact is structural inertia.

The available studies on the rate-dependent behavior of concrete emphasizes the influence of
loading rate on the ultimate capacity, crack pattern and the failure mode of concrete. Three effects
govern the rate-dependent concrete behavior: (1) creep of bulk material between the opening cracks,
which effect dominates at very slow strain rates < 10−8 s−1, i.e., sustained loads, (2) rate dependency
related to the crack initiation at moderate strain rates 10−5–101 s−1, and (3) the activation of structural
inertia forces at very high strain rates > 101 s−1 (impact load) [3,4]. However, in the latter case, the rate
dependency cannot be neglected.

The rate-dependent concrete behavior also applies for fasteners failing by concrete cone failure
([3,5–11]). Based on the available results regarding the rate-dependent behavior of fasteners in the
case of concrete breakout failure, Hoehler et al. [6] concluded that the ultimate capacity of fasteners is
at least as high when subjected to rapid loading rate, as under quasi-static loading. Since this data
set includes test results carried out using various fastener types (undercut anchors, metal expansion
anchors, bonded anchors ([5–11]), it can be assumed that the observed increase of the capacity is
independent of the type of anchor and concrete strength, provided concrete cone failure occurs. In the
earthquake-relevant loading range (5 × 10−3–5 × 10−1 s−1), the highest reported dynamic increase
factor is 1.6 and approximately 1.2 on average compared to the static reference value (Figure 1).
At loading rates higher than 3000 kN/s, only limited experimental data are available (Fujikake,
2003 [5]). The highest reported loading rate was approximately 50,000 kN/s which corresponded to an
increase of about 70%.

Figure 1. Influence of loading rate on the load-bearing behavior of fasteners in the case of concrete
breakout failure, Reproduced with permission from [6]. Hoehler, M.S. Behavior and Testing of
Fastenings to Concrete for use in Seismic Applications. Ph.D. Thesis, Institut für Werkstoffe im
Bauwesen, Universität Stuttgart, Stuttgart, Germany, 2006.

In engineering structures, which are likely to be subjected to increased loading rates and impact
loads, the use of e.g., steel fiber reinforced concrete (SFRC) and high-performance fiber reinforced
cementitious composites (HPFRCC) has become a good alternative for construction material due to
their better mechanical and physical properties. There is extensive research available in the field of
SFRC for structural and non-structural applications, which confirms the beneficial effects including
higher fracture energy, limited crack widths, higher impact and abrasion resistance, and increased
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durability compared to plain concrete [12–16]. However, there is only little research available on the
load-bearing behavior of fasteners, which are installed in base materials other than plain concrete
such as SFRC [17–22]. The evaluation of results from the literature shows that with the right choice of
installation parameter combinations, the fiber content has a positive effect on the load-displacement
behavior of the anchorages, in general, and a better utilization of fastening systems can be attained
due to the more ductile behavior and due to the crack bridging mechanism of the SFRC (Figure 2).
However, no studies were found in the literature that focus on the load-displacement behavior of
fasteners installed in SFRC subjected to higher than quasi-static or impact tension loading rates.

Figure 2. Crack propagation in the anchoring zone of an anchor in (a) plain concrete and (b) in SFRC.

The aim of this study is, therefore, to investigate the behavior of single fasteners in SFRC under
increased loading rates. The performed experimental study includes tension tests on single fasteners
with four different loading rates ranging between 0.4 and 1600 kN/s in plain concrete and in SFRC
with an amount of 30 and 50 kg/m3 hooked-end type fibers, respectively.

2. Experimental Investigations

2.1. Test Program

In this experimental program, a total of 58 tension loading tests were performed on single bonded
fasteners at the Institute of Construction Materials, University of Stuttgart. The investigated parameters
were the loading rate and the amount of fibers dispersed in the concrete. For the experiments, concrete
specimens with 0, 30 and 50 kg/m3 fiber content were cast. The designated loading rates were 0,
100, 1000, and 3500 mm/min. The embedment depth of the fasteners and the diameter were selected
such that other failure modes than concrete cone failure were not decisive. The calculated failure
load corresponding to bond failure and steel failure load were significantly higher than the estimated
ultimate concrete cone breakout failure load. The embedment depth was kept at hef = 70 mm uniformly
and the edge distance was greater than the critical edge distance (1.5 hef). The test program and the
test parameters are tabulated in Table 1. In general, four to five tests were performed in each test series.
The nomenclature is given for the tests as (T tension loading; desired loading rate in mm/min; fiber
content in kg/m3; and test number).
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Table 1. Test program: tension loading tests on single fasteners in NSC and in SFRC. Displ.:
Displacement control.

Test ID Loading
Direction

Ramp Speed
(Displ. Control)

(mm/min)

Embedment
Depth

hef (mm)

Edge
Distance
c (mm)

No. of Tests
in NSC
C30/37

No. of Tests
in SFRC 30

kg/m3

No. of Tests
in SFRC 50

kg/m3

T-1-0 Tension
1

70 >ccr 5 - -
T-1-30 Tension 70 >ccr - 4 -
T-1-50 Tension 70 >ccr - - 5

T-100-0 Tension
100

70 >ccr 5 - -
T-100-30 Tension 70 >ccr - 5 -
T-100-50 Tension 70 >ccr - - 5

T-1000-0 Tension
1000

70 >ccr 5 - -
T-1000-30 Tension 70 >ccr - 5 -
T-1000-50 Tension 70 >ccr - - 4

T-3500-0 Tension
3500

70 >ccr 7 - -
T-3500-30 Tension 70 >ccr - 4 -
T-3500-50 Tension 70 >ccr - - 4

ccr: critical edge distance based on the MPII.

2.2. Test Specimen

Plain and steel fiber reinforced concrete members with 30 and 50 kg/m3 steel fiber content
served as base material for the tests according to the test program given in Table 1. The geometry
of the concrete specimens enabled the formation of the full size concrete breakout bodies without
influencing the neighboring fasteners. The concrete mix used for the experiments is given in Table 2.
The production of the normal plain concrete and SFRC test members were carried out in three steps
in order to ensure that the same basic mix is used for the SFRC members with 30 and 50 kg/m3

fiber dosage. First, the plain concrete members using the basic mix were cast (0 kg/m3). Second,
the 30 kg/m3 amount of steel fibers was added to the fresh basic mix. The fibers were dispersed
uniformly to the freshly mixed basic concrete mix, and to ensure the lump-free state of fibers in the
mixture the mixer was rotated at full speed continuously for approximately 3 to 5 min. The SFRC
specimens with 30 kg/m3 fiber content were cast, subsequently. Then, the second step was repeated
by adding the required amount of steel fibers to obtain 50 kg/m3 steel fiber into the mix. To improve
the workability of concrete, the amount of superplasticizer was increased from 1.93 to 2.54 (M% of
cement) after increasing the fiber amount to 50 kg/m3. The compaction was performed by using an
internal vibrator. The above-described technological steps enabled the direct comparison of the results
in plain concrete and in SFRC.

Note that in order to ensure a sufficient bond between the cement matrix and the fibers, the
maximum aggregate size (Dmax) should not exceed one-third of the fiber length. The maximum
aggregate size of the mix was Dmax = 8 mm and the hooked-end type fibers (nominal tensile strength
1200 N/mm2) with nominal wire diameter of d = 0.75 mm and nominal fiber length of Lfiber = 35 mm
(HE 75/35 ArcelorMittal) were used [23].

The compressive strength of the test specimens was measured on concrete cubes with a side length
of a = 150 mm according to DIN EN 12390-15 [24]. The measured mean concrete cube compressive
strength fcc of the test specimen is given in Table 2. The flexural tensile strength (modulus of rupture)
of concrete was measured by three-point bending tests according to the recommendations given by
RILEM TC 162-TDF [25] on concrete specimens of size 70 cm × 15 cm × 15 cm. The flexural tensile
strength values are given in Table 2.
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Table 2. Concrete mix and concrete mechanical properties. Cem.: Cement; Aggr.: Aggregate; Compr.:
Compressive; Flex.: Flexural.

Test Specimen ID Cem.
Type Cem. Aggr.

0–2 mm
Aggr.

2–8 mm Water w/c Fiber
Cont. Super-Plast Retarder Mean Compr.

Strength fcc

Mean Flex.
Tensile

Strength fctm

CoV

(-) (-) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (-) (kg/m3)
(M% of
Cem.)

(M% of
Cem.) (N/mm2) (N/mm2) (%)

13F003/01-02/K035 CEM
II/A-LL
42.5R

358.2 788.9 957.8 194.0 0.54
0 1.93 0.68 53.4 2.89 22.2

13F003/03-04/K035 30 1.93 0.68 61.6 2.88 10.5

13F003/05-06/K035 50 2.54 0.68 58.2 4.91 6.1

2.3. Tested Fasteners and Test Setup

A shock-approved injection type adhesive system was used for the tension tests. The adhesive
system consisted of an epoxy mortar with a mean bond strength of ca. τ = 35 N/mm2 and a steel
component, namely 12.9 threaded rod (fu.nom = 1200 N/mm2) of size M16. The fasteners were installed
according to the corresponding Manufacturer’s Printed Installation Instructions (MPII). Cylindrical
holes were drilled perpendicular to the concrete surface. After drilling, the holes were cleaned
according to the MPII and the fasteners were installed. After the prescribed curing time, the fixtures
were positioned on the fasteners and subsequently the tests were carried out with quasi-static or
increased loading rate according to the test program (Table 1).

In the quasi-static monotonic tests with a loading rate of 1 mm/min, the load was applied under
the control of the servo-hydraulic cylinder displacement while continuously measuring the load and
the displacement of the anchor. The ultimate load was reached in approximately 1 to 4 min, which
corresponds to the loading rate recommended for the static tests of fasteners according to ETAG Annex
A [26]. These test series are considered as reference tests for the series with increased loading rates in
the corresponding concrete mixes. For the tests with increased loading rate, the testing cylinder was
actuated at the corresponding rate namely 100 mm/min, 1000 mm/min and 3500 mm/min.

The test setup consisted of a tension test rig with adequate spacing to allow the formation
of an unrestricted concrete cone, a servo-hydraulic cylinder with a built-in calibrated load cell
and a displacement transducer. The tension load was applied to the anchors through the fixture.
The loading fixture was connected to a biaxial hinge to transfer the centric tension load from the
hydraulic cylinder to the fastener. The tension load applied to the fastener; the displacement of
the servo-hydraulic cylinder and the vertical anchor displacement were measured and recorded
continuously during all tests. The vertical anchor displacement was measured at the anchor top by
means of Linear Variable Displacement Transformer (LVDT). The test setup used for the tension tests
is depicted in Figure 3. Note that the cylinder displacement and the vertical anchor displacement are
not necessarily equal due to the non-perfect alignment and steel elongations of the different steel parts.
By measuring the anchor displacement directly on the anchor top, the displacement due to the steel
elongation in the force flow can be neglected in the evaluation of the results.

Figure 3. Typical test setup used for the tension tests on single anchors.
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3. Test Results

In this section, the results of the experiments are presented. The ultimate load of each executed
test, the mean value of the ultimate loads with the corresponding coefficient of variation (CoV) of the
particular test series and the mean displacements at ultimate loads are given in Table 3. The percentage
increase in the mean failure loads for the tests with increased loading rates to the corresponding tests
with quasi-static loading rates for each base material are also given in Table 3. In all tests, concrete
cone failure mode was observed. The typical concrete cone breakout body is shown in Figure 4.
The comparison of load-displacement curves of the tension tests is shown in Figure 5. Each graph
presents the results of the test series in one particular base material, namely in normal plain concrete,
in SFRC with 30 kg/m3 and in SFRC with 50 kg/m3 fiber content. Note that only the representative
load-displacement curves of the tension tests at different loading rates are given.

Figure 4. Typical concrete cone failure mode in SFRC, Test ID: T-3500-50-test #4.

Figure 5. Representative load-displacement curves of the tension tests at different loading rates (a) in
normal plain concrete, (b) in SFRC with 30 kg/m3 steel fiber content and (c) in SFRC with 50 kg/m3

steel fiber content.
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Table 3. Test results: tension loading tests on single fasteners in NSC and in SFRC. Displ.: Displacement; w.r.t.ref.: with respect to reference.

Test ID
Fiber

Content
(kg/m3)

Displacement Rate
(= Ramp Speed)

(mm/min)

Initial
Loading

Rate (Mean) Embedment
Depth

hef(mm)

Ultimate Load Mean
Ultimate

Displ. (mm)
(kN/s) #1

(kN)
#2

(kN)
#3

(kN)
#4

(kN)
#5

(kN)
#6

(kN)
#7

(kN)
Mean Value

(kN)
CoV
(-)

% Increase
w.r.t. ref.

(-)

T-1-0

0

1 0.4 70 56.8 52.8 54.4 52.1 51.4 - - 53.5 4.1 - 0.36
T-100-0 100 50 70 64.8 58.5 60.0 67.2 56.3 - - 61.4 7.3 14.8 0.40

T-1000-0 1000 480 70 68.4 68.1 59.0 69.9 64.9 - - 66.1 6.0 23.6 0.44
T-3500-0 3500 1500 70 66.3 66.6 63.2 59.3 66.0 67.6 69.9 65.6 5.2 22.6 0.48

T-1-30

30

1 0.6 70 82.4 - 71.9 82.3 85.0 - - 80.4 7.2 - 0.98
T-100-30 100 55 70 81.9 81.1 77.4 91.0 107.3 - - 87.7 13.7 9.1 0.93
T-1000-30 1000 550 70 102.8 99.0 96.8 93.1 95.1 - - 97.3 3.8 21.0 1.40
T-3500-30 3500 1600 70 90.1 101.7 93.1 96.1 - - - 95.3 5.2 18.5 1.34

T-1-50

50

1 0.5 70 68.1 73.5 65.6 73.7 82.6 - - 72.7 9.0 - 0.78
T-100-50 100 54 70 93.9 96.6 76.1 66.0 71.1 - - 80.7 17.0 11.0 1.06
T-1000-50 1000 530 70 97.5 92.1 86.1 87.0 - - - 90.7 5.8 24.8 1.36
T-3500-50 3500 1500 70 90.6 109.2 94.4 108.2 - - - 100.6 9.4 37.1 1.31
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The positive influence of fiber content on the load-displacement behavior of tension-loaded single
anchors was observed at all loading rates. At all displacement rates, not only the ultimate loads but
also the displacement at ultimate load increased by adding fibers to the concrete (Table 3). The mean
ultimate concrete cone capacity under quasi-static loading increased by 50% and 35% by adding 30 and
50 kg/m3 to the concrete mix, respectively. This can be attributed to the scatter of the concrete cone
failure and to the actual number of fibers intercepted by the concrete cone. These results highlight
the fact that SFRC is quite an inhomogeneous material and that the fiber distribution as well as fiber
orientation plays a major role in governing the behavior of the anchorages. At displacement rates
(100–1000–3500 mm/min), a similar relative increase of the ultimate concrete cone capacity in normal
plain concrete and in SFRC was observed. By adding 30 and 50 kg/m3 fiber to the concrete, the increase
due to fiber addition was 43% and 31% at 100 mm/min, 47% and 37% at 1000 mm/min and 45% and
53% at 3500 mm/min displacement rate, respectively. However, it was also observed that compared to
the basic mix without fibers, the increase in the ultimate load was less in the case of 50 kg/m3 than
30 kg/m3 steel fiber content at displacement rates of 1 to 1000 mm/min. Similar to the results with the
quasi-static loading rate, this can be attributed to the scatter of the test results.

By increasing the loading rate, the mean concrete cone capacity increases in all concrete mixes, in
general. In normal plain concrete, the concrete cone capacity shows a relative increase of 22–23% at
loading rates of 480 kN/s to 1500 kN/s. In SFRC, a similar relative increase of the ultimate concrete
cone capacity was observed. In SFRC with 30 kg/m3 steel fiber content, an 18–21% increase was
measured at 550 kN/s to 1600 kN/s loading rates. The results by adding 50 kg/m3 steel fibers to the
concrete mix show a slightly higher rate dependency, namely 25% at 530 kN/s and 37% at 1500 kN/s.

4. Discussion

4.1. Influence of Steel Fiber Reinforcement

The concrete cone capacity of the single fasteners loaded in tension was improved by adding
steel fibers to the basic mix and by increasing the loading rate. The observed increase fits well to the
tendency reported by Nilforoush et al. in Reference [20]. The increase due to fiber addition can be
attributed to the fact that the fibers intercepted by the fracture surface provide additional resistance
and contribute to the load-bearing capacity. The ultimate loads and the displacement at ultimate load
increased at all loading rates. Since the steel fibers increase the fracture energy of the concrete [13],
it is intuitive that if a sufficient amount of fiber intercepts the fracture surface, the concrete breakout
capacity increases. After the crack initiation in SFRC, the overbridging fibers are able to transmit tensile
stresses over the crack into the surrounding concrete, which leads to an optimized stress-redistribution
and results in better performance. The positive influence of 30 and 50 kg/m3 fiber content on the
ultimate concrete cone capacity is shown in Figure 6a.

Figure 6. (a) Influence of fiber content on the ultimate concrete cone resistance of fasteners; (b) influence
of loading rate on the ultimate concrete cone resistance of fasteners.
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4.2. Influence of Loading Rate

The better performance of the fasteners at increased loading rates in both plain concrete and in
SFRC can be explained by the rate-dependent concrete behavior, which applies for fasteners when the
decisive failure mode under tension loading is concrete cone failure. The results of tension tests on
single fasteners clearly show that the rate-dependent behavior of fasteners in SFRC with hooked-end
fibers fits well with the previously reported rate-dependent concrete cone behavior in normal plain
concrete [3,5,6] (see Figure 6b).

The observed increase in the ultimate concrete cone capacity at 3500 mm/min ramp speed (calc.
1500 kN/s initial loading rate) in normal plain concrete is 22.6% and in SFRC the increase ranges
between 18% and 37%. Based on the presented results, the dynamic increase factor (DIF), which
represents the ratio between the dynamic and quasi-static ultimate load at moderate loading rates,
can be approximated by the following function: DIF(Nu) = 1 + [ln(κini)]/300, where κini is the initial
loading velocity measured as (0.5Nu/t0.5Nu). The test results, on which the proposed equation is based
on, show a rather small scatter (see Table 3). According to the experience, the scatter of the concrete
cone failure load of fasteners may reach 15% in PC, which is accounted for in Reference [27]. Note
that the scatter of the ultimate loads was calculated for each executed test series. Only in one case,
(+50 kg/m3 SFRC, loading rate 100 mm/min) the calculated CoV was 17%. Note that the proposed
DIF(Nu) is valid only for the experimentally covered loading rate range, namely up to 1500 kN/s.
At higher loading rates, the activation of the structural inertia forces shall lead to the progressive
increase of the concrete cone capacity. This loading rate range is beyond the scope of this current
experimental study.

The concrete cone capacity of tension-loaded fasteners is mainly dependent on the concrete
fracture energy, concrete tensile strength and on the embedment depth of the anchor [27]. Therefore,
it is intuitive that the findings on the rate dependency of the fracture energy and tensile strength
measured on SFRC flexural members can be applied to the concrete tensile failure governed failure
modes in fastening technology, such as concrete cone failure of fasteners loaded in tension.

It was concluded by Ulzurrun and Zanuy [28] that the pullout of the smooth straight fibers from
the concrete matrix is primarily governed by the bond stress-slip mechanism. However, this does
not apply for the hooked-end type fibers, where a significant part of the pullout strength of the fibers
is provided by the end anchorage (mechanical interlock). In the case of the pullout of hooked-end
type fibers from the matrix, first the plastic hinge formation of the curved hook sections will occur.
This is, however, less rate-sensitive than the concrete mechanical properties in SFRC. This explains
that the observed rate dependence of the concrete cone failure load of fasteners in SFRC is comparable
with the rate dependence in plain concrete, provided that the same concrete basic mix and installation
parameters for the fasteners are used.

It is believed that at very high loading rates (impact loads), fasteners installed in SFRC exhibit the
same dynamic increase factor as those installed in plain concrete. This can be explained by the fact
that at very high loading rates, the influence of structural inertia on the response becomes dominant
and this influence is much larger than the influence of the crack growth rate, which is dominant at
moderate high loading rates [3]. This aspect is currently being investigated by the authors and will be
presented in another paper.

5. Conclusions

In this paper, the results of an experimental program on the investigation of the concrete cone
capacity of tension-loaded fasteners under quasi-static and moderately high loading rates in normal
and steel fiber reinforced concrete are reported. Based on the results, the following concluding remarks
were made:

The beneficial effect of the presence of steel fibers in the concrete on concrete cone capacity of
anchors was shown. Compared to the measured concrete cone capacity in normal plain concrete,
the increase of concrete cone capacity in SFRC (30 kg/m3 and 50 kg/m3) was 22% to 37% under
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quasi-static loading. The results fit well with the findings of Reference [20]. Based on the results,
it seems reasonable to introduce a modification factor that accounts for the beneficial effect of the
presence of steel fibers in the concrete and which is proportional to the amount of steel fibers dispersed
into the concrete. However, due to the contradictory results reported in References [17,18], the beneficial
effect of steel fibers in the concrete on the concrete cone capacity of fasteners must be addressed in
further studies with particular emphasis on the installation parameters (embedment depth, steel fiber
length, steel diameter, bond strength etc.). Further research and the systematic investigation of the
above parameters is necessary for design recommendations for the use of fasteners in SFRC. This is
currently being done by the authors and will be presented in another paper.

The concrete cone capacity increases linearly as a function of the increasing loading rate in semi log.
Scale. The observed mean dynamic increase factor was 1.2 at ca. 1500 kN/s loading rate. This relative
dynamic increase factor seems to be valid if fasteners fail by concrete cone in normal plain concrete as
well as in steel fiber reinforced concrete. This corresponds well to the experimentally shown dynamic
increase factors in Reference [5] as well as to the numerically predicted rate-dependent concrete cone
behavior [3]. Although the shown experimental data cover the loading rate up to moderately high
loading rates, a progressive increase of the resistance due to structural inertia forces is expected to be
valid for both normal and steel fiber reinforced concrete when subjected to very high loading rates.
However, further experiments are required at high loading rates on the concrete cone behavior to
verify the above assumptions.

The pull-out tests failing by concrete cone have also shown the increase of the ultimate
displacement when subjected to increased loading rates. The relative increase of the ultimate
displacement in normal plain concrete was 33% when subjected to ca. 1500 kN/s. The increase
of the ultimate displacement was slightly higher, 36% and 68% in SFRC with 30 kg/m3 and 50 kg/m3

steel fiber content.
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